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Abstract The injection of gas bubbles into a turbulent
boundary layer of a liquid phase has multiple different
impacts on the original flow structure. Frictional drag
reduction is a phenomenon resulting from their combined
effects. This explains why a number of different void—drag
reduction relationships have been reported to date, while
early works pursued a simple universal mechanism. In the
last 15 years, a series of precisely designed experimenta-
tions has led to the conclusion that the frictional drag
reduction by bubble injection has multiple manifestations
dependent on bubble size and flow speed. The phenomena
are classified into several regimes of two-phase interaction
mechanisms. Each regime has inherent physics of bubbly
liquid, highlighted by keywords such as bubbly mixture
rheology, the spectral response of bubbles in turbulence,
buoyancy-dominated bubble behavior, and gas cavity
breakup. Among the regimes, bubbles in some selected
situations lose the drag reduction effect owing to extra
momentum transfer promoted by their active motions. This
separates engineers into two communities: those studying
small bubbles for high-speed flow applications and those
studying large bubbles for low-speed flow applications.
This article reviews the roles of bubbles in drag reduction,
which have been revealed from fundamental studies of
simplified flow geometries and from development of
measurement techniques that resolve the inner layer
structure of bubble-mixed turbulent boundary layers.
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1 Introduction

The use of bubbles as a way of reducing skin frictional drag
in turbulent flows has long been a focus for engineers in the
expectation that it is applicable to ships and pipelines. The
first success was reported in the literature more than
40 years ago: McCormick and Bhattacharyya (1973)
employed electrolysis to generate microbubbles in water
and were able to demonstrate a significant degree of drag
reduction for a submersible hull. If gas films are included
in this topic, we could further go back to the paper of
Hirata and Nishiwaki (1963), who measured pressure loss
in a horizontal channel flow containing gas in a film state.
After the dawn of such technology, fluid engineering
researchers began discussing the basic mechanism, which
was conceptualized as a change in mixture properties such
as the local average density and viscosity of the liquid
containing bubbles. Legner (1984) suggested that shear
thickening owing to an increase in local effective viscosity
reduces wall shear stress. Marie (1987) explained the
decrease in Reynolds shear stress with a local reduction in
density. However, later experimental results did not para-
metrically support these hypotheses and rather indicated
the difficulty of elucidating the correct perspective of the
mechanism. On the one hand, this background encouraged
full-dress laboratory research on a bubble-mixed boundary
layer. A series of laboratory experiments using water
channels and tunnels were conducted from the 1980s to
1990s, such as those of Madavan et al. (1985), Merkle and
Deutsch (1990, 1992), and Kato et al. (1999). On the other
hand, demands for practical use by vessels increased with
changes in economical and environmental circumstances
such as jumps in the oil price and the implementation of
energy-saving strategies and international greenhouse gas
regulations. Since 2000, activity relating to this topic came
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to a hottest generation especially among maritime
researchers, energetically challenging to reach a compre-
hensive understanding of the drag reduction toward prac-
tical use (Kodama et al. 2000; Moriguchi and Kato 2002).
Experimentalists introduced state-of-the-art measurement
instrumentations into quantitative monitoring of the
boundary layer. They expanded measurement principles
established for single-phase flow to allow investigation of
bubbly two-phase flow, such as for laser Doppler veloci-
metry (LDV), particle image velocimetry (PIV), and
ultrasonic velocity profiling. Numerical researchers com-
puted the two-way interaction between turbulence and
bubbles with direct numerical simulation (DNS)-like high-
resolution schemes (Xu et al. 2002; Ferrante and Elghob-
ashi 2004; Pang et al. 2013). Although their simulations
were somewhat limited to sparse spherical bubbles, how
bubbles attack surrounding turbulent eddies has been elu-
cidated. They left us a significant scientific perspective of
the drag reduction mechanism, and also helped interpret
numerous past experimental data.

In the last decade, there has been great progress in both
fundamental research and applications to industry. The
progress was made possible by sophisticated measurement
techniques for monitoring high-speed two-phase boundary
layer flows (Kitagawa et al. 2005; Zhen and Hassan 2006;
Murai et al. 2006a, b, c, 2009). Another impulse for the
progress has been well-designed problem setting in
research of multiphase fluid dynamics, such as the use of

Taylor—Couette flow (van den Berg et al. 2005; Murai et al.
2008; van Gils et al. 2013). Furthermore, the lack of
reproducibility in drag reduction, which has long been a
concern among experimentalists, has come to the fore. We
are now familiar with the concept that reproducibility is
affected by contamination in water (Winkel et al. 2004;
Takagi and Matsumoto 2011) and by naturally induced
void waves that are generated by the bubble—drag time-lag
mechanism (Murai et al. 2007; Park et al. 2009). The
present article reviews the basic concept, history, and
current discussion of bubble-induced drag reduction.

2 Drag reduction mechanism

Experimental correlation between the bubbling condition
and resultant drag reduction explains little about the
underlying physics of drag reduction. The causal relation
comprises extremely complicated multivariable nonlinear
functions. In fact, drag reduction mechanisms proposed by
researchers diverge seriously, which is confusing when
attempting to design their practical applications.

Table 1 lists the parameters we need to handle in
experimentation for a single case of application. The target
of interest is simply the wall shear stress, t,. Three primary
parameters are managed to modify the wall shear stress:
flow velocity U, gas flow rate Q, and mean bubble size
d. The performance of drag reduction itself is evaluated

Table 1 List of parameters in
drag reduction by bubble
injection

Target parameters

Apparent control parameters

Tw Wall shear stress

Boundary layer characterizing scales

U Liquid flow velocity ) Boundary layer thickness

(0] Bubble volume flow rate [ Wall unit

d Bubble diameter 0 Air cavity equivalent gas layer thickness
Environmental parameters

P Hydrostatic pressure

g Acceleration of gravity

u Liquid viscosity

o Liquid density
Code Name Description Dominant in

Mechanism-governing
dimensionless parameters

Re Reynolds number  Original flow structure  Single-phase flow

Fr Froude number Buoyancy effect Air cavity and large bubble
regime

We Weber number Inertia deformation High turbulent regime

Ca Capillary number  Viscous deformation Bubbles smaller than
coherent structure

Ma Mach number Compressibility High-speed flow

o Void fraction Impact to liquid All regimes
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according to the correlation among these explicitly man-
aged parameters. However, the internal physics of the
boundary layer is highly difficult to deduce as it is
described by so many parameters in the table; there are at
least six dimensionless parameters involved when trying to
solve the fluid dynamic mechanism. In this chapter, several
important perspectives in reading the experimental results
are offered, starting with the origin of the concept.

2.1 Fluid engineering basis

In general formulation, frictional drag is described by
1
D=Cf-§-p-(Uw—Uf)2-A, (1)

where D, Cy, p, Uy, Up, and A are the frictional drag,
friction coefficient, density of fluid, velocity of the moving
wall, velocity of the fluid outside the boundary layer, and
area of fluid contact with the wall. In this aspect of fluid
engineering, the equation tells us that the drag can be
reduced when any of the five variables on the right-hand
side of the equation is lowered. Apparently, reducing the
relative velocity, U,, — Uy, realizes drag reduction with its
squared impact, and this approach has been practically
applied in shipping to save fuel consumption per unit dis-
tance (Ronen 1982). Without the deceleration of the
moving wall, the injection of bubbles around the wall
reduces the local average density of the fluid, p, and
therefore reduces the drag. This is categorized as the inertia
effect of drag reduction, which plays the major role in
turbulent flow states (Marie 1987). Maintaining large
bubbles close to the wall reduces A, the area of wall con-
tact. A 100 % replacement of liquid phase with air phase
within the boundary layer removes almost all the drag, and
there only remains the friction of air, which is small
enough compared with that of liquid. This replacement-
based drag reduction is termed the air layer method
(Sanders et al. 2006). If the gas layer forms a thin, but
stable gas films at low shearing environment, it is termed
the gas film method (Fukuda et al. 2000). These two

Fig. 1 Three types of frictional
drag reduction enabled by gas
injection. a Bubble drag
reduction. b Gas layer drag
reduction. ¢ Gas cavity drag
reduction (Mikiharju et al.
2013a, b)

(C) Gas Cavity Drag Reduction

methods can be categorized to the same approach in a
broad sense and are commonly termed the gas layer
method in this paper, while gas-liquid interface takes dif-
ferent structures inside the boundary layer. In contrast,
there are techniques of producing and stabilizing gas cavity
such as by installing a stepwise stern in the upstream region
of the target wall. The stern separates main stream from the
wall so that a relatively stagnant gas cavity is maintained in
the vicinity of wall. This is termed the gas cavity method.
The techniques rely on gravity and the geometry of the
target body and were comprehensively reviewed by Ceccio
(2010).

Summarizing above, we have to distinguish three pri-
mary types from gas supplying-based drag reduction
techniques as illustrated in Fig. 1. (a) Bubble drag reduc-
tion (BDR) works with action of dispersed bubbles inside
the boundary layer. (b) Gas layer drag reduction (GLDR)
relies on replacement of highly shearing liquid with gas in
the form of froths or long gas films. (c) Gas cavity drag
reduction (GCDR) occurs when backward step provides a
large gas single-phase space. Elbing et al. (2008) and their
group (Sanders et al. 2006; Mikiharju et al. 2013a, b)
investigated the transition among these three types. By
supplying air into water, they observed GLDR effect
between BDR and GCDR in a spatially developing two-
phase boundary layer. GLDR realizes with complex gas—
liquid interfaces, but plays an important role in applications
where spatially developing turbulent boundary layers are
targeted such as for maritime vessels. Gas phase is
unlimited to water and seawater, but can be any suitable
gas for liquid pipeline applications, such as, nitrogen,
hydrogen, carbon dioxide, and gaseous fuel dependent on
the combination to the liquid substances.

Among the three types, BDR and GLDR accompany a
decrease in the friction coefficient, Cy, in Eq. (1). In par-
ticular, BDR totally depends on how the friction coefficient
changes when bubbles are mixed into the boundary layer.
We need to learn what happens to the inner layer of the
turbulent boundary layer as the friction coefficient changes
(Kim 2003). If the friction coefficient increases largely, the
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Fig. 2 Question how bubble
injection alters the inner
structure of a turbulent 0
boundary layer. a General view

of shear layer decomposition. 10
b The question of how bubbles 30
alter the original structure by
replacing with a bubbly two-
phase layer 200
Outer
layer
1000

decreasing effect of the fluid density or the area of contact
would be canceled out. If C; reduces together with the fluid
density and area of contact, drag reduction would be
amplified according to their synergy effect. This is the
point of focus in this article. The change in friction coef-
ficient owing to the presence of bubbles clearly declares
that the inner layer structure differs from that of single-
phase flow. Gabillet et al. (2002) found in a horizontal
turbulent channel flow with upward bubble injection that
the bubbles activated near-wall turbulence that increased
linearly with the void fraction. They concluded that the
bubbles remaining near the wall affect the boundary layer
in a way similar to wall surface roughness, thus increasing
drag. Non-spherical bubbles of intermediate size in the wall
proximity potentially increase the friction coefficient,
which is analogous to the enhancement of heat and mass
transfer owing to the presence of such bubbles (Kitagawa
et al. 2008). As buoyancy acts on the boundary layer out-
ward, the boundary layer thickness expands so that drag
can be reduced (Aliseda and Lasheras 2006). Recent papers
reported that dilute mixing of microbubbles comparable to
or smaller than turbulent eddy scales can sensitively reduce
the friction coefficient (e.g., Hara et al. 2011). For inertial
deformable bubbles at high Weber numbers, drag reduction
is restored owing to the collapse of coherent structures
(Huang et al. 2008). In this context, we should consider the
multiple roles played by bubbles in a single case of
boundary layer flow. As bubbles of broad size are injected,
these roles overlap in the same flow field to be intertwined
complicatedly. This issue is addressed below.

Figure 2 schematically shows the influence of bubbles
when they are mixed inside a turbulent boundary layer.
Initially, there are multiple different shear layers from the
wall: a viscous sublayer, buffer layer, outer layer, and main
flow region (Robinson 1991; Adrian 2007). The number of
layers depends on how precisely we observe the individual
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role of turbulence (Jimenez 2012). Once bubbles are
mixed, such detailed discussion of the single-phase
boundary layer raises two major questions. The first
question relates to where the bubbles tend to remain. Even
in flow without turbulence, bubbles have their own fluc-
tuating nature owing to the time-lagging combination of
transversal force components, such as the drag, lift, added
inertia, pressure gradient, and history forces. Deformability
of bubbles at high shearing turbulence introduces further
stochastic behavior. The second question relates to how the
bubbles create a new layer that replaces the original layer.
Fluid behavior within the new layer obeys the rule of
bubbly two-phase flow dynamics, and hence it is not
approximated by any single-phase flow models. Evidence
is available from pipe and channel flow experiments whose
pressure drop characteristics of gas—liquid two-phase flow
are indescribable only with the mixture property of two
fluids (Lundin and McCready 2009). Well-known interfa-
cial patterns in a tube such as bubbly flow, plug flow, slug
flow, froth flow, and stratified flow can occur analogously
in the two-phase shear layer sandwiched by the wall and
outer region. Historical studies on internal two-phase flows
remind us that drag reduction by bubble injection is at the
heart of the issue of multiphase flow.

2.2 Mechanism transition diagram

Understanding of the mechanism of transition allows rea-
sonable design of drag reduction and improved perfor-
mance. Unfortunately, the mechanism in use of bubbles is
not explained by a couple of dimensionless parameters.
What we see from data available today is a series of cor-
relations among the liquid flow speed, gas flow rate, mean
bubble size (often lacking), and drag reduction ratio for a
number of different flow configurations. Everything in the
bubble-liquid interaction differs between internal and
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Fig. 3 Kaliroscope visualization of turbulent eddies in a horizontal
channel flow at 2 m/s. The main stream flows from left to right. Near-
wall eddies are illuminated with a sheet of light in the spanwise

external flows, between fully developed and spatially
developing flows, and between horizontal and vertical
streams. There have been intensive studies to date on the
turbulent flow characteristics of bubbly two-phase flow in a
cylindrical tube (Lockhart and Martinelli 1949; Fujiwara
et al. 2004; Hosokawa and Tomiyama 2004, 2009; Ishii
and Hibiki 2011). As the diameter of the tube changes, not
only the Reynolds number but also all other dominant
dimensionless numbers change simultaneously such as
Froude number, Weber number, capillary number, Ray-
leigh number, and Mach number. Buckingham’s II theo-
rem does not immediately benefit researchers in terms of
reducing the number of experimental parameters. Engi-
neers accept dimensional consolidation of the measurement
data since the physics is still only half understood. In
application to vessels, there are further uncontrollable
factors of the boundary layer, which make the causal
relationship between the fuel consumption rate and bub-
bling flow rate unclear (Mizokami et al. 2010; Mékiharju
et al. 2012; Kumagai et al. 2010). The drag reduction
performance of vessels is affected by the specifics of each
vessel, meteorological factors, and seawater properties.
The overlap of fluid dynamic nonlinearity in multiphase
turbulent flow and the diversity of ship operation condi-
tions mean that there is a severe lack of reproducibility in
ship drag reductions. With such problems in application,
engineers emphasize the importance of fundamental study
that can classify the phenomenon into known and unknown
domains, or into reproducible and irreproducible regions of
parameter space.

Figure 3 shows the effect of bubbles on the turbulent
flow structure, as observed from the top of a horizontal
water channel flow (Murai et al. 2006a, b, ¢). Bubbles of
three different sizes are injected into water that flows at

direction so that streamwise vortices are mainly visualized. a Without
bubbles, b with large bubbles, ¢ with small bubbles, d with
microbubbles (Murai et al. 2006a, b, c)

2 m/s. The stripe pattern in the left photograph (a) indicates
turbulent eddies close to the wall, visualized by Kalliro-
scope [details of which were given by Dominguez-Lerma
et al. (1985)]. Photograph (b) is a snapshot of the same flow
when large bubbles are injected. The stripe pattern is
attenuated inside the area with bubbles, but remains in the
area without bubbles. Photograph (c) shows the case of
small bubbles, ranging from 1 to 5 mm in diameter. Since
the bubble size and the spacing of streamwise vortices are
comparable to each other, the original stripe pattern dis-
appears. Photograph (d) is a snapshot when microbubbles
of 50 um in peak diameter are mixed into the channel flow
at a volume fraction of 0.01 %. The stripe pattern is
revived, but the spatio-temporal frequency changes. The
photographs clearly show that the bubble—turbulent flow
interaction has different mechanisms according to bubble
size.

Before reviewing the individual findings reported in past
papers, the experimental conditions that each researcher
employed are classified. Figure 4 plots the results of pub-
lished papers on a two-parameter domain, with the abscissa
giving the bubble size and the ordinate giving the flow
speed. The plot includes results for horizontal channel
flow, flow along horizontal flat plates, and model ships. It
excludes results for the drag reduction of vertical pipe
flows, vertical channel flows, and Taylor—Couette flows
because different flow configurations need another com-
parison on different plots. Numerical analysis is also
excluded. The plot shows that the success of drag reduction
is roughly separated into two regions. One is the use of
relatively small bubbles at high flow speed (marked in M
and S), and the other is the use of large bubbles at low flow
speed (marked in L and V). Between these two regions,
few papers reported the success of drag reduction as
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Fig. 4 Distribution of technical Microbubble Small Bubbles (sub/around milli-meter size)

papers on the experimental M1 McCormick and Batacharaya (1973) S1 Guin et al (1996) S7 Tsai and Chen (2011)

success of drag reduction M2 Hassan et al (2005) S2 Moriguchi and Kato (2002) S8 Mizokami et al (2010)

plotted on a two-parameter M3 Zh(?n a'nd Hassan (2006) s3 Tﬁkahashi et al (2003) S9 Hua_ng et al (2009)

domain. The central position M4 Ortiz-Villafuerte and Hassan (2006) S4 Kitagawa et al (2005) $10 Elbing et al (2008)
1n. post M5 Lu et al (2006) S5 Murai et al (2006) S11 Oishi et al (2009)

and diameter of each ellipse M6 Hara et al (2011) S6 Shen et al (2006)

indicate the average conditions M7 Murai et al (2005)

and the approximate range of

experimental tests in each report
o
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L5 Murai et al (2007)
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L7 Oishi et al (2014)

L8 Latorre et al (1997)

L9 Amromin and Mizine (2003)
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indicated by gray regions. In the gray regions, the injection
of bubbles rather increases the friction, whereas the mix-
ture density of the boundary layer is invariably reduced.
We have to avoid the condition falling in these regions to
guarantee drag reduction. The upper gray region “Unre-
alizing” means that bubbles become unstable to keep their
initial size owing to shear stress. This region takes place
only in the transition from small to large bubbles for coa-
lescence at high void fraction or large to small bubbles for
fragmentation.

Table 2 lists all available reports on drag reduction
using horizontal channel flows. The reports are roughly
classified by mean bubble size. Results from DNS are
recognized as numerical experiments and included here. In
the “Bubble injection into” column, “beneath” refers to
bubble injection beneath the top wall of the channel, and
“above” refers to bubble injection from the bottom wall of
the channel. The column “Drag reduction %” presents the
maximum recorded drag reduction percentage, and “Gain
factor” is the ratio of the drag reduction per unit void
fraction [see Eq. (5)]. It is noted that these results cannot be
simply compared because of the very different conditions
applied in each assessment. Nevertheless, drag reduction
percentages of several tens have been reported.

Table 3 summarizes reports on drag reduction in other
types of flow configurations. The use of a flat plate deals
with the bubble effect in a spatially developing boundary
layer, different from a fully developed channel flow. In
contrast, Taylor—Couette flow is preferably adopted to
assess the fully developed state of two-way interaction
between bubbles and turbulence. Application to ships or
model ships also recorded drag reduction in some cases;
however, it should be noted that failures in drag reduction

@ Springer

of ships were rarely published in journal articles. The
author is aware of a number of failures in ship drag
reduction via collaborations and private communications.
Accordingly, exact experimentations for fundamental flow
configurations are strongly desired. In the following sub-
section, the performance and mechanism of drag reduction
in each region are elaborated.

2.3 Gas cavity effect regime

Frictional resistance is reduced by having a gas cavity
between a solid wall and outer flow. Fukuda et al. (2000)
demonstrated that this effect is in proportion to the ratio of
the area covered by gas to the whole area of the wall. The
mechanism is explained simply: The gas cavity cuts off the
contact between the liquid flow and the wall. However,
maintaining a stable gas cavity close to the wall requires
technical efforts. In case of external flow around a high-
speed moving body, blowing air from the front demands a
gas flow rate larger than a critical value to keep the gas—
liquid interface at the desired position. Cavitation-relevant
phenomena are coupled with the technique, implicitly or
explicitly (Callenaere et al. 2001). For slow flows below a
flat wall, the gas cavity naturally forms with buoyancy and
can stably remain beneath the wall. In both cases, an
increase in flow speed results in a wavy gas—liquid inter-
face owing to Kelvin—Helmholtz instability (Michel 1984).
In particular, the combination of high-speed liquid flow and
slow gas flow amplifies the instability so that the gas cavity
is easily broken into an ensemble of bubbles as it migrates
a long way downstream. Amromin and Mizine (2003)
analyzed possibility of active flow control to keep partial
cavity stable. Even in the case of a gas cavity subject to
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Table 2 Reports on drag reduction for bubble injection into horizontal channel flows

Flow configuration Bubble size Year Investigators Bubble Drag Gain Central
injection reduction  factor  bubble
into % size

Horizontal channel flow  Large bubbles 1963  Hirata and Nishiwaki Beneath 15 0.5 100 mm

2002  Gabillet, Colinm, and Fabre Above <0 <0 10 mm
2007  Murai, Fukuda, Oishi and Kodama  Beneath 60 2 >10 mm
2009  Park, Tasaka, Murai, and Oishi Beneath 25 20 >40 mm
Small bubbles 1985 Madavan, Deusch, and Merkle Above 80 1.5 Broad
1995  Kim and Clever Beneath 65 NA NA
1996  Guin, Kato et al. Beneath 20 2 0.5 mm
1999  Kato, Iwashina et al. Beneath 60 0.5 mm
2000  Kodama, Kakugawa et al. Beneath 30 3.5 NA
2002  Moriguchi and Kato Beneath 40 4 0.5-2.5 mm
2005  Kitagawa, Hishida, and Kodama Beneath 2.5 5 0.5 mm
2006  Shen, Ceccio, and Perlin Beneath 35 3.5 0.05-0.4 mm
2006  Murai, Oishi, Takeda, Yamamoto Beneath 10 1.5 0.5 mm
2009  Huang, Murai, Yamamoto Beneath 5 2 1 mm
2009  Oishi, Murai, Tasaka, Takeda Beneath 10 4 1 mm
Microbubbles 2005 Hassan, Gutierrez Torres et al. Beneath 38 10 0.05 mm
2005  Murai, Oishi, Sasaki, and Kodama Beneath 20 1,000  0.03 mm
2005 Lu, Hamada, and Kato Beneath 25 800 0.03 mm
2011  Hara, Suzuki, and Yamamoto Beneath 20 1,100  0.03 mm
DNS 2002  Xu and Maxey Spherical 15 1.5 Spherical
2002 Kawamura and Kodama Deformable <0 -3 We = 37
2005 Lu, Fernandez, Tryggvason Deformable 25 1.3 We = 0.4

slow flows, a gravity wave forms as another factor of
interfacial instability as analyzed by Matveev (2007). Once
the wave touches the wall, the cavity transforms to
dynamic two-phase flow similar to froth and churn flow.
The main parameter that governs the gas cavity regime is
the Froude number defined by

Fr=—— (2)

where U, g, and L are the characteristic flow speed,
acceleration of gravity, and characteristic length of the flow
configuration. When Fr is sufficiently smaller than unity,
the buoyancy force stabilizes the gas cavity. For Fr >1,
waves are generated downstream to destroy the cavity. The
following investigation on such application of an gas cavity
has been reported.

Katsui et al. (2003) measured the drag reduction ratio of
a model ship in the cavity regime. They employed partitions
on the bottom of the ship to provide 12 independent air
cavities so that a certain tolerance to waves and ship
oscillation was secured for 0.1 < Fr < 0.2. In terms of
power savings, the gas flow rate required for generating and
maintaining the air cavity needs to be minimized. This
raises two questions: How the gas cavity works properly for

drag reduction as its thickness decreases, and how the gas
cavity maintains its function as its length in the main flow
direction is shortened. In flow geometry of backward facing
step, Mikiharju et al. (2013a, b) found dependences of air
cavity formation on Reynolds and Weber numbers which
correlate with gas shedding from the cavity. At enough high
Reynolds numbers, their dependences are relaxed and high
drag reduction ratio up to 95 % was confirmed within the
cavity closure (Lay et al. 2010). Their work supports design
of necessary ventilation flow rate to maintain the gas cavity
drag reduction. Amromin et al. (2011) designed a ship hull
with a bottom niche terminating in a cavity locker, which
suppresses cavity tail oscillations and reduces the escape of
gas from the cavity. They obtained approximately 25 %
drag reduction for 0.4 < Fr < 0.7 in a seaway and the
power required to supply gas was less than 4 % of the gain
in the required propulsion power.

2.4 Gas layer effect regime

In ordinary applications, gas cavity is provided artificially
such as by a stern (see Fig. 1c). When the name of gas
cavity changes to gas layer, it indicates that gas phase
thickness is minimized necessary for isolating liquid from
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Table 3 Reports on drag reduction for bubble injection into various configurations of shear flows

Flow configuration = Flow configuration =~ Year Investigators Bubble Drag Gain  Central
injection reduction factor  bubble
into % size

Flat plate boundary layer 2004  Ferrante and Elghobashi DNS 20 10 0.06 mm

2006  Sanders, Winkel, Dowlingm et al. Beneath 90 3 0.3 mm
2007  Wu, Hsu, Lin Beneath 25 5 Broad
2008 Elbing, Winkel, Lay, and Ceccio Above 25 to 80 2to4 Broad
2010  Jacob, Olivieri, Miozzi et al. Beneath 9 250 0.15 mm
2013  Elbing, Makiharju, Wiggins et al. ~ Above 95 1.5 Air layer
2013  Mikiharju, Perlin, and Ceccio Beneath 90 1 Air Cavity
Taylor—Couette flow 2002  Rust and Manga Laminar 50 1.7 1 mm
2007  van den Berg, Luther et al. Turbulent 25 3 1 mm
2008 Murai, Oiwa, Takeda Turbulent 35 7 0.5 mm
2008  Sugiyama, Calzavarini, Lohse CFD 20 20 0.5 mm
2013  van Gils, Guzman, Sun, Lohse Turbulent 40 13 1 mm
2013  Watamura, Tasaka, Murai Transition 20 800 0.06 mm
2014 Maryami, Farahat et al. Turbulent 11 3 1 mm
Ship and model ship 1973  McCormick and Bhattacharyya Submerged 20 200 Microbubbles
1997 Latorre Ship 30 1 Air cavity
2000 Fukuda, Tokunaga et al. Model ship 20 Air cavity
2003  Latorre, Miller, and Philips Model ship 11 0.2 Small bubbles

2003  Takahashi, Kakugawa et al.
2003 Katsui, Okamoto et al.

2010  Foeth, Eggers, and Quadvlieg Ship
2010 Mizokami, Kawakita, Kodan et al. ~ Ship
2011  Amromin, Karafiath, and Metcalf Ship
2012  Mikiharju, Perlin, and Ceccio
2010 Kumagai, Murai, and Takahashi Ship

Small bubbles
Air cavity
Total 0 0 NA

Total 12 % NA NA

Local 25 % NA
Ship Total 14 % NA
Total 14 % NA

Model ship 40
Model ship 80

Air cavity
Air cavity
Small bubbles

Others

Pipe flow 1997 Liu Laminar <0 —6 2 mm
2005  Serizawa, Inui, and Eguchi Transition 75 150 0.04 mm

Sphere 2003  Cui, Fan, and Park Turbulent 15 NA 0.01 mm
2008 Murai and Oiwa Laminar —10 -3 2 mm

Spin shear 2013  Sakurai, Tasaka, and Murai Laminar —60 -30 2 mm

Gain factor is defined by drag reduction ratio divided by bulk void fraction which depends on flow geometry

Data in company’s website and unauthorized publications are excluded

the wall. Hence, gas layer is called so when the gas-
occupying thickness is less than the boundary layer thick-
ness. On this condition, we see two-phase flow patterns
such as film flow, froth flow, and horizontally elongated
flat-bubble flow.

The wall coating of a hull for stabilizing a gas cavity
was examined by Fukuda et al. (2000). They applied a
super water-repellent coating and achieved 80 % drag
reduction at flow speeds from 4 to 8 m/s. Their result
implied that total replacement of water with gas is
unnecessary in the boundary layer as long as a thin gas film
remains on the wall surface. The concept of introducing a
super hydrophobic surface into the wall boundary layer was
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proposed by Lee and Kim (2011). Once the wall structure
is allowed to change, stationary arrangement of bubbles in
a desired pattern can support the drag reduction as reported
by Kwon et al. (2014).

Elbing et al. (2013) investigated how much gas flow rate
is required to keep the gas layer drag reduction, not falling
into bubble drag reduction. They found its critical value
based on scaling for experimental data considering the lift
and buoyancy of dispersed bubbles. Their gas layer contained
void fraction of 75 % within the boundary layer thickness.

The relationship between the length of the gas bubble
elongated in the main stream direction and local skin
friction was measured by the author’s group (Murai et al.
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Fig. 5 Temporal fluctuation of the local wall shear stress owing to
the passage of large bubbles in a horizontal air—water turbulent
channel flow having a bulk mean liquid velocity of 1.0 m/s and bulk

2005a, b). Figure 5 shows two samples of the results
obtained by synchronized measurement of the local wall
shear stress and local void fraction on the wall inside a
horizontal channel flow. They found that bubbles longer
than about five times the boundary layer thickness reduce
the average drag around them. This tells that drag reduction
by gas cavity approach requires this length scale at least in
each unit. In contrast, shorter bubbles are not as effective in
reducing drag. Characteristics of such drag-neutral and
drag-increasing bubbles will be elaborated in the final part
of this chapter.

While the gas cavity technique has not been linked to
turbulence modification, it obviously alters the local tur-
bulence close to the gas-liquid interface. Velocity fluctu-
ations in the tangential direction of the interface are
conserved, but those in the normal direction are restricted
so that turbulence travels in two dimensions (Ouellette
2012). Hence, the scenario of drag reduction employing the
gas cavity technique involves curious scientific phenomena
such as the inverse cascade of two-dimensional turbulence
(e.g., Boffetta et al. 2000). As long as the coherent struc-
ture of turbulence is smaller than the length scale of the
gas-liquid interface, long bubbles also provide local two-
dimensionalization of turbulence around them as recently
visualized quantitatively by Oishi and Murai (2014) and
Park et al. (2014).

2.5 Microbubble regime: bubbles smaller than coherent
structures

As small bubbles are mixed into liquid, they interact with
turbulence and the original turbulent structure inside the

boundary layer is modified. The Reynolds number

expresses the target flow field attacked by small bubbles;
UL

Re = —, (3)
v

where U, L and, v are the characteristic flow speed, char-
acteristic length of the flow configuration, and kinematic
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mean void fraction of 20 %. The projected void fraction is defined by
the ratio of the area occupied by the bubble image on the wall within
the circular area of the wall shear stress sensor (Murai et al. 2007)

viscosity of the liquid. Since turbulence has a broad
spectrum in terms of wavelength and frequency, bubble—
turbulence interaction is deduced according to the bubble
size. While there are still deep discussions on the scaling
problem, the influence is classified at least into two cases.
One is the case that bubbles are smaller than tens of the
wall unit of the boundary layer. Another is the use of
bubbles larger than those in the first case, but smaller than
the boundary layer thickness. The wall unit, I, is defined

4 T 1 v /2
IF=— uy= [ 14y =CizpU* = 1" =— /=
MT7 u ,07 T f2p y U Cf,

(4)

where u, and p are the friction velocity and density of the
liquid. 7, and C; are the wall shear stress and friction
coefficient. For an air-water combination with flow speed
of several meters per second, the wall unit becomes
roughly 10 pum. Hence, bubbles larger than 100 pm will
directly attack the coherent structures in turbulence with
their volume effect. In contrast, bubbles smaller than
100 pm alter the internal fluid properties inside individual
eddies. In both cases, the coherent structures that are a
source of friction can be modified in the following
mechanism.

The effects of small particles and microbubbles on the
turbulent boundary layer are commonly explained up to a
point. Small solid particles tend to stay in low-speed streak
regions (Narayanan and Lakehal 2003), and they alter the
coherent structure around them so that drag is reduced
(Zhao et al. 2010, 2012). Such turbulent structure modified
by solid particles was summarized by Gore and Crowe
(1989, 1991) and Crowe et al. (1996). They clarified that
particles smaller than 1/10 of integral length scale of tur-
bulence always relax the turbulent intensity. Motion of solid
particles in turbulence was reviewed by Toschi and Bo-
denschartz (2009). The main difference of microbubbles
from solid particles is their own density relative to that of
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the continuous phase, which provides opposite Lagrangian
acceleration relative to that of the continuous phase as the
same pressure gradient acts on them. A number of numer-
ical research works have investigated this topic prior to
experimental demonstrations. Felton and Loth (2001, 2002)
simulated the wall-perpendicular diffusion process of small
spherical bubbles during downstream migration. The dif-
fusion of bubbles is caused by a random diffusion in tur-
bulence, and it is thus promoted with a spatial gradient of
turbulence intensity that decreases with distance from the
wall. The phenomenon is the same as that observed for solid
particles and dye as can be simulated by Reynolds average
model equations. Xu et al. (2002) simulated the drag
reduction performance provided by spherical bubbles in a
DNS for a turbulent channel flow. They simulated bubble—
liquid interaction at a nominal channel Reynolds number of
3,000 and bubble diameters of several tens of wall units.
They found the realization of significant drag reduction in
the transient process of bubble diffusion, which ceased as
the void fraction reached a steady profile. Ferrante and
Elghobashi (2004, 2005) carried out a DNS for a spatially
developing turbulent boundary layer at a Reynolds number
of 1,400-3,000. Their interpretation of the result is that the
motion of small bubbles provides positive divergence of the
liquid velocity vector field close to the wall, and the bubbles
push the streamwise vortical structures away from the wall.
It should be noted that in the field of numerical simu-
lation, the term “microbubbles” is used when bubbles are
treated as spheres. Upon the spherical assumption, the
mathematical description of two-phase flow is dramatically
simplified as described by the Eulerian—Lagrangian for-
mulation and point-source approximation based on Stoke-
sian dynamics. Consequently, the computational load of
the DNS is lightened, and therefore, numerical research on
microbubble drag reduction has progressed more quickly
than research on drag reduction by non-microbubbles.
Experimentalists use the term “microbubbles” for a bubble
size that is actually several tens of microns. In clean water,
the lower size limit of non-condensable microbubbles that
survive against their own surface tension is around 5 pm
(e.g., Fujikawa et al. 2011). The upper limit may be sub-
millimeter size, at which bubbles start to show non-
spherical deformation in turbulence. The first experiment
on microbubble drag reduction by McCormick and Bhat-
tacharyya (1973) employed water electrolysis. The mean
bubble diameter estimated using their setup is probably
tens of microns although they did not clearly state this.
Microbubble generation with water electrolysis did not
come up in the literature again until 2003. Engineers
believed for 30 years that there was no significant differ-
ence between submillimeter bubbles and microbubbles.
The first experiment performed this century on micro-
bubbles was that carried out by Hassan and Ortiz-
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Villafuerte (2003). They presented significant drag reduc-
tion performance for a horizontal channel flow when
hydrogen microbubbles were mixed with water electroly-
sis. In their later papers (Hassan et al. 2005; Zhen and
Hassan 2006; Ortiz-Villafuerte and Hassan 2006), they
reported that the action of microbubbles destroys coherent
structures. The author’s group also examined the effect of
hydrogen microbubbles in a 2-m/s channel flow (Murai
et al. 2005a). They obtained 20 % drag reduction with only
a 0.02 % bubble volume fraction. The sensitivity of the
drag reduction per unit void fraction can be evaluated by

GEAD/D=1{1—Q(1—@}, (5)

o o Cro

where D, AD, and o are the original drag without bubbles,
reduced drag as bubbles are injected, and void fraction,
respectively. The right-hand side is the formula when
Eq. (1) is substituted into the definition. We refer to G as
the gain factor of drag reduction; it indicates the amplifi-
cation of drag reduction relative to the inertia-originating
effect of drag reduction. When the friction coefficient is
unmodified by bubbles, G becomes unity. Most gas cavity
methods have a value of G around unity.

In the author’s first experiments on microbubbles, the
value G was obtained surprisingly to be 1,000 at Re = 10*
(Murai et al. 2005a). In the experimental facility, water
electrolysis apparatus for generating both hydrogen and
oxygen microbubbles was flash mounted on the top surface
of the channel so as not to affect on the liquid boundary
layer downstream. The results of a succeeding experiment
using the same facility was reported later by Hara et al.
(2011) after careful checking of reproducibility in terms of
the performance of bubble generation around the elec-
trodes. Figure 6 shows their experimental data, confirming
that the impact of the microbubble was on the same order;
G = 1,100. According to their PTV measurement, Rey-
nolds shear stress was reduced effectively only in the
vicinity of the wall and that in the downstream region soon
recovered and rather increased outside the original
boundary layer. They attributed the dramatic drag reduc-
tion to the transient process of microbubble motion along
the main stream. Lu et al. (2005b) constructed a clone of
Hara’s bubble generation device for their different hori-
zontal channel facility and obtained nearly the same degree
of drag reduction; G = 800. For water flows beneath a
horizontal flat plate, a large effect of microbubbles of
G = 250 was measured by Jacob et al. (2010). They found
by their PIV a decrease in coherency of the near-wall
structure. For different flow geometry, large gain factors
were obtained by Serizawa et al. (2005) for microbubble
pipe flows (around G = 150) and by Watamura et al.
(2013) for microbubble-added circular Couette flows
(G = 800).
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Fig. 6 Sensitive drag reduction resulting from microbubbles profiles measured by PTV at 250 mm from the bubble injection point.

observed in a finite region from the bubble injection point. a Friction
coefficient relative to the single phase. b Reynolds shear stress

All the above experimental results are explained by the
action of spherical bubbles on the coherent structure in
turbulence. As shown by numerical analysis of Maxey et al.
(1996), microbubbles concentrate into strong vorticity
regions, but low strain rate in Stokes regime of microbubble
motion. L’vov et al. (2005) stated that the volumetric effect
of microbubbles is lost as the microbubble diameter
decreases. Their linearized theory inferred that drag
reduction remains as observed in the single-phase turbulent
boundary layer that has wall-perpendicular distributions of
density and viscosity if clustering of microbubbles is
ignored. However, the mechanism in the microbubble
regime is hardly unified as a single mathematical model,
consequently. Particularly for gain factors obtained on the
order of hundreds, another scenario must be introduced,
which will be picked up at the end of Sect. 2.8.

2.6 Mesoscopic bubble regime: bubbles comparable
in size to coherent structures

The most difficult case for understanding the drag reduc-
tion mechanism may be that when the bubble size is
comparable to the length scale of coherent structures. This
is so in both experimental and numerical studies. This
condition is, however, the most frequently appearing in
laboratory experiments and practical application because
such bubbles are easily and naturally realized in the air—
water combination of bubbly flow. This is explained with a
Weber number defined by

_ pUzd du
_ dy

We

) Ud = d7 (6)

where U, is the differential velocity of the liquid phase
between two points on a single bubble surface, d is the
bubble diameter, and ¢ is the surface tension of the bubble
interface. Bubbles that have a Weber number larger than

¢ The same profiles at 1,000 mm from the injection point (Hara et al.
2011)

the critical Weber number (which is around 10) are
unstable and fragment into multiple small bubbles and such
large bubbles thus disappear downstream. The diameter of
the largest bubble that survives in turbulent shear flow is
estimated by substituting the local shear rate into Eq. (6):

du| 2

dy

du

dy

1
2

£=2

= pU>. (7)

WEC(_TW.M‘ ‘Ct
Hence, the upper limit of the bubble diameter is
obtained as

d= {47‘7 (Cfvlﬂ)zw%} 1/3. (8)

The above formula infers that the largest bubble in a
5-m/s air—water bubbly two-phase boundary layer has a
diameter of 500 um, which is comparable with the length
scales of coherent structures such as the spanwise spacing
of streamwise vortices, sweeping flow into the wall, and
bursting eddies. In the region far from the wall, the local
shear rate is lower and the upper limit of the diameter thus
higher. Equation (8) also indicates that the upper limit of
the diameter is a function of flow speed, U, to the power of
—4/3. This fragmentation theory furthermore reminds us
that a histogram of the bubble size will have a peak pop-
ulation close to the upper limit of the diameter at each
position from the wall. The bubbles having diameters
around the upper limit always behave non-spherically and
deform unsteadily in turbulence. Consequently, the mech-
anism of drag reduction in this regime requires insights not
only into the volume-comparable effect with coherent
structures but also into the role of bubble deformation in
turbulence. This issue outweighs the density effect in
maintaining steady drag reduction as explained later in
Sect. 3.1. Consequently, bubble breakup and bubble
deformation should be always considered in a couple.
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Fig. 7 Complex unsteady
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Equation (8) just estimates it in semiempirical form at
dilute bubble situations. There are papers published on
shear-triggered bubble breakup phenomena such as Hinze
(1955), and Hesketh et al. (1991).

Kato et al. (1999) and Moriguchi and Kato (2002) per-
formed horizontal channel flow experiments and found that
the dependency on bubble size was insignificant in their
tested range. Towing test experiments for a flat plate
conducted by Takahashi et al. (2003) and for a catamaran
conducted by Latorre et al. (2003) showed stable drag
reduction that was linear to the gas volume flow rate,
whereas the bubble size was not so carefully controlled.
Shen et al. (2006) used surfactant to examine the effect of
the mean bubble size in a turbulent channel and concluded
that their drag reduction was insignificantly affected by the
bubble size. The gain factors in these experiments ranged
from 1.5 to 3.5; i.e., they were larger than unity.

To mechanism-pursuing researchers, the bubble size
insensitivity appears to be rather curious. Kitagawa et al.
(2005) found a reason for the insensitivity. Their particle
tracking velocimetry for two-phase flow at 5 m/s and a
mean bubble diameter of 500 um revealed that a bubble’s
soft deformation owing to surrounding turbulence absorbs
Reynolds shear stress as shown in Fig. 7. The concept was
already known to Serizawa and Kataoka (1990), who
modeled bubble deformability in isotropic turbulence as a
temporal absorber of kinetic energy that then released the
kinetic energy with a time lag. The time lag is on the order
of the resonance period of oscillation of the bubble shape
(Ryskin and Leal 1984). For the air—water combination, the
resonance period of the upper limit of the diameter is much
longer than the timescales of coherent structures so that
bubble deformability dampens the local acceleration of
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turbulence. This explains why deformable bubbles, no
matter the precise control of bubble size, work robustly for
drag reduction.

DNS of the mechanism of the interaction between tur-
bulence and deformable bubbles or droplets in turbulent
shear flow was reported in several papers. Iwasaki et al.
(2001) found that droplets in turbulent Couette flow
attenuated a near-wall streamwise vortex with their defor-
mability. Kawamura and Kodama (2002) analyzed a sim-
ilar flow field for air bubbles and found that bubble
deformation altered turbulence statistics. In their simula-
tion, there was an increase in drag owing to the DNS-
performable limit of the Weber number. That is, the vol-
ume effect that enhances momentum transfer was stronger
than the deformability effects. Iwasaki et al. (2001) con-
firmed the same tradeoff phenomenon between the volume
effect and deformability effect of immiscible droplets
dispersed in a turbulent channel flow. Furthermore, Lu
et al. (2005a) numerically confirmed in DNS that the
deformability of bubbles leads to a significant drag
reduction owing to suppression of streamwise vorticity
existing close to the wall, while bubbles that are less
deformed provide an additional shear rate near the viscous
sublayer to increase drag. The importance of the defor-
mability is re-elaborated later in Sect. 3.1.

2.7 Large bubble regime: bubbles larger than coherent
structures

Drag reduction is still provided by bubbles that are larger
than coherent structures in the wall proximity, but suffi-
ciently smaller than the boundary layer thickness. The
largeness of the bubbles results in high slip velocities
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between the two phases. The slip velocity is governed in a
complex manner, being affected by a combination of seven
force components, namely drag, lift, buoyancy, pressure
gradient, added inertia, and history forces. These forces act
in different directions with time lags among them in tur-
bulence. For such a range of bubble size, Guin et al. (1996)
obtained 20 % drag reduction with a bulk mean void
fraction of 10 % in a horizontal turbulent channel flow.
They found dissimilarity of the void fraction profile in the
wall-perpendicular direction as liquid and gas flow rates
changed. This implies that drag reduction in this regime
should be characterized by spatially developing bubbly
flow in the turbulent boundary layer.

Inside the boundary layer, bubbles in this regime
repetitively bounce along a wall. The case for a vertical flat
wall was investigated by Tran-Cong et al. (2008). The
author’s group (Murai et al. 2006a) focused on such
behavior in a horizontal channel flow. Using bubbles with
mean diameter of 0.7 mm in flow traveling at 2 m/s, we
observed active oscillation of the bubbles in the wall-per-
pendicular direction during their migration downstream.
The oscillation is attributed to the combination of four
dominant forces, namely drag, added inertia, lift, and
buoyancy, and could be simulated numerically only with
the time-averaged liquid velocity profile. In particular,
bubbles close to the wall are rapidly decelerated by the
increase in the drag coefficient (Masliyah et al. 1994) and a
strong lift force acts on them in the next moment to sep-
arate them from the wall again. PTV of both phases by
Murai et al. (2006b) revealed that such a cyclic motion of
bubbles within the turbulent boundary layer reduced local
turbulent shear stress. The mechanism was confirmed by
substituting PTV data of the liquid flow field into an
equation derived by Reynolds averaging the volume-aver-
aged conservation equation of bubbly two-phase flow:

du — = —
T=u——p(1 =)'V + pa/V -u+p - oV,

T ©)

-10 -0.5 0.0 0.5 1.0
Shear stress [

(b)

where o denotes the local void fraction and u, p, u, and
v are the viscosity, density, wall-parallel velocity and
wall-perpendicular velocity of the liquid phase, respec-
tively. The upper bars and primes, respectively, indicate
the time average and fluctuation. These profiles measured
at two locations are shown in Fig. 8. The first term is the
viscous shear stress, which plays a dominant role in the
viscous sublayer, but is negligible outside the layer. The
second term is the Reynolds turbulent shear stress, which
is relaxed by the average void fraction. This term implies
that drag reduction is simply proportional to the void
fraction supplied in the boundary layer. This inertia effect
of drag reduction in turbulence has been widely confirmed
and has a gain factor around unity (Tsai and Chen 2011).
However, the correlation of #/V' in the same term can also
be modified by the bubbles as the turbulence property
changes with them. Thus, the effect of the average void
fraction can be amplified. The third term is the shear
stress induced by the correlation of o/v/, and it is inten-
sified by the mean streamwise velocity. If the flow is
perfectively homogeneous without slip between the two
phases, this term disappears. The term takes a negative
value, contributing to drag reduction, when bubbles have
wall-perpendicular oscillations interacting with vortical
structures. A simplified interpretation of the term is that
such bubbles work as “virtual bursts” instead of liquid
turbulence, replacing the sweep and ejection events of the
liquid phase with massless bubbles. The opposite effect is
known in the case of a heavy particle mixture in boundary
layers (Kulick et al. 1994; Taniere et al. 1997). The data
of Murai et al. (2006b) show that this term has stream-
wise persistency as long as bubbles have wall-perpen-
dicular oscillation, and such a phenomenon stands out in
the case of relatively large bubbles. How the local tur-
bulence modification in the buffer layer reflects on the
wall skin friction was theoretically deduced by Fukagata
et al. (2002).
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2.8 Rheological effect regime

Even without a slip between bubbles and liquid, the shear
stress is still affected by the presence of bubbles. As
revealed in the earliest studies of Einstein (1906) and
Batchelor (1967), the effective viscosity of a dilute sus-
pension is described by

*

+3u
'u7:1+uoc

10
Ho Mo + 1 (10)

where p*, uo, (' and o are the effective viscosity, original
viscosity of the continuous phase, viscosity within the
dispersion phase, and volume fraction of the dispersion.
The formula is applicable to dilute spherical dispersion
(o < 0.10) in simple shear flow. For solid particles, there is
no chance to reduce effective viscosity because of u' > .
Increasing of the volume fraction exponentially amplifies
the viscosity (Stickel and Powell 2005). In the case of a
bubbly liquid, the viscosity of gas inside bubbles is suffi-
ciently small compared with that of the liquid and thus

1= (1+ ). (11)

Hence, the effective viscosity of the spherical bubble
mixture increases. Legner (1984) explained in a qualitative
sense that the increase in effective viscosity thickens the
viscous sublayer and thus reduces the shear rate. However,
the role of the effective viscosity in the entire turbulent
boundary layer is still unsolved. Sangani et al. (1997)
analyzed the rheological resistance of densely arranged
spherical bubbles subject to a rapidly applied shear. They
obtained an extra increase in the resistance over that given
by Eq. (11) owing to local bubble-bubble interaction.
L’vov et al. (2005) coupled the effective viscosity of
spherical bubbly liquid with Reynolds-averaged equations
and estimated how drag reduction is preserved in homo-
geneous bubbly flow situations when the void fraction has
a wall-perpendicular profile.

The effective viscosity becomes a function of the cap-
illary number as the bubble deforms significantly owing to
an increase in the shear rate. Frankel and Acrivos (1970)
derived the formula

we_ o, 1-5ca _Hovd

Ko 1+ (¢ca)® c 2’

du

d_yv (12)

which is the same as that derived by Schowalter et al.
(1968) when the void fraction is low and where o, y, Ca,
and d are the surface tension of the bubble surface, shear
rate of the liquid around the bubbles, capillary number, and
sphere-equivalent bubble diameter. In this formula, the
relative viscosity returns to unity at Ca® = 5/12; i.e., the
critical value of Ca at which the sign of the effect on
the void fraction changes is Ca. = 0.65. The effective
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viscosity decreases to values lower than the original liquid
viscosity at higher values of Ca. Rust and Manga (2002a)
obtained the relationship between Ca and the bubble
deformation ratio in simple shear flow and confirmed the
validity of the above formula by means of circular Couette
flow viscometry (Rust and Manga 2002b). In a typical case
of drag reduction for a ship, Ca takes values that cross the
critical capillary number as the local shear rate is defined
by the coherent structures in the boundary layer. It is thus
deduced that the shear-thinning property of the bubbly
liquid affects turbulence. Zhen et al. (2013) simulated such
a response to hairpin vortices using a power-law model,
implying the hidden importance of the non-Newtonian
property of deformable bubbles in drag reduction.

A further advanced question in regard to the rheo-
logical effect is the viscoelastic response of small bub-
bles. Since the shear rate fluctuates at a high frequency
around individual bubbles in the turbulent boundary
layer, the effective viscosity formulated for steady shear
flow leads to misunderstanding. In general, the shear
stress of a multiphase fluid element with a high interfa-
cial area concentration is described by tensor equations as
presented by Doi and Ohta (1991). For a dispersed
bubble system, Llewellin and Manga (2005) proposed
introducing the dynamic capillary number to describe the
ratio of elastic to viscous contributions to the local shear
stress. Murai and Oiwa (2008) confirmed with their
falling-sphere viscometry that the effective viscosity
increases drastically, departing from equilibrium defor-
mation theory, as bubbles are subject to transient defor-
mation. The experiment performed by Cui et al. (2003)
showed 15 % drag reduction for a falling sphere in a
highly turbulent regime of Re > 10*. Decoding of their
experimental condition matches the deformable bubble
regime, which alters the turbulent boundary layer sepa-
ration point on the sphere. For such viscoelasticity of
bubbly liquid originating from surface tension, it is sug-
gested that there is a need for more fundamental studies
referring to the elastic resonance of bubbles in temporally
fluctuating shear (Gao et al. 2011) and in a constraint
environment (Prosperetti 2012). The momentum transfer
from a stepwise accelerating wall measured by Sakurai
et al. (2013) revealed a 60 % increment in effective
viscosity with a void fraction of only 2 % as Ca
unsteadily changed across unity. Figure 9 shows their
sample data. The figure implies that such bubbles sup-
press turbulent eddies effectively; however, further
investigation is required for a more generalized formu-
lation. Relevant to this rheological effect, we should
consider the phenomenological analogy to another type of
drag reduction provided by a polymer surfactant solution
such as that measured by Li et al. (2008).
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Fig. 9 Increase in the effective viscosity of bubbly liquid subject to
transient bubble deformation. The two phases are air gas and highly
viscous oil at room temperature, and fill a cylindrical container with a
diameter of 145 mm. a Top view of bubble deformation near the wall

2.9 Fat bubbles comparable to the boundary layer
thickness

Injection of fat bubbles into the liquid boundary layer
beneath a horizontal wall greatly increases the friction
coefficient. The resultant increases in wall shear stress
overshadow the effect of reduced fluid density. Fat bubbles
referred to here are bubbles sufficiently larger than the
coherent structure of turbulence as they occupy most of the
boundary layer thickness with their single diameter. Unlike
an air cavity, the length in the streamwise direction is
limited to a few times the boundary layer thickness. Their
Weber number defined by Eq. (6) ranges from 10 to 300 in
the air—water case, which is much larger than the critical
Weber number for fragmentation in free shear flows. Such
an effect was measured in a vertical channel by Liu (1997).
The bubbles in his facility ranged between 5 and 15 mm in
diameter, which was comparable to the boundary layer
thickness. In horizontal flow beneath a wall, the fatness is
maintained by buoyancy that keeps the bubbles stably
beneath the wall. Numerical analysis of Kawamura and
Kodama (2002) simulated the increase in wall shear stress
owing to the bubbles that mostly occupy the boundary
layer thickness. The finding of such a drag-increasing
condition allows substantial improvement of drag reduc-
tion performance.

It is easily imaginable that fat bubbles moving along the
wall force the ejection of liquid at their fronts and induce
an extra sweep in their rears. In the case that the bubbles
have significant slip velocity relative to the liquid, a similar
additional momentum exchange occurs owing to their large
volumes being subject to a steep velocity gradient. Oishi
and Murai (2014) measured bubble-induced secondary
flows around such fat bubbles in a turbulent channel flow

& 1.6 7

Bubble shapes sampled from image

|| =o= Without bubble

~~ With bubble

0.4 0.6 0.8 1.0
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acceleration time for
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owing to rapid spinning of the cylinder. b Effective viscosity at a
point 10 mm from the wall, measured by ultrasound Doppler
rheometry combined with a high-speed video camera system (Sakurai
et al. 2013)

0.2

as shown in Fig. 10. Four bubbles in the figure stably slide
beneath the wall without temporal change to their shapes.
The shape-fixing effect is provided by gravity; i.e., Fr
number instead of the We number characterizes the shape.
The liquid film flow that remains between the wall and
bubble interface is governed by Ca: The top views of large
bubbles accompany capillary waves. An important finding
from their PTV is that the velocity fluctuation correlation
u'v' takes a value one order of magnitude higher than that
of the original Reynolds shear stress in a single-phase
boundary layer. The result explains consistently the loss of
local skin friction reduction around large bubbles (Murai
et al. 2007).

In the field of heat-transfer research, the role of such fat
bubbles close to a wall has been investigated intensively.
Fat bubbles, no matter of whether they comprise air or
water vapor, promote turbulent heat transfer of the wall
unless the bubbles entirely cover the wall to form an adi-
abatic sheet. A similar phenomenon for large bubbles is
observed in laminar heat transfer (Kitagawa and Murai
2013) and laminar mass transfer. In laminar flow states,
bubbles larger than the thermal and concentration boundary
layer thicknesses provide pseudo-turbulent transport of the
carrier phase. Such paradoxical experimental results
between drag reduction and heat/mass transfer enhance-
ment provide an analogous understanding of the role of
large bubbles in the boundary layer.

2.10 Transition diagram of the drag reduction
mechanism

As mentioned throughout this chapter, there are multiple

scenarios of the effects of bubbles in drag reduction. The
author does not explain them in complex detail, but each of

@ Springer



1773 Page 16 of 28

Exp Fluids (2014) 55:1773

We=90

— Main Stream Direciton

=140

We

We=200

We=250

Fig. 10 Secondary flow patterns induced by fat bubbles co-currently
migrating with liquid in a turbulent channel flow. a Typical fop-view
images of fat bubbles of four different sizes, b streamlines of the
secondary flow component measured by PTV corresponding to each

them physically exists and has been experimentally dem-
onstrated. Hence, we should remind ourselves that the
simplest term “air-lubrication,” which has been preferably
used in the field of drag reduction for ships, is a grand
generic term for an extremely complex combination of
different mechanisms of drag reduction. Without such
consideration, one would have an issue with the lack of
experimental reproducibility for the void—drag relationship,
which is a primary problem in application. In parallel, we
need to appreciate that multiphase flows have their inter-
nally created deviations regardless of our strict control of
the flow geometry and inlet bubble injection conditions.
What we can do in this situation is to make a rough
classification of the local dominant mechanism in param-
eter space by clustering similar results. This work helps in
practical design straggled between the multiplicity of the
drag reduction mechanism and the inevitable deviating
nature of bubbly two-phase flow. On the basis of this
concept, a rough sketch of a drag reduction mechanism
diagram is finally produced as shown in Fig. 11. The def-
inition of the two-dimensional parameter space is the same
as that for Fig. 4. The lines that separate the domain into
seven regions are determined from experimental data.
Thus, the lines can be termed as transition lines of the
dominant drag reduction mechanism. It is noted that this
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size, and c¢ the spatial structure of the u'v' distribution formed around
each bubble where the value is scaled by the friction velocity squared
(Oishi and Murai 2014)

diagram is approximately valid for horizontal turbulent
boundary layers of water, but invalid for other flow con-
figurations and other liquids such as highly viscous oil.
Words within each region highlight the phenomenon rele-
vant to drag reduction, and the value of G indicates the
resultant mean gain factor [see Eq. (5)] realized in each
region.

In the region “Spherical” at the bottom-left corner,
frictional drag is in proportion to the effective viscosity of
the spherical bubble mixture so that frictional drag
increases in accordance with Eq. (11). The region
“Yielding” on the right next is that for the use of highly
deformable bubbles, in which drag reduction is restored by
the bubble yielding effect. The theoretical gain factor is
obtained as 5/3 as Ca goes to infinity in Eq. (12). Further
large bubbles in slow two-phase flow transit to the region
of “Gas film” because of buoyancy and provide drag
reduction of G = 1.

The flow in the transition region from laminar to tur-
bulent states (0.1 < U < 1 m/s) is sensitively affected by
the injection of bubbles since bubbles perturb the laminar
state and trigger the flow transition to turbulence (Huang
et al. 2009). In most cases, therefore, bubbles rather acti-
vate the momentum transfer of the boundary layer so that
drag increases. The same effect is known for free shear
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Fig. 11 Transition diagram of the drag reduction mechanism owing
to bubble injection

flows and free-rising-bubble flows referred to as pseudo-
turbulence or “turbulence” (Lance and Bataille 1991). The
pseudoturbulence is decomposed into dipole-type potential
disturbance and viscous wake disturbance. In either event,
flow transition is promoted. This is a delicate problem
especially in numerical simulation since it cannot be
directly analyzed with a Eulerian formulation of volume-
averaged equations (Kitagawa et al. 2001). On bubble-
induced turbulence close to the wall, Kobe university group
collected data of vertical two-phase flow systems, which
give partial analogous discussion to that observed in hori-
zontal systems. Hosokawa and Tomiyama (2013) found
that Reynolds shear stress generated by bubble-induced
pseudoturbulence was proportional to the ratio of void
fraction to shear rate. A paper from their group, Ojima
et al. (2014) clarified which terms in two-fluid formulation
turbulent flow model take dominancy in describing bubble-
induced turbulence.

Beyond the turbulent flow transition with an increase in
flow speed, drag reduction revives as shown by the region
“Braking uv'” where the gain factor ranges from 1 to 5.
Most cases of the so-called microbubble drag reduction for
a ship belong to this region. Use of larger bubbles at the
same flow speed causes a transition to “Interfacial insta-
bility” before stabilizing as a gas layer along the wall. In
this region, bubbles subject to strong turbulent shear cannot
keep their size due to active fragmentation and coales-
cence. The region “Rheology” at the top-left corner in the
diagram has a high gain factor exceeding 100. Problems in
this region are the considerable power required for
microbubble generation and turbulent diffusion of micro-
bubbles from the inner layer of the turbulent boundary
layer.

The transition lines in the diagram shown here are
simply presented to inspire researchers in the field and are
not to be taken as universal absolutes. It is anticipated that
the lines will be refined by further investigations.

3 Current problems and ideas

Together with the progress in understanding the drag
reduction mechanism, limitations of the practical use of
drag reduction are gradually emerging. They are (1) the
short spatial persistency of the drag reduction effect for a
large target like a vessel and (2) management of the rich
unsteadiness that naturally occurs in the two-phase
boundary layer. In response to the former problem, Kim
and Cleaver (1995) proposed a simplified fitting function
with which to estimate the persistency of drag reduction as
a function of the gas flow rate. The function was such that
drag reduction is always and fully lost far downstream.
Main reason of the decline is bubbles’ turbulent diffusion
which will relax the peak void fraction near the wall.
Sanders et al. (2006) investigated the downstream transi-
tion of bubble distribution along a 11-m-flat plate. They
found that small bubbles at far downstream region behaved
similarly to a passive scalar turbulent diffusion process
(Poreh and Cermak 1964). This turns out the fact that
bubbles no longer affect liquid phase there. However, gas—
liquid two-phase flow confined in a thin turbulent boundary
layer serves a further variety of flow patterns than we
expect. Experiments in them give us many more ideas for
the improvement, being challenged by many investigators.
For instance, Elbing et al. (2008) found an abrupt transition
from dispersed bubble state to gas layer structure, which
jumps up local drag reduction ratio from 25 to 80 %. Thus,
we have ample scope for improvement if we carefully
observe the nature of two-phase flow. This chapter intro-
duces and reviews ongoing research into the advances of
drag reduction.

3.1 Bubbly Taylor—Couette flows

Shear flow generated in concentric annuli has been
employed by several experimentalists in the fundamental
study of bubble-originating drag reduction. The flow field
is called Taylor—Couette flow (hereafter T-C flow). Its
fluid dynamic characteristics have been richly explored for
single-phase Newtonian fluid (Andereck et al. 1986; Tak-
eda et al. 1994). Historically, T-C flow has long been
investigated as a platform to elucidate scenarios of flow
transition between laminar circular Couette flow and highly
turbulent Couette flow (La Porta et al. 2001) starting with
the onset of a Taylor vortex (Taylor 1923). Since the flow
modes shift stepwise as the Reynolds number increases, the
effect of bubble injection on the flow transition can be
detected clearly. Another great advantage in using T—C
flow is that the flow is organized in a spatial closure
between two cylinders. Thereby, the momentum transfers
can be assessed in a steady state under an ensured global
energy balance. One can expect that the influence of
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Fig. 12 Regularized bubble distribution and its effect on drag
reduction in Taylor—Couette flow. Silicone oil and air are used as
the two phases. No base axial flow is given to the liquid, while
bubbles are continuously injected from the bottom at a fixed flow rate.

bubbles is exactly judged in the confined fluid shear from
which no bubbles diffuse to escape. The idea contrasts the
effect of bubbles with a spatially and temporally develop-
ing two-phase boundary layer either in a channel flow or
from a flat wall. The comparison hints at how bubbles can
reduce drag in a fully developed state, while several papers
reported the priority of largely enhanced drag reduction
during spatial development of the two-phase boundary
layer (Xu et al. 2002).

The flow structure of bubbly T-C flow is classified by how
the bubbles are mixed. Shiomi et al. (1993) measured bubble
distribution patterns varying with the flow rates of two axially
co-current phases. Atkhen et al. (2002) measured the phase
velocity of the organized bubble distribution migrating with
axial liquid flow. Air bubbles and cavitation bubbles were
compared by Djeridi et al. (2004). Chemical engineers
reported the enhancement of the gas—liquid interfacial area
concentration by an array of vortical cells using horizontal-
axis-type T-C flow (Hubacz and Wronski 2004). A variety of
interfacial structures in the high gas volume fraction were also
reported (Wronski et al. 2005; Mehal et al. 2007). In these
two-phase flows, there cause air spots owing to bubble coa-
lescence promoted by Taylor vortices and the centrifugal
force of the rotating system. For relatively small bubbles,
Climent et al. (2007) simulated preferential bubble accumu-
lation to wavy vortical structures, which demonstrated the
organized action of small bubbles on coherent structures for
dilute bubble injection.

The actual performance of drag reduction in bubbly T-C
flow was measured by two research groups: A group at the
University of Twente investigated the highly turbulent
regime, and a group at Hokkaido University focused on a
weak turbulent regime. In the former case, van den Berg
et al. (2005) and van den Berg et al. (2007) obtained a drag
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a Side view of bubble distributions at different Reynolds numbers,
showing random, toroidal, spiral, and turbulently diffused toroidal
modes. b Gain factor of drag reduction changing with the mode
switching of the bubble distribution pattern (Murai et al. 2008)

reduction of 20-25 % with a bulk mean void fraction of
4-8 % and Re from 10° to 10°. They compared the drag
reduction between small air bubbles and buoyant particles
and ascertained that only air bubbles can achieve drag
reduction. This clearly demonstrated that bubble defor-
mability plays a major role in drag reduction in the highly
turbulent regime. The latest study of van Gils et al. (2013)
found a 40 % drag reduction with a 3 % void fraction by
further increasing Re beyond 10°. They witnessed that the
promoted drag reduction originated from a shift in the
Weber number from around unity to the order of 10. This
scenario agrees with the work done by Kitagawa et al.
(2005) for turbulent channel flows at a high Reynolds
number. We are now reaching a conclusion that a steady
drag reduction effect for turbulent shear flow having high
Re number relies on bubble deformability.

For bubbly T-C flows at low Reynolds numbers, Murai
et al. (2008) obtained 35 % drag reduction at Re of about
10% and a void fraction of 5 %. In this Re range, the Taylor
vortex conveys momentum between the two cylinders, and
vortex spacing and its topology were investigated by
quantitative visualization of the inner structure. Their main
finding was that bubbles increase the spacing between
wavy traveling Taylor vortices so that drag is reduced.
Sugiyama et al. (2008) simulated numerically such an
interaction and found a collapse of the waves owing to
spatially organized attack of spherical bubbles on the
coherent structure. As the void fraction increases in this
regime, the array of toroidal Taylor vortices shifts to spiral
ones via emergence of the ellipsoidal instability of the
Taylor vortex. The drag reduction performance per unit
bubble buoyancy is a maximum in this topological transi-
tion regime as reported by Murai et al. (2008). Figure 12
shows a portion of their data. The internal two-phase flow
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in such a transition regime was measured by Yoshida et al.
(2009). They revealed global periodic switching between
the toroidal and spiral modes, which naturally arises from
the time lag between drag reduction and the formation of
the corresponding bubble distribution pattern. Their group
applied this interpretation to microbubbly T-C flow
recently. As represented in Fig. 13, Watamura et al. (2013)
found a delay in mode transition from the wavy Taylor
vortex to the modulated one with the dilute injection of
microbubbles. Their drag reduction in this regime reached
10 % with a void fraction of only 0.01 %. The bubble size
dependent various trajectories in T-C flow were analyzed
by Chouippe et al. (2014) based on Lagrangian approach.
They elucidated the condition to cause a statistic prefer-
ential accumulation of bubbles subject to 3D turbulent
shear flow. A curious data of using 3D bubble behavior was
reported by Maryami et al. (2014). They observed com-
bined improvement of drag reduction when microbubbles
and axial flow were cooperatively imposed into vertical
T-C flow.

Summarizing the drag reduction ascertained using T-C
flow, three roles of bubbles are confirmed. In slow T-C
flows, the buoyancy of bubbles alters the original T-C flow
structure to totally different structures as gas—liquid two-
phase flow. However, a dilute injection of bubbles works
sufficiently well for drag reduction because the bubbles
automatically structure the concentration spatially in
accordance with vortical structures. This is known as the
preferential concentration effect, which intensifies the
bubble-liquid interaction in particular for unsteady vortical

structures. For high-speed T-C flows, the effect of buoy-
ancy becomes unimportant, and instead, bubble deforma-
bility supports a large drag reduction since length scales of
coherent structures are shortened to less than the bubble
size.

3.2 Effect of void waves and clustering

Bubbly two-phase flow more or less shows naturally
induced fluctuation in the void fraction except in the cases
of ideal inertia-less Stokes and Poiseuille flows. The
question is how the spatiotemporal scale and the amplitude
of such fluctuation affect the average drag reduction per-
formance. The fluctuation originates from the relative
motion of bubbles to the surrounding liquid. The term void
wave expresses the propagation of the void fraction at a
specific speed different from the bubble migration velocity.
Compressibility of gas bubbles creates void waves together
with pressure waves (Biesheuvel and van Wijngaaden
1984; Zhang and Prosperetti 1994). Since the speed of
sound in bubbly liquid is dramatically lowered (roughly
30 m/s at a void fraction of 20 %), the bulk compressibility
of bubbly mixture cannot be ignored in application to high-
speed bubbly flows. For flow traveling faster than 10 m/s,
the possibility of cavitation should also be considered
(Ceccio 2010). The compressibility-induced void wave has
an oscillatory wave front originating from the volumetric
pulsation of the bubble (Kameda and Matsumoto 1996). As
the resonance frequency of the pulsation falls in the band of
the turbulent coherent structure, there 1is interaction
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between them. The resonance frequency is known to be of
the order of 100 kHz for a 1-mm air bubble in water at
atmospheric pressure. It is, however, noted that the spher-
ical volumetric pulsation of individual bubbles produces
only irrotational velocity fluctuation in the liquid phase,
and there has been no report of the importance of the
pulsation in drag reduction, up to present.

Another factor triggering a void wave is the bubble’s
translational motion. The equation of motion of a single
spherical bubble comprises seven force components.
Details were reviewed by Michaelides (1997) and Mag-
naudet and Eames (2000). In monodispersed bubbly flow,
the combination of these forces easily produces a spatially
structured distribution of bubbles as a void wave. In the
Stokes drag regime of bubble motion, bubbles in liquid
turbulence tend to accumulate into the region where the
second invariant of velocity gradient tensor is negative,
while particles heavier than liquid accumulate into the
positive region (Kitagawa et al. 2001). In sheared turbu-
lence, a curious example of such intrinsic behaviors was
analyzed by Tanaka (2013). He found that the Eulerian
phase velocity of bubbles takes the inverse sign to the
shearing direction. In bounded flows, the author’s group
found strong standing and pulsatile void waves in the
buoyant rise of a bubble swarm close to a solid wall (Ki-
tagawa et al. 2004; Kitagawa and Murai 2013, 2014). In a
horizontal flow configuration, a similar integration of mi-
crobubbles to pulsatile migration was reported by Wu et al.
(2007). They noted this effect as experimental fact when
significant drag reduction was confirmed. Their following
paper (Wu et al. 2008) analyzed which combination of
parameters the most importantly dominates average drag
reduction.

Bubble—bubble interaction is the third factor to take into
account in the generation of void waves. This effect cannot
be described by any treatment of the equation of motion for
a single bubble. That is, the local liquid flows close to the
bubble interface interact with each other as the distance
between two bubbles decreases. In unbounded space, the
interaction was analyzed by Sangani and Didwania (1993)
and Seo et al. (2010) and measured by Briicker (1999) and
Murai et al. (2006¢). In vertical channel flows, local bubble
clustering and its effect on near-wall turbulence was ana-
lyzed by Zenit et al. (2001) for spherical bubbles, and by
Bunner and Tyggvason (2003) and Lu and Tryggvason
(2007) for softly deformable bubbles. As plenty number of
bubbles slide up along a vertical wall, bubble—bubble
interaction was clearly observed in two dimensions (Ki-
tagawa et al. 2004). In upward co-current bubbly channel
flows, So et al. (2002) found intermittent swarms of sliding
bubbles along the vertical walls as bubbles were nearly
monodispersed. The generation of such sliding bubbles
depends on the water-in surfactant which changes lift force
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acting on bubbles (Takagi et al. 2009). In short, the sur-
factant determines the emergence of bubble clustering near
the wall in such a vertical system, and thereby affects the
turbulent boundary layer (Takagi and Matsumoto 2011).
This is one reason why measurements of drag reduction are
sometimes diverse without the control of contamination.
The author’s group is currently focusing on bubble—
bubble interaction seen in horizontal wall boundary layers.
Figure 14 shows a variety of bubble distribution patterns
photographed from the top of a horizontal channel flow.
The ordinate indicates a rough estimate of the projection of
the void fraction defined by the wall-occupying ratio of
bubbles. While this mapping of bubble clustering is still
incomplete, it is immediately understandable that the
bubble—turbulence interaction cannot be studied according
to the motion of a single bubble. A random distribution can
only be seen for the low void fraction in laminar flow. We
observed lateral waves, streamwise chains, longitudinal
clusters, slugging waves, and V-shaped clusters. Some
migrate steadily and others show the dynamic and active
exchange of bubbles between clusters. We also observed a
uniform distribution for the high void fraction in a laminar
flow state. The uniform distribution, which should be dis-
tinguished from a random distribution, means that bubbles
strongly interact with repulsion forces for each neighbor.
This is relevant to the observation made by Timkin and
Gorelik (2010). They found homogeneously sliding bub-
bles in a vertical tube, which multiply the pipe wall friction
in the transitional regime from laminar to turbulence. In
turbulent flows, the photographs show streamwisely elon-
gated void stripes that appear similar to what we know of
the wall turbulence structure. A surprising feature of
Fig. 14 is that there is less coalescence of bubbles inside
the bubble cluster in highly turbulent regimes. This implies
that the repulsive force intensifies during the rapid con-
gregation of bubbles. Huang et al. (2009) measured mod-
ifications of sweep and ejection events through PIV and
clarified that a bubble swarm more strongly suppresses
actions than isolated bubbles. Oishi et al. (2009) measured
the correlation between the passage of void waves and the
local skin friction in a horizontal channel flow. Typical
data are shown in Fig. 15. They found a time lag in the
fluctuation between the two and ascertained that the time-
averaged drag reduction was promoted as the void wave
had large amplitude. This demonstrates that there is an
intrinsic dynamic two-way interaction enhanced by the
void waves along the wall. That is, a swarm of bubbles
reduces local frictional drag around it, and the drag
reduction affects the migration of the swarm. Park et al.
(2009) examined the same effect using artificially gener-
ated void waves produced by the intermittent injection of
bubbles. They obtained a gain of the drag reduction higher
than that in the case without the intermittency, and their
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Fig. 14 Bubble distribution patterns photographed from the fop of a
horizontal turbulent channel flow. Silicone oil (5¢St) is used to avoid
the contamination effect. The Reynolds number is defined by the half
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Fig. 15 Synchronized measurement of the local wall shear stress and
local void fraction on the top wall of a horizontal bubbly channel
flow. Both sensing areas are defined by a circle having a diameter of
20 mm, where bubbles of 0.5-1.5 mm pass by at about 1 m/s (Oishi
et al. 2009)

following paper reports how turbulent eddies are modified
by each single passage of the void waves (Park et al. 2014).
Macroscopically, a certain part of the void wave effect is
explained by the discrepancy from the linearity of the drag
reduction versus the average void fraction. The extra effect
of the void waves could be attributed analogously to the
compliant wall surface (Kramer 1960) and accelerating
boundary layer (Piomelli and Yuan 2013) since void waves
make the turbulent boundary layer thicker and thinner
unsteadily.

To summarize this section, the analytical methodology
for investigating the drag reduction mechanism is illus-
trated in Fig. 16. Three circles are drawn in the figure to
define explicitly the role of bubble-bubble interaction. The

Turbulent
structure

Fig. 16 Three kinds of two-way interaction considered in turbulent
bubbly flow analysis

overlapping regions of two circles indicate two-way
interaction between the two elements. Overlap “A” can be
analyzed employing a Eulerian—Eulerian two-phase flow
approach such as the use of a two-fluid model, while the
overlap “B” can be analyzed by taking a Eulerian—
Lagrangian approach. Overlap “C” indicates bubble-bub-
ble interaction that takes place when bubbles have a slip
velocity relative to the liquid phase. The triple overlap of
the three circles “D” is the future target of research toward
a comprehensive understanding of the drag reduction
mechanism, which also leads to an improvement in drag
reduction performance.
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3.3 Advances in measurement techniques

In the field of ship research, the overall measure of drag
reduction performance is the reduction of the fuel con-
sumption rate. For large vessels such as tankers and con-
tainer carriers, turbulent frictional drag accounts for more
than 70 % of total drag, and hence, a change owing to
bubble injection is reflected in the shaft power for pro-
pulsion (Latorre 1997; Kumagai et al. 2010). In a towing
experiment for a model ship and a flat plate, the towing
force becomes a direct measure (Watanabe et al. 1998). In
such research, the general relationship between the air
injection flow rate and the resultant drag reduction was
obtained for each type of ship hull as the cruising speed
changes. The thickness of bubbly two-phase layer on the
hull cannot be estimated accurately from these quantities
while only the equivalent thickness of a gas film is inferred
assuming that all the gas migrates along the wall at the
same speed as the liquid phase. Even the mean void frac-
tion in the boundary layer can hardly be approximated
because it ordinarily has a steep profile as a function of the
distance from the wall. Foeth et al. (2010) reported little
effect of drag reduction in a series of full-scale vessel
experiments using small bubbles. They explained this by
bubbles escaping the boundary layer. To solve such an
issue in application, a variety of measurement techniques
have been developed to elucidate the two-phase flow
characteristics as introduced below. The advance in mea-
surement technique serves to bridge our fundamental
understandings of the drag reduction mechanism and how
practical applications should be designed.

Measurement of the void fraction is the most funda-
mental requirement for gas—liquid two-phase flow in any
flow geometry. Optical probing is an existing technique
that allows point-wise measurement of the void fraction.
For turbulent channel flow, Guin et al. (1996) and Gabillet
et al. (2002) adopted an optical fiber probe that traversed to
measure the streamwise development of the vertical void
fraction profile. Its advanced version realizes bubble-
counting and bubble size measurement by mounting mul-
tiple apertures on its sensing head and combining with
time-resolved signal processing (Luther et al. 2004; Hig-
uchi and Saito 2010). For bubbly flows in a pipe, electrical
capacitance tomography is recognized as a useful tech-
nology with which to approximately measure the cross-
sectional void fraction distribution (e.g., Warsito and Fan
2001). In contrast, a wire-mesh sensor installed inside a
pipe allows direct measurement of the phase distribution
(Prasser et al. 2001). Its extension to bubbly channel flow
was presented by Richter et al. (2002). They succeeded in
simultaneous measurements of the transient void fluctua-
tion, bubble size, and bubble velocity by means of a well-
devised spatial arrangement of the wire mesh.
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Digital image processing is widely employed in bubbly
flow measurement in two dimensions. Moriguchi and Kato
(2002) analyzed a bubble interfacial image illuminated by a
laser sheet to measure the void fraction profile close to the
wall in a horizontal channel flow. Backlighting of bubbles
provides clear shadow images so that the shape information
of bubbles is simultaneously obtained as applied by Fu-
jiwara et al. (2004) for a vertical bubbly channel flow.
While a single view of backlight bubble imaging is limited
to dilute bubbly flow, stereoscopic imaging allows mea-
surement of the three-dimensional void fraction. Statistic
and deterministic methods were proposed by Murai et al.
(2001), and Luo et al. (2002), respectively. For bubbles in
laser illumination, Kawaguchi et al. (2002) proposed the
use of interference fringes converted to a one-dimensional
stripe pattern for bubble detection and size measurement.
Its combined use with PIV was realized for spraying phe-
nomena (Hardalupas et al. 2010), which is expected to be
applied to microbubbly turbulent flows. For vertical bubbly
pipe flows, Lelouvetel et al. (2014) has successfully
extracted turbulent cascade process altered by bubbles by
means of PTV combined with bubble-shape projection
imaging technique.

For gas-liquid two-phase flow of highly concentrated
gas-liquid interfaces, radiation type visualization works
instead of the above-mentioned optical approach. X-ray
measurement instrumentation is designable since it is
attenuated in liquid phase, but insignificant in gas phase.
Stutz and Legoupil (2003) sandwiched a high-speed Ven-
turi throat by the source and the detector of X-ray and
successfully measured oscillating cloud-state cavitation
bubbles at 1 kHz in sampling frequency. For two-phase
flow in a circular tube, many pairs of the X-ray sources and
detectors can be arranged in the angular direction to realize
computed tomographic visualization as presented by
Fischer and Hampel (2010). The application to a partial
cavity flow was recently reported by Mikiharju et al.
(2013a, b). They constructed a two-dimensional X-ray
densitometry system which can acquire the void image at
1 kHz and successfully explored the internal unsteady void
profile as a function of distance from the wall.

Ultrasound senses bubbles from the differential acoustic
impedances of two phases and has long been an alternative
to optical techniques. Amplitude modification of reflected
ultrasound is used in medical instruments where encapsu-
lated microbubbles are injected into blood vessels as an
ultrasonic contrast agent. For the detection of bubbles in a
flowing state, the ultrasonic Doppler shift (thus frequency
modification) also provides the interfacial location as
developed by the author’s group (Murai et al. 2006a, 2010).
In its application, void fraction profiles of a bubbly
turbulent boundary layer were successfully measured.
Figure 17 shows sample data from Murai et al. (2009).
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Fig. 17 Ultrasound Doppler
sensing of bubbles applied to
the turbulent boundary layer
formed beneath a long flat-
towed plate with the injection of
bubbles. a Detected bubbles
marked in black in
spatiotemporal Doppler shift
information. b Wall-
perpendicular profile of detected
bubbles f(y) and reconstructed
void fraction profile a(y) at a
towing speed of U = 4.0 m/s.
The measurement section is
25-m downstream of the bubble
injector. ¢ The same profiles at
U = 5.1 m/s (Murai et al. 2009)

The signal of the bubble interface (“DB” in the figure) on
the map of the Doppler shift frequency is spatially inte-
grated with a convolution function to obtain the short-time
average void fraction profile as a function of distance from
the wall. The profiles are those beneath a long horizontal
flat plate towed in stationary water at the National Mari-
time Research Institute (NMRI-Japan). The data show a
shift in the void peak toward the wall as the towing speed
increases. Recent progress of the ultrasonic Doppler
method for fluid flow measurement was summarized in
Springer’s book edited by Takeda (2012).

Measurement of liquid velocity distributions in bubbly
turbulent boundary layers might be the most laborious
work. Gabillet et al. (2002) developed hot-wire anemom-
etry for measurement of the liquid-phase velocity. They
raised the sampling frequency to 20 kHz so that each
passage of bubbles of a few millimeters was detected from
the sudden drop in the output voltage owing to the lower
thermal conductivity inside bubbles. They introduced two
thresholds into data processing to discriminate bubbles
from the velocity fluctuation of turbulent flow. Another
discrimination for hot-wire anemometry was proposed by
Rensen et al. (2005a) and applied to a bubbly flow (Rensen
et al. 2005b). LDV applicable to bubbly turbulent flow was
proposed by So et al. (2002). They modified the optical
geometry of a commercial two-color LDV system so that
laser beams detour about bubbles that accumulated inside
turbulent boundary layers.

PIV requires image separation into two phases, prior to
or during the digital image processing. For bubbly turbu-
lent channel flows, infrared shadow imaging for bubbles
was combined with PIV by Fujiwara et al. (2004), and the
same with particle tracking velocimetry (PTV) by Kitaga-
wa et al. (2005). To prevent irregular light scattering about
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deformable bubbles, Huang et al. (2008) proposed a shal-
lowly set depth-of-focus (DOF) for backlighting PTV.
They measured bubble-induced velocity fluctuation within
a DOF-defined layer close to the wall. Figure 18 shows
their samples, depicted by in-plane divergence of the
measured velocity vector field within 30 wall units from
the wall. The sink and source are recognized clearly in the
downstream and upstream regions of bubbles, respectively.
Since the pair of sink and source corresponds with ejection
and sweep events along the wall, it was ascertained with
spectral analysis that only small bubbles modify the
coherent structures. The DOF-narrowing technique was
extended by Murai et al. (2006b) for flow in the wall-
perpendicular direction. With a very different approach
from the above, Hosokawa et al. (2009) realized the near-
wall turbulent flow characterization of bubbly flow in a
square duct by means of molecular tagging velocimetry.
They performed photo-bleaching reactions in liquid phase
on a microscale and successfully measured the velocity
gradient tensors in a turbulent bubbly flow. Their following
paper (Hosokawa and Tomiyama (2013)) succeeded in
validating Reynolds-averaged model for bubbly flows with
the data obtained by the same technique.

Summarizing this chapter, the author himself relearned
that the ideas for measurement tools lead to discoveries
relating to the drag reduction mechanism. In opposing
direction, our continuous and enthusiastic effort to under-
stand the fundamental physics propels the development of
measurement techniques. As mentioned in Sects. 3.1 and
3.2, advances in understanding provide the next questions
to answer. The main feature of Sect. 3.3 is that the spa-
tiotemporal resolving of measurements of the bubbly tur-
bulent boundary layer demonstrates the ample scope for
improvement of drag reduction performance. At the same
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Fig. 18 Liquid velocity fluctuation induced by bubbles of various
sizes in the wall proximity of a horizontal turbulent channel flow. The
bulk mean liquid velocity is U = 2 m/s (Re = 8,800), flowing from
left to right in each figure (100 x 100 mm). The bubble size has a
Gaussian distribution centered at 1.0 mm with a standard deviation of

time, the lack of reproducibility, which has long been a
concern to experimentalists, is close to the solution. Con-
sequently, the author can say that it is finally time to test
our new ideas in application devices based on historically
integrated knowledge stated in this article.

4 Conclusions

Drag reduction by bubble injection was reviewed. In con-
trast to past review papers such as that by Merkle and
Deutsch (1990), the present review highlights the great
progress made in regard to “understanding” the internal
mechanism of the drag reduction. The progress relies on
recent advances in measurement techniques that have been
established to resolve complex bubbly two-phase flow
structures subject to strong turbulence. In particular, the
importance placed on fundamental research using channel
flows and circular Couette flows has led to a hot discussion
on the interpretation of the roles of a bubble’s slip velocity
and the interfacial deformability in turbulence. In a spatially
developing boundary layer, the slip plays the principal role
in modifying the turbulent shear stress field. The deforma-
bility maintains drag reduction in fully developed turbu-
lence and contributes to the insensitivity to the bubble size
once bubbles start to deform. The rheology of bubbly liquid
in a wide dynamic range of the shear rate showed strong
non-Newtonian properties affecting all regimes from lami-
nar to highly turbulent states. Namely, the mechanism of
drag reduction is little explained by a single universal
hypothesis, but has been classified into multiple regions in
the parameter space of our interest. This is not unfortunate

@ Springer

0.5 mm. The two-dimensional divergence of velocity vector field at
1.50 £ 0.15 mm from the wall is visualized in color for three
measurement sections: a 250 mm, b 1 m, ¢ 4 m from the bubble
injection point (Huang et al. 2008)

since we already learned that gas—liquid two-phase flow just
in a circular pipe comprises several very different flow
patterns. In contrast, some experimentalists discovered
highly organized interaction between two phases as the
bubbles are controlled to be nearly spherical and monodi-
spersed. The use of such bubbles quite often induces natu-
rally forming void waves owing to the interphase interaction
regularized in the time—space domain. The authors expect
that these phenomena will be potentially contributable to the
next advance in drag reduction through bubble injection.
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