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１．１　 Ｍｅｍｂｅｒｓｈｉｐ ａｎｄ Ｍｅｅｔｉｎｇｓ

The Specialist Committee on Energy Sav⁃
ing Methods (SC⁃ESM) was appointed by the
27th ITTC in Copenhagen, Denmark, 2014, and
it consists of the following members (see pic⁃
ture in Figure 1):

• Mr. Tom Dinham⁃Peren, BMT (Chairman),
BMT Defence Services Ltd, UK

• Professor Marc Perlin, University of Michi⁃
gan, USA ( Acting Chairman since Feb
2017)

• Dr. Joseph Banks, University of Southamp⁃
ton, UK. (Secretary)

• Professor Munehiko Hinatsu, Osaka Univer⁃
sity, Japan

• Mr. Michio Takai, Sumitomo Heavy Indus⁃
tries Marine & Engineering Co. Ltd., Japan

• Professor Decheng Wan, Shanghai Jiao Tong
University, China

• Dr. Haeseong Ahn, Korea Research Institute
Ships and Ocean Engineering, Korea

• Professor Inwon Lee, Pusan National Uni⁃
versity, Korea

• Dr. Mahdi Khorasanchi, University of Stra⁃
thclyde, UK

Five Committee meetings were held as
follows:
• BMT Defence Services Ltd, UK, 12 － 13

February 2015
• Osaka University, Japan, 30－31 November

2015
• Shanghai Jiao Tong University, China, 16－

17 May 2016
• Texas A & M University, USA, 15－16 Feb⁃

ruary, 2017
• University of Southampton, UK, 18 － 19

May 2017.

Figure 1　 Photograph of ESM attendees at
BMT Defence Services.

１．２　 Ｔｅｒｍｓ ｏｆ Ｒｅｆｅｒｅｎｃｅ ｏｆ ｔｈｅ ２７ｔｈ ＩＴＴＣ

In its Terms of Reference (ToR) docu⁃
ment, the 27th ITTC mandated the SC⁃ESM to
perform the following Tasks:

(1) Conduct a systematic survey of energy
saving methods ( excluding machinery ), de⁃
vices, applications and possible savings, inclu⁃
ding the influence on the EEDI formula.

(2) Identify the physical mechanisms on
energy saving on ships.

(3) Conduct a survey on frictional drag re⁃
duction methods, including air lubrication and
surface treatment.
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(4) Conduct a survey on energy savings
based on the use of wind energy.

(5) Monitor the CFD methods, model tests
and scaling procedures for energy saving de⁃
vices.

(6) Conduct a survey on existing full scale
data on the effect of energy saving methods.

(7) Identify the needs for new model test
procedures (resistance and propulsion, extrapo⁃
lation methods) to investigate the effect of en⁃
ergy saving methods.

１． ３ 　 Ｌｉａｉｓｏｎ ｗｉｔｈ Ｏｔｈｅｒ Ｃｏｍｍｉｔｔｅｅｓ ａｎｄ
Ｏｖｅｒｌａｐ ｏｎ ＴＯＲｓ

We have been in contact with the Per⁃
formance of Ships in Service (PSS), Propulsion
(PC) and Resistance Committees (RC), both by
email and by joint meetings as follows;
• Joint meeting with RC and PSS, Osaka Uni⁃

versity, Japan, 1 December 2015.
• Joint meeting with PC and PSS, Shanghai

Jiao Tong University, China, 18 May 2016.
• Workshop on New Progress of Energy Sav⁃

ing Methods, Shanghai Jiao Tong Universi⁃
ty, China, 19 May 2016.

This was to clarify areas of overlap, de⁃
cide who will move such areas forward and to
discuss areas of common interest.

１．４　 Ｇｅｎｅｒａｌ Ｃｏｍｍｅｎｔｓ

As the first item of our ToR implies, there
will be a multitude of approaches to save ener⁃
gy for marine vessels. Although there has been
recent progress in retrofit devices to enhance
propulsion efficiency, which are commonly de⁃
scribed as “ energy saving devices” , it is also
important to remember that the potential scope
of energy saving methods are quite extensive
including aspects of initial design and ship op⁃
eration.

Good initial design for hull form and pro⁃
peller with less power demand should always
be addressed as a relevant energy saving meth⁃

od. Historically, much effort has been made to
reduce wavemaking resistance by bulbous bow
and bow hull optimization. It must be empha⁃
sized that design is aimed at good performance
not only for the model test/trial condition in
‘calm seas but also for the service conditions
with wind and waves. Optimised hull forms to
minimise added resistance in waves is a good
example of a design approach to energy saving.

Many energy saving methods can be char⁃
acterised as suitable for retrofit with the aim of
reducing drag or the propulsive losses for an ex⁃
isting design. In addition these measures are of⁃
ten applicable to the initial design phase. Exam⁃
ples would include air lubrication and low fric⁃
tional coatings for reducing resistance. On the
other hand, there are devices designed to control
the flow around the propeller to reduce propul⁃
sive losses. Use of renewable energy, such as
wind and solar, also falls in this category.

The final category would deal with the
optimal operation. Being free from additional
investment, this is often regarded as the most
effective approach by ship operators. Examples
of this category include slow steaming, hull/
propeller cleaning, weather routing and trim
optimization, etc.

２　 ＭＥＣＨＡＮＩＳＭＳ ＡＮＤ ＵＮＤＥＲＬＹＩＮＧ
ＰＨＹＳＩＣＳ

　 　 The aim of an energy saving method is to
reduce the power requirement of a ship without
adversely affecting the vessels capability. To
help understand where possible energy savings
can be made, it is helpful to identify the physi⁃
cal mechanisms that contribute to the energy
consumption of a ship.

Figure 2 provides a useful example of
how the total propulsion energy for a small car⁃
go ship is expended. This clearly demonstrates
that a significant amount of energy is lost be⁃
fore it is delivered to the propeller shaft. How⁃
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ever this report will focus on the mechanisms
associated with ship resistance and propulsion

and will not cover aspects such as machinery
efficiency and types of fuel etc.

Figure 2　 Energy breakdown of propulsion energy on board a small cargo
ship in head seas, Beaufort 6 [International Maritime Organization, 2009]

　 　 The delivered power ( PD ) required by the
propeller to achieve a constant speed is given
by the equation:

PD =
RT VS

ηD
,

where is RT is the total resistance of the ship,
VS is the vessel speed and ηD is the Quasi Pro⁃
pulsive Coefficient (QPC), which represents the
efficiency of the propeller whilst operating be⁃
hind the ship.

Therefore, there are three main strategies
for saving energy. Firstly, the vessels speed
can be reduced, however this will affect the op⁃
eration of the ship. The second option is to re⁃
duce the total resistance of the vessel while op⁃
erating at the same speed. The third option is to
increase the ability of the propulsor to generate
thrust whilst operating behind the vessel, thus
increasing ηD .

２．１　 Ｒｅｓｉｓｔａｎｃｅ Ｃｏｍｐｏｎｅｎｔｓ

The total resistance acting on a vessel can

be split into different components depending on
whether you are considering the forces acting
on the hull or the dissipation of energy, as
demonstrated in Figure.

The frictional resistance is due to the tan⁃
gential/shear force exerted by the fluid on the
hull. The no slip condition requires that the flu⁃
id immediately in contact with the hull has the
same velocity as the hulls surface. Therefore a
boundary layer forms whereby the fluid veloci⁃
ty varies from the vessel speed to the undis⁃
turbed fluid velocity. The energy lost to fric⁃
tional resistance depends of the speed of the
vessel, the wetted surface area and the surface
properties. This will be discussed in more detail
in section 3.

The pressure resistance is due to the local
pressure distribution acting perpendicular to the
hull surface, which when integrated generates a
net force. The local pressure distribution is cre⁃
ated by a mixture of viscous effects and the
generation of waves on the free surface.

The wave making resistance defines the
energy required to generate the wave pattern
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behind the ship. It is dependent on the length
and speed of the ship (i.e. the Froude number)
and the hull form shape. The wave patterns
generated by different parts of the hull can con⁃
structively or destructively interfere with each

other to increase or decrease the total energy in
the wave pattern. Therefore the hull form can
be modified to take advantage of this to mini⁃
mise the wave resistance at a given ship speed.

Figure 3 　 Breakdown of hull resistance components [Molland et al.,
2014]

　 　 If the wave resistance is subtracted from
the pressure resistance we are left with the vis⁃
cous pressure drag (also known as the form
drag). The viscous pressure resistance is associ⁃
ated with the pressure variations created by the
viscous boundary layer and flow separation in⁃
creasing the energy in the viscous wake. Flow
separation occurs when areas of high curvature
create an adverse pressure gradient causing the
boundary layer to separate from the surface of
the hull. This typically occurs around the stern
sections of ships.

Figure 3 provides a breakdown of the total
resistance for tankers and containerships. This
clearly shows that the biggest component for
these vessel types is the viscous resistance.

Table 1 provides a resistance breakdown
for a wider range of vessels and splits the vis⁃
cous resistance into friction and form drag. It
can be observed that skin friction accounts for
the majority of the total resistance (approxi⁃
mately 60% －70% ) for most of the large com⁃
mercial vessels. It is also apparent that as a
vessels speed increases, the proportion of wave
resistance increases. This type of analysis helps
identify the areas where improvement gains are
likely to be made for different vessels.

It should be noted that the total resistance
of a ship also includes the drag associated with
appendages and the air resistance of the hull
and superstructure. However these tend to be
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smaller components (see Figure 4) and there⁃
fore offer reduced opportunities to make signif⁃

icant savings.

Figure 4　 Components of calm water hull resistance at design speed [ABS guide]

Ｔａｂｌｅ １　 Ａｐｐｒｏｘｉｍａｔｅ ｄｉｓｔｒｉｂｕｔｉｏｎ ｏｆ ｒｅｓｉｓｔａｎｃｅ ｃｏｍｐｏｎｅｎｔｓ ［Ｍｏｌｌａｎｄ ｅｔ ａｌ．， ２０１４］

２．２　 Ｐｒｏｐｕｌｓｉｖｅ Ｃｏｍｐｏｎｅｎｔｓ

The effectiveness of a propeller to gener⁃
ate thrust whilst acting behind a ship is depend⁃
ent on the propeller design and the flow field in
which it operates due to the viscous wake of
the ship. Froude initially combined self⁃propul⁃
sion tests with hull resistance and propeller
open⁃water tests to help quantify and scale the
propelled efficiency [Froude, 1883]. This ulti⁃

mately resulted in the quasi propulsive coeffi⁃
cient being defined as:

ηD = ηO ηH ηR

where

η0 is the propeller open water efficiency,

ηR is the relative rotative efficiency and

ηH is the hull efficiency.
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The propeller open water efficiency asses⁃
ses the performance of the propeller in isola⁃
tion, i.e. in an undisturbed flow.

The relative rotative efficiency accounts
for the differences between a propeller operat⁃
ing in open water and behind a ship, such as in
a non⁃uniform inflow and with higher levels of
turbulence [Molland, 2011 ]. Typically values
are between 0.98 and 1.02.

The hull efficiency takes into account the
interaction between the hull and the propeller
and can be calculated as:

ηH =
(1⁃t)

(1⁃ wT)

where t is the thrust deduction factor and wT is
the wake fraction.

The thrust deduction accounts for the
change in ship resistance due to the flow accel⁃
eration induced by the propeller. This increased
flow velocity at the stern adds to the frictional
resistance, and generally reduces the local pres⁃
sure at the stern, increasing the form drag. It
should also be noted that this change in the lo⁃
cal pressure distribution can also affect flow
separation compared to a naked hull.

As the propeller operates in the ships vis⁃
cous wake the average velocity of flow into the
propeller (Ｖａ ) is less than the ships forward
speed (Ｖｓ) and is represented using the Taylor
wake fraction:

ｗＴ ＝ Ｖｓ⁃Ｖａ( )

Ｖｓ
.

　 　 Dyne [1994] split the open water propeller
efficiency into different components based on
different sources of energy loss. For a fixed set
of propeller parameters (such as D, P/D and
rpm)

ηO = ηa .ηr.ηf

where η a is the ideal (or axial) efficiency, η r ac⁃
counts for losses due to induced fluid rotation

and η f accounts for losses due to blade friction
drag.

Dyne [1995] observed that the propulsive
efficiency ηD can be maximised by designing
the propulsive system to recover as much of
the energy in the ships wake as possible.

Molland et al. [2014] investigated the rela⁃
tive proportions of the individual propeller effi⁃
ciencies using blade element momentum theo⁃
ry. The investigated propeller had a pitch ratio
P/D = 1.0, BAR = 0.700, four blades, and was
assessed for a range of Ｊ values.

It can be seen from Figure 5 that as the Ｊ
value get larger (and the thrust loading CT de⁃
creases) the frictional losses increase, while the
rotation loss decreases and there is a significant
reduction in the axial loss. For a design condi⁃
tion of J = 0.75 ( CT = 0.86), it can be seen
that the losses are typically 60% axial, 10%
rotational and 30% frictional.

Figure 5　 Components of propeller efficien⁃
cy [Molland, 2014]

Axial or Ideal Efficiency η a . The axial ef⁃
ficiency represents the kinetic energy of axial
flow left in the wake behind the propeller. This
is by far the largest propeller loss for most op⁃
erating conditions and is strongly related to the
propeller diameter. Increasing the propeller di⁃
ameter while adjusting the P/D and rpm pro⁃
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portionally, will reduce the axial induced veloc⁃
ity improving the axial efficiency [ Molland
2014].

Rotative Efficiency η r . This represents the
swirl kinetic energy added to the wake behind
the propeller. Various approaches are available
to try to recover this energy including:
• Contra rotating propellers, which aim to re⁃
move the rotational energy;
• Pre or post swirl stators, which generate
thrust from realigning the flow;
• Rudder design aimed at flow alignment.

These devices tend to increase the friction⁃
al resistance due to increased wetted surface ar⁃
ea; therefore improvements in propulsive effi⁃
ciency need to outweigh this to achieve an o⁃
verall gain.

Friction Efficiency η f . The energy loss
due to propeller friction is related to the propel⁃
ler surface area, surface finish and local flow
velocity. The friction efficiency can be im⁃
proved by reducing the inflow velocity with a
reduction in revolutions and either increasing
the propeller diameter or increasing the blade
pitch [Molland 2014].

In reality to achieve the best propulsive
efficiencies the interactions between the hull
and the propulsor need to be fully considered.
In an ideal scenario the axial kinetic energy
added to the wake by the propulsor would ex⁃
actly balance the axial wake behind the ship.
Likewise any rotational energy within the wake
of the hull would be recovered as part of the
propulsion system.

２．３　 Ｒｅｎｅｗａｂｌｅ Ｓｏｕｒｃｅｓ ｏｆ Ｐｒｏｐｕｌｓｉｏｎ

A different way to improve the efficiency
of a vessel is to augment the thrust from tradi⁃
tional propulsion sources with that obtained
from renewable energy. This reduces the shaft
power required to travel at the same speed. One
obvious example of this covered in more detail

in section 4 is wind assisted ships.

２．４　 Ｃｕｒｒｅｎｔ Ａｐｐｌｉｃａｔｉｏｎ ａｎｄ Ｅｆｆｅｃｔｉｖｅｎｅｓｓ

A report on energy management in the
shipping industry [DNVGL, 2015] included the
responses of 80 shipping companies regarding
energy saving measures they had already im⁃
plemented. This highlighted that nine simple
energy saving measures had already been im⁃
plemented by over 50% of the companies.
These measures were predominantly operation⁃
al including hull/propeller cleaning, slow
steaming and performance monitoring etc.
When asked ‘What are the top three measures
that contributed to fuel reduction in your fleet
in 2014?’ , slow steaming was ranked first fol⁃
lowed by hull/propeller cleaning and voyage
planning optimisation.

For a summary of the potential savings
from different energy saving methods, refer to
the different industry reports in this area [DN⁃
VGL, 2015; SOCP, 2016; OCIMF, 2011; ABS,
2015].

３　 ＦＲＩＣＴＩＯＮＡＬ ＤＲＡＧ ＲＥＤＵＣＴＩＯＮ
ＭＥＴＨＯＤＳ

　 　 In general, skin⁃friction drag reduction
(FDR) is any of several available methods that
alter the skin friction that would exist in the
methods absence. These approaches are dis⁃
cussed below in limited detail; however several
texts cover the various methods, the most re⁃
cent of which is the book by Perlin and Ceccio
(2015 ) entitled Mitigation of Hydrodynamic
Resistance. FDR methods include both passive
and active techniques. Passive methods, which
as the name implies are implemented with no
further action required (until they perhaps de⁃
grade), include textured surfaces such as riblets,
compliant surfaces, large⁃eddy breakup devices,
super⁃hydrophobic surfaces, and surface coat⁃
ings/paints. Active methods require energy and/
or other input, and include such methods as
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polymer injection, gas injection (bubbles, layers
and cavities), heating/cooling and wall motion/
deformation. A very recent review ( Perlin,
Dowling and Ceccio, 2016) discusses FDR in
the context of general fluid mechanics rather
than from the point of view of ships and ob⁃
jects moving in the oceans. Another recent text
that includes discussions of more general fric⁃
tion drag reduction techniques for turbulent
flows is that of Gyr and Bewersdorff (2013)
entitled Drag Reduction of Turbulent Flows by
Additives.

In the discussion that follows, review⁃
manuscript references are provided where a⁃
vailable for each of these techniques, and sub⁃
sequently references and brief discussions of
the most recent literature (approximately four
years or so) are presented. Unless otherwise
stated, herein when we present FDR results,
these are with respect to the total friction rather
than as a percent or fraction of the total drag.

３．１　 Ｐａｓｓｉｖｅ Ｍｅｔｈｏｄｓ

Riblets and other textured surfaces. Walsh
(1983) and Choi (1989) discuss riblets that they
define as texturing applied longitudinally on a
surface, which are typically shaped as triangu⁃
lar waves, cusps, or rectangles, and have been
shown to generate about 10% friction drag re⁃
duction. Unlike many of the other surfaces to
be discussed herein, riblets have been used on
aircraft as well as ships, yachts in particular.
Garcia⁃Mayoral and Jimenez (2011) wrote a re⁃
view on this subject, and that provides a start⁃
ing point for interested parties. The fundamen⁃
tal manner in which the riblets affect friction
drag was illuminated by Choi et al. (1993) who
explained that the riblets disturb the usual stre⁃
amwise vortices. The riblets’ drawback is sim⁃
ilar to that of roughness used in creating super⁃
hydrophobic surfaces in that as the spacing is
increased, the effect is diminished. In fact, e⁃
ventually they appear to the flow as roughness,
which of course increases the friction.

Recently, Peet and Sagaut ( 2009 ) and
Sasamori et al. (2014) conducted simulations
and experiments, respectively, on sinusoidal⁃
like riblets. Saravi and Cheng (2013) provide a
review of FDR via riblets and textures in a tur⁃
bulent flow. As a quick search on Google
Scholar shows, research on riblets continues
with about 40 references in the last two years
alone. Only one of these references is men⁃
tioned herein as it approaches riblets from a
material⁃choice viewpoint, and in so⁃doing is
also a review of many of the investigations re⁃
garding riblets. West et al. (2016) review the
changes in FDR that have been accomplished
by different surface topographies and suggest
that by varying material properties, additional
drag reduction may be possible.

Compliant surfaces. The notion behind
compliant surfaces reducing friction is that the
deformation of the surface due to the presence
of the turbulent boundary layer changes the ad⁃
jacent flow in the inner region, this due to the
compliant surfaces believed viscoelastic prop⁃
erties. Riley et al. ( 1988 ) and Gad⁃el⁃Hak
(2002) are review papers on this subject. Ban⁃
dyopadhyay et al. (2005) reviewed earlier re⁃
search and observed FDR to 17% for an axi⁃
symmetric body. As the surface loses its visco⁃
elastic nature over time, FDR was seen to de⁃
crease. In a more recent paper that presents a
framework for investigating compliant wall⁃tur⁃
bulence interactions, and builds on previous
work, McKeon and co⁃investigators (Luhar et
al. 2015) provide a path forward for analysis of
possible passive FDR over compliant surfaces.

Large⁃eddy breakup devices. By modif⁃
ying the flow in the wake region, one can alter
the friction along the solid surface, i.e. alter the
velocity gradient in the inner region. In general,
this mechanism to generate FDR is known as a
Large Eddy Breakup Device. Spalart et al.
(2006) advance that the structures affect the
outer eddies and hence decrease friction drag.
The issue is that while downstream (on the or⁃
der of several boundary layer thicknesses) of
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the devices there is a drag decrease of as much
as 30% , the skin friction on the structures
themselves may outweigh the benefits down⁃
stream. Park et al. (2011) conducted research
on the spacing and sizes of these devices and
realized a range of 5% to 9% FDR for the
general results and the best case conditions, re⁃
spectively.

Super⁃hydrophobic surfaces. One of the
most recent and hence least studied techniques
to reduce friction drag is the super⁃hydrophobic
surface (SHS), which has been actively investi⁃
gated for drag reduction for only about two
decades. In fact these surfaces have many uses
beyond those of FDR, and for example have
been applied to help windshields whisk away
rain, to windows and solar collectors to help
them remain clean, and to fabrics to assist
keeping them dry by repelling rain. As this is a
relatively new methodology for FDR, which
has been shown to work effectively in laminar
flows, but much less so for turbulent flows, a
larger discussion of this topic is requisite.

As is well⁃known, Navier proposed the
concept of a “slip length” , which states that a⁃
long a solid surface, the velocity gradient and
the tangential velocity at the surface are pro⁃
portional. In most instances, this has few con⁃
sequences as regards continuum mechanics;
however, this may be incorrect for a super⁃hy⁃
drophobic surface where a meaningful slip may
be generated and thus a reduction in friction is
realized. Rothstein (2010) gives a recent ac⁃
count of FDR via SHSs, which have been
shown definitively for laminar flow, but less so
for turbulent cases.

Here we review the work of Golovin et al.
(2016) and Gose et al. (2016) who were funded
by the Office of Naval Research under the
same program. These investigators have shown
definitively that SHSs can produce significant
FDR in turbulent flow ( to 50% for height⁃
based Reynolds number ( Re ) of 10000 to
40000), and are in the process of designing and

constructing more robust surfaces that generate
FDR at even higher Re . In general, SHSs have
surface roughness at the micro⁃and even nano⁃
scales which entrap gas/air and is known as the
Cassie⁃Baxter state, and thus cause slip. As
long as the gas remains in these interstitial re⁃
gions, and the roughness is not too large to ap⁃
pear as a rough surface to the liquid flow, FDR
is realizable. If the gas⁃retaining roughness is
too large, additional form drag is generated
which overcomes the drag savings from the
slip, and an increased friction is seen. Addition⁃
ally, if the gas is lost due to turbulent pressure
fluctuations which can drive gas from the
roughness, a pressure decrease due to high⁃
speed flow which can suck gas from the cavi⁃
ties, or due to diffusion of the gas from the
roughness, the slip is lost, the surface state is
known as Wenzel, and the friction increases.
The interested reader is thus referred to these
manuscripts. The outcomes of their investiga⁃
tions show that to achieve meaningful turbulent
friction drag reduction, SHSs must have small
feature size or k + ( defined as the physical
roughness divided by the viscous length scale, l
= ν/ uτ with uτ the friction velocity equal to
　 τwall /ρ and τwall the shear stress at the wall)
less than one, and large high⁃pressure contact
angles ( and small contact⁃angle hysteresis ).
Note that previously, 5 < k + < 9 was consid⁃
ered hydraulically smooth. Other recent papers
on SHSs include those of Srinivasan et al.
(2015), Seo and Mani (2016) who discuss slip
velocities in turbulent flow over SHSs, and Al⁃
ame and Mahesh (2015) who conducted DNS
of flow over super⁃hydrophobic grooves and its
implications for drag reduction.

Surface coatings/paints Yang et al. (2014)
developed a marine paint using a self⁃polishing
copolymer anti⁃fouling paint mixed with poly⁃
ethylene oxide (PEO), a well⁃known drag re⁃
ducing polymer. In usual polymer injection
studies many of which use PEO, hull penetra⁃
tions are necessary. Although PEO has been
shown to be very effective as a friction reduc⁃
ing agent (see below), the cost of storage, mix⁃
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ing, and the hardware for injection including
the hull penetrations, along with the cost of the
polymer itself make it economically infeasible
for surface ships (for one⁃time military opera⁃
tions, this is of course not an issue). Hence the
purpose of this investigation was to explore the
use of PEO infused marine paint to deliver the
polymer. As compared to usual anti⁃fouling
paint, in a water channel, the mixture reduced
the friction by as much as 33% whereas in a
tow tank, the reduction was a more modest
10% . As far as these coatings are concerned,
the longevity issue is key, and the researchers
conducted carefully⁃crafted experiments to un⁃
cover the PEO concentration as a function of
time in a Couette⁃like rotor apparatus. The time
rate of change of concentration was measured
for a period of up to 3000 mins with water
continuously supplied to facilitate a one hour
residence time. Their results showed that the
concentrations asymptotes at 3000 mins were
similar to those required for appreciable friction
drag reduction.

３．２　 Ａｃｔｉｖｅ Ｍｅｔｈｏｄｓ； Ｐｏｌｙｍｅｒ Ｉｎｊｅｃｔｉｏｎ

Numerous studies have now demonstrated
the drag reducing benefits of polymers injected
into the boundary layer (for a thorough discus⁃
sion through 2015, see Perlin and Ceccio,
2015). Although there is no accepted theory of
how polymers reduce boundary layer friction,
there are two theories that are both based on
the notion of polymer stretching. Regardless,
there is an abundant literature on the subject of
polymer drag reduction (PDR). Reviews prolif⁃
erate including Lumley (1969 ); Liaw et al.
(1971 ); Hoyt (1972 ); Virk (1975 ); Berman
(1978); Sellin et al. (1982); McComb (1990);
Nieuwstadt and Den Toonder ( 2001 ); and
White and Mungal (2008). Generally, once a
solvent/sea water is chosen/known and a poly⁃
mer is selected, the most important parameters
as shown by Virk (1975) are the concentration
and molecular weight of the polymer. As they
increase, the larger the friction drag reduction
becomes until the maximum FDR asymptote is

reached. In the sub⁃sections that follow, a dis⁃
cussion is presented with more details of PDR.

Drag Reduction along a smooth wall To
determine the relationship between polymer in⁃
jection rate and persistence downstream, an in⁃
vestigation was conducted in the US Navys
Large Cavitation Channel. With Ｒｅ to 220M
through speeds to 20 ms⁃1, Winkel et al. (2009)
injected PEO and measured shear stresses with
different molecular weights ( nominally 2M,
4M, and 8M), concentrations (1000, 2000, and
4000 wppm), and varying rates of injection (to
0.71 ｌs- 1 m- 1 ). These experiments had Ｒｅ only
one order of magnitude less than full scale.
PDR of as high as 70% were realized, but this
value decreased somewhat downstream due to
degradation of the long chain polymers (this is
shown in their Figure 17 as is the effects of
roughness ⁃ see below). Myriad papers on this
subject too numerous to mention are available
(see Perlin and Ceccio (2015) for references).

Effect of roughness. To contrast the
smooth wall effects just presented, similar ex⁃
periments were conducted in the same facility
with the same flat plate model along a surface
that was purposely roughened with glass beads
embedded in epoxy paint. This altered the k +

from 0.2 on the polished/smooth surface to a⁃
bout 400 on the roughened surface. The inter⁃
ested reader should consult the paper by Elbing
et al. (2011). As is discussed below in the sec⁃
tion on general roughness effects, and is expec⁃
ted, this shifted the turbulent boundary layer
parallel to itself. In Fig. 6, the reproduction of
their Figure 9, both smooth and rough wall
friction drag reduction are presented. The PDR
results along the rough surface show significant
degradation in comparison, and are due likely
to a combination of the following: (1) enhanced
mixing leading to faster near⁃wall dilution; (2)
a direct effect ( i.e. a physical change caused by
the roughness); and/or (3) a polymer degrada⁃
tion (chain scission) increase due to roughness.

Degradation. Degradation or scission of
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Figure 6 　 Reproduced from Elbing et al.
2011, their Figure 9 shows three speeds (6.8
(③), 13.5 (⑩), 20.1 (❶) ms- 1) with a direct
comparison of the DR on the rough (solid
symbols) and smooth (open symbols) sur⁃
faces as a function of distance downstream.
The concentration of polymer injected was
4000 wppm, and the mass flux was at its
highest

the long⁃chain polymer molecules can occur
when they are stretched such as during pum⁃
ping and injection, and also they degrade while
awaiting use. As mentioned above, ideally one
wants high concentration of large molecular⁃
weight (MW) polymers for large friction drag
reduction. However, although it may be cost ef⁃
fective to use high MW polymer with lower
concentrations, for example, the larger the MW,
the more easily a polymer undergoes scission.
Once broken, the polymer essentially has re⁃
duced MW and hence reduced effectiveness
(Patterson and Abernathy, 1970). Most of these
investigations were focused on laminar flows,
but in the study by Vanapalli et al. (2006) on
turbulent flows, it was shown that degradation
occurs at the Kolmogorov scales and a univer⁃
sal scaling was given. A later investigation was
conducted by Elbing et al. (2009) to address
the solvent issue and used PEO and PAM
(polyacrylamide ) solutes. Water and pseudo⁃
seawater (a mixture prepared using Instant O⁃

cean) were used, and the universal scaling law
of polymer scission (Vanapalli et al. 2006) was
extended to greater Reynolds number. Hence it
is clear that degradation issues are fundamental
when considering PDR. Recently Pereira and
Soares (2012) investigated the degradation of
PEO and PAM polymers in a rheometer and
proposed a degradation/decay model that pre⁃
dicts the drag reduction compared to its maxi⁃
mum value as a function of Re , concentration,
temperature, and of course molecular weight.

Cost benefit. In most ship applications of
FDR, the ultimate goal is to reduce the cost of
powering the vessel, typically through fuel sav⁃
ings. For defense applications, increased speed
may be the end game. For PDR, the cost of the
injected polymer is an important consideration.
Using various available data, it was possible to
determine the quantity of polymer that must be
injected to achieve a given reduction in skin
friction. These data then were combined with
estimates of powering efficiency, fuel cost, and
polymer costs, to determine the financial break⁃
even point of PDR for a given set flow condi⁃
tions ( e.g. speed, vessel length, vessel surface
roughness, etc. ). Perlin, Ceccio and their col⁃
laborators (Perlin and Ceccio 2015) completed
these calculations for a number of configura⁃
tions, and the results suggest that the cost of
the polymer will generally outweigh the sav⁃
ings due to reduced fuel consumption. This
does not preclude the use of PDR when its im⁃
plementation is for defense purposes or is
meant to impact various aspects of vessel per⁃
formance and operation through the intermittent
reduction of friction drag. A text that discusses
the economics of coatings (Marrion, Ed, 2004)
such as anti⁃fouling coatings mentions applica⁃
tion on ships (Milne, Chapter 1), although it
does not specifically discuss them for polymer
injection (drag reduction due to smoothness is
mentioned).

３．３　 Ａｃｔｉｖｅ Ｍｅｔｈｏｄｓ； Ｇａｓ Ｉｎｊｅｃｔｉｏｎ

Bubble drag reduction Since McCormick
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and Bhattacharyya (1973) seminal paper on u⁃
sing gas injection to generate FDR, myriad pa⁃
pers have been published. For review papers
see Merkle and Deutsch (1992), Guin et al.
(1996 ), Kato et al. (1998 ), Kodama et al.
(2000), Moriguchi and Kato (2002), and Murai
et al. (2007); a very recent review is presented
in Murai (2014 ). The principal variables in
BDR are the gas injection volumetric flow rate
per unit span, q = Qgas /l , the free⁃stream speed
of the flow, the boundary layer thickness up⁃
stream of the injection location, and the stream⁃
wise distance from the injector. In a series of
publication on gas injection that generated bub⁃
bles (BDR) through air layers (ALDR), a group
at the University of Michigan has published
several important manuscripts. Sanders et al.
(2006) reported on both FDR from gas injec⁃
tion and its downstream persistence. As they
were the first group to have significant down⁃
stream distance to check the bubble persistence
in reducing drag, they were the first to see a
disturbing trend: despite the buoyancy of the
bubbles, they were forced from the solid sur⁃
face due to lift forces present, and BDR was
essentially lost. For an up⁃to⁃date review arti⁃
cle, see Hashim et al. (2015), which cites more
than 100 publications on bubble drag reduction.

Air layer drag reduction It turns out that
with sufficiently high gas injection rates, both
the amount and persistence of FDR can be sub⁃
stantially increased. Elbing et al. ( 2008 )
showed that with increasing gas flux, the bub⁃
ble flow associated with BDR transitions to a
stratified gas layer. This air layer was quite sta⁃
ble and exhibited more than 95% friction drag
reduction. Termed Air Layer Drag Reduction
(ALDR), this method has been investigated fre⁃
quently. In Elbing et al. (2013), the transition
was studied again. The figure below presents
the required gas flux for the transition from
BDR to ALDR for smooth and fully rough sur⁃
faces. As is evident, the flux needed to achieve
ALDR increases with increasing speed and
with increased roughness. The approximate gas
flux reported by Hoang et al. ( 2009 ) and

Mizokami et al. (2010 ) from sea trials are
shown also, which shows that the gas fluxes
used were sufficient to produce transitional or
perhaps fully developed air layers. Hoang et al.
(2009) measured 11% and 6% overall drag re⁃
duction for the ballast and full⁃load conditions,
respectively (i.e. 7% and 4% energy savings)
while Mizokami et al. (2010) reported energy
savings of 8% to 12% . The economics of
ALDR are discussed in Makiharju et al. (2012),
who show that ALDR can be cost effective.
The energy costs for pumping the air increases
with increasing speed and draft, and decreases
for increasing ship length. For a reasonably up⁃
to⁃date review manuscript on ALDR, bubble
injection cavitation, see Ceccio (2010).

Figure 7　 Air fluxes required for ALDR o⁃
ver rough and smooth surfaces (Elbing et al.
2008), where Ｑ is the volume flux of injec⁃
ted gas per unit span beneath the bottom of a
horizontal surface, and Ｕｅ is the free⁃stream
speed. Data for smooth and fully rough sur⁃
faces are shown. These data are compared to
the approximate air fluxes used in the sea⁃
trials reported by Hoang et al. (2009) and
Mizokami et al. (2010)

Partial cavity drag reduction. Yet another
technique used to reduce drag is the partial
cavity where a separation between the TBL and
the solid surface is produced through the appli⁃
cation of air filled pockets. These cavities are
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placed beneath the hull such that buoyancy will
lead to capture of the gas and reattachment of
the flow near the aft of the cavity. This so⁃
called Partial Cavity Drag Reduction (PCDR) is
discussed by Amromin and Mizine ( 2003 ),
Matveev (2003), Lay et al. (2010), and Maki⁃
harju et al. (2013). Makiharju et al. (2013)
compared PCDR on the same test model as the
University of Michigan group used for BDR
and ALDR. In this experiment, gas was injec⁃
ted behind a step and a wave⁃making gate was
oscillated to perturb the flow to examine its in⁃
fluence on the cavity shape and air loss.

Figure 8 (reproduced from Figure 22 of
Makiharju et al. 2013) exhibits the gas flux
necessary to both establish and maintain a sta⁃
ble cavity as a function of flow speed, here
shown as the Froude number Ｆｒ = Ｕｅ ／

　 ｇＬ ,
where Ｌ is the cavity length. Experiments were
performed in the Large Cavitation Channel and
with a duplicate test model at 1/14 scale (ML⁃
CC). In the large⁃scale experiment, roughly
three times the gas flux was required to pro⁃
duce the cavity compared to the amount re⁃
quired to maintain it; the overall maintenance
flux is reduced when the cavity reaches an op⁃
timal length. Observation of the small⁃scale
model suggests that surface tension allows for
lower maintenance gas fluxes at the lowest
speeds; however, as the speed is increased, the
non⁃dimensional gas flux begins to converge
across a wide range of Reynolds numbers. An
entire thesis focused on ship FDR ( Zverk⁃
hovskyi 2014), which of course provides a re⁃
cent, up⁃to⁃date literature review, also contains
discussions of the authors experimental results,
physics of cavities in steady flows, flat plate
drag with cavities, and ship model experiments
is available.

３．４　 Ｏｔｈｅｒ Ａｃｔｉｖｅ Ｍｅｔｈｏｄｓ

Surface Heating and Cooling. Two publi⁃
cations that examine surface heating and cool⁃
ing in the context of FDR are presented by
Yoon et al. (2006), and Kametani and Fukagata

Figure 8　 Non⁃dimensional critical gas flux
to establish and maintain the cavities as a
function of Froude number for the two
scales: the Large Cavitation Channel (LCC)
and the mini⁃Large Cavitation Channel (mL⁃
CC)

(2012). Yoon et al. simulate the flow over peri⁃
odically heated and cooled surfaces with Reyn⁃
olds numbers of about 2000 and Grashof num⁃
bers between 106 and 107 . They found friction
drag reduction as large as 35% due to buoyan⁃
cy effects alone. Simulations show that the lat⁃
eral motions generated by the buoyancy help
destroy the coherent structures, and therefore
decrease skin⁃friction drag. In Kametani and
Fukagata (2012), the authors simulate both uni⁃
form cooling and uniform heating of the sur⁃
face, and investigate the resulting flows sys⁃
tematically for Richardson numbers varying
from － 0.1 to 0.1. Although uniform heating
caused an increase in friction, uniform cooling
reduced the near wall Reynolds stresses and led
to drag reduction of to 65% . While these large
reductions appear attractive, the net energy sav⁃
ings are questionable.

Electromotive force. Numerical simula⁃
tions indicate that electromotive / Lorentz
forces can be used for drag reduction; however
as with the heating and cooling, it is the net en⁃
ergy savings that remain a major challenge. Re⁃
cent reviews are available in the publications
by Berger et al. (2000) and Mamori and Fuka⁃
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gata (2011). In Berger et al., the authors use al⁃
ternating strips of electrodes and magnets and
simulate the application of Lorentz forces.
These electromotive forces act at right angles to
the flow, and both open and closed loop control
is implemented. They realize large friction drag
reduction to 40% . Regrettably, their own ener⁃
gy requirements are an order of magnitude lar⁃
ger than the energy savings due to skin⁃friction
reduction. Mamori and Fukagata (2011) applied
a sinusoidal profile of a wall⁃normal Lorentz
force to the flow, and show that this standing
wave can suppress the formation of streamwise
vorticity in the near wall region.

Mass blowing and suction. Blowing and
suction have been topics of significant interest,
especially as regards their effect on skin fric⁃
tion. Simpson et al. (1969 ) studied this for
large area blowing and suction. Antonia et al.
(1995) discuss the effect of blowing and suc⁃
tion over small areas and their effect on friction
downstream. Additionally many other studies
show that mass addition can significantly dis⁃
rupt the momentum profile of the inner flow
and lead to significant changes in skin friction.
Subsequently, investigators have implemented
“net⁃zero flux” mass injection to modify skin
friction; see Bewley et al. (2004). They sugges⁃
ted that the skin friction could be reduced to
the equivalent of a laminar flow, the lower
bound of possible FDR. Min et al. (2006) also
did research in this area and somewhat surpris⁃
ingly showed that it may be possible to reduce
the skin friction to a value less than that of
laminar channel flow by generating negative
Reynolds stresses via controlled blowing and
suction that create an upstream travelling wave.
In a more recent paper by Fukagata and co⁃
workers (Kametani et al., 2015), a discussion of
uniform blowing and suction in a turbulent
flow is offered. The authors have provided a
detailed description of the attendant physics
seen with their LES simulations having realized
about a 10% FDR via this technique.

Wall motion and deformation Controlled

motion of the solid surface can disturb the
near⁃wall momentum and change FDR as
shown experimentally by Choi et al. (1998) and
computationally by Baron and Quadrio (1996);
FDR as high as 40% was achieved. For fully⁃
developed channel flows Fukagata (2011) re⁃
viewed passive and active drag reduction using
numerical simulations of wavy surfaces for the
suppression of Reynolds stresses. Fukagata
(2011) stated that passive techniques were in⁃
conclusive as far as drag reduction effective⁃
ness was concerned. Furthermore, he found
drag reduction to 8% using active streamwise
traveling waves, which also can be responsible
for a drag increase. As with all these other
methods, the issue of net energy savings is the
concern. Tomiyama and Fukagata (2013) inves⁃
tigated this phenomenon via direct numerical
simulation. They numerically realize a net ener⁃
gy savings as large as 12.2% . Physical experi⁃
ments conducted by Itoh et al. (2006 ) and
Tamano and Itoh (2012 ) have demonstrated
drag reduction of roughly 10% as a conse⁃
quence of spanwise traveling waves (on zero⁃
pressure gradient turbulent flows ). As with
many of the aforementioned techniques, there
has been tremendous interest in using wall mo⁃
tions to reduce friction drag, and recent publi⁃
cations include Lardeau and Leschziner (2013),
Yakeno et al. (2014), Skote (2014), Agostini et
al. (2014) and Li et al. (2015).

３．５　 Ｒｏｕｇｈｎｅｓｓ Ｅｆｆｅｃｔｓ： Ｒｅｖｉｅｗ ｏｆ Ｔｕｒｂｕ⁃
ｌｅｎｔ Ｂｏｕｎｄａｒｙ Ｌａｙｅｒｓ ｗｉｔｈｏｕｔ ａｎｄ
ｗｉｔｈ Ｒｏｕｇｈｎｅｓｓ

Roughness, random or patterned, distribu⁃
ted on the surface over which liquid flows will
likely alter the flow as compared to a smooth
solid surface. In the case where the roughness
is much smaller than the sublayer, it has no
effect and the surface is known as hydraulically
smooth. (See the section: Passive Methods ⁃
Super⁃hydrophobic surfaces for a discussion of
roughness in those cases.) When roughness ele⁃
ments protrude into the buffer layer, they may
interrupt the viscous sublayer and cause a form
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drag, which increases the total drag above its
smooth⁃wall level. In this situation, τw depends
on the dynamic viscosity μ and the roughness ｋ,
and the surface is termed transitionally rough.
When roughness elements extend further into
the boundary layer disturbing the buffer layer
as well, τw loses its dependence on μ and the
surface is termed fully rough. In this case,
shear stress is transmitted to the solid surface
by the form drag on the roughness features.

The first quantitative work on turbulent
flow along rough surfaces and its effect on fric⁃
tion was conducted by Nikuradse (1933). He
studied how uniform⁃size sand⁃grain roughness
affected pipe flow friction. This effort is still
highly regarded and as a consequence, equiva⁃
lent sand⁃grain roughness is still used as a
roughness measure. If the physical roughness is
given by ｋｓ , and non⁃dimensionalizing by the
viscous length scale, we have ｋ＋

ｓ ＝ ｋｓ ／ ｌν . Using
this non⁃dimensional roughness, the following
is historically considered as the approximate di⁃
visions between the three regimes: Hydraulical⁃
ly smooth ｋ＋

ｓ ＜４; transitionally rough ４＜ｋ＋
ｓ ＜７０,

and fully rough ７０＜ｋ＋
ｓ (Note that these are dif⁃

ferent for SHS FDR).

For transitionally⁃and fully⁃rough TBL
flows, the mean streamwise velocity profile is
well⁃represented by the usual log law modified
to include a downward vertical shift ΔU +

known as the roughness function:

U + =
1
κ

ln y +( ) + B - ΔU + (1)

Here κ is known as the von Karman constant
and B as the wall offset. Nikuradses study set
forth a fundamental understanding between
random roughness and turbulent flow; however,
recently investigators believe that 2D, random,
and other surfaces may generate slight differ⁃
ences in flow alteration (Jimenez, 2004; Flack
and Schultz, 2010, 2014; and Andrewartha et
al., 2010 ). In fact, most investigators have

found that the increase in frictional resistance
due to roughness is due to a corresponding in⁃
crease in the wall shear stress τw , rather than a
fundamental change in flow structure (Flack
and Schultz, 2014).

Structured 2D, 3D and random roughness.
As mentioned above, the roughness effect on
the mean flow can be well⁃represented by u⁃
sing the Δ U + term in the log⁃law; however, the
value of this term is not known even if the
roughness topography is well⁃characterized ⁃
that is, direct measurements are required to
quantify the offsets value, and this makes its
use difficult. (Flack and Schultz, 2010 provide
roughness correlations, but a suitable correla⁃
tion for general, expansive roughness is elu⁃
sive.) Therefore, the prediction of the mean
flow from measurements of surface roughness
topography remains.

The characteristics of the motions in the
flow above rough surfaces is difficult determine
as is obvious that flow is highly dependent on
the specific geometry of the surface roughness.
An obvious parameter of interest is the mean
spacing between individual roughness elements
which may be described by the so⁃called solidi⁃
ty λ , which compares the total projected fron⁃
tal area to the wall parallel projected area of the
elements. Experiments have demonstrated that
for values lower than λ ≈ 0.15, the effect of
roughness increases with solidity; on the other
hand, values greater than λ ≈ 0.15 show a de⁃
crease as roughness elements begin to shelter
each other from the flow ( Jimenez, 2004 ).
These two regimes essentially represent driven⁃
cavity flows and blockage type flows, respec⁃
tively. Limited data from studies of surfaces
with narrow, transverse grooves suggest that
the equivalent roughness height ｋｓ , may scale
with the boundary layer thickness δ ( Perry,
Schofield and Joubert, 1969). Therefore, rough⁃
ness may be distinguished as ‘d⁃type’ scaling,
which scales with the boundary layer thickness
or ‘k⁃type’ scaling, which scales with rough⁃
ness height.
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Perhaps the most disputed idea in studies
of turbulent flow over rough surfaces is the
concept of wall similarity, an extension of
Townsends (1976) Reynolds number similarity
hypothesis. This states that for high Reynolds
number flows, turbulent motions are independ⁃
ent of wall roughness and viscosity outside the
roughness sublayer (Schultz and Flack, 2007).
Here Schultz and Flack define the roughness
sublayer as the region of flow extending about
5k into the flow. What happens in the outer
layer over that seen along a smooth, flat plate
is still a point of contention.

As detailed in Volino et al. (2011), several
studies have sought to validate wall similarity.
Recent experimental work by Kunkel and Ma⁃
rusic (2006), Flack et al. (2005) and Flack and
Schultz (2014) all support wall similarity for
both mean flow and Reynolds stresses, while
the investigations of Krogstad et al. (1992 ),
Tachie, Bergstrom and Balachandar (2000) and
Keirsbulck et al. (2002) all present Reynolds
stresses that are altered in the outer flow. Nu⁃
merical simulations by Leonardi et al. (2003)
and Bhaganagar et al. (2004) also question the
assertion that wall similarity holds. In a review
of the topic of turbulent flow over rough walls,
Jimenez argued that researchers need consider
the blockage ratio of the boundary layer thick⁃
ness to roughness height δ/k (Jimenez, 2004).
He maintained that values of δ/k must be grea⁃
ter than ~ 40⁃80 before the outer layer flow is
unaffected by roughness effects. Analysis by
Flack and Schultz of their data leads them to
conclude that wall similarity holds for all 3D
roughness. And for 2D roughness, they main⁃
tain that for sufficiently⁃high Reynolds number
and δ/k , wall similarity likely holds as well.

３．６　 Ｂｉｏｆｉｌｍｓ， Ｂｉｏｆｏｕｌｉｎｇ ａｎｄ Ｍｉｔｉｇａｔｉｏｎ ｂｙ
Ａｎｔｉ⁃ｆｏｕｌｉｎｇ Ｃｏａｔｉｎｇｓ

It has been long⁃known that marine foul⁃
ing leads to increased drag; however, the un⁃
derlying physics associated with this phenome⁃

non remain murky. This fact was responsible
for engineers pursuing coatings to mitigate the
accompanying drag penalty. The most powerful
and effective anti⁃fouling coatings were made
of tributyltin, which prevented the growth of
most types of biofouling, although they are not
able to entirely prevent ‘ slime layers’ have
been banned by the International Maritime Or⁃
ganization (IMO) as a consequence of their en⁃
vironmental impact (Schultz, 2004).

Various anti⁃fouling ( AF ) coatings and
timely cleaning have proven effective in man⁃
aging macrofouling (e. g. barnacles, muscles,
etc.); however, microfouling (defined as a bio⁃
film or a ‘ slime layer’ such as colonies of
bacteria, diatoms and algae) remains a major
source of increased skin friction on ships. Mi⁃
crofouling develops rapidly on ship hulls, and
worse, several biofilms persist under even the
strongest AF coatings ( Schultz and Swain
1999). The detrimental effects of increased skin
friction are obvious. Ship trials performed by
Haslbeck and Bohlander (1992) demonstrated
that a KNOX class frigate required roughly
18% less shaft horsepower to cruise at a speed
of 25 knots, and likewise increased its maxi⁃
mum speed by one knot following a hull clean⁃
ing of a biofilm layer.

In the 1980s, the penalties associated with
microfouling on ship hulls, and on the trans⁃
portation industry as a whole, led to increased
interest in the hydrodynamic effects of biofilm
layers. Picologlou et al. (1980) investigated mi⁃
crobial slime layers in pipes, identifying the
importance of the interaction between the bio⁃
film and hydraulic flow, both as regards slime
layer formation and energy dissipation. The au⁃
thors also noted that when present thin fila⁃
ments in the biofilm appeared to be responsible
for additional energy dissipation. Lewkowciz
and Das (1981) studied nylon tufts attached to
a rough plate to simulate marine slime growth
and their results not only supported the notion
of an increase in skin friction, but also included
velocity measurements of the mean flow and

６７６



turbulent statistics. Recently, several compre⁃
hensive investigations of flows over biofilm
have been undertaken. Both Schultz (1998) and
Andrewartha (2010) investigated flow over bio⁃
film layers in their doctoral work. Both recor⁃
ded point measurements of the velocity field o⁃
ver biofilms using Laser Doppler Velocimetry
(LDV). As expected, both researchers found an
increase in the friction coefficient for plates
when covered in biofilm.

４　 ＳＵＲＶＥＹ ＯＦ ＥＮＥＲＧＹ ＳＡＶＩＮＧ
ＭＥＴＨＯＤＳ

４．１　 Ｃａｔｅｇｏｒｉｚａｔｉｏｎ ｏｆ Ｅｎｅｒｇｙ Ｓａｖｉｎｇ Ｍｅｔｈｏｄｓ

So far, many works to review and catego⁃
rize energy saving devices have been conduc⁃
ted. For instance, in the 22nd ITTC, the Spe⁃
cialist Committee on Unconventional Propul⁃
sors made a great effort to categorize the ener⁃
gy saving devices. In the report, at first the de⁃
vices are categorized from the viewpoint of re⁃
covery of rotational wake energy. The typical
devices are vane and fin. These devices are cat⁃
egorized into three types: location of devices
before propeller, after propeller and both. Next
they investigated ducted propulsor, today wide⁃
ly used as an ESD (Energy Saving Devices). In
the 27th ITTC Resistance Committee, the air
lubrication method is reviewed as a new tech⁃
nology, and the activity in Japan is introduced.
Also in the 27th ITTC Propulsion Committee, a
contra⁃rotating propeller (CRP) with pod pro⁃
pulsor system, a rudder pod system, and an e⁃
lectric⁃run CRP system are reviewed. The com⁃
mittee also reviewed many types of ESDs such
as pre⁃swirl devices, post⁃swirl devices and so

on. As the previous reviews were conducted in
a very systematic manner, it is very helpful to
review again the energy saving devices. How⁃
ever, in the present committee, the theme is
widened, from energy saving devices to energy
saving methods; hence we have to alter the cat⁃
egory table to cover the energy saving meth⁃
ods. As the energy saving methods are concep⁃
tually broad, it is not easy to tabulate the ener⁃
gy saving methods. There are various view⁃
points, e.g. physical mechanisms of energy sav⁃
ing, location of the devices and so on. In this
committee, we first categorize the energy sav⁃
ing methods by ‘Principle’ . Each energy sav⁃
ing device has its principle as to why the ener⁃
gy saving occurs. For instance, some devices
reduce frictional drag directly, while some re⁃
cover the rotating motion which is generated
by the propeller, and so forth. Here we set four
principles. They are ‘Direct drag reduction’ ,
‘Reducing propulsive losses’ , ‘Use of renew⁃
able energy’ and ‘Operation’ . The category
‘Operation’ has not been included as an ordi⁃
nary energy saving device, but it would be in⁃
cluded as energy saving methods or measures.
Under each principle, sub categories are estab⁃
lished. For instance, under ‘Direct drag reduc⁃
tion’ , we categorize the drag component we
aim to reduce. They are categorised as ‘Mech⁃
anism’ . Under each mechanism, the ‘ Tech⁃
nique’ is the element of the next category. Fi⁃
nally, under each technique, more specific
‘Methodologies’ are listed as the last category.
Table 2 is the categorized table of energy sav⁃
ing methods. In the table, the percentage of en⁃
ergy⁃saving rate for each method is not presen⁃
ted, contrary to the previous categorization.
This is because the energy⁃saving rate may
have large variance and it is not straight⁃for⁃
ward to determine a precise value.
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４．２　 Ｒｅｖｉｅｗ ｏｆ Ｒｅｃｅｎｔ Ｒｅｓｅａｒｃｈ ｏｎ ＥＳＭ

In this section, recent work related to the
energy saving methods are reviewed. The con⁃
ferences we reviewed over the period 2013⁃
2016 were:
• Advanced Model Measurement (AMT)

⁃ 17⁃18 September (2013), Gdansk, Poland
⁃ 28⁃30 September (2015), Istanbul, Turkey

• CWT2015 : Tokyo 2015 A Workshop on
CFD in Ship Hydrodynamics, 2⁃4 Decem⁃
ber (2015), Tokyo, Japan

• Compit: Conference on Computer and IT
Applications in the Maritime Industries
⁃ 15⁃17 April (2013), Cortona, Italy
⁃ 12⁃14 May (2014), Redworth, UK

• EDRFCM 2015 : European Drag Reduction
and Flow Control Meeting, 23⁃26 March
(2015),Cambridge, UK

• IMAM 2015: International Maritime Associ⁃
ation of the Mediterranean, 21⁃24 Septem⁃
ber (2015), Pula, Croatia

• ISOPE: International Ocean and Polar Engi⁃
neering Conference
⁃ 15⁃20 June (2014), Busan, Korea
⁃ 21⁃26 June (2015), Kona, Hawaii, USA
⁃ 26 June⁃1 July (2016), Rhodes, Greece

• IWSH: International Workshop on Ship and
Marine Hydrodynamics
⁃ 23⁃25 September (2013), Seoul, Korea
⁃ 26⁃28 August (2015), Glasgow, UK

• JMST : Journal of Marine Science and
Technology, issued from 2013 to 2016.

• JSR : Journal of Ship Research, issued from
2013 to 2016.

• MARINE: International 　 Conference 　 on
Computational Methods in Marine Engi⁃
neering
⁃ 29⁃31 May (2013), Hamburg, Germany
⁃ 15⁃17 June (2015), Rome, Italy

• MARSIM 2015 : International Conference
on Ship Manoeuvrability and Maritime
Simulation, 8⁃11 September (2015) New⁃
castle, UK

• NAV 2015 : 18th International Conference
of Ships and Shipping Research, 24⁃26 June

(2015), Lecco, Italy
• NuTTS: Numerical Towing Tank Symposi⁃

um
⁃ 2⁃4 September (2013), Mülheim, Germany
⁃ 28⁃30 September (2014), Marstrand, Swe⁃
den
⁃ 28⁃30 September (2015) Cortona, Italy
⁃ 3⁃4 October (2016) St Pierre dOléron,
France

• Ocean Eng. : Ocean Engineering an Interna⁃
tional Journal of Research and Development

• PRADS: International Symposium on Prac⁃
tical Design of Ships and Other Floating
Structures
⁃ 20⁃25 October (2013), Changwon, Korea
⁃ 4⁃8 September (2016), Copenhagen, Den⁃
mark

• RINA EES 2015 : 4th RINA Energy Effi⁃
cient Ships, 4 November (2015), Rotterdam,
The Netherlands

• SMP: International Symposium on Marine
Propulsors
⁃ 5⁃8 May (2013), Launceston, Australia
⁃ 1⁃3 June (2015), Austin, USA

• SNH : Symposium on Naval Hydrodynam⁃
ics
⁃ 30th SNH, 2⁃7 November (2014), Hobart,
Australia
⁃ 31st SNH, 11⁃16 September (2016), Mon⁃
terey, USA

４．３　 Ｄｉｒｅｃｔ Ｄｒａｇ Ｒｅｄｕｃｔｉｏｎ

Paint/Fouling/Roughness/Compliant Coat⁃
ing. Low frictional paints have interested naval
architects who seek the ship drag reduction. In
some journals and conferences, many research⁃
ers have carried out studies to clarify the mech⁃
anism of frictional drag reduction by use of
low friction paint, anti⁃fouling paint and slime.
Here, some works are reviewed. Lee et al.
[2013] propose laboratory standard procedures
for the performance evaluation of low frictional
anti⁃fouling marine paints. Paik et al. [2013] in⁃
troduce the flat plate model test method in cav⁃
itation tunnels to evaluate the skin friction of
the marine coating or treated⁃surface. They also
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demonstrate the Laser Doppler velocimetry
(LDV) technique to evaluate the drag and to
determine the reason for the drag reduction.
Walker et al. [2014] research skin friction for
anti⁃fouling coating surfaces and show that the
fouling release surfaces have lower frictional
drag compared with anti⁃fouling surfaces. They
also evaluate the drag reduction due to anti⁃
fouling surfaces at full⁃scale. Yang et al. [2014]
develop a skin⁃friction reducing marine paint
by mixing fine powder of PolyEthyleneOxide
with self⁃polishing co⁃polymer and anti⁃fouling
paint. Results of drag reduction experiments are
also presented. To clarify the mechanism of
drag reduction due to slime, Newcastle Univer⁃
sity has conducted several experiments. Atlar et
al. [2015] describe the design, manufacture and
operation of a specially designed strut arrange⁃
ment deployed on a research vessel to carry a
number of standard test panels to collect dy⁃
namically grown, natural slime while the vessel
is in⁃service. Although research on compliant
coatings has been inactive recently, Schrader et
al. [2015] conducted such an experiment to e⁃
valuate the drag reduction for compliant coat⁃
ings. As one of the candidates for compliant
coatings, the bow of a search⁃and⁃rescue boat
was introduced. The experiment was done at
high⁃speed in a circular water channel. Paik et
al. [2015] investigated the drag reduction for
anti⁃fouling paints, one was a silicon⁃type self⁃
polishing co⁃polymer (SPC), and the other was
conventional SPC. They showed that the better
drag performance is obtained for silicon⁃type
SPC in the high speed region. Tamano et al.
[2015] proposed a new drag⁃reducing method
using an electrostatic flocking surface with
grooves, and carry out the experiments using a
small circular channel. Lee et al. [2015] intro⁃
duced a new drag reduction coating material,
FDR⁃SPC ( Firictional Drag Reduction Self⁃
Polishing Co⁃Polymer ) with PEGMA ( Poly⁃
Ethylene Glycol Methacrylate ). Kulik et al.
[2015] studied compliant coatings for frictional
drag reduction on a flat plate. As basic research
investigating skin friction, Yeginbayeva et al.
[2016] investigated the combined effects of sur⁃

face roughness and a biofilm, which is grown
on a marine research vessel and under con⁃
trolled laboratory conditions in a “slime farm” .

Super⁃Hydrophobic Surfaces (SHS).　 Su⁃
per⁃hydrophobic surfaces (SHS) represent an⁃
other candidate for frictional drag reduction and
much research concerning this theme has been
carried out. For instance, Seo et al. [2014] sim⁃
ulated the turbulent flow textured SHSs using
Direct Numerical Simulation (DNS) and dis⁃
cuss the possibility of drag reduction. Sriniva⁃
san et al. [2015] studied the drag reduction due
to depositing sprayable super⁃hydrophobic mi⁃
crostructures on the inner rotor surface of a ro⁃
tating device, a Taylor⁃Couette rheometer.
Zhang et al. [2016] investigated the drag reduc⁃
tion of SHSs using a rectangular water channel
made with super⁃hydrophobic upper and lower
surfaces, and study the mechanism of drag re⁃
duction. Golovin et al. [2016] comprehensively
review the drag reduction due to SHSs, inclu⁃
ding wettability, roughness and scaling laws. In
the 31st SNH (Symposium on Naval Hydrody⁃
namics) [2016], research on drag reduction due
to SHSs are discussed. Du et al. [2017] show a
method to maintain the air layer on the hydro⁃
phobic surface by combining air injection and
surface hydrophobicity adjustment. Due to the
slip effect, a drag reduction up to 20% is ob⁃
tained.

Air Lubrication. In the 27th ITTC Resist⁃
ance Committee, air lubrication methods are al⁃
ready reviewed as new technologies. Hence on⁃
ly the work after the 27th Resistance
Committees review are introduced. Kamiirisa
et al. [2015] reviews the recent activities on air
lubrication methods in Japan. Several types of
actual (commercially used) ships are selected,
which include a training ship, a cement carrier,
a product carrier, a bulk carrier and a car ferry.
Except for the ferry and training ship, the test
ships are selected such that the bottoms are
wide and flat. As ship size increases, the ener⁃
gy required to inject air bubbles to the ship
bottom becomes larger. This fact is a large det⁃
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riment to the air lubrication method on ships.
To overcome this problem, a new air injection
system is proposed. In this system, scavenged
air from the diesel engine is extracted to inject
air beneath the ship. As scavenged air has very
high pressure and no contaminants, this method
seems to be promising as a new air injection
supply.

Figure 9 　 Application of scavenging gas
from the main engine to provide air lubrica⁃
tion, Kamiirisa et al. [2015]

Air⁃lubrication researches are carried out
in other countries in addition. These include
Jang et al. [2013], which carried out an experi⁃
ment of drag reduction of a model ship using
air lubrication; and Zverkhovskyi et al. [2013],
which describe the experimental study of the
frictional drag reduction on a horizontal flat
plate by an air cavity in a cavitation tunnel.
Furthermore, Zverkhovskyi et al. [2014] con⁃
ducted an experiment on drag reduction via an
air⁃cavity method on the bottom surface of the
hull. Herein, the ship model used was an inland
waterway ship. They also discussed the stabili⁃
ty of the air cavity. Jagdish et al. [2014] experi⁃
mentally investigated the sustainability of an air
layer aimed at frictional drag reduction. Slyoz⁃
kin et al. [2014] carry out an experiment of
drag reduction by an air⁃layer over a flat plate
in a cavitation tunnel, and show details of the
experiments and results. Pang et al. [2014] sim⁃
ulated turbulent flows with microbubbles by
use of DNS (Direct Numerical Simulation) with
two⁃way coupling and discuss the mechanism
of drag reduction. A multi⁃phase Lagrangian
and Eulerian model is used in the simulation.

Butterworth et al. [2015] carry out drag reduc⁃
tion experiments for an air cavity system ap⁃
plied to a container ship and show results of
their experiments. In their work, seakeeping
tests are also included. Agrusta et al. [2015]
carry out an experiment of drag reduction for a
high⁃speed boat wherein air is ventilated into
the ship bottom. Silberschmidt [2015] reports
the result of a sea trial test for a 40,000 DWT
tanker which is equipped with an air lubrication
system. Park et al. [2016] carry out ean experi⁃
ment using air lubrication applied to a tanker
ship model, and show the trajectory of air bub⁃
bles around the ship bottom as well as resist⁃
ance curves under air lubrication.

Wave load. 　 Contrivances to reduce the
added resistance of ships in waves are one of
many methods to save energy. Kuroda et al.
[2013] showed the effectiveness of STEP, retro⁃
fitted type incident wave breaker to reduce the
added wave resistance. They presented the
model test result and improvements in the full⁃
scale ship case, too. Sakurada et al. [2016] de⁃
veloped a new ship bow form above the water⁃
line called COVE to reduce added resistance in
waves and demonstrate the effect through ex⁃
periment and theoretical calculation. Jung et al.
[2016] studied ship performance in waves and
a new concept of hull⁃form design including
the effects of added resistance. They introduced
some examples of the sensitivity analysis of
added resistance and the weather factor to the
variations of ship dimensions. Lee et al. [2016]
investigated three different bow shapes for a
VLCC to reduce added resistance in waves. In
the study, both full load and ballast conditions
are considered. On the other hand, Hwang et al.
[2016] studied two different bow shapes for
mega container ship in waves.

Design/Optimization.　 In this committee,
the design of hull and hull⁃propeller systems to
get optimum propulsive efficiency is temporari⁃
ly categorised under “Direct drag reduction” .
Recently as the performance of computers has
improved, many researches on the design opti⁃
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Figure 10　 COVE, Sakurada et al. [2016]

Figure 11　 Hi⁃Bow, Lee et al. [2016]

mization of hull shape have been carried out.
Here typical works are reviewed. Ginnis et al.
[2013] demonstrated the multi⁃objective opti⁃
mization for the bow shape of a container ship
based on a BEM solver. Hochkirch et al. [2013]
studied the hull optimization for a large con⁃
tainer ship, not from the viewpoint of a single
design point, but over the whole operational
range, and they demonstrate the reduction of
fuel consumption. Hansen et al. [2013] intro⁃
duced a design system ECO⁃product to opti⁃
mize trim condition for energy saving. Hoch⁃
kirch et al. [2013] broadly discussed the differ⁃
ence between full⁃scale and model⁃scale flows
on hull optimization and trim optimization.
Dong et al. [2014] and Shen et al. [2014] car⁃
ried out hull form optimization using the radial

basis function (RBF) method. Li et al. [2014]
studied hull form optimization for a bulk carri⁃
er considering total ship resistance and the
quality of the wake at the propeller plane as
objective functions. Dang et al. [2015] apply
the concept of an asymmetric aftbody to im⁃
prove propulsive performance. They used a
Reynolds Averaged Navier⁃Stokes (RANS) sol⁃
ver to evaluate the viscous flow field around
the ship while the propeller performance is esti⁃
mated by a potential flow based boundary ele⁃
ment method. They obtain an asymmetric aft⁃
body whose propulsive performance is better
than a symmetric aftbody. Campana et al.
[2015] propose an efficient hull optimization
method under the uncertainty of ships operating
in a real scenario. A study by Kim et al. [2015]
investigates the hull optimization technique u⁃
sing parametric modification functions and par⁃
ticle swarm optimization. They also show the
result of the multi⁃objective problem. In the
MARINE 2015 conference, several works on
the ship hull optimization are introduced. For
instance, Bertram et al. [2015] review the opti⁃
mization of a ship hull, using a full⁃scale free⁃
surface RANS simulation. Furthermore, trim
optimization is discussed. Brenner et al. [2015]
studied optimization using the concept of “de⁃
sign velocity” and “ adjoint shape sensitive” .
Van der Ploeg [2015] studied the optimization
of an aftbody to minimise power and obtain the
best wake field, considering full⁃scale effects.
Scholcz et al. [2015] studied meta⁃modelling
for efficient multi⁃objective optimization of
hull forms.

Tahara et al. [2016] showed a multi⁃objec⁃
tive design optimization for the determination
of the stern form and pre⁃swirl duct shape.
Diez et al. [2016] presented a method to reduce
the dimension of design spaces in hydrodynam⁃
ic shape optimization. They applied a Kar⁃
hunen⁃Loeve expansion to a combined geome⁃
try and physics based design modification vec⁃
tor. Chang et al. [2016] studied an efficient hull
optimization method based on an approximate
model and sample selection method. Kleinsorge
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et al. [2016] demonstrated the hull form optimi⁃
zation considering a number of most probable
upcoming operating conditions which are fore⁃
casted by a scenario program.

Air Drag. 　 Air drag acting on a ship a⁃
bove its waterline is another target to reduce
total ship resistance. Ouchi et al. [2015] pro⁃
pose a new windshield on the bow of a con⁃
tainer ship. They carry out model experiments
in a wind tunnel and equip it with a new wind⁃
shield on a 6,700TEU container ship. Kim et
al. [2015] investigate air drag contributions of
each part of the superstructure and containers
of a container ship through the use of RANS
simulations. They also estimate the efficiencies
of shape modification and add⁃on devices on
the superstructure and containers on the air
drag reduction. He et al. [2016] investigated the
reduction of air resistance acting on a ship by
using interaction effects between the ship hull
and its accommodation. Three types of accom⁃
modationbox type, plate type and streamline
type are studied through CFD, see Figure 12
for the streamlined accommodation.

Figure 12 　 Ship hull and streamlined ac⁃
commodation to reduce air drag, He et al.
[2016]

４．４　 Ｒｅｄｕｃｉｎｇ Ｐｒｏｐｕｌｓｉｖｅ Ｌｏｓｓｅｓ

Duct. The history of ducts used as energy
saving devices is long and to date, much re⁃
search related to ducts have been conducted.
Here typical recent efforts are reviewed. Gag⁃
gero et al. [2013 SMP' 13] carry out the optimi⁃
zation of a decelerating ducted propeller and
the results obtained are compared with experi⁃
ment. Rao et al. [2013] show a numerical meth⁃
od to evaluate the propeller force on a ducted

propeller with pre⁃swirl stator equipped in the
duct. Guiard et al. [2013] introduce a new con⁃
cept of a pre⁃swirl duct for a high⁃speed vessel,
called the Becker twisted duct (BTD). Yuhai et
al. [2013] carry out CFD simulations for a VL⁃
CC with pre⁃swirl symmetric and non⁃symmet⁃
ric ducts and the wake at the propeller plane is
discussed. Sakamoto et al. [2014] numerically
simulate a Panamax bulker with duct by sol⁃
ving RANS equations. They simulated the pro⁃
pulsive performance with and without a duct in
the model and at full scale, and the scale effect
is discussed. Lee et al. [2015] directly meas⁃
ured the force acting on the model of an asym⁃
metric duct. Such experimental data should
give us important information for CFD valida⁃
tion. Bhattachryya et al. [2015] carry out re⁃
search on the scale effect of a ducted, controlla⁃
ble⁃pitch propeller via CFD. Rueda et al.
[2015] optimize the ship stern form considering
the duct effect to maximize energy efficiency.

To provide a set of benchmark data for
duct, the National Maritime Research Institute
(NMRI) planned a CFD workshop [Tokyo 2015
A Workshop on CFD in Ship Hydrodynamics]
and offered the dataset of measured velocity u⁃
sing PIV obtained by NMRI and Osaka Univer⁃
sity. In the workshop, many researchers partici⁃
pated and presented their results. These results
should be helpful as for validation of future nu⁃
merical research.

Hori et al. [2016 ] measureed the stern
flow with a duct and with/without the propeller
effect using SPIV, and they obtained validation
data for CFD. Ichinose et al. [2016] proposed a
new concept of duct called ‘USTD’ which is a
small duct ‘WAD’ equipped on a V⁃type ship
hull. The performance of a USTD is evaluated
through CFD simulation. Go et al. [2017] stud⁃
ied the effect of a duct before a propeller on
the propulsive performance. The duct diameter
and the attack angle of the duct are paramet⁃
rically changed, and the propulsive perform⁃
ance in open water conditions are investigated
using numerical simulation. Figure 13 exhibits
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the streamlines found by Nishikawa [2015].

Figure 13 　 LES limiting streamlines on a
Japan bulk carrier: duct equipped (upper), no
duct (lower), result obtained by Nishikawa
[2015]

Pre⁃swirl devices.　 Research on pre⁃swirl
devices such as stator fins also has been carried
out by many researchers. Schuiling [ 2013 ]
studied a new type of ESD, called BSD, a com⁃
bination of pre⁃swirl stators and duct. Brenner
et al. [2013] studied the optimization of a retro⁃
fit⁃type fin ESD using a CAD and CFD system.
Hsieh et al. [2013] precisely analysed the flow
with and without an asymmetric pre⁃swirl sta⁃
tor by use of CFD. They focused on the ener⁃
gy⁃loss with/without ESD to clarify the energy
saving mechanism. Kim et al. [2014] investiga⁃
ted the scale effect for pre⁃swirl type energy
saving devices such as a duct and a duct with
pre⁃swirl stator fins using CFD. They showed
that the performance of energy saving devices
reduces as the Reynolds number increases.

Bugalski et al. [2014] studied the propeller

induced pressure pulse on the hull with several
types of ESD, including a pre⁃swirl hull fin
(vortex generator), a boundary layer alignment
device and a pre⁃swirl stator. They simulated
the pressure pulse using an in⁃house code
based on deformable lifting surface theory. Nu⁃
merical results are compared with experiment.
Park et al. [2014] discuss the asymmetric pre⁃
swirl stator using CFD simulation. They inves⁃
tigated an asymmetric pre⁃swirl stator at full
scale as well as at model scale and show that
the performance reduces in full scale. Yan et al.
[2015 ] designed asymmetric pre⁃swirl stators
by QCM and CFD. They also analysed the per⁃
formance of stators at full scale. They showed a
power savings with and without ESD via sea
trials. Park et al. [2015] simulate a full⁃scale
wake with and without pre⁃swirl stators⁃e⁃
quipped ships and show the difference of the
wake at the propeller plane. Bensow [2015] in⁃
vestigated the hull⁃propeller interaction with
pre⁃swirl stators using Large Eddy Simulation
(LES). Furthermore, in their work, cavitation
and no⁃cavitation conditions are considered.
Lee et al. [2015] present the results of develop⁃
ment and application of an ESD, which is a
simple fin⁃shaped appendage attached to the
stern bilge area. To verify the performance of
this ESD at full scale, sea trial tests are per⁃
formed for a series of 35K bulk carriers.
Streckwall et al. [2015] numerically studied the
scale effect of a stator fin and evaluated its per⁃
formance using 52,000 DWT bulker trials with/
without stator fin. They also discuss the propel⁃
ler rotation speed in an actual ship through
voyage simulation.

Post⁃swirl devices. 　 Research on post⁃
swirl devices also has been carried out. This re⁃
search includes:

Ryu et al. [2013 ] investigated the im⁃
provement of propulsive performance for ‘Tur⁃
bo⁃Ring’ , a Propeller Boss Cap Fin (PBCF)⁃
like device to reduce the propeller hub vortex.
Kawamura et al. [2013] showed the numerical
result for PBCF performance in model and full
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Figure 14 　 Example of a pre⁃swirl stator,
Kim et al. [2014]

scales by CFD analysis. Two different types of
propeller, conventional and highly skewed pro⁃
peller, are used to investigate the effect of pro⁃
peller type on the performance of PBCF. Lee et
al. [2013] evaluated the propulsive performance
of a rudder⁃fin equipped container ship. They
simulated the performance using CFD under
the conditions of both calm and seaway states.
Druckenbrod et al. [2013] optimized PBCF to
maximize propeller efficiency. They used an
evolutionary optimization algorithm and obtain
the optimal PBCF shape. Okazaki et al. [2015]
investigated the performance of PBCF⁃like boss
cap fin using CFD. They also showed the scale
effect on the performance. Okada et al. [2015]
developed a new rudder named “ultimate rud⁃
der” which is derived from a combination of
propeller boss cap and rudder bulb.

Seo et al. [2016] precisely measured the
flow behind PBCF using SPIV to clarify the
effect of PBCF. Shon et al. [2016] applied the
CAD automation algorithm and an optimization
procedure to design an adapted twist rudder
and demonstrated the design of a new rudder
shape. Kim et al. [2016] studied comprehensive
procedures from design to performance analysis
for a cap fin including CFD, a model test, a sea
trial and operation data analysis. From these
data, they showed close to 2% energy savings

Figure 15 　 Concept of “Ultimate Rudder”
proposed by Okada et al. [2015]

for a full scale boss cap fin.

Tandem propeller.　 Tandem propeller and
contra⁃rotating propeller systems are also well⁃
known methods to save energy. For instance,
Igeta et al. [2013] developed a hybrid CRP sys⁃
tem, which is the combination of an ordinary
propeller and a ducted (Kort nozzle) propeller
and showed the propulsive performance ob⁃
tained from the experiment and CFD.

Figure 16 　 Schematic view of ducted tan⁃
dem CRP, Igeta et al. [2013]

Sánchez⁃Caja et al. [ 2013 ] introduced
TRIPOD project, one of EU projects in which a
new concept of propulsion to improve the ener⁃
gy saving efficiency by use of the contra⁃rota⁃
ting combination of POD propulsors and tip
loaded endplate propellers. Model test and CFD
results are presented. In addition, the scale
effect for this system is discussed.

Propeller design. In the present report, we
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placed “ propeller design” here. Berger et al.
[2013] showed a method to optimize a propel⁃
ler by using the multi⁃objective method in the
full⁃scale wake. In order to improve the propel⁃
ler efficiency, Brown et al. [2014] studied the
two types of tip load propellers to improve the
propeller efficiency, and CFD simulations are
carried out. Song et al. [2015] studied the hub⁃
type and hubless rim driven thrusters (RDT) by
use of CFD and demonstrated that higher effi⁃
ciency is obtained with hubless RDT.

Figure 17 　 Hub⁃type RDT (left), Hubless
RDT (right), Song et al. [2015]

Park et al. [2016] showed the design opti⁃
mization method for a propeller considering the
effect of ship hull and rudder effect by use of
the vortex lattice method to evaluate propeller
performance and CFD for evaluation of ship
viscous flows. Ikeda et al. [2016] show a pro⁃
peller design optimization method based on
open source codes such as DAKOTA and Open
FOAM. Van der Ploeg et al. [2016] applied a
propeller with large diameter, hence the stern
frame line formed a tunnel⁃like shape. Two dif⁃
ferent frame lines are designed to evaluate the
propulsive performance with the large propel⁃
ler.

A pod propulsor is one of the effective
tools for energy saving propulsors and the esti⁃
mation of its performance in full⁃scale is very
important. Park et al. [2013] studied the per⁃
formance of a podded propeller in full⁃scale by
separately evaluating the propeller blade thrust
and the pod casing drag. Shamsi et al. [2014]
computed hydrodynamic forces acting on a
pull/pusher type of podded propeller and

showed their propulsive performance.

４．５　 Ｏｐｅｒａｔｉｏｎ

From the viewpoint of energy saving, ship
operation is another important measure. For in⁃
stance, weather routing is one of most well⁃
known measures. Recently, in developing soft⁃
ware to support navigation, researches in this
category have been carried out widely at sever⁃
al organizations. For instance, Olsen [2013 ]
discussed the e⁃NAVIGATION system, which
helps ship operators to operate ships safely and
optimally. Kano T. et al. [2014] studied a navi⁃
gation system for domestic ship operation in
Japan which can provide an energy⁃saving
route and just⁃in⁃time speed plans. Kim et al.
[2013] studied an optimal route finding prob⁃
lem for cruise ship design using the iterative
dynamic programming and rhumb line formula⁃
tion. Joint Operation for Ultra Low Emission
Shipping (JOULES) worked an EU project in⁃
troduced by Nagel [2014]. In the project, ener⁃
gy saving optimization is not focused on one
design condition, but on real⁃life operation.
Dinham⁃Peren [2015 ] studied trim and draft
change as far as energy consumption is con⁃
cerned. He also changed bow and stern profiles
to investigate the effect of trim and draft on
ship power. Altosole et al. [2016] investigated
the effect of trim and draft changes on the ship
resistance. Meanwhile, Sun et al. [2016] studied
the trim optimization for a 4250⁃TEU container
ship. Larsson et al. [2015] introduced a weather
routing method based on a dividing rectangle
(DIRECT) algorithm. From the viewpoint of
actual ship operation, many works are presen⁃
ted in the RINA Conference EES 2015 (Energy
Efficient Ships).

４．６　 Ｏｔｈｅｒｓ

Some papers have presented a holistic re⁃
view or investigation on energy saving meth⁃
ods. Van Terswiga [2013] considered the work⁃
ing principles of how the ESDs provide energy
saving. He discusses three different type of ES⁃
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Ds: pre⁃duct, pre/post swirl stators, rudder
bulbs and their combinations. Minchev et al.
[2013] presented a design of a 35, 000DWT
bulk carrier to meet EEDI requirements. In the
design, hull⁃form design and propeller re⁃de⁃
sign, Mewis ducts are included. Hämäläinen et
al. [2013] investigated an energy saving system
for a twin or triple propeller cruiseliner. In the
investigation, a holistic discussion is conducted
on air lubrication, ducktail, bulbous bow, pod
propulsor, hybrid CRP, pre⁃and post⁃swirl sta⁃
tor and design of the shaft line.

Monitoring of a full⁃scale ship gives im⁃
portant data to improve energy savings in ship
operation. Newcastle University built a new
catamaran research ship. One mission of this
ship is full scale marine measurements and ob⁃
servation including wind farm and renewable
device support, performance monitoring, and
coating/fouling inspection. Atler et al. [2013]
review the project.

４．７　 Ｅｆｆｅｃｔ ｏｎ ＥＥＤＩ

EEDI has been enforced since 2013. The
method of attaining EEDI is described in
“2014 Guidelines on the method of the attained
Energy Efficiency Design Index ( EEDI ) for
new ships ” , IMO MEPC. 1/Circ. 866. EEDI
considers CO2 emissions per capacity and Vref .
Vref is ship speed in a calm sea condition on
deep water.

Methods for survey and certification are
described in “2014 Guidelines on survey and
certification of the Energy Efficiency Design
Index (EEDI)” , IMO MEPC.1/Circ.855/Rev.1.
Vref is preliminarily verified on model tests. Fi⁃
nally it is verified on the speed/power trials of
the ship. For ships which cannot be conducted
under the EEDI condition, Vref is obtained
from the conversion based on the model tests at
the both drafts, trial condition and EEDI condi⁃
tion as shown in Figure 18.

αP is the power ratio of power at trial con⁃

Figure 18 　 An example of scheme of con⁃
version from trial condition to EEDI condi⁃
tion at EEDI power [MEPC.1/Circ.866]

dition predicted by the model tests and ob⁃
tained by the speed power trials.

This is the important point of EEDI for
ITTC and ESM committees. The power predic⁃
tion for both drafts is essential for final EEDI
verification.

As for the energy saving method, the phi⁃
losophy of IMO is written in the document
MEPC 64/4/8, “Guidance on treatment of inno⁃
vative energy efficiency technologies for calcu⁃
lation and verification of the attained EEDI.”

　 　 In the document innovative technologies
are categorized as follows:

Category (A) : Technologies that shift the
power curve, which results in the change of
combination of PPand Vref: e.g. when Vrefis kept
constant, PPwill be reduced and when PP is kept
constant, Vrefwill be increased

Category (B): Technologies that reduce the
propulsion power, PP, at Vref, but not generate e⁃
lectricity. The saved energy is counted as Peff .
Category (B⁃1): Technologies which can be used
at any time during the operation and thus the a⁃
vailability factor (feff) should be treated as 1.00.

Category (B⁃2): Technologies which can
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Figure 19　 Innovative energy efficiency technologies [MEPC64/4/8]

be used at their full output only under limited
condition. The setting of availability factor (feff)
should be less than 1.00.

Category (C): Technologies that generate
electricity. The saved energy is counted as
PAEeff

Category (C⁃1): Technologies which can
be used at any time during the operation and
thus the availability factor (feff) should be trea⁃
ted as 1.00.

Category (C⁃2): Technologies which can
be used at their full output only under limited
condition. The setting of availability factor (feff)
should be less than 1.00.

It is recommended that the above categori⁃
zations and treatment for Vref should be ade⁃
quate for all the energy saving methods. This is
considered an important future effort.

５　 ＵＳＥ ＯＦ ＷＩＮＤ ＥＮＥＲＧＹ

５．１　 Ｗｉｎｄ Ａｓｓｉｓｔｅｄ Ｔｅｃｈｎｏｌｏｇｉｅｓ

Wing sails.　 Lee et al. [2013] investigat⁃
edd the performance of multiple wing sails to

enhance ship thrust. They solve the flow a⁃
round the wings using CFD to evaluate the
generated thrust. Ouchi et al. [2013] introduced
a new concept of wind sail ship "Wind chal⁃
lenger", in which the motor⁃assisted auxiliary
system is applied. They carried out a voyage
simulation and evaluate the energy saving rate
of “ Wind Challenger ” . Maria Viola et al.
[2015] developed a velocity prediction program
for ships with propulsion assisted by wing
sails. The ratio between the propeller thrust of a
ship with and without wings is used as a meas⁃
ure of the energy efficiency and showed the
possibility to reduce the propeller thrust of a
VLCC2 by up to 10% in cross winds. They
concluded that the efficiency of the wing sails
is crucial to achieving minimum savings with
high aspect ratio wings performing best.

Figure 20 　 Image of “ Wind Challenger”
proposed in Ouchi et al. 「2013]
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Towing kites. Naaijen and Koster [2007]
performed a theoretical analysis of potential fu⁃
el savings for a kite propulsion system. This in⁃
cluded the effect of the propeller running in an
off⁃design condition and concluded that the ad⁃
ditional resistance due to leeway angle is small.
Dadd et al. [2011] assessed different kite trajec⁃
tories producing performance polar diagrams
for a 300 m2 kite. Different operation parame⁃
ters are assessed such as aspect ratio and flight
angle. Fagiano et al. [2012] investigated a high
altitude kite system (200－600m) which is de⁃
signed to generate electricity as the line is
pulled as well as produce thrust. The Kite can
then be winched in during a depowered condi⁃
tion producing a net energy production.

Flettner rotors. Pearson [2014] developed
a model for assessing the performance gains
from Flettner rotors and performed an initial
assessment of the viability of retrofitting them
to a specific ship. Craft et al. [2014] assessed
Flettner⁃Thom rotors using RANS and LES
with comparison to experimental data. They
concluded that the Thoms multiple drums af⁃
fected the boundary layer at low Reynolds
numbers to improve the lift coefficients a⁃
chieved.

５．２　 Ｉｎ⁃Ｓｅｒｖｉｃｅ Ｇａｉｎｓ

Howett et al. [2015] developed perform⁃
ance prediction software that allows different
wind assistance devices to be assessed. Modern
square rigged sails (DynaRig), rotors and kites
are assessed on one coastal and one ocean
route. They concluded that sails and kites de⁃
livered between 9% －10% fuel savings where⁃
as Flettner rotors provided 23% . Little differ⁃
ence was observed between the two routes
however both had similar mean true wind
speeds.

Traut et al. [2014] used numerical models
of a Flettner rotor and a towing kite to assess
their performance over five different trade
routes concluding that different technologies

performed better on different routes. Bentin et
al. [2016] assessed the optimal routing of a
conventional multipurpose cargo ship with
Flettner rotors operating in the north Atlantic
and predicted energy saving between 20% ⁃
50% depending on ship speed and wind condi⁃
tions.

Lloyds Register [2015] provides a review
of wind assisted shipping, summarising quoted
energy saving potential of different technolo⁃
gies and a cost analysis of payback periods for
different fuel prices, fuels savings and capital
investment required. They concluded that wind
assistance is one of the few technologies that
has the potential to provide double digit fuel
savings. SOCP [2016] also provided a summa⁃
ry of wind assisted technologies concluded that
a mean energy saving potential of 20% might
be achievable.

６　 ＣＦＤ， ＥＦＤ ＡＮＤ ＳＣＡＬＩＮＧ ＭＥＴＨＯＤＳ

６．１　 ＣＦＤ Ｍｅｔｈｏｄｓ ｆｏｒ ＥＳＤ

Compared with traditional model tests and
theoretical research on ESD, the CFD method
can decrease the design time and reduce costs
significantly. Moreover, computer simulation
will not affect the flow which may make the
phenomenon of the flow become subtle.

Since 2010, most CFD research on ESD
has been conducted to make the energy⁃saving
mechanism clear and thereby pursue better
structural designs. These included flow optimi⁃
zation devices, energy recovery devices, vortex
reduction devices, new propellers and so on.

Many commercial software packages (e.g.
FLUENT) and open software applications (e.g.
OpenFOAM) are can be applied to ESD. In ad⁃
dition, many universities and institutions have
developed their own codes to investigate ESD.
For example, CMHL (Computational Marine
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Hydrodynamics Lab ) team led by Professor
Decheng Wan at Shanghai Jiao Tong Universi⁃
ty has developed a CFD solver naoe⁃FOAM⁃
SJTU based on OpenFOAM (Shen and Wan,
2014). As this solver implemented overset grid
techniques, it can deal well with complex flow
problems of ship⁃propeller⁃rudder multilevel
and multi degree of freedom systems (Shen and
Wan, 2014). Also, the resistance performance
and manoeuver performance of ships can be
solved with this package ( Wang and Wan,
2016). Now, the naoe⁃FOAM⁃SJTU solver has
been used in the study of the influence of ESDs
on the propulsion performance of propellers.

Although great progress has been made in
computer technology, attention is still required
to mesh sensitivity and time step sensitivity in
order to obtain a satisfactory result with rapid
turnaround and low cost.

Model ship calculations with ESDs often
require a refined mesh in the region where the
ESD is mounted. Especially for a partially sub⁃
merged propeller, the ventilation of blades
needs to be captured accurately; hence there the
mesh should be very fine. In order to guarantee
computing efficiency and prediction accuracy, a
mesh sensitivity test must be conducted with
coarse, medium and finer grids. A 　 2 is recom⁃
mended as the ratio of law changing point
number in three directions.

When it comes to time step sensitivity,
two factors should be considered. On one hand,
to retain convergence, the Courant number
needs to be restricted to less than one, especial⁃
ly in multiphase flow. On the other hand, to re⁃
tain accuracy in the simulation of the propeller,
for normal ESD, the time step is usually deter⁃
mined by a propeller rotation of about two de⁃
grees. Additionally, it is strongly recommended
that for a partially submerged propeller, the
time step be equivalent to a propeller rotation
of about 0.25 degrees.

To clarify the mechanism and the effec⁃

tiveness of the ESD, it is essential to investi⁃
gate the propeller⁃rudder⁃ESD system. Methods
based on potential flow theory and methods
based on viscous fluid mechanics theory are
both used in the numerical simulation of ESDs.

The potential flow theory including lift⁃
ing⁃surface methods and panel methods is very
mature and is applied widely in practical engi⁃
neering. Keqiang Chen (2013) has done the de⁃
sign on the strut of a twin⁃screw ship based on
the potential flow theory and the energy⁃saving
effect of that was calculated. Cheng Ma (2014)
investigated the integral optimization design of
PBCF and the propeller. However, this method
neglects the influence of the fluid viscosity and
may result in numerical error which renders the
calculation results valueless.

In recent years, the CFD method based on
viscous fluid mechanics has developed rapidly
along with great improvements in computer
technology. This method includes viscosity and
can better reflect the wake field of ESDs.
Based on the theory, body force methods, slid⁃
ing mesh methods, multi⁃reference frame meth⁃
ods and overset grid method have been devel⁃
oped and are widely used.

The body force method has a simple re⁃
quirement of the ESD model and has high cal⁃
culation efficiency. The source term of the
body force can be obtained from the calculation
of the propeller model based on the potential
flow theory. Shaohua Wu (2013) investigated
the working mechanism of Propeller Boss Cap
Fins (PBCF) and found that PBCF could re⁃
strain the vortex.

A sliding mesh is usually used in the un⁃
steady calculation and has a large computation⁃
al load. While the sliding mesh is used, the
computation domain is divided into two parts.
One of them surrounds and rotates with the
propeller, while the residual domain remains
static. Grid numbers on both surfaces are not
strictly required to be consistent, but the flux
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must be equal, or the numerical computing
process will become divergent. For example,
He and Wan (2016) used the open software
OpenFOAM to do the numerical simulation on
the open water performance of the Contra⁃rota⁃
ting propeller ( CRPs ) based on the sliding
mesh. Yu Chang used the mixed surface com⁃
parison method and sliding grid to do the CFD
numerical simulation on the CRPs. Wu and
Wan (2016 ) compared the capability of the
sliding mesh method and the dynamic overset
grid by simulating a propeller with four blades.

Multi⁃reference frame method (MRF) is a
kind of steady method. It has the advantage of
a fast convergence speed, but has less accuracy
than a sliding mesh. Andrea Califano and
Sverre Steen (2009) used the MRF method to
simulate the rotation of conventional propellers.
Huibo Qi ( 2016 ) studied the energy⁃saving
mechanism of the PBCF using MRF. Hailong
Shen (2010) used the MRF method to study the
scale effects of the rudder bulb and the rudder
thrust fin. Haizhou Hu (2016) investigated the
energy⁃saving effect of the thrust fin on a bulk
carrier. Zhiqiang Rao (2012) used the sliding
mesh technology to study the working mecha⁃
nism of the pump jet propulsor.

The dynamic overset grid technology, in⁃
cluding a hierarchy of objects that enable com⁃
putation of control surfaces (rudders, stabiliz⁃
ers, ESD), opens the possibility of computation
of complex motions (Shen and Wan, 2015).
Yin, Wan, et al. (2015) conducted a numerical
simulation on the JBC with the WED using the
naoe⁃FOAM⁃SJTU solver which had the mod⁃
ule of the overset grid based on the RANS e⁃
quation. Sing⁃Kwan Lee (2012 ) studied the
performance of a container ship with a thrust
fin while its bow or stern was crashed with o⁃
verset grid. Wenquan Wang et al. (2016), Sun,
Wan, et al. (2016) also have applied the overset
mesh to an ESD.

As the flow field of the ESD is usually
complex, appropriate turbulence numerical sim⁃

ulation methods are needed. Generally speak⁃
ing, Direct Numerical Simulation (DNS), Reyn⁃
olds Average Navier⁃Stokes (RANS) and Large
Eddy Simulation (LES) are the possible numer⁃
ical techniques. DNS is seldom used for ESD
simulation due to its required large computing
power. RANS is the method used most often
for the ESD calculations. For example, Fahri
Celik (2007 ) used the commercial software,
FLUENT to do the numerical simulation of the
duct on a carrier. Based on RANS, the detailed
wake field was computed. The paper focused
on the analysis of the wake and the propulsion
performance of the propeller while the carrier
was at the speed of 10－16 knots. The results of
the calculation showed that the WED could ef⁃
fectively improve the propulsion and reduce the
viscous resistance if a ship had a large block
coefficient. Also, it indicated that the installa⁃
tion of the WED had a great influence on ener⁃
gy⁃savings. Abdel⁃Maksoud (2003 ), Yin and
Wan (2015), Shaofeng Huang (2012), Sun and
Wan (2016), Hailong Shen (2016), Sunho Park
(2014) and others also used RANS to conducts
CFD simulation of ESDs.

LES uses a sub⁃grid model to simulate the
effects of small⁃scale turbulence on large scale
turbulence. Here the N⁃S (Navier⁃Stokes) equa⁃
tion is averaged or filtered to remove the small
scale vortices from the flow field and the equa⁃
tion that satisfies large eddy is derived. Rickard
E Bensow (2015) investigated the hull⁃propel⁃
ler interaction of a single⁃screw transport ship
at model scale using LES in both a baseline
configuration and one with a pre⁃swirl stator
installation. The analysis is focused on the un⁃
steady effective wake, its impact on the propel⁃
ler, and how this is affected by the installation
of the stator blades upstream the propeller.

Comparing RANS and LES demonstrates
that RANS is weak at simulating unsteady tur⁃
bulence correctly and LES needs a large num⁃
ber of grids. To deal with the two drawbacks,
DES (Detached Eddy Simulation) was put for⁃
ward by Spalart and then developed to the so⁃
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called DDES (Delayed Detached Eddy Simula⁃
tion) model, which blends the standard Spalart⁃
Allmaras RANS model and an LES model. In
2006, IDDES (Improved Delayed Detached Ed⁃
dy Simulation ) was put forward by Travin
(2006) and Shur (2008) developed it into a
mixed model of DDES and WMLES ( Wall
Modeled LES). Yin and Wan (2016) predicted
resistance of full scale VLCC based on a S⁃A
IDDES model.

Once the turbulence simulation method is
decided, the specific turbulence model must be
applied. Normally, realizable k⁃ε models are
used in the simulation of ESD. The standard k⁃
ε model is the simplest turbulence model for
two equations. Xujian Lyu (2014) presented a
mixture⁃model simulation of the two⁃phase mi⁃
crobubble flow over the hull of a SUBOFF
model. The k⁃ε model has relatively better per⁃
formance on the simulation of rotational flow.
Hailong Shen (2016) studied the scale effect for
a rudder bulb and a rudder thrust fin as regards
propulsive efficiency.

The RNG k⁃ε model has better accuracy
than the standard k⁃ε model and it can be used
over an extensive range. Zhiqiang Rao et al.
(2013) investigated the effect of the geometrical
parameters on the pre⁃swirl stator using an
RNG k⁃ε model. Tao Zhang (2011) investiga⁃
ted the unsteady performance of the contra⁃ro⁃
tating propeller (CRP) based on an RNG k⁃ε
turbulence model.

The so⁃called standard k⁃ω model is a
modification of the standard k⁃ε for the region
of low turbulence strength. Skudarnov et al.
(2006) tried to assess the role of mixture densi⁃
ty variation in microbubble drag reduction
based on a RNG k⁃ε turbulence model.

The SST k⁃ω model is the most popular
turbulence model, which can effectively blend
the robust and accurate formulation of the
standard k⁃ω model in the near⁃wall region with
the free⁃stream independence of the standard

k⁃ε model in the far field (Menter, 1994). Nai⁃
jun Lin (2014) analysed the influence of the
designed circulation of the pre⁃swirl stator on
the energy⁃savings. Takeo Nojiri et al. (2011)
focused on the mechanism of Propeller Boss
Cap Fins (PBCF) using a CFD method based
on SST k⁃ω turbulence model. Tao Sun, Dech⁃
eng Wan (2016) evaluated the energy saving
effect of a wake equalizing duct (WED) based
on numerical results and experiment data,
which were in good agreement using the SST
k⁃ω model. Yan Ma (2011), Yu Sun (2016), Lin
Lu (2016) also applied the SST k⁃ω model to
investigate ESDs.

Besides the aforementioned issues, the
scale effect is another point that should be in⁃
vestigated further. Until now, no recognized
procedure for the investigation of the scale
effect of ESD has been attacked. Some re⁃
searchers attempted to study this issue. Hailong
Shen (2016) focused on the scale effect of the
rudder bulb and rudder thrust fin. Zhanzhi
Wang (2016) tried to advance a new procedure
on how to evaluate the scale effect of hybrid
CRP pod propulsion system.

There are also some energy⁃saving meth⁃
ods that are different from the ESD mentioned
above. Supercavity drag reduction, microbubble
drag reduction, for example, are two kinds. Su⁃
percavity drag reduction tries to produce a gas
cavity between the hull surface and the water
which can reduce drag and improve naviga⁃
tional speed. Normally, the supercavity can be
produced in three ways: increasing the speed of
the ship; reducing the pressure of the flow
field; ventilating the supercavity. Tianhong
Xiong investigated the characteristics of the su⁃
percavitation drag reduction of a high⁃speed
projectile with fins. S. Brizzolara et al. (2015)
used CFD to study the performance of a new
family of supercavitation hydrofoils. Mohsen Y.
Mansour et al. did a comparative study of su⁃
percavitation phenomena on different projec⁃
tiles shapes in transient flow. Yunfei Wu
(2014), Xue Pao (2015), Daqiao Jin (2015),
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Shiming Sun (2014), Yutian Li also have done
some research on supercavity drag reduction.

Microbubble drag reduction works mainly
through reducing the friction between the ship
hull and the water. Qiongxia Xu (2013) investi⁃
gated the drag reduction efficiency under dif⁃
ferent types of air nozzles, different speeds, dif⁃
ferent depths of draft and different nozzle
forms. Lin Fang (2014), Yan Wei (2013), Huip⁃
ing Fu (2016), Rui Li (2014), focused on mi⁃
crobubble drag reduction as well.

Based on the current status of research,
future research on ESDs may focus more on
the following aspects: (1) using CFD to opti⁃
mize the ship profile and hydrodynamic ESDs
at the same time; (2) using CFD to research the
combination ESDs to obtain better design
schemes; (3) conducting scale⁃effect research
on ESDs; (4) research on bionic propulsion.

Suggestion: Along with the advancement
of basic theories and computer technology, it is
expected that CFD exhibit rapid development
in the future. As there are all kinds of methods
available for ESD, it needs a guideline which
can better direct the research. A regulation is
recommended to be established to play a help⁃
ing role in the application of CFD on ESDs.

６．２　 Ｅｘｐｅｒｉｍｅｎｔａｌ Ｍｅｔｈｏｄｓ ｆｏｒ Ｅｎｅｒｇｙ Ｓａｖ⁃
ｉｎｇ

Every testing facility for ESD performance
assessment has its own test procedures and a⁃
nalysis method based on the ITTC 1978 per⁃
formance prediction method. Since EEDI came
into effect in Jan. 2013, experimental methods
have remained the most reliable for the accu⁃
rate estimation of ESD performance. However,
the model tests are restricted to comparative
study with/without ESD due to the lack of full⁃
scale data and the absence of standard proce⁃
dures. For instance, when testing facilities are
required to conduct a test for a pre⁃swirl stator
with duct (e.g. Becker Mewis Duct®), the dum⁃

my stern body and the ducted body are in⁃
stalled separately. Then the conventional resist⁃
ance and propulsion tests are carried out with
and without the ESD respectively. The analysis
is made through the method described in the
ITTC 22nd Unconventional Propulsors Commit⁃
tee report.

Well⁃known energy reduction mechanisms
for improving the propulsion performance
change the wake structure and reduce the loss
of rotational energy by absorbing the propeller
hub vortex. Hence the ship designers have tried
to optimize ESD systems through the typical
self⁃propulsion test. The pairs of fins attached
to the hull, the duct with the fin, the pre⁃swirl
stator and the rudder with bulb have been prov⁃
en to be useful ESD systems when assessed
through experiment. Lee et al. [2015] showed
that the power savings by the reduction of hull
resistance was correct with conventional model
tests at design and ballast drafts in the SSMB
(Samsung Ship Model Basin ). To verify the
performance of the SAVER Fin at full scale,
sea trial tests were performed for a series of
35K bulk carriers.

Figure 21 　 A model ship equipped with
SAVER Fin and SARB

Kim et al. [2016] studied the performance
of the cap fin through CFD, model testing, sea
trials and operational data analysis. However it
is difficult to achieve accurate assessment of
the actual power savings due to scale effects.
As generally reported, the cap fin showed bet⁃
ter power savings effect at full scale than mod⁃
el scale. Even though the operational data are
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insufficient for reliable analysis, the cap fin
effect in power savings might be roughly 2%
at full scale as realized in a sea trial.

Figure 22 　 Absorption of hub vortex with
DSME cap fin

As the ESD after the propeller, there are
rudder systems. Sasaki et al. [2016] developed
In addition to the propeller, there are rudder
systems for ESD. Sasaki et al. [2016] devel⁃
oped a new twin rudder system ‘gate rudder’
with asymmetric wing section, aside a propel⁃
ler. The gate rudder system shown in Figure 23
is expected to provide the duct effect, so that
energy savings of 7% －8% was anticipated po⁃
tentially.

Figure 23　 Aft view of a ‘gate rudder’

To reduce the added resistance in waves,
many attempts for new conceptual bow shapes
have been made. Sakurada et al. [2016] has de⁃
veloped a new ship bow shape named COVE
(see Figure 24). In tank tests, the performance
of the COVE bow has been confirmed by the
frequency response of added resistance and

Figure 24 　 The relationship of the ship
speed and the brake power in BF6 of head
wind and waves

ship motion in head and beam waves. As a re⁃
sult, it is clarified that the COVE bow reduces
the added resistance in waves about 40 % in
head waves compared with the original bow.
From figure 24, it is found that COVE can re⁃
duce BHP about 10% at BF6 of head wind and
waves at 15 knots.

Lee et al. [2016], evaluated the added re⁃
sistance of a new Hi⁃Bow applied to the VL⁃
CC, through a series of model tests in the deep
water towing tank of HMRI (Hyundai Maritime
Research Institute). The model ship was free to
surge, heave, roll and pitch. The lay⁃out of the
model set⁃up is shown in the figure 25. In the
full load condition, the added resistance was re⁃
duced by about 40% for the Hi⁃Bow.

Oh et al. [2017] have studied the experi⁃
mental techniques for added resistance in
waves, which were free running, soft mooring
and the conventional captive test. An LNG
Carrier was chosen and tested with those three
tests at the SSMB. The test condition was at
the design draft, and head seas with regular
waves, λ/L: 0.3－2.0 at 13.0, 19.5 knots.

Recently one of the most frequent tank
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Figure 25 　 Model set⁃up for measurement
of Hi⁃Bow

Figure 26 　 Free running, Soft⁃mooring,
Captive set⁃up for the measurement of the
added resistance in waves

tests for energy savings is to seek the optimum
initial trim. Most ship owners require their
ships to be operated under the optimum
trimmed attitude. However they prefer digital
simulation to the model test because those se⁃
ries of test are not cost and time effective. Mo⁃
reover, when the ship has ESDs such as ducts
or fin, each testing facility has their own test
procedure and analysis methods. These need to
be identified and hence it is necessary to make
a model test procedure for the trim optimiza⁃
tion test with ESDs.

６．３　 Ｓｃａｌｉｎｇ Ｍｅｔｈｏｄｓ ｆｏｒ ＥＳＤ

Many hydrodynamic energy saving de⁃
vices have been designed, optimised and tested
at model scale and yet these questions remain
for ship operators: How do these devices per⁃
form at full scale and are these energy savings
achievable in sea trials and under actual operat⁃
ing conditions?

Although the ITTC Performance Predic⁃
tion Method (7.5⁃02⁃03⁃01.4) recommends the
best practice for considering scale effects it, re⁃
lies on results from Resistance tests and Self⁃
propulsion tests. The Propulsion test procedure
recommends that the duct of a ducted propeller
should be included in the open water test and
also that the resistance generated by appenda⁃
ges must be scaled using three methods. How⁃
ever, there are challenges that make hydrody⁃
namic behaviour of ESDs inherently different
at the two scales.

Firstly, Reynolds numbers are much high⁃
er at full scale and the boundary layers are not
scaled⁃up with the scale factor. An ESD at
model scale may be located inside the bounda⁃
ry layer due to relatively low Reynolds number
whereas at full scale the boundary layer is thin⁃
ner with respect to ship length and the ESD
will be partially located inside boundary layer.
The wake fraction will be smaller and thus the
ESD behaviour will differ.

Secondly, the flow separation at full scale
is delayed and vortices from bilge keels and
appendages are weaker or diminish before the
propeller plane, and therefore the flow pattern
at the propeller plane will differ from that at
model scale.

Moreover, it is not clear what value
should be used for the Skin Friction Correction
Factor for a hull fitted with an ESD; some have
used a constant value in the self⁃propulsion test
for both the bare hull and the appended hull
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with ESD. The other challenge is that Pre⁃swirl
devices such as wake equalising ducts and fins
cannot be easily included in open water tests.
On the other hand, post⁃swirl devices such as
the twisted rudder influence the propeller per⁃
formance and cannot be considered as an ap⁃
pendage only in resistance tests, and yet it is
not clear how they should be considered in the
open water test.

Thus, many studies have tried to evaluate
the scale effect on various ESDs. Hansen et al.
(2011) and Kawamura et al. (2012) believed
ESDs are more effective at full scale compared
to what is observed/measured in a test basin.

As full scale data are either not available
for many designs or are not very accessible,
some researchers have used CFD techniques
for the two scales. Hai⁃Long et al. (2016) eval⁃
uated the impact of a rudder bulb and a rudder
thrust fin on propulsive efficiency in a self⁃pro⁃
pulsion test using the MRF technique for pro⁃
peller modelling. Bhattacharyya et al. (2016)
investigated the scale effect on open water
characteristics of a controllable pitch propeller
working within different duct designs. In con⁃
trast, Zhao et al. (2015) studied effects of a
duct in a self⁃propulsion test at two scales. Park
et al. (2015) assessed a pre⁃swirl stator fin in a
self⁃propulsion test at two scales by using the
sliding mesh technique in the propeller model⁃
ling. Park et al. (2014) carried out a numerical
analysis on turbulent flow around a pre⁃swirl
stator fin at model and ship scale. Similarly, Si
et al. (2014) investigated the scale effect on
hull⁃ducted propeller interaction. There are also
some numerical studies on scale effect on form
factor (e. g. Kouh et al. 2009; Raven et al.
2008 ). Park ( 2015 ) investigated the scale
effects on flat plate friction resistance and pro⁃
posed a new friction line for flat plates. In a
numerical resistance test at two scales, Guo et
al. (2015) attempted to propose a non⁃geomet⁃
rically similar model for predicting the wake
field at ship scale. Lin et al. (2015) carried out
a numerical study on scale effects on thrust de⁃

duction in self⁃propulsion procedure. Choi et
al. (2015) assessed the scale effect on perform⁃
ance of a tractor type podded propeller.

There are also some studies that compared
the tank test results with sea trials and evalua⁃
ted the scale effect. A recent FP7 project GRIP
(Green retrofitting through optimisation of hull⁃
propulsion interaction) investigated a few ES⁃
Ds. Prins et al. (2016) reported that pre⁃swirl
stator fins design was superior and then it was
installed on a vessel. The vessel performance
was measured before and after fins installation.
Zuo et al. (2015) carried out a sea trial valida⁃
tion on energy saving effects of a wake impro⁃
ving duct combined with propeller boss cap
fins. Lee et al. (2015) compared fins effective⁃
ness in the tank test with that of a sea trial.
Kim et al. (2013) optimised a pre⁃swirl stator
design in CFD and then tested it in the tank
and measured their performance at sea. Similar⁃
ly Hooijman et al. (2010) compared the per⁃
formance of pre⁃swirl stator fins in a tank with
that at sea. An early study in 1991 by Okamoto
et al. designed a rudder fin in the tank and ob⁃
served good agreement with the subsequent sea
trial. A recent study by Kumagai et al. (2015)
deployed a theoretical approach to evaluate
performance of a hydrofoil in air bubbles to re⁃
duce ship drag. He then tested it in a self⁃pro⁃
pelled experiment and finally measured its im⁃
pact on ship operation.

７　 ＦＵＬＬ ＳＣＡＬＥ ＤＡＴＡ

７．１　 Ｂａｃｋｇｒｏｕｎｄ

Very little full scale data have been found,
this in light of the fact that full scale measure⁃
ment is not easy. It requires special skill to ob⁃
tain quality measurements. In addition, for mer⁃
chant ships it is difficult to get time to conduct
measurements.

Additionally we have to consider the intel⁃
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lectual property issue. The hull form data and
energy saving devices are also necessary for
CFD studies. However, the data have not been
made available by the owners.

One of the aims of full scale data for ESM
is to compare the ESD/ESM effects in actual
ships to model tests. The mechanism is not al⁃
ways the same between model and full scale.

While CFD researchers are attempting to solve
this, data for validation are scarce.

７．２　 Ｓｕｒｖｅｙ ｏｆ Ｌｉｔｅｒａｔｕｒｅ

Table 3 shows the full scale data found by
a survey of the literature. The number of papers
is very small.

Ｔａｂｌｅ ３　 Ｌｉｓｔ ｏｆ ｆｕｌｌ ｓｃａｌｅ ｄａｔａ

　 　 Hub fin.　 Some papers were found on the
hub fin. This is because the hub fin is one of
the easiest energy saving devices. It can be in⁃
stalled as retrofit. Teekay Corporation installed
a PBCF to an Aframax tanker at the quay over
a three days period, see Figure 27, Hansen et
al. (2011). They confirmed the effects of a PB⁃
CF by a sea trial before and after fitting of the
PBCF. About 4. 0% power savings was con⁃
firmed.

Nakashima Propeller Co., Ltd. verified
their hub fin, ECO⁃Cap by installing to a Car
ferry in service shown in Figure 28, Okazaki et
al., 2015. The FOC was monitored before and
after ECO⁃Cap installation and was confirmed
2.8% decrease in average.

Kim et al. evaluated DSME Cap Fin for
LNGC by sea trial and operation data. The
speed was improved 0.1knot at the sea trial and
much more based on operation data.

Other ESD. Samusung Heavy Industries
developed the SAVER Fin which is a simple
fin⁃shaped appendage attached at the stern
bilge area, Figure 29. To verify the perform⁃
ance of the SAVER Fin at full scale, sea trial
tests were performed for two bulk carriers, with
and without SAVER Fin, Lee et al., 2015. The
result of sea trial showed 7.4% power saving
by the SAVER fin.

HSVA has performed the hydrodynamic
design of a Pre⁃Swirl Stator for a bulk carrier.
Extensive sea trials of this ship without and
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Figure 27　 Fitting the PBCF, Hansen et al.,
2011

Figure 28　 ECO⁃Cap attached actual ship

Figure 29　 SAVER FIN, Lee et al., 2015

with a stator were performed in short sequence.
The trial results saw a reduction of nearly 7%

power at equal speed, Xing⁃Kaeding et al.,
2015.

The Silverstream System which is an air
lubrication technology was installed on a
40,000 DWT product carrier. The net power
saving of the trial was calculated to be 3.8%
on the laden condition. It was 4.3% on the bal⁃
last condition. Silvershmidt et al., RINA ESS
2015.

Detail data in full scale.　 In the papers a⁃
bove only power savings have been discussed.
More detailed data, such as velocity or pressure
distribution, are required to investigate the me⁃
chanics, scale effect and to verify CFD results.

Univ. of Rostok, Kleinwächter et al.
(2015) carried out PIV measurements for cavi⁃
tation research at Con⁃ro ship by major conver⁃
sion to measure, see Figures 30 and Figure 31.
It is requested that similar measurements be
made for ESMs.

Figure 30 　 Measurement principal,
Kleinwächter et al., 2015

Hull and ESD data.　 For the validation of
CFD, not only the detailed hydrodynamic data
is required at full scale but also the hull and
ESD data are required.

Lloyds Register held a 2016 Workshop on
Ship Scale Hydrodynamic Computer Simula⁃
tion. The target ship was the General Cargo
built in 1994. The hull data was measured by
3D scan and distributed to participants, Figure
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Figure 31 　 PIV Measurement setup in the
steering gear compartment, Kleinwächter et
al., 2015

32. Through comparisons of blind simulation
results submitted by participants, and the com⁃
prehensive ship trials carried out by LR, the
workshop demonstrated that ship speed could
be predicted within approximately 4% of actu⁃
al trial speeds.

Figure 32　 3D laser scanning in a dry⁃dock,
Lloyds Register, 2016

Conclusion. We need more full scale data,
not only power saving data, but also detailed
data such as velocity and/or pressure distribu⁃
tions as changed by ESMs. In order to obtain
detailed data, a comprehensive research project
might be effective. The intellectual property is⁃
sue also needs to be solved.

８　 ＮＥＥＤ ＦＯＲ ＮＥＷ ＰＲＯＣＥＤＵＲＥＳ

There is a real lack of procedures and
guidelines for ESD. This is a challenge going
forward given the different nature of potential
methods and devices. Furthermore full scale
validation data are required to verify such
guidelines, which currently do not exist. Addi⁃
tional collaboration with the PC will be re⁃
quired to make progress in this area in the fu⁃
ture.

Referring to the table of methods, it is
suggested that guidelines or procedures are re⁃
quired for all of these to standardise assess⁃
ments in the future. Some examples of how this
could be done are provided below.

８．１　 Ｇｕｉｄｅｌｉｎｅ ｏｎ Ｓｋｉｎ Ｆｒｉｃｔｉｏｎ Ｓｃａｌｉｎｇ

The 28th ITTC has decided to publish a
new guideline titled “Resistance Test and Per⁃
formance Prediction Method with Skin Fric⁃
tional Drag Reduction Techniques” . The pur⁃
pose of the procedure is to complement the ex⁃
isting procedures for the resistance and propul⁃
sion model tests when skin frictional drag re⁃
duction techniques are employed in the model
test to predict the full scale performance. Such
techniques include air lubrication, low frictional
coating and hull appendages. The existing re⁃
sistance and propulsion performance prediction
method are not applicable in such cases, be⁃
cause the model⁃ship extrapolation is based on
the skin frictional drag coefficient for the
“baseline” surface without skin frictional drag
reduction.

Skin frictional drag reduction has been
noted as an effective way to improve the fuel
efficiency of ships. This is because the skin
frictional drag is the major resistance compo⁃
nent, occupying more than 60% of total resist⁃
ance for Froude numbers below 0.15. The most
noticeable technique is air lubrication, where
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air is injected onto the hull surface to form a
bubbly flow or air layer (Jang et al. 2014). Ap⁃
plication of low frictional anti⁃fouling coating
(Yang et al. 2014) could be an alternative way
to achieve skin frictional drag reduction. Yet
another possibility is the surface mounted hull
appendage like outer⁃layer vertical blades array
(An et al., 2014). Although these techniques
vary in the underlying physical mechanism
leading to skin friction reduction and the quan⁃
titative drag reduction efficiency, they pose a
significant common issue performance predic⁃
tion based on the scaled model test. The extrap⁃
olation method in the existing performance pre⁃
diction procedure is based on the ITTC 57
Model⁃Ship Correlation Line originated from
the ATTC line

0.242/ 　 CF = log10 Re·CF( ) ,

which is an empirical skin friction correlation
for a smooth surface. Therefore, if a certain
skin frictional drag reduction technique is em⁃
ployed in a model test, then the skin frictional
characteristics of the model will no longer fol⁃
low the existing Model⁃Ship Correlation Line,
leading to an incorrect performance prediction
of the full⁃scale ship. This draft guideline pro⁃
poses a new scaling method which can be em⁃
ployed when a skin frictional drag reduction
technique is employed in a model test.

Depending on the nature of the skin fric⁃
tion techniques, different extrapolation methods
need to be employed. In the present guideline,
the skin friction techniques are to be divided
into two categories: homogeneous and inhomo⁃
geneous.

In the homogeneous category, the entire
surface characteristics are modified so that the
skin frictional drag reduction occurs every⁃
where. Low frictional coating falls in this cate⁃
gory. In this category, the presence of a drag
reduction mechanism at a particular location is
scarcely affected by the local conditions such
as pressure gradient, surface curvature, etc. In

addition, the skin friction reduction effect can
hardly be switchable, so the comparison be⁃
tween model tests with skin friction reduction
(hereinafter called an “SFR” test) and without
skin friction reduction ( hereinafter called a
“BASELINE” test) would require two identi⁃
cal models. This is however, impractical in
most cases, so the comparison between two
states needs to be performed in a canonical
flow around simpler geometry, i.e., a total drag
measurement of a towed flat plate or a floating⁃
element skin friction measurement in a turbu⁃
lent boundary layer developing in a circulating
water tunnel. The advantage of a canonical test
is that the “BASELINE” test result as well as
the “SFR” test result can be compared with an
empirical correlation such as the ATTC line

0.242/ 　 CF = log10 Re·CF( )

for a smooth surface.

In the inhomogeneous category, the
boundary layer is influenced locally and the
skin friction effect takes place at certain loca⁃
tions. Air lubrication, polymer injection and re⁃
placeable hull appendages belong to this cate⁃
gory. Taking air lubrication for example, the lo⁃
cal skin friction greatly varies whether the in⁃
jected air layer is present or not in the immedi⁃
ate vicinity of the location in question. As the
drag reduction mechanism (presence of injected
air/polymer, interaction between appendage and
boundary layer) is strongly affected by the lo⁃
cal conditions, the drag reduction effect cannot
be quantified in terms of canonical flow meas⁃
urement. Also the skin friction reduction effect
can be turned “ON” and “OFF” in this cate⁃
gory. Therefore, a single model would suffice
for both the SFR test and the BASELINE test.
In this draft guideline, attention is paid to set
up a procedure to carry out model test and then
to extrapolate to full scale for the inhomoge⁃
neous techniques.
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８．２ 　 Ｐｒｏｐｏｓｉｎｇ ａ Ｆｕｔｕｒｅ Ｇｕｉｄｅｌｉｎｅ ｏｎ ｔｈｅ
Ｓｃａｌｉｎｇ Ｍｅｔｈｏｄ ｆｏｒ Ｐｒｅ⁃Ｄｗｉｒｌ Ｄｅｖｉｃｅｓ

The powering performance prediction
method for the model test of a conventional
ship has been established by ITTC in 1978.
The ITTC 1978 method has been successfully
applied to single screw conventional ships.
With a view to reducing EEDI of marine ves⁃
sels, various kinds of ESD (Energy Saving De⁃
vice) have been devised to improve hull form
and propulsion system. Typical ESDs are PSS
(Pre⁃Swirl Stator), PSD (Pre⁃Swirl Duct), CRP
(Contra Rotating Propeller), PBCF (Propeller
Boss Cap Fin), etc.

PSS, which is located in front of the pro⁃
peller, improves the propulsion efficiency
through the recovery of rotational energy gen⁃
erated during propeller rotation, making a
counter⁃swirl flow against the tangential veloci⁃
ty caused by the propeller. The device achieves
about 5% reduction in energy consumption
(Lee et al., 1994; Kim et al., 2004). PSD, which
also is located in front of the propeller, consists
of two ESD: PSS and duct. The device makes
the oncoming flow more uniform to the propel⁃
ler. Although the performance varies according
to ship type and operating condition, its energy
reduction effect is about 3% to 6% (Mewis
and Guiard, 2011; Dang, 2012; Shin et al.,
2013; Song et al., 2015).

Recently, Lee (2015) carried out a com⁃
parative full⁃scale performance prediction for
the pre⁃swirl devices based on the ITTC1978
method and the ITTC1999 method. It was stat⁃
ed that the ITTC 1978 method has a limitation
for extrapolating for such a pre⁃swirl device.
The ITTC 1999, a newer procedure which a⁃
dopts different scaling for the axial and tangen⁃
tial component of wake, did not appear to clari⁃
fy the flow mechanism around the propeller
section. It was then proposed a new extrapola⁃
tion method which leads to a more reasonable
estimate for the angle of attack to the propeller.
This approach will be presented by Kim et al.

(2017) at the 5th International Symposium on
Marine Propulsion and the corresponding ex⁃
trapolation formula is given as follows:

wss = tMS + 0.04( ) +(wMS,Axial + tMS - 0.04)
CFS + CA

CFM
+ wMS,Tangential (1)

wMS,Axial = wMO +(wMS⁃ wMO)·FactorAxial(2)
wMS,Tangential =(wMS⁃ wMO)·FactorTangential (3)

where wSS = effective wake with pre⁃swirl de⁃
vice at full scale; wMS = effective wake with
pre⁃swirl device at model scale; wMO = effec⁃
tive wake without pre⁃swirl device at model
scale; and tMS = thrust deduction with pre⁃swirl
device at model scale.

In these formulae, the thrust deduction
factor is changed from that without a pre⁃swirl
device in the ITTC 1999 method to that with a
pre⁃swirl device. It was found that the portions
of tangential and axial velocity varies according
to the vessel type as well as the device type. As
shown in Table 4, Kim et al. (2017) proposed
the factors of axial and tangential portion to be
0.3 and 0.7 in PSS case and 0.8 and 0.2 in PSD
case, respectively.

Ｔａｂｌｅ ４　 Ｆａｃｔｏｒｓ ｏｆ ａｘｉａｌ ａｎｄ ｔａｎｇｅｎｔｉａｌ ｐｏｒｔｉｏｎ

ESD Type FactorAxial FactorTangential

PSS 0.3 0.7

PSD 0.8 0.2

The newly proposed method is then ap⁃
plied to extrapolate model test results for KCS
and KVLCC in comparison with ITTC 1978
and ITTC 1999 methods. Whilst the three
methods give almost the same values for the
thrust deduction factor, the new method (Kim
et al. 2017) gives the values of the full scale
wake, delivered power and speed of revolution
to lie between the values given by the ITTC
1978 and ITTC 1999 methods. In case of PSS,
the new method gives estimates closer to those
by ITTC 1999. On the other hand, the esti⁃
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mated values by the new method for PSD are
closer to those by ITTC 1978. As the newly
proposed method is based on CFD simulation
results, it needs to be verified by results ob⁃
tained using such detailed flow measurement
techniques as LDV and PIV. Furthermore, feed⁃
back from more comprehensive full⁃scale data
will be required to establish and refine the ex⁃
trapolation strategies proposed.

９　 ＣＯＮＣＬＵＳＩＯＮＳ

A brief summary of each of the substan⁃
tive sections of this report is presented high⁃
lighting them. Additionally potential tasks for
the next committee are provided.

In section 3, a thorough discussion of
techniques to reduce skin⁃friction drag is pres⁃
ented. Conclusions are organized according to
sub⁃section headings. As regards passive meth⁃
ods, it seems that super⁃hydrophobic surfaces
offer the most friction drag reduction, but is⁃
sues such as biofouling are largely unknown/
unresolved for use of these surfaces on ships.
Additionally surface coatings have seen labora⁃
tory success. Active methods abound with pol⁃
ymer injection successful but too expensive
(except perhaps for military use), bubble injec⁃
tion lacks downstream persistence, and partial⁃
cavity drag reduction has associated control is⁃
sues; hence air layer drag reduction remains the
most logical proven method. Other active
methods ( heating/cooling, electromotive, blo⁃
wing and suction, wall motion) have been suc⁃
cessful in the lab, but are largely not cost effec⁃
tive. A discussion of roughness both random
and patterned is given as is a brief discussion
of biofouling and attempts to mitigate it, which
have had limited success.

Section 4 categorises and discusses the
ESMs available at the time of this publication.
Furthermore, it provides references from the re⁃
cent literature of the 22 ESMs and then discus⁃
ses each of them in turn. It provides back⁃

ground for the subsequent sections as well as a
general review of each of the energy saving
methods.

In section 5 the recent literature on wind⁃
assisted propulsion is assessed. This remains
one of the few possibilities for realising double
digit energy savings for commercial ships how⁃
ever issues associated with capital cost, crewing
requirements and unpredictability of weather
conditions remain as challenges to uptake.

Section 6 is an in⁃depth discussion of
computational fluid dynamics, experimental
fluid dynamics, and scaling methods as each
relates to energy saving methods and devices.
In section 6.2, the new or specially proposed
experimental methods or test schemes for ESD
were shown to be largely absent since 2013,
and studies on verifying and validating ESD
performance through model tests have been
shown to be lacking also. Additionally it is
necessary to identify the optimum initial trim
and to make an appropriate test procedure for
ESDs.

Full scale data were to be the subject of
section 7; however these datasets were found to
be severely deficient. It was concluded that we
need more full scale data, not only power sav⁃
ing data, but also detailed data such as velocity
and/or pressure distributions as changed by
ESMs. To obtain detailed data, a comprehen⁃
sive research project might be effective. The in⁃
tellectual property issue also needs to be
solved.

Section 8 presents a new guideline on skin
friction scaling. Furthermore it provides a path
to a future guideline for pre⁃swirl devices.

９．１　 Ｐｏｔｅｎｔｉａｌ Ｔａｓｋｓ ｆｏｒ ｔｈｅ Ｎｅｘｔ Ｃｏｍｍｉｔｔｅｅ

(1) Continue a systematic survey of ener⁃
gy saving methods (excluding machinery), de⁃
vices, applications and possible savings, inclu⁃
ding the influence on the EEDI formula. Identi⁃
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fy the effect of energy saving methods on dif⁃
ferent sea trial and EEDI drafts. Consider a
complementary metric to EEDI to represent
power savings.

(2) Continue identifying and updating the
physical mechanisms for the newly introduced
energy saving methods.

(3) Update a survey on frictional drag re⁃
duction methods, including air lubrication and
surface treatment.

(4 ) Update a survey on energy savings
based on the use of wind energy.

(5) Continue to monitor the CFD methods,
model tests and scaling for energy saving de⁃
vices. Take into account Tokyo 2015 CFD
workshop results investigating the influence of
ESD.

(6) Continue to identify the needs for new
model test procedures (resistance and propul⁃
sion, extrapolation methods) to investigate the
effect of energy saving methods.

(7) Collect full scale data obtained through
relevant benchmark tests on the effect of ener⁃
gy saving methods. Use the full scale data for
validating the effect of ESM. Develop a guide⁃
line to conduct in⁃service performance evalua⁃
tion for ESM.

(8) Identify and recommend the tasks re⁃
lated to energy saving methods and devices that
should be undertaken during the 30th ITTC by
standing committees.

９．２　 Ｒｅｃｏｍｍｅｎｄａｔｉｏｎｓ ｔｏ ｔｈｅ Ｃｏｎｆｅｒｅｎｃｅ

The 28th ITTC Specialist Committee on
Energy Saving Methods recommends adopting
the new guideline on ‘Resistance Test and Per⁃
formance Prediction Method with Skin Fric⁃
tional Drag Reduction Techniques’ .
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