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Reducing drag of a hull of a ship

Field of the invention

This invention generally relates o the generation of bubbles, in particular

ricro~-bubbles, for reducing drag of a hull of & ship.

Background of the invention

it is generally desirable © reduce frictional resistance, also referrad {o as
drag, of the hull of a ship, as this may increase the operating speed of the

ship and/or reduce the fuel consumption.

JP10110875A discloses a system for reducing the frictional resistance a ship
by forming an exhaust nozzie on a chamber installed on a surface of a
spherical bow of a ship body, and by jelling air pressure supplied 1o the
chamber by an air pressure supplying means, from the exhaust nozzle, so
that the bubbles and an air layer are intervenad on a boundary layer kept into
contact with a submerged surface. The exhaust nozzle Is formed by a front
plate of a chamber which front plate has a number of pores. The air pressure
is jetted info the water from the pores so as o generate a number of bubbles
outside of the exhaust nezzle in such manner thal they are spread along the

flow lines and cover the submerged surface, whearaby the friction is redused.

GB2428435A discloses a vessel hull having an alr lubrication apparatus
which comprises an air pump for supplying pressurised air to a pomus
rmembrang attached to the exterior of the hull and keel, or a system of air
ducts attached to the keel and hull of the vessel, or mounted within the hull of

the vessel
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JP10175587A discloses a method wherein small alr hubbles are fed in a
houndary layer so as to reduce the generation of frictional rasistance of a
huidl, The bubbles are blown out of a8 porous plata in which a number of small

ports are formed at given pitches.

CN2652812Y discloses a micro bubble generator used for drag reduction
comprising a cavity, a connection pipeline, a pressure air power machine and

a porous silicon plate

However, even though the above prior art systems disclose the gensration of
bubblas by means of bubble generators which can he fitted to a ship's hull, it
remaing 3 problem to provide a method for generating micro-bubbles for
efficiently reducing the drag or frictional resistance of a ship’s hull during
different operational conditions, e.g. different speeds, watler temperaturs,

draught, and/or the like.

Summary

Disclosed hersin is an apparatus for generating bubbles for reducing drag of
a hull of a ship, whersin the bubble generating device is attachable to an
outer surface of the hull, and wharein the apparatus comprises a micro-fluidic
davice for generating bubbles of a well-defined bubble size of the generated
bubbles. The bubbles are formed in a boundary layer of the water
surrounding the hull, ie. at the interface bebween the hull and the

surrounding water.

The bubble size of the generated bubbles may be controllable by means of a
micro fluidic device, e.g. by controfliing a flow of the bubble-forming fluid,
whereby an efficient control of the bubble size is provided, which in tumn
allows an efficient and controllable drag reduction even at different

operational conditions,
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Generally, microfluidic devices allow pracise control and manipulation of
fluids that are geometrically consirained o a small, typically sub-millimeter,
scale. Generally a microfividic device may comprise a device providing at
east one fluid path having a laleral dimension of less than 3mm, e.g. less
than tmm, e.g. less than 500 micrometers, e.¢. between 100nm and 500
micrometers. The behavior of fluids at the microscale can differ from
‘macrofiuidic® behavior in that faclors such as surface lension, snergy
dissipation, and fluldic resistance dominate the systern. At small scales,
where channel diametlers are around 100 nanometers to several hundred
micrometers, the Reynolds number, which compares the effect of momentum
of a fluid to the effect of viscosity, can bacome very low. This resulls in that
fluids may not mix in the traditional sense; and molecular transport between

the fluids may be through diffusion,

The term micro-fluidic device refers o any suitable micro-fluidic structure for
the manipulation of continuous fluld flow through micro-fabricatad channsls.
Actuation of fluid flow may be implementied either by external pressure
sources, exiemnal mechanical pumps, integrated mechanical micropumps, or

by combinations of capillary forces and electro-kinetic mechanisms.

The generated bubbles may be micro-bubbles, e bubbles having a
diameter of less than tmm, egq. less than 200 pm, e.g. less than 150 um,
g.g. less than 100 gm, such as less than 50 um, thersby providing efficient
drag reduction while maintaining sufficient bunyancy. By adapting the size of
the generated bubbles the drag reduction may be improved and adapted o
different operational conditions. The micro bubbles may be generated by
controlling a flow or feed of a bubble-forming fluid such as alr or another
suitable gas or mixture of gases, or even a liquid. The term bubble-forming
fluid is intended to refer to any suilable fluid, such as a liquid, a gas or

mixture of gases, e.g. air, which forms bubbles when released into the water
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surrounding the hull of the ship. In some embadiments the apparatus
comprises a plurality of sets of micro-fluidic devices, wherein the micro-fluidic
devices of sach set are adapled o generate bubbles at a respective
predetermined frequency, and wherein the apparatus comprises a flow
sefactor for selectively directing a supply flow of the bubble-forming fiuid {o

one or a subset of the sets micro-fluidic devices different from the frequency.

In some embodiments, the micro-fluidic device is adaptad {o generale
bubbles of a controllable bubble size by providing a controllable flow of the
bubble-forming fuid which flow varies over time, &.g. periodically. For
exampls, the micro-fluidic device may be adapted o create a periodically
varying flow. Examples of suitable micre fluidic devices include a micro-fluidic
oscillator, a micro-fluidic oscillator flip-flop, a micro-fluidic amplifier, a micro-
fluidic switch, and/or combinations therecf, For example, the size andfor
frequency of generated bubbles may be controlled by selecting andior
controtling a frequency of the periodically varying flow, e.¢g. a generation
frequency of the generated bubbles. Accordingly, the micro-fluidic device
may comprise a controliable fluidic amplifier and/or a controliable fluidic

oscillator andfor a controliable fluidic switch.

it is a further advantage of providing a controllable frequency of the
generated stream of bubbles, as it aliows selecting and/or controlling the
frequancy of the bubbles so as to control the distance between adjacent
bubbles and thus so reduce or even minimise coalescence of the generated
hubbles.

irt some embodiments, the apparatus is a retro-fittable device that can be
fitted to existing ships. The apparatus may £.g. be fitted to the ship in a dry
doak, s0 as to allow the surfaces to which the apparatus is altached to be

cleanad and preparsd properly. The apparatus may even be fittable under
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adhasives, efo.

Generally, the apparatus may be attached to the outer surface of the hull,
e.¢. 1o the botiom andior a side wall of the ship, by any suitable attachmant
means such as hy welding, adhesive, epoxy resin bonding: two-component
spoxy resin bonding, by means of magnets, such as permanent magnets,

elc. or combinations thereof,

The apparatus may comprise a plurality of exhaust nozzles or other suitable
outlets for the gensrated bubbles, e.g. nozzles from which the bubble-forming
fluid is output in the form of bubbles. Each of the gne or mare micro-fluidio
davices may be in fluid communication with one or more exhaust nozzles.
The nozzies may have a design and a layout specific for the specific hull
and/or the desired bubble size andfor form. The outlets for the generated
bubbles may be coated to facilitale the flow out of the micro fluidic device,

&.4. by a hydrophilic or a hydrophobhic coating. e.g. a Teflon coating.

The apparatus may further comprise one or more supply channel for feeding
the bubble-forming fluid to the micro-fluidic davice. Additionally the apparatus
may comprise one or more control channel for providing a controf flow of &
fluld, e.g. the bubble-forming fluld, o the micro-fluidic device so as o control

an operating paramester of the micro-fluidic device.

In one embodiment the apparatus is formed as one or more strips andfor
sheats and/or plates that is/are attachable o the oulside of the hull of the
ship. The shape of the plate or sirip may he adapted to fit one or more
specific hull shapes and sizes, The apparalus may be made of metal, such
as steel, of polymers, plastics, silicong, PDMS, a composite material, elc.
and/or cambinations thereof, The apparatus may have a thickness {ie. a

dimension orthogonal o the outer surface of the hull of the ship) that is less
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than 20 mm, such as less than 10mm, e.g. less than 7 mm, e.g. less than
Srum, e.g. less than 3 mm, such as less than 2 mm, less than 1 mum, or even
less than aboul 0.5 mm, thereby reducing the additional drag generated by
the apparatus. The ouler surface of the apparatus and/or the inner surfaces
of the nozzies and even the inner swrfaces of the micro-fluidic device andior
channels may be coated by a suitable anti-fouling agent or otherwise

comprise an anti-fouling agent,

The apparatus may be formed as a layered structure, for example having a
base layer, one or more middle fayers, and a cover layer. One or more of the
fayers may comprise micro-structures, &.g. provided in a surface of the layer,
forming 2 micro-fluidic device or devices. Each micro-fluidic device may be
arranged in a single layer or formed by a combination of micro-features of
different layars. The base layer may provide a backing surface attachable {o
the hull and supports the middle layer. The bass layer may 8.g. be made of
metal such as steel that may be bonded to the hull of the ship, e.g. by
welding, by means of a suitable adhesive, magnets, andior the like. The
middie layer andfor the other layers may be made of a suilable material inlo
which micro-fluidic structures may be formed. Examples of suitable materials
include polymers, plastics, silicone, PDMS, a metal such as stainless stesl,
aic, or combinations thereof. The micro-fluldic sfructures may be formead in
ona or more of the layers by any suitabile process for generating micro-fluidic
structures, e.g. by a suitable elching process. One or more of the layers may
further comprise one or more channels andior the like for supplying the
bubible-forming fluid, for feading the bubble-forming fluld fo the exhaust
nozzies, andior the like. The exhaust nozzles may be formad in the cover
layer. Allernatively, the nozzles may be provided in the middle laver, e.g. at

an edge of the middle layer.

The apparatus may be connectable to an air compressar or another fluid

supply apparatus for supplying the bubble-forming fiuid. Similarly, the
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apparaius may be conneciable {0 a control unit for controlling operation of

the apparatus.

Disclosed herein is an apparatus for generating bubbles of a fluid for
reducing drag on a hull of a ship, wherein the bubble generaling device is
attachable to an outer swface of the hull, and wherein the apparatus
cornprises one or more micro-fluidic device for controliing a bubbls size of the

generated bubbles and wherein at least one micro-fiuidic device comprises:

- an inlet port for supplying a flow of the fluid;

-a first chamnnel comprising a first nozzle for generating bubbles of the fluid for
reducing drag on a hull of g ship, said first channel being in fluidic
communication with said inlet port through a central chamber [ and

~-a first control channel comprising a first control inlet configured to control the
flow through said first nozzle, said first conitrol inlet being in fluidic
communication with said inlet port and said first channel through said central

chambey,

Consequently, a flexible and simple sysiem is provided capable of producing
micro-bubbles of a varying size. By using control channels for controlling the
bubble size, a simple central Auld source .9, a simple compressaor, may be

used having no direct complex flow cantrol functionalities.

The cross-section of the inlet port, the first nozzle andior the first control inlet
may have a widest width of less than 3mm, e.g. less than Tmm, e.g. less
than 500 micrometers, e.g. batween 100nm and 300 micrometers.

I some embaodiments, the atl least one micro-fluidic device further comprises

- a second channel comprising a second nozzie for generating bubbiss of the

Huid for reducing drag on a hull of a ship, said second channel being in fluidic
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communication with sald inlet port and sald first controd inlet through sald
central chamber, and wharein said first controf indet is further configured to

control the flow through said second nozzls.

Consequently, a flow may be perindically shifted between the first nozzle and
the second nozzle. This may be used to conirol the size of the generated
micro-bubbles by varying the frequency with which the flow shifts between
the first nozzle and the second nozzle s.g. under some circumstances by
increasing the frequency smaller micro-bubbles are created and by

decreasing the frequency larger micro-bubbles are created.

The cross-section of the second nozzle may have a widest width of less than
3mm, e.g. less than Tmm, a.g. less than 500 micrometers, e.g. belween

100rm and 500 micromsters.

In some embodiments, at least one micro-fluidic device is configured to
increase the tolal flow resistance from said inlet port to said first nozzle by
providing a first control flow through said first control inlel into said central

chamber.

Conssquently, the flow through the first channst may be temporarily lowered.

This may be used to control the size of the generated micro-bubbles.

The first control flow may be fransient e.g. the first conirol flow may have
teampaoral length of no more than 10 seconds, 5 seconds, 2 seconds,
second, 200 millisecond, 100 millisecond, 50 millisecond, 25 millisecond, or
10 millisecond. The first control flow may have a average flow-rate
substantially lower than the average flow rate through the inlst port, The first
contral flow may have a average flow-rate correaponding to less than 50%,
25%, 15%

%, or 10% of the average flow rate through the inlet port, The first
conirol flow may increase the tetal flow resistance from said inlet port to said
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first nozzle both when the micro-fluidic device comprises a single channs!
and a plurality of channels. The first contral flow may increase the flow
resistance by creating a vortex in the central chambaer. The flow resistance
may be increase by at least 50%, 100%. 500% B5000% or infinite. The first
control flow may be repeated pericdically with a frequency, thus the flow
through the first nozzle may be periodically lowered significantly e.g.
periodically stopped. The frequency with which the first control flow is
repeated with may determing the size of the generated micro-hubbles e.g.
under some cdrcuwmstances by increasing the frequency smaller micro-
bubbles are created and by decreasing the frequency larger micro-bubbles

are created,

in some embodiments, the at least one micro-fluidic device is configured o
shift a tlow running through sald first channel 10 said second channel by
providing a first controt flow running through said first control inlet inte said
centrat chamber, whereby at least 50%, 60%, 80%., 95%, 08% or 100% of
the flow that would have ran through said first channel is redirected to run

through said second channel.

The first control flow may be transient a.g. the first control flow may have
temporal length of no more than 10 seconds, § ssconds, 2 seconds, 1
sacond, 200 millisecond, 100 millisecond, 50 millisecond, 25 millisecond, or
10 millisecond. The first control flow may have a average flow-rate
substantially lower than the average flow rate through the inlet port. The first
contral flow may have an average flow-rale corresponding o less than 50%,
25%, 15%, or 10% of the average flow rate through the inlet port. The first
control flow may be repeated perindically with a frequency creating a first

controt flow signal.

in some embodiments, said at least one micro-fluldic device further

COMprises



WO 2011/161187 PCT/EP2011/060497

10

15

20

10

--a second control channel comprising a second control inlet for controlling
the flow through said first nozzle and said second nozzle, said second control
inlet being in fluidic communication with said inlet port, said first channel, said

second channel, and said first control inlet through said central chamber,

The cross-section of the second control inlat may have a widest width of less
than 3mm, &.g. less than 1mm, e.g. less than 500 micrometers, e.q. between

100nm and 500 micrometars.

In some embodiments, the at least one micro-fluidic device is configured to
shift a flow running through said second channel to said first chamnel by
providing 8 ssecond controt flow running through said second control inlet into
said cantral chamber, whereby at least 50%, 60%, 80%, 85%, 99% or 100%
of the flow that would have ran through said second channel is redirected o

run through said first channel.

The second cantrol flow may be transient 8.4, the sscond control flow may
have temporal length of no more than 10 seconds, § seconds, 2 seconds, 1
second, 200 millisecond, 100 millisecond, 50 millisecond, 25 millisecond, or
10 millisecond. The second control flow may have a average flow-rate
substantially lower than the average flow rate through the inlet pord. The first
control flow may have an average flow-rate corresponding to less than 50%,
25%:, 15%., or 10% of the average flow rate through the inlet port. The second
contrat flow may be repeated periodically with a frequency creating a second
control flow signal. The first control flow and the sscond control flow may be
repeated in a synchronized manner. The first control flow signal may have
the same frequency as the seconsd control flow signal. The first control flow
signal may be phase shifted 180 degrees relative to the second control flow
signal. This may be used o control the size of the generated micro-bubbles

by varying the frequency of the first control flow signal and the second control
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flow signal, the flow may shifts faster or slower between the first nozzle and
the second nozzle, thus creating larger or smaller micro-bubbles e.g. under
some circumstances by increasing the frequency smatler micro-bubbles are

craated and by decreasing the frequency larger micro-bubbles are created.

ir1 some embodiment, said at least one micro-fluidic device further comprises
a feed-back channel connecting said first control channegl and said second
control channel, whereby said first control oullet and sald secand control

outlat i in divect fluid communication.

Consequently, control flows may be created without the need of 3 control

flow generating system.

In some embodiments, the first control channel andfor the second control
chanrel is in fluld communication with a control system configured o
generate control flows through the first control channel andfor the second

controf channel,

The control system may be controlled by processing unit capable of
generating sultable control flow signals. The control system may be coupled
in parallel {0 a plurality of micro-fluidic devices. The control system may be
manually controlied or may comgprise algorithms capable of auiomatically
genarating control flow signals suilable for the snvironmental conditions of
the ship e.g. the water flow rate(speed of the ship), walsr temperature, or
other water parameters influancing micro-bubbles effect on reducing drag.

The control system may comprise a fluid generaling device eg

b

compressor, a pump or other suitable device for generating the control flows.

in some embodiments, the device comprises a plurality of micro-tluidic
devices as spacified above, The davics may comprise al least 10, €0, 40, 70,
1040, 200, or 2000 micro-fluidic devices.
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The present invention relates (o different aspects including the device
deascribed above and in the following, and corresponding methods, devices,
usas andfor product means, each vielding one or more of the benefits and
advantages described in connaction with the first mentioned aspact, and
gach having one or more embodiments corresponding to the embodiments
described in connection with the first mentioned aspect and/or disclosed in

the appended claims.

fin particular, disclosed herein is a hull for a ship comprising a bubble-
generating apparatus disclosed herein. Embadiments of the hull may
comprize a device comprising micro fluidic means, where the device has a
plurality of openings connected {o a source of a fluid, eg. gas such as
pressurised air, said plurality of openings being arranged such that the fluid
san be sjected through said openings whereby bubbles are formad in the
boundary fayer of the waler surrounding the surface of the hull, wherein a
fluidic oscillator or a fluidic amplifier is connacted belween said source of fluid
and sach of said plurality of openings, each of said fluidic oscillators or fluidic
amplifiers being controllable such that the bubble size of the bubbles gjacted

from the opening can be varied.
Further disclosed herein is the use of a device comprising micre fluidic
means, adapted o be atlached {0 the exterior of the hull of a ship for

generating rmicro~-bubbles for reducing drag of the hudl,

Brief description of the drawings

The above andior additional objects, features and advaniages of the present
invention, will be further elucidated by the folbowing Blustrative and non-
limiting detalled description of embodiments of the present invention, with

reference {o the appendsd drawings, wherein:
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Fig. 1 schematically shows a ship comprising a bubble generating apparatus.
Fig. 2 schematically shows a bubble-generating apparatus.

Fig. 3 schematically illustrates a micro-fluidic oscillator alternately feeding two
nozzies.

Fig. 4 schematically Hlustrates a micro-fluidic oscillator alternatsly feading two
sats of nozzles.

Fig. 5 schematically ilustrates an embodiment of an apparatus comprising a
plurality of sets of micre-fluidic oscillators.

Fig. 8 schamatically shows another smbodiment of a bubble-generating
apparatus.

Fig. 7 schematically shows cross-sectional views of a bubble-generating
apparatus.

Fig. 8 shows another example of an apparalus including multiple sets of
micro-fluidic devices such as micro-fluidic osciliators.

Fig. 9a shows a micro-fluidic device according to some embodiments of the
present invention.

Fig. 8b shows a micro-fluidic device according to some embodiments of the

prasent inventian.

Detailed description

in the following description, reference is made o the accompanying figures,

which show by way of Hustration how the invention may be practiced.

Fig. 1 schematically shows a ship comprising a bubble generating apparatus.
The ship, generally designated 100, comprises a hull 101 having attached to
it one or more bubble-generating apparatus 102 as dascribed heregin, Each
bubble-generating apparatus 102 is connectad via a supply duct 108 with a
cornprassor 105 for supplying compressed air to the bubble-gensrating

apparatus 102 via supply duct 108, For example, the comprassor may take in
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and compress surrounding air, and omif}naiiy add flow agents in small
amounts. Even though the compressor in fig. 1 is shown positioned at the
rear of the vessel, it will be undersicod that the compressor may be located
at any suifable position on the vessel andior that the alr intake way be
diracted in any suitable direction. The bubble generating apparatus
comprises exhaust nozzles 103 from which the compressed air is released
$0 as to form micro-bubbles 107 in the boundary layer of water surrounding
the hull,

In the example of fig. 1, multiple bubble generaling apparatus 102 are placed
at respeclive locations distribuled along the length of the ship's hull. Each
apparatus extends from a position proximal to the kesl upwards along the
hull, Each apparatus 102 generates a respective stream of micro bubbles
107 which, during movement of the ship through the water, extend from the
gxhaust nozzie 103 rearwards and upwards. It will be appreciated that in
different embodiments, the number and placement of the apparatus may
vary. For example, in some embodiments a single apparatus, e.g. placed at
the front of the ship’s hull may suffice, while in other embaodiments two, three,
or more apparatus may be distributed along the length of the ship's hull. For
each ship, an optimum number and placement of the apparatus may be

determined by models and/or flow simulations and/or by trial and arror.

When blowing small bubbles through an aperture of a nozzle, #f may not be
sufficient o make the aperfure as small as possible in order o generate
micrometer-scale bubbles. The reasons for this includes the presence of a
watling force which attaches the growing bubble to the solid swiface forming
the edge of the aperture. Unless, this ancharing force is disrupted, the bubble
will grow untll the buoyant force of the bubble, which is proportional o its
volume, exceeds the anchoring restraint on the bubble, which is typically
proportional o 13 contact perimeter, and thereforg breaks off. In this low

prassure offset scenario, the foroe balance usually breaks off the bubble at a
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size an order of magnitude larger than the diameter of the aperiure.
Furthermore, the wetling properties of the solid surface are imporiant, if the
bubhle contacts the surface over a larger region than the aperture perimeter,
for example if the solid surface is hydrophobic, then the gas phase of the
growing bubble will form a second anchor force with the solid surface over a
wider area, increasing the buoyant force and thus bubble volume required to

avercome it If the surface is hydrophilic, then this atiractive force is absent,

A second difficulty associated with the generation of bubbles from small
aperfuras is polydispersity of bubble sizes and #rregularity of the spacing
between bubbles leading to quick coalescence of the bubble cloud. Even if

small bubbles are formed, then coalescence can rapidly reduce the benefit.

A third difficulty associated with the generation of bubbles from small
apertures s related to the channelling in a nozzle bank of pores or through a
porous cevamic material. The largest bubble that forms provides the path of
least resistance, preferentially growing against all other bubbles in the

paraliel percolation process in a nozzle bank or porous ceramic material.

in ambodiments of the bubble-generating apparatus 102 disclosed herein,
the bubble size is controlled by a micro-fluidic device which avoids at least

some of the above difficulties.

Fig. 2 schematically shows cross-sactional views of a bubblg-generating
apparatus. Fig. 2a shows a sectional view of the apparatus in a horizontal
plana. The direction of the flow of waler relative {o the ship's hull during

forward movaement of the ship is Hlustrated by arrow 220,

The apparatus 202 is a layered structie having a base laver 213 whose
backing surface is bonded o the outer swiface of the hull 201 of the ship as

flustrated in fig. 2 by bonding layer 218, Fusthermore the layered structure
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202 may comprise twe or more additional layers 211 and 212 sandwiched
together by a suitable bonding fechnique. For example, the layers of the
apparatus may be sitrips or plates/shests made of stainless steel or ong or
more other suitable materials, such as plastics, that can be secwred o the
hult of the ship. The layers 211, 212, 213 may be weldad togsther andior
glued together by a suilabie adhesive material, ©.g. an epoxy-based material,
The base layer may be bonded to the ship’s hull by welding, a suitable
adhesive substance, 2.4, an spoxy based adhesive substance, magnets,
andfor the like. The apparatus 202 comprises a middle layer 212 into which
one of more micro-luidic devicaes 215, 8.4 a micro-fluidic oscillater, are
embeadded, e.g. by a suitable elching process. For exampie, the fluidic
devices 215 may be skin-milled or chemically/electrostatically elchad into a

stainless sleel strip. Fig. 2b shows a sectional view in a vertical plane through
a part of the middle layer 212 showing two micro-fluidic devices arranged in a
row. it will be apprecialed that the middle layer may include more than two
fluldic devices arranged in one or more rows, e.g. several hundreds or even
thousands of such devices arranged in a side-by side configuration to form
one or more rows, Generally, ong or more rows of micro-fluidic devices 215
may be arranged from a position under the waterline downward towards the
keel of the ship. Each micro-fluidic device 215 is connected via a duct 214 to
a supply channel 206 fesding compressed alr info the micro-fluidic device
215, Each microluidic device has two outpuwl ports or ducts 218 and 217
which feed air cutput by the micro-fluidic device 215 to exhaust nozzles 203
and 204, respectively. The middle layar 212 is covered by a cover layer 211,
The cover layer may have a convex cuter surface, and the irailing and
leading edges of the respective layers may be slanied so as {o providing the

apparatus with an overall wing-shaped form.

i the example of fig. 2, the apparatus comprises a single middle layer 312
including a single row of micro-fluidic devices. In alternative embodiments,

the apparalus may comprise a plurality of middie layesrs, .4, all sandwiched
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bebweaen the base layer 213 and the cover layer 211, For example, different
parts of the microfluidic device may be elched or milled into surfaces of
respective layers which may subsequently be aligned and bonded to each
other so as to form the micro-fluidic device. Alternatively or additionally, each
middle layer may include a respective row of micro-fluidic devices being fed
with compressad air by respective supply ducts and comprising respaclive
rows of exhaust nozzles. Hence, the number of exhaust nozzles my be
increased, andfor multiple rows of nozzles for generating different bubble
sizes can be constructed by inserting one or more additionatl laver with micro-
fluidic devices, Furthermore, the base layer andfor the cover layer may also

comprise micro-fluidic devices and/or parts thereof,

in the example of fig. 2, the nozzles are shown positionad at the trailing edge
of the apparatus, and facing fowards the stern of the vessel, Howevear, it will
be appreciated that alternatively or additionally, micre-fluidic devices may be
arranged with their nozzies at the leading edge and/or in the central region of

the strip..

Fig. 3 schematically idlustrates a micro-fluidic oscillator 315 alternately
feeding two nozzles 302 and 304, regpectively. Due to its generally planar
arrangement, the oscillator can be arranged in one or more of the layers of a
fayerad structure, e.g. the middie layer 212 of fig. 2. The micro-fluidic
oscillator 315 comprises an inlet port 314 connectable fo a supply channel for
pressurised air or another suitable bubble-forming fluid, a jet-forming channel
319 feeding into a split path composed of a pair of branch channels 316 and
317 that each terminate at regpective ore of the outpul ports 303 and 304,
The outpui ports may form or be connectad o corresponding outlet nozzles
where the bubble-forming fluid exits into the surrounding water s0 as fo form
bubbles. The oscillator further comprises control channels 321a and 321b
connected 0 opposite iateral {relative o the flow direction) ports of an

interaction zong 322 of the oscillater, downstream from the jet-forming
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channel 319 and upstream from the pair of branch channels. In the example
of fig. 3, the controd channels 321a and 321% are in fluld communication with

gach other via a feadback loop 321¢.

in use, comprassed air is introduced into inlet port 314 from a supply
channel, e.g. supply channel 208 of fig. 2. In some embodiment, the cross-
sectional dimension of the jetforming channel 319 may decrease in a
downsiream direction, thus causing the velocily of the injected stream o
increase. When the air stream passes the interaction zone 322, the stream
induces the formation of an oscillaling pressure wave in & control fiuid i the
control channels 321a and 321b. The control fluid may be a liquid or a gas
such as air. The oscillating pressure wave forces the jet stream into one of
the branch channels 316 and 317, As the pressure wave in the control fluid
oscillates back and forth through the feedback loop 321¢, the jet is alternately
switched between the two branch channels, thus causing oscillating bursts of
alr flow in each of the branch channels. When a burst reaches one of the
outlet nozzles formed by or connected to output poris 303 and 304, an air
bubble is generated. The bubble growth is limited by the duration of the
oscillating burst, and thus by the ascillating frequency of the oscillator 315. In
particular, the bubble growth may stop while the bubbles are smaller than the
bubbles that would be generated by a constant flow of air through an output
nozzie of the same size. Furthermore, as the bursts in sach branch channel
oscillale with a relalive phase difference, the bubbles are generated
alternatingly from the output nozzles 303 and 304, thus improving the
separation of the bubbles orginating from neighbouwing nozzies. As the
control channels are connected to form a feedback foop, no additional control
supply channels are required. The frequency of the oscillating bursts can be
salacted or even altered in seversl ways, e.g. by altering the length of the

feadback loop.
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it will be appreciated that, in allernative embodiments, the control channels
321a and 321b may be connected to respactive control supply channels in
addition to or instead of being connected {o each other by a feedback loop. In
such an embodimant, the contral supply channels may be connected to one
or more pulsating pressure sowrce, €.¢. a sound souwree, e.g. as dascribed in
connection with fig. 7 below. Hence, the micro-fluidic device would operate
as an amplifisr where a3 pulsating pressure wave is applied to the contral
chamnels 321a and 321h which in tun causes the oscillating bursts of air flow
in the branch channels. By controliing the frequeancy of the pulsating pressure
source, the size of the generated bubbles may be controfled. It will further be
appreciated that allernative embodiments of micro-fluidic devices for
generaling pulsaling bursts of pressurised air may be used, e.g. as disclosed
in US 5,524,680 in the context of atomizing a liquid.

By providing micro-fluidic devices formed in a plate, sheet or other layer of a
fayered structure, the bubble generating apparatus may be implemented as a
relatively flat structure, thersby allowing securing the apparatus {o the hull of
a ship without excessive increase of the drag. For example, the total
thickness of the layered structure of fig. 2 may be less than 20mm, e.g. less

Qe

than 10mm, e.g. between 5-7 mm, or even less.

In some embodiments, the surface surounding the exhaust nozzies 303 and
304 andfor at least a part of the inner surface of the branch channels st least
in a provtimity of the exhaust nozzies may be coated with a suitable coating,
&.g. 3 hydrophobic coating, a hydrophilic coating, a Tellon coating, or the liks,

50 as to facilitate bubble release.

Fig. 4 schematically Hlusirates a micro-fluidic oscillator 415 alternately
feading two sels of nuazles 403 and 404, respsctively. Hence, each oscillator
or other micre-fluidic device may feed respeactive nozzle banks, thus

increasing the number of exhaust nozzles.
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Generally, in some embodiments, the fraquency of the micro-fluidic devices
is controllable, e.g. by controlling the frequency of pressure pulses applied to

the control channeis of a micro-fluidic amplifier as described above, or by

o]

combining one or moere micro-fluidic oscillators with other micro-fluidic
devices, e.g. a micro-fiuidic amplifier configured to vary the pressurs of the
stream of comprassed air entering the micro-fluidic osciliator, andfor by
otherwise varying paramsters, e.qg. the prassure and/or temperalurg, of the
compressed air entering the micro-fluidic oscillators and/or of the controf fluid
10 in the feedback loop. For example, a heating wire may be embedded in the

layered structure for controlling the temperature of the control fluid,

Alternatively, the apparatus may include two or more sets of micro-fluidic
devices such 3s micro-fluidic oscillators, each set adapied o uperate at a
15 different frequency, thus generating bubbles of different sizes. Thisis
iffustrated infig. 5, where the device comprises three sets of micro-fluidic
oscillators, designatad 515a, 515b, and 515¢, respeactively, each set being
supplied by a respective supply channe! 506a, 506b, 506¢. The micro-fluidic
oscillators of each set have a common oscillating frequency, but the micro-
0 fluidic oscillators of different sets have different frequencies, e.g. defined by
the length of their respective feedback loops. Consequently by selectively
feading alr into one of the sets of micro-fluidic devices, bubbles of different

sizes may be created.

25 The apparatus of fig. b is similar to the apparatus shown infig. 2 inthatitis a
layerad structure comprising a base laver 213 and additional bwo layers 212
and 211 as desaribed in connection with fig. 2. The base layer 213 is
mounted on the outer surface of the hull 201 of a ship. The middie layer 212
comprises a number micre-fiuidic devicas 518a and §15c and comesponding

0 supply channels 508a and 506¢, and is sandwiched betwean the base layer

213 and the cover layer 211, I the embadiment of fig. 5, the cover layer 211
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is also structured and includes a further set of micro-fluidic devices 515b and
a supply charmel 5080, For example, the micro- fluidic devices 515a and
515c may be provided at the surface of the middle layer facing the cover
fayer, and the micro-fluidic devices 515b may be provided at the surface of

tha cover layer facing the middle layer.

The micro-fluidic devices of each set of micro-fluidic devices are amanged in
a side by side configuration such that their output nozzles are arranged in
respective rows. In fig. 5b, a part of the apparatus is shown including rows of
three micro-fluidic devices, it will be appreciated that the apparatus may
comprise a large number of devices arranged in respective rows. In the
ambodiment of fig. B, the culpud nozzles 803a and 804a of the micro-fluidic
devices 515a are arrangead at a tralling edge of the apparatus; the output
nozzlas 503b and 504b of the micro-fluidic devices 515h are arranged along
a central tine of the apparatus; and the output nozzles 503¢ and 504¢ of the

micro-fluidic devices 515¢ are arrangsd at a leading edge of the apparatus.

Fig. 6 schematically shows another embodiment of a bubble-generating
apparatus. Fig. 6a schemativally shows a cross-sectional view of the bubble-
generaling apparatus. The apparatus of fig. 6 is similar to the embodiment
shown in fig. € comprising a base layer 213, a middie layer 212, and a cover
layer 211, Figs. 6b-d show top views of parts of the respective layers. The
shown parts include a single micro-fluidic oscillator; however, it will be
understood that the apparatus may compiise a large number of such
oscillators arrangad in a side-by side configuration. In padicular, fig. 6b
shiows 3 top view of a portion of the base layer, Le. the surface facing the
rmiddie layer; Fig. 8¢ shows a top view of a portion of the middie layer 212,
while fig. 8d shows a bottom view of a portion of the cover layer 211, {.a
showing the surface facing the middie layer. In the example of fig. 8, the
apparatus comprises a plurality of micro~fluidic devices 8§15 connected o a

supply channel. All three layers are structurad and comprise respactive parts
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of the micro-fluidic device 515 andior the supply channel The base layer 213
comprisas the main micro-fuidic structure of the micro-fluidic devices, in this
case a micro-fuidic oscillator as describad in connection with fig. 3. The
structure embeddead in the base layer comprises the inlet port 314, the jeb-
forming channgl 319, the interaction zone 322, contral channels 331a and
321D, the feadback loop 321c, and branch channels 318 and 317 terminating

in respective oulput pords 603 and 604,

The middie layer 212 comprises an input channel 617 and output channels
£33 and 844, The input and out channsls of the middile layer are formed as
through holes extending through the entire middle layer and being aligned
with the input port 314 and the terminals 603 and 604 of the branch
channels, respectively. The input channed 817 thus provides fiuid
communication betwsen the inlet port 314 and the supply channe! 806, As
the cover layer 211 does not extend over the entire width of the middis layer,
leaving an edge portion of the surface of the middle layer exposed, the output
channels 833 and 644 extend {o the outer surface of the apparatus thus
forming respective cutput nozzles. The cover layer 211 comprises the supply
channel 606, e.g. in the form of an slongated recess in the botlom surface of

the cover layer.

Fig. 7 schematically shows cross-sectional views of a bubble-generating
apparatus. Fig. 7a shows a sectional view of the apparatus in a horizontal
plane. The direction of the How of water relative to the ship's hull during

forward movement of the ship is illustrated by arrow 720

The apparatus 702 is similar o the apparatus of fig. 2 inthatitis formed as a
fayered structure having a base layer 713 whose backing swface is bonded
to the ouler swface of the hull 701 of the ship as Hlustrated iIn fig. 7 by

bonding layer 718, Furthermare the layerad structure 702 may cormprise fwo
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or more additional layers 711 and 712 sandwiched together by a suitable

bonding technigue, all as described in connection with fig. 2

The apparalus 702 comprises g middle layer 712 into which one or more
micro-fluidic devices 715, e.g. a8 micro-fluidic oscillator, are ambedded, 2.q.
by a suitable elching process, also as described in connection with fig. 2. Fig.
7h shows a seclional view in a vertical plane through a part of the middle

fayer 712 showing bwo micro-fluidic devices arranged in a row.

Fach migro-fluidic device 715 is connacled via a duct 714 o a supply
channet 708 feeding compressed air into the micro-fluidic device 715, Each
micro-fluidic device has two oulput ports or ducts 716 and 717 which feed air
output by the micro-fluidic device 718 to exhaust nozzies 703 and 704,
respeactively. The middle layer 712 is covered by a cover layer 711, all as
described in connection with 2. The micro-fluidic device 715 is a micro-fluidic
oscillator alternately feeding the two nozzles 703 and 704, respectively. The
micro-fluidic oscillator 715 is similar to the micro-fluidic oscillator shown in fig.
3 i that { an inlet port 714 connected o the supply a supply channel for
pressurised air 706, a jetforming channel 718 feeding into a split path
composed of a pair of branch channels 716 and 717 that each terminate at
respective one of the oulpul ports 703 and 704, all as described in
connection with fig. 3. The oscillator further comprises control channels 721a
and 721b connectad o opposite lateral {relative to the flow direction) ports of
an interaction zone 722 of the oscillator, downstream from the tdorming

channel 718 and upstream from the pair of branch channels.

The apparalus of fig. 7 differs from the apparatus of fig. 2 and the micro-
flutdic oscillator of fig. 3 in that the control channels 721a and 721b are
connacted o respective control supply channels 723a and 723b, so as to
provide fluid communication between each of the control channels and a

raspective ang of the control supply channels for feeding a control flow of
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pressurised air or another suitable fluid into the control channels 721a and
721, respectively, Each conirol supply channel is connected to a
corresponding pulsaling pressure source {not explicitly shown), 2.4, a sound
sgurca. The puisating pressure sources are controlied o provide a pulsating
prassure of the pressurised air; in particular the pressure souwrces may be
controlied to vary the pressure in the contrel channels 721a and 721h at the
same frequency but with a phase-shift of half a period relative to each other,
so as o force the oscillator 715 to oscillale al the frequency imposed by the

pulsaling pressure sources.

Fig. 8 shows ancther example of an apparatus including multiple sets of
micro-fluidic devices such as micro-fluidic oscillators, each set adapted to
operate al a different frequency, thus generating bubbles of different sizes.
The apparatus 80¢ comprises three sets of micro-fluidic oscillators,
designated 815a, 8158b, and B15¢, respeciively, each set being supplied by a
respective supply channel 806a, 806b, 806¢, e.g. as described in connection
with fig. 8. The micro-fluidic oscillators of each set have a common oscillating
fraguency, but the micro~fluidic osciliators of different sets have different
frequencies, e.g. defined by the length of their respective fesdback loops.
Consequently by selectively feeding air or anather fiuid into one of the sets of
micro-fluidic devices, bubbles of different sizes may be created. To this end,
the supply channels 808a-¢ are connected in fluld communication to a flow
selector 875 which in tum is connecled via fluid conduit 876 to a fluid source
805, e.g. a comprassor for compressing air. The bubble-forming fluld is thus
fed from the fluid source into the flow selactor 8785 which is controllable o
salactively direct the fiuid info one of the sugply channels 808a-c and, thus,

1o one of the sets of micro-fluidic devicas 815a-¢.

Fig. Ba shows a micro-fluidic device 800 sccording 1o some embodiments of
the prasent invention. The micro fluidic device comprisses an indet port 801, a

first channel 802, a second channel 804, a first control channel 807, and a



WO 2011/161187 PCT/EP2011/060497

8]

10

25

second control channel 868, The first channe! 802 and the second chamnel
8504 are in fluid communication with the inlet port 801, the first control channel
907 and the second control channel 808 through a central chamber 808, The
first channel 802 comprises a first nozzle 903 for generating micro-bubbiles.
The second channel comprises a second nozzle 805 for generating micro-
bubbles. The first control channel 907 comprises a first control inlet 808, and
the second control channel 808 comprises a second control inlet 810, The
first control channsl 907 may be connected o the second contral channel
808 by a fead-hack channel so that the first control outlet 808 and the sscond
control outlet 910 is in direct fluid communication through sald feed-back
channel. Additionally or alteratively the first control channe! 807 andfor the
second control channe! 808 may be in fiuid communication with a control

system configured to generate control flows.

Fig. 8b shows a micro-fluldic device 900 according to some embodiments of
the present invention, where the micro-fluidic device only comprises a single

channe! and nozzle.
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Although some embodiments have been described and shown in detail, the
invention is not restricted to them, but may also he embodied in other ways
within the scope of the subject matier defined in the following claims. In
pariicular, it is {0 be understood that other embodiments may be utilised and
structural and functional modifications may be mads withouwl departing from

the scope of the present invention.

in device claims enumerating several means, several of these means can be
embodied by one and the same item of hardware. The mere fact that certain
maasures are recited in mutually different dependent claims or described in
different embodiments does not indicale that a combination of these
measures cannot be used o advantage.

it should be emphasized thail the term "comprisss/comprising” when used in
this specification is taken to specify the presence of stated features, integers,
steps or components but does not preciude the presence or addition of one

or more other features, integers, steps, compaonents or groups thereof.
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Claims:

1. An apparatus for generating bubbles of a fluid for reducing drag on a hull
of a ship, wherein the bubble generating device is attachable to an outer
surface of the hull, and wherein the apparatus comprises one or morg micro-

fluidic device for generating said bubbles.

2. An apparatus according to claim 1, wherein the micro-fluidic device is

adaptad {o control a bubble size of the generated bubbles.

3. An apparatus according to claim 1 or 2; wherein the at least one micro-

fluidic device comprises:

- an inlet port for supplying a flow of the fluid;

-g first channs! comprising a first nozzle for generating bubbles of the fluid for
reducing drag on a hull of a ship, sald first channel being in fluidic
communication with said inlet port through a central chamber | and

-a first control channel comprising a first control inlet configured to control the
flow through said first nozzle, said first control inlet being in fluidic
commumnication with said inlet port and said first channel! through said central

chamber.

4, An apparatus according o claim 1 through 3, wherein the al least one

rmicro-fluidic device further comprises

- a second channel comprising a second nozzie for generating bubbles of the
fluid for reducing drag on & hull of a ship, said second channel being in fluidic
communication with said inlet port and said first control inlet through said
central chamber, and wherein said first control inlet is further configured to

control the flow through said second nozzle.
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5. An apparatus according to any one of claims 3 through 4, wherein the at
least one micro-fluidic device is configured to increase the total flow
resistance from said inlet port to said first nozzle by providing a first control

flow through said first control infet into said central chamber,

8. An apparstus according to claim 4 or §, wherein the at least one micro-
fluidic device is configured to shift a flow running through said first channel to
said second channel by providing a first controf flow running through said first
control inlet into said central chambaer, whersby at least 50% of the flow that
would have ran through said first channel is redirected to run through said

second channel.

7. An apparatus according to any one of claims 4 through 8, whersin said at

{east one micro-fluidic device further comprises

--a second control channel comprising a second control inlet for controlling
the flow through said first nozzle and said second nozzle, said second confrol
intet being in fluidic communication with said inlet port, said first nozzle, said

second nozzle, and said first control inlet through said central chamber,

8. An apparatus according to any one of claims 4 through 7, wherein the at
least one micro-fluidic device is configured to shift a flow running through
said second channel {0 said first channe! by providing a second control flow
running through said second control inlet into said central chamber, whereby
at least 50% of the flow that would have ran through said second channsl is

redirected to run through said first channel.

9. An apparatus according to any one of claims 7 through 8, wherein said at
feast one wmicro-fluidic device further comprises a feed-back channel

connecting said first control channel and said second control channel,
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whereby said first control outlet and said second control outlet is in direct fluid

communication.

10. An apparatus according to any one of claims 3 through 8, wherein the
first control channel and/or the second control channel is in fluid
communication with a control system configured to generate control flows

through the first control channel and/or the second control channel,

11. An apparatus according o any ong of claims 1 through 10, wherein the
davice comprises a plurality of micre-fluidic devices as specified in any one of

claims 1 through 10.

12. An apparatus according {o any one of claims 1 through 11, adapled to
generate bubbles of a controliable bubble size by providing a flow of a

hubble-forming fluid which flow varias over time.

13. An apparatus according to any ong of claims 1 through 12, wherein the
micro-fluidic device comprises a micro-fluidic oscillator andfor a micro-fluidic

oscillator flip-flop andfor a micro-fluidic amplifier and/or a micro-fluidic switch.

14, An apparatus according o any one of claims 1 through 13, wherain the

apparatus is a retro-fittable device attachable to an existing ship.

158, An apparatus according to any one of claims 1 through 14, comprising a

pluralily of exhaust nozzles for outputting a fluid in the form of bubbles.

16. An apparaius according 1o any one of the preceding claims, comprising a
plurality of sets of micro-fluidic devices, whersin the micro-fluidic devices of
each sel are adapted {o generate bubbles having a respective bubble size,

and wherain the apparatus comprises a flow selector for selectively directing
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a supply flow of the bubble-forming fluid to one or a subset of the sets micro-
fluidic devices different from the frequency.,

17. An apparatus according o claim 16, wherein the micro-fluidic devices of
each set are adapted to generate bubbles at a respective predetermined
fraquency.

18. An apparatus according to any one of the preceding claims, wherein the
fluid is a gas such as air.

19, An apparatus according to any one of the preceding claims. whersin the
apparatus comprises a layered structure comprising two or more layers,
wherein at least one of the layers comprises a microstruciure forming at jeast

a part of the one or more micro-fluidic device.

20. &An apparatus according {o claim 19, wherein the atf least one of the layers
comprises a micro-structured surface forming at least a part of the one or

mare micro-fluidic device.

21, An apparatus according to any one of the preceding claims, wherein the
apparatus comprises a bonding swrface for bonding the apparatus fo the hull

of a ship and a convex outer surface opposite the bonding surface.

22. An apparatus according to any one of the preceding claims, comprising a
plurality of exhaust nozzles for cutputting the fluid; wherein a surface area

surrounding each exhaust nozzls is provided with a hydrophilic surface.

23. An apparatus according to any ons of the preceding claims, whersin each

of the one or more micro-fluidic devices is formed as a planar system of

channeis andfor chambers.
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24. A hull for a ship comprising a device comprising micro fluidic means,
wheare the davice has a plurality of openings connected to a source of fluid,
said plurality of openings being arranged such that the fluid can be ejected
through said openings sc as to form bubbles in the boundary layer of a water
fowards the hull when the fluid flows along said hull, wherein a fluidic
oscillator or a separate fluidic amplifier is connected hetween said source of
air under pressure and sach of said plurality of openings, sach of said fuid
oscillators or Huidic amplifiers being controllable such that the bubble size of
the bubbles ejected from the opening can be varied.

25, Use of a device comprising micro fluidic means, adaptad to be attached
to the exterior of a ship for generaling micro-bubbles for reducing drag on a
ship hole,

28. A method of reducing drag on a hull of a ship, the method comprising

- attaching an apparatus as defined in any one of claims 1 through 23 {o an
outer surface of the huli;

- generating bubbles of a bubble-generating fluld at a boundary between the
hull and water surrounding the hull by discharging said bubble-generating
fluid through exhaust nozzles of the apparatus into the water.

~controlling a size of the generated bubbles by providing a flow of a bubble-

forming fluid which flow varies over time.



