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METHQD GF TORMING AIR LAYER OVER IMMERSED
SURFACES "OF STRUCTURE HAVING IMMERSED PORTIONS, AND
STRUCTURE OF COAT LAYER FORMED OVER IMMERSED SURFACES

5 Field of the Invention
The present invention relates to a method of forming

air layer over immersed surfaces of a structure having
immersed portions and to é structure of a coating layer over
the immersed surfaces intended to reduce the fluid friction

10 resistance or drag of ships and the like.

Background Art
Structures having underwater surfaces or surfaces in

contact with water, such as ships and liquid transport
channels, produce a flow of water along their surfaces as the

15 ships travel or liquid moves, with the velocity of water
being zero at the submerged surface of the structure. A
velocity gradient near the structure's-submeréed surface
depends on the viscosity of fluid and the shearing forces due
to viscosity constitute the fluid frictional dragQ

20 This fluid frictional draé experienced by the ship
can be very large. Of the drags exerted on the ship as it
navigates, which include a wave-making drag, a form drag and
an air drag in addition to the fluid frictional drag, the
fluid frictional drag accounts for as much és 60 to 70% of

25 the total drag or resistance.

Considering such a large proportion of the fluid
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air layer over imersed surfaces of a structure having inmersed portions
and to-a structure of a coating |ayer over the imersed surfaces intended
to reduce the fluid friction resistance or drag of ships and the |ike.
Background Art Structures having underwater surfaces or surfaces
in contact wwth water, such as ships and liquid transport channels,
produce a flow of water along their surfaces as the ships travel or liquid
noves, with the velocity of water

-2 -
frictional drag, the best way to economize the propélling
power and increase the speed of a ship is to minimize the
fluid frictional resistance and the development of such a
technology has been strongly called for in the industry.

5 Among the measures currently employed to reduce the
fluid frictional drag of the ship are: a method which
provides the bottom of the ship with projections to form
frame-like air chambgfs and supplies air to the air chambers
to form a layer of air over the surface of the ship's bottom;

10 and what is generally called a micro-bubble method which
blows out air over the surface of the hull to produce a large
number of air bubbles over the surface.

With the former method, however, there is a problem
that when a ship moves, the air contained in the air chamber

15 flows out and replenishing the lost air requires a large
power.

The latter method requires a large-scale compressor
because friction resistance can only be reduced wﬁen a large
quantity of air is supplied from nozzles provided at the side

20 and bottom of the hull. This inevitably increases equipment .
cost and requires high power to drive the large-capacity
compressor. .While the supplied air that flows in the form of
bubbles along the hull side and bottom reduces the fluid

friction resistance, it should be noted that as the bubbles
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. at t he subnerged surface of the structure. A velocity gradient
near t hé& structure's submerged surface depends on the viscosity of fluid

—and 't he shearing forces due to viscosity constitute the fluid frictional

dr ag.
very | arge.

This fluid frictional drag experienced by the ship can be
O the drags exerted on the ship as it navi gates, which

i ncl ude a wave- maki ng drag, a formdrag and an air drag in addition to
the fluid frictional drag, the fluid frictional drag accounts for as nuch

as 60 to 70% of

10
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20

the total drag or resistance.
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flow downstream, they repetitively combine together and merge
into larger bubbles, reducing the area of the bubbles
covering thé hull and therefore the fluid friction resistance
reduction effect. Hence, to obtain a significant reduction
in the overall frictional resistance of the.entire ship
requires supplying a large mount of air, making it difficult
to achieve a substantial reduction in the fluid friction
drag. For these reasons, either of these methods cannot be
put to practical use.

Floating structures such as anchored ships and
barges or stationary structures such as underwater steel
piles have problems that the surfaces of their submerged
portions often have underwater organisms deposited tﬁereon or
are attacked by corrosion. As a means to solve these’
problems, it is a known practice to apply anticontamination
or anticorrosion coating to the underwater surfaces. This

method, however, not only requires troublesome maintenance of

coating but poses a risk of noxious substances in the coating

dissolving into water, resulting in environmental pollution.

Disclosure of the Invention

The inventors of the present invention have
conducted research on a way to reduce a fluid frictional drag
significantly with a small power and successfully

accomplished the invention. That is, the present invention
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Consi dering such a large proportion of the fluid

2 frictional

drag, the best way to econom ze the propelling power and

i ncrease the speed of a shipis to mnimze the fluid frictiona
resi'stance and the devel opment of such a technol ogy has been

10

15

20
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provides a method of forming an air layer over an immersed
surface of a structure having an immersed portion, as well as
a coating layer structure. The method of forming an air film
comprises the steps of:
covering the immersed surface of a structure having an
immersed portion with a coat layer, which has minute
depressions and projections at the surface tﬁereof and which
has at least vertices of the projections formed of a water-
repellent material; and
supplying air to the surface of the coating layer to form a
thin air film between the coating surface and water.

The coating layer, as it is referred to herein,
means films or sheet-like materials bonded to the surface of
a structure, or a layer of coating formed over the surface of
a structure, and has minute projections and dents formed in
its own surface.

The coating film body formed on the immersed surface
of a structure retains a thin air layer in water, which is
not easily separated from the surface and can be retained by
supplying oniy a small amount of air using very small power.
Because the air layer prevents direct contact between water
and the structure, the fluid friction resistance can be
reduced and at the same time the contamination and corrosion

of the structure prevented.
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strongl.y called for in the industry. Anong the neasures currently
enpl oyed to reduce the fluid frictional drag on the ship are: a nethod
which provides the bottom of the ship with projections to formflane-Iike
air chambers and supplies air to the air chanbers to forma |ayer of air
over the surface of the ship's bottom and what is generally called a

m cro- bubbl e nethod which blows out air over the surface of the hull to
produce a | arge nunber of air bubbles over the surface. Wth the
former nmethod, however, there is a problemthat when a ship noves, the air
contained in the air chanber flows out and _ g _

=

To describe in more detail, the coating film body
formed over the submerged portion of a structure has minute
projections and dents in its surface, with at least the
surface of projected portions of the coating layer having a

5 water repelling property. Hence, when air is supplied to the
coating surface, the air easily flows into the depressed
portions of the minute projection and is retained there by.
the action of the water pressure and the surface tension of
water as well as by the water repelling effect of the coating

10 layer.

Since the coating layer of this invention has a
property of retaining small amounts of air in depressed
portions of its own roughened surface under the'water, when
air is supplied to the coating surface, the air which tends

15 to reduce the surface energy between water and air combines
with the already existing air to effectively form a thin air
layer inseparable from the coating film body surface, i.e.
the immersed surface. |

When the air layer thus formed is subjected to

20 external disturbances and thereby urged to separate from the
surface as bubbles, a pulling or retaining force acts on the
bubbles, keeping the air layer adhering to the immersed
surface. A layer of air on the free-stream flow side or at a

position remote from the coating surface is drawn and
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repl enisshing the lost air requires a | arge power. US-A-5,054,412 and
GB- A- 1, 800, 132 di scl ose such a nethod. In US-A-5,054,412, the air chanbers
are V-shaped grooves having a width of 0.25 to 1 nm and depth of 0.5 to 2
mm “which extend in the direction of flowof the liquid. In

GB- A-1, 300,132, the air chanbers are V-shaped having a depth of 0.1 to 1
nm whi ch transverse the direction of flow of the |iquid. The latter
met hod requires a | arge-scal e conpressor because friction resistance can
oy be reduced when a | arge

- 6 -
separated by the flowing water and flows downstream. By
supply a small amount of air to replenish the loss of air
that flows with the free-stream flow, it is possible to
maintain the air layer in good condition.

5 Breif Description of the Drawings
Figure 1 is a partly cutaway side view of a ship
showing one embodiment of this invention;
Figure 2 is a cross section of the coating layer;
Figure 3 is a cross section of the coating
10 layer showing air trapped in depressions in the coating
surface;
Figure 4 is a cross section showing a layer of air
formed over the coating surface :;
Figure 5 is a cross section of the coating layer:;
15 Figure 6 is a cross section of the coating layer;
Figﬁre 7 is a cross section of the coating layer:;
Figure 8 is a cross section of the coating layer
with a multilayer structure:;
Figure 9 is a schematic diagram showing a model ship
20 used in the test of this invention;
Figure 10 is an enlarged cross section of a portion
Y shown in Figure 9; |
Figure 11 is an'enlarged bottom view of a portion

‘indicated by arrow B in Figure 9;
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gquantity of air is supplied fromnozzles provided at the side and bottom
of the hull. This inevitably increases equi pnent cost and requires high
power to drive the large-capacity conpressor. Wiile the supplied air that
flows in the formof bubbles along the hull side and bottom reduces the
fluid friction resistance, it should be noted that as the bubbles

-7 -

Figure 12 is a graph showing the relationship
between the air quantity level and the amount of drag
reduction or DR;

Figure 13 is a graph showing the relationship

5 between the ship speed and the power required;

Figure 14 is a schematic diagram showing the
configuration of an in-pipe fluid friction resistance test
equipment;

Figure 15 is a schematic diagram showing the

10 configuration of a plating device for plating the inside wall
a pipe;

Figure 16 is a cross section of the coating layer
produced by the plating device of Figure 15;

Figure 17 is the result of measurements of pressure

15 difference between the ends of a tested section of a pipe:

Figure 18 is a diagram showing the relationship‘
between the in-pipe average flow velocity and the amount of
drag reduction or DR;

Figure 19 is a graph showing the relationship

20 between the spacings of projections and the life of the air
layer;

Figure 20 is a graph showing the relationship
between the height/spacing ratio h/s and the life (hours) of

the air layer:
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3 flow downstream they repetitively conbine together and nerge into

| ar ger bubbl es, reducing the area of the bubbles covering the hull and
therefore the fluid friction resistance reduction effect. Hence, to obtain
a silgnificant reduction in the overall frictional resistance of the entire
ship requires supplying a large nmount of air, making it difficult

- 8 -
Figure 21 is a schematic view showing a verification

test of the air layer formed over the coating surface;
Figure 22 is a schematic view showing a verification

tgst of the air layer formed over the coating surface;

5 Figure 23 is a schematic diagram showing this
invention applied as a means for preventing contamination and
corrosion of a pier; and

Figure 24 is a schematic diagram showing this
invention applied as a means for preventing contamination and
10 corrosion of a water intake pipe.

Best Mode for Carrving out the Invention

[Embodiment 1]
By referring to Figures 1 through Figure 24, we will
describe an embodiment of a method of forming air films over
15 immersed surfaces of a structure having immersed portions apd
also of a structure of the coating layer formed over the
immersed surfaces.
Figure 1 is a side view of a ship to which the
present invention is applied. In the figure, reference
20 numeral I represents a hull, which has its bottom 2 and at
least the submerged surface of its sides 2a coated with layer
3, 3a. The hull is prdvided with a nozzle 4 directed frbm,
the front toward the rear so that air delivered from a

compressor 5 is blown out from the nozzle 4 along the coating
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to achi.eve a substantial reduction in the fluid friction drag. For these
reasons; either of these nethods cannot be put to practical use.

Floatlng structures such as anchored ships and barges or stationary
structures such as underwater steel piles have problens that the surfaces
of their subnerged portions often have underwater organisns deposited
thereon or are attacked by corrosion. As a neans to solve these problens,
it is a known practice to apply anticontam nation

-

surface 3 (3a).

The coating film body 3 (3a), as shown in Figure 2,
has minute depressions 6 and projections 7 formed in its
surface, with at least vertices 7' of the projections 7

5 formed of water-repellent material 8 having the contact angle
with water of more than 90°. The minute projections 7 are so
formed that their spacings s are 0.3 to 30 um and the ratio
h/s between the height h and the spacing s is about 0.3 to 3.

The water-repellent material may be formed of

10 polytetrafluoroethylene, polyethylene, polystyrene,
polypropylene, or water-repellent coating substance. It may
also be formed of a hydrophilic resin such as polyvinyl
chloride which was subjected to a plasma process using CF, gas
to produce a water repelling property. Alternatively, the

15 water-repellent material may be formed by processing a fine
particles such as silica with a surface treatment agent such
as perfluoroalkylsilane and by fixing them with resin so that
parfs of the surface project.

When the water-repellent fine particles are used,

20  the resin need not be water repelling as it is intended to
fix the particles. The resin may, for example, be polyester
resin, phenyl resin, amino resin, epoxy resin, vinyl resin or
urethane resin as long as they are suitable for coating.

While the water-repellent material 8 is normally
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or anti.corrosion coating to the underwater surfaces. This nethod, however,
not only requires troubl esone nmai ntenance of .coating but poses a risk of
noxi ous substances in the coating dissolving i nto water, resulting in
envi ronnental pol | ution. Di scl osure of the Invention

The inventors of the present invention have conducted research on a way
to reduce a fluid frictional drag significantly with a small power and
successfully acconplished the invention. That is, the present invention

~

- 10 -
provided at the vertices 7' that come into contact with water
13, it is of course possible to form the surface of the
depressions 6 using the water-repellent material 8.
With the method of this invention for forming an air
5 layer over the submerged surface of a structure, the fact
that the immersed surface has fine depressions and
projections and that at least the vertices 7' of the
projections 7 are formed of water-repellent material having
the contact angle with water of more than 90° produces the
10 following effects. That is, as shown in Figure 3, because
the coating surface 10 or at least the vertices 7' of the
projections 7 are formed of water repellent material, the
layer has a water repelling property such that when air a is
supplied to the coating film body surface 10, the air a will
15 easily enter the depressions 6.

Such a coating surface 10 is produced on land, and
therefore, when the coating surface 10 is submerged in water
as shown in Fig. 3, the air a is retained stably in the
depressions 6 by the water pressure P, the mégnitude of which

20 corresponding to the depth of.water, and by the surface
.tension of water.

The contact angle with water on the coating layer

surface 10 having fine depressions and projections is more

than 90° or preferably more than 110°. The greater the
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4 according to one aspect provides a coating for a structure having a

surface+to be

imrersed in a liquid, said coating conprising fine

depressions and projections and at [east said vertices of the projections
having a liquid-repellent material, characterised in that the fine
depressions and projections are arranged irregularly and of such di nensions
to enable air to be trapped and retained when the surface is i nmersed and
subject to flow

10

15

20
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contact angle, the more the effect of this invention can be
expected.

Figure 4 is a schematic diagram showing a model
representing the above phendmenon. The coating surface 10 of
water-repellent material having depressions 6 and projections
7 is immersed in water 13 and when air a’' is supplied to the
coating surface 10, the air a' easily flows into the
depressions 6 formed in the surface 10 and gets trapped there
as air a. In actual situation, the air that was holding to
the coating surface 10 when the coating.layer was in
atmosphere is contained in the depressions 6 by the pressure
of water 13 and the surface tension of water. If at least
the projections 7 or the vertices 7' of the projections 7 are
not formed of a water-repeilent material as shown in Figure
2, the air a will not be contained in the depressions 6 as
shown in Figure 3.

With the air a retained in the depressions 6 in this
way, when additional air a' is further supplied as shown in
Figure 4, the air a’' easily merges with the existing air a by
the surface energy reduction effect to form a thin air layer
12 over the coating surface 10. As a result there are three
layers made up of the coating surface 10, thé air layer 12
and the water 13. In such a three-layer structure, when the

water 13 flows in the direction X, the air layer 12 in
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In the.liquid. The coating layer, as it is referred to herein,
means firlns or sheet-like materials bonded to the surface a structure, or
a h%yer of coating forned over the surface of a structure, and has m nute
projections and dents forned in its own surface. According to
anot her aspect of the present invention, there is provided a structure
conprising a surface which, in use, is imersed in fluid, and a coating
according to the i nvention forned on the surface. According to
a-further aspect of the present invention, there is provided a device

for formng an air |ayer between a surface of _a structure which is, in use,
Il mersed in a liquid, and the |iquid, t e Ifevi ce conprising a coating of

tHe invention and neans for . ) .
contact with the coating surface 10 remains adhering to the

surface while the air layer 12a on the flowing water 13 side
is drawn by and flows with the water 13. Hence, by supplying
a small amount of air to compensate for the air that is
5 carried away by the flowing water 13, it is possible to
maintain the air layer 12 in good condition.
The coating layer having the aforementioned, minute
depressions and projections is formed of, for example, a
sheet or a coating layer of a synthetic resin. To describe
10 in more detail, the fine depressions and projections 15a may
be formed by a transfer method, which forms minute
depressions and projections in a synthetic resin sheet 15, as
showﬁ in Figure 5, by a roll having corresponding fine
depressions and projections in its own surface; or by a press
15 method which uses a die having fine depressions and
projections; or by a screen mesh method which transfers a
mesh pattern_woven by fine threads; or by a high-density
energy method using a laser or plasma. |
When the sheet 15 formed in this manner is made of a
20 water-repellent resin, it can be used as it is. When it is
formed of a hydrophilic resin, the surface is treated to make
it water repellent.
Figure 6 to Figure 8 show an embodiment in which the

coating layer 3 is formed of a layer of coating.

This Sheet Has Been Replaced

JRIAI W




supplyiing air to the surface for nmerging with retained air to forman air

| ayer bet ween the surface and the |iquid. According to a
stid| further aspect of the present invention, there is provided a

met hod of formng an air |ayer over a surface of a structure which, in use,

has a portion imersed in a liquid, the nethod conprising covering the
portion of the structure I mrersed in use with a coating of the
i nvention and supplying air to the coating for merging with retained

aiT to forman air |ayer between the coating and the |iquid.
According to yet another aspect of the presentginvention, there is provided
a nmet hod of reducing the friction resistance between a nmari ne vessel

and water, conpri sifig rigure 6, the coating layer 3 has water-repellent
fine particles 18 attached to the surface of a coating 17
fdrmed over the surface of a structure 16. That is, the
coating layer 3 is formed as follows. The coating 17 is
5 applied as adhesive to the surface of the structure 16; and
the fine particles 18 are attached to the surface of the
coating 17 by spraying or projection, or the coating 17
scattered with the fine particles 18 is applied to the
surface of the structure 16, letting the fine particles 18 be
10 exposed at the coating surface. When the fine particles 18
‘are made of hydrophilic material, they are surface-treated to
provide a water repelling property.
Figure 7 is a cross section of a coating layer 3
formed by another method. The.process of forming the coating
15 layer 3 in this case consists in: applying, through spraying
or projection, a layer of fine particles 18a made of
water-repellent or hydrophilic material on the coating 17
~ formed over the surface of a structure 16, or mixing the fine
particles 18a with the coating material and applying it to
20 the éurface of the structure to form a layer of fine
particles 18a mixed in the coating; and then applying a film
20.over the surfaces of the fine particles 18a. In this
case, also, when the film 20 is made of hydrophilic material,

it is surface-treated to give it a water repelling property.
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provi di.ng at

| east a water-contacting part of the marine vessel with a

surface- havi ng a property of retaining air;
5 -, providing an air injection zone at an upstream position on said
surface; providing nmeans for formng a thin |ayer of air over said

surface of said water-

10

15

20

- 14 -

Figure 8 is a cross section of a coating layer 3
formed by still another method. The forming process consists
in: forming a first coating layer 2la containing relatively
large particles 21 (for example, glass beads); forming a
second coating layer on the first coéting layer 21a; and
applying a layer of water-repellent fine particles 22 over
the surface of the second coating layer, or further applying
a water-repellent film over the fine particles 22 (as in the
case of Figure 7) to form a surface 23 with fine depressions
and projections. By fbrming a multilayer structure in which
a surface layer including the fine particles 22 is formed
over the first coating film body 2l1a containing relatively
large particles 21 as mentioned above, a so-called composite

roughened surface consisting of relatively large depressions

and projections 23a and fine depressions and projections 23b

is obtained. With such a structure of the coating layer 3,

the air being supplied to the proper place in the coating
surface 23 is quickly spread over the entire coating surface
23, with the large depressions and projections 23a used as
air passages and the small depressions and projections 23b as
air retaining surfaces. In this way, an intended air film
can be obtained.

.Though not shown, a coating.layer with fine

depressions and projections may be formed by an electrolytic
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contacting part with the air injected through said air injection zone when
the marine vessel is navigated, formng said neans by a coat |ayer having
fine surface irregularities, and formng at |east peak portions of the
surface irregularities with a water repellent material, said coat |ayer
retaining a primary air in water; supplying a secondary air out of
said air injection zone into the primary air layer and permtting
secondary air to be absorbed in and joined with the primary air |ayer and
spread to forma thin |layer of air over said surface; and

navi gating the marine vessel while a portiqnfg air in a water contacting
surface portion of the thin |ayer of air, t0 be carried away towards the

B e T N S28e oo | 1 LS LD, O U NS
aspect of the present, Vet o o &Ly 15 QIR fiSha with
polytetrafluorocethylene particlés, the polytetra-
fluoroethylene particles are deposited together with a
5 metallic matrix to cover the surface, forming fine
depressions and projections.

The inventors of this invention conducted a model
test to evaluate the effects of the coating layer with fine
depressions and projections has on the reduction in the fluid

10 friction resistance of a ship.

Although this invention may be applied to all the
immersed surfaces such as hull bottom and hull sides, the
test was done by covering only the surface of the hull bottom
with a water-repellent coating layer having fine depressions

15 and projections in order to obtain a result in a short period
of time. The details of the test are as follows.
| (Test 1)
Figuré 9 is a schematic diagram showing the model
ship used in the test for verifying the effects of this
20 invention. Figure 10 is an enlarged view of a portion Y in
Figure 9. Figure 1l is an enlarged bottom view of a nozzle
portion indicated by arrow B in Figure 10.
In Figure 9, a compressor was installed separate

from the model hull 25 to deliver pressurized air a through a
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a marine vessel with a reduced friction resistance with water, conprising:
a hull of which at | east a water-contacting part conprises a surface having

an ajr retaining property; an air injection zone 'provided at an
upstrean1p03|t|on on said surface; and means for formng a thin
| ayer of air over said surface with the air injected through said air

I njection zone when the nmarine vessel is navigated, said neans

conprising a coat |layer having fine surface irregularities, at |east peak
or- top portions of said surface irregularities being forned of a water
repel lent material said coat |ayer havi ng 3 property of retaining in
water a primary air conprising athin fil moft air; said air

i nj ec
Jection zone \Sa)(tx%]d 7 ar|1<£] th;?léjé rzea°t | on 9 lc;[wheme er é@— hlch et the

flow of the air—and from there through a pipe 30 to the
bottom of the hull 25. The air a is branched by a branching
pipe 31 at the bottom 25a of the hull 25 into many pipes,

5 which are then connected through valves 32 to a large number
of nozzles 33 (small tubes 0.6 mm in diameter) to blow air
along a test piece TP described later as shown in Figures 10
and 11. The nozzles 33 are directed from the upstream to the
downstream side of the moving ship. The large number of

10 nozzlesA33 are arranged in a straight line at constant
intervals as shown in Figure 1ll.

The test piece TP used in the test is a coated
aluminum flat plate (which corresponds.to the structure 16)
400 mm wide by 500 mm long by 1 mm thick.

15 The coating layer of water-repellent material
applied to this test piece has a multilayer structure with a
composite concave/convex surface as shown in Figure 8. The
immersed surface (coafing film layer.3) of the
water-repellent coating layer has a water repelling

20 characteristic that exhibits the contact angle with water of
165°. In the surface, the average height and spacing of
large undulations of the first coating layer 2l1a are 6.3 um
and 25.1 pm respectively and the éverage height and spacing

of fine depressions and projections are 0.9 pm and 3.0 pm
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such that at an upstream position on said coat |ayer, said air injection
zone can inject a secondary air to the vicinity of the surface of the
coat | ayer; 6

t he arrangenent being such that the secondary air is supplied to the
primary air retained over the surface of the coat layer and permtted to
spread over the surface of the

- 17 -
respectively.

The coating layer has a three-layer structure
consisting of: a first coating layer 2l1a containing
particles 21 such as glass beads 50 pm in diameter; an

5 intermediate coating layer formed over the first coating
layer 21a and including hydrophobic silica 37a 12 um in
diameter; and a surface coating layer including hydrophobic
silica (fine particles 22) 1.4 um in diameter.

Fourteen of such flat-plate test pieces IP were

10 joined together to form a larger test piece TP 800 mm Qide by
3500 mm long, which was then mounted to the bottom 25a of the
hull 25 of the model ship measuring 7.276 m long, 1.28 m wide
and 0.6 m deep so that the front edge of the test piece TP
was located 1.45 m from the bow.

15 As shown in Figure 10 and Figure 11, nozzles 33
formed of syringe needles 0.6 mm in inner diameter for
blowing out air were arranged at the front edge of the test
piece TP at equal spacings (about 20 mm).

The hull 25 has a 200-mm draft in bailast. In this

20 condition, the tested hull 25 had an immersed area S of 9.81
m?, the area St of the test piece TP was 2.82 m?, and the area
ratio St/S was 0.285. _

A towing water tank 220 m long, 14 m wide and 6.5 m

deep was used for the hull drag test. The hull 25 was

—_—
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coat layer to forma thin layer of air, which is constantly maintai ned over
the water- contacting part of the nmarine vessel wth an anount of air to
be peeled and carried away froma stempart of the marine vessel in
accordance with.the navigation of the marine vessel being replenished with
the secondary air being supplied. The coating filmbody formed on
the i nmmersed surface of a structure retains a thin air layer in water,
which is not easily separated fromthe surface and can be retained by
supplying only a small anount of air using very snmall power. Because the
air layer prevents direct contact between water and the structure, the
fluid friction resistance can be reduced and&t the same tine the

contami nati on and corrosion of the structure . .
coupled to a towing car and at each ship speed a specified

amount of air was delivered from 40 syringe nozzles 33 in the
form of minute bubbles flowing from the bow to the stern,
while at the same time measuring the drag of the hull 25 by

5 using a drag power meter.

Table 1 shows reductions in drag (DR) of the model
ship expressed in terms of viscous drag and reductions in
frictional drag of the test piece TP (DR') at various ship
speeds. DR and DR' can be represented by the following

10 formulas.

' DR -(Ct .- Cty)/Cv, x 100%

DR'

(1 + K)'DR/(St/S)
where Ct = total drag coefficient of the tested model ship,
Cv = viscous drag coefficient of the tested model ship,

15 subscript 0 = normal tests not using the watef-repellent flat
plate, and K = form influence factor (K=O.222).

Table 1 shows that the DR reached the maximum value
of 19.4% at the ship speed of U = 2.11 m/s. The relation
between the DR at the ship speed of U = 2.11 m/s and the air

20 quantity level, a measure of average air layer thickness is
shown in Figure 12.

The air quantity level is an index representing the

average air film thickness calculated on the‘assumption that

the air layer, formed by a combination of the air retained in
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pr event-ed. 7 To describe in
nore dettail, the coating filmbody forned over the subnerged portion of a
structure has mnute projections and dents in its surface, with at |east

t he

- 19 -
the depressions in the coating layer surface and the supplied
air, flows uniformly at the same speed as the ship. At the
ship speed of U = 2.11 m/s (?roude number Fr = 0.25), the
actual amount of air supplied Qa is as shown in Table 2.

5 Figure 12 indicates that the frictional resistance
reduction effect is produced by the supply of only a small
amount of air. There is a tendency that up to the average
air layer thickness of 0.24 mm (air quantity level 5), an
increase in the amount of air is accompanied by an increase

10 in DR% and that beyond this thickness, the DR% remains almost
constant. In this embodiment, the maximum value of DR of 19%
was reached at the air quantity level 20. The DR', which
concerns only the test piece TP portion, reached as high a
value as about 83%.

15 According to the observation of the air flow ejected
from the nozzles 33, we found that. the air a delivered from
the nozzles flowed along the surface of the test piece TP
toward the stern while adhering to and spreading over the

test piece surface.

20 For comparison, a polytetrafluoroethylené plate with
a smooth surface, which was not surface-treated, was also
tested taking the place of the test piece TP. In this case,
the air blew out of the nozzles 33 as bubbles without

adhering to the polytetrafluoroethylene plate and flowed

-
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surface of projected portions of the coating |ayer having a water
repelling property. Hence, when air is supplied to the coating surface,
the air easily flows into the depressed portions of the mnute projection
and is retained there by the action of the water pressure and the surface
tension of water as well as by the water repelling effect of the coating
| ayer. Since the coating layer of this invention has a property
of retaining snmall amounts of air in depressed

- 20 -
downstream in the form of individual separate bubbles.

This indicates that the use of the specially formed
coating layer over the test piece TP—whose surface has minute
depressions and projections and also has at least the

5 vertices of projected portions of the depressions and
projections formed of a water-repellent material to give them
a certain range of water repelling property-and the supply of
air between the coating layer surface.and the water combine
not only to allow an air layer to be formed between the

10 coating surface and the water but also to keep the air of the
air layer adhering to the coating surface, with only that
part of the air layer close to the streaming water being
carried away by the water.

When the air layer is formed over the surface of the

15 coating film body, the coating film body surface is no longer
in direct contact with the water, resulting in a significant
reduction in the fluid frictional resistance, as is evident
from fluia mechanics.

It is easily understood that this in turn allows

20 saving of propelling power. Figure 13 shows the relationship
between the speed of the hull 25 and the power required for
propulsion, according to the results of the test using the
model ship. In the diagram the solid lipe represents a

required power (including the air delivery power) when a

-
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portions of its own roughened surface under the water, when air is
supplied to the coating surface, the air which tends to reduce the surface
energy between water and air conbines wth the already existing air to
effectively forma thin air layer inseparable fromthe coating fil m body
surface, i.e. the inmmersed surface. When the air |ayer thus
formed is subjected to external disturbances and thereby urged to
separate fromthe surface as bubbles, a pulling or retaining force acts
o the bubbl es, keeping the air |ayer adhering to the i mersed

- 21 -
smooth polytetrafluoroethylene plate was mounted and a broken
line represents a required power when a layer of air was
formed by the coating film body surface of this invention.

It is seen that the higher the speed of ship, the larger the

'5 power reductiqn.

In actual ships, there are various kinds of
oscillations or ship motions while navigating. When the hull
is oscillated, it is required that the coating film body
surface, which was formed as mentioned above, be able to

10 retain the air layer effectively.

To test this characteristic, the hull 25 was given'a'
moderate cyclic rolling motion in thé range of *3° and at the
same time air was blown out from the nozzles 33. The result
is that the air ejected from the nozzles 33 flowed along the

15 test piece TP while spreading to form a thin air layer over
the surface of the test piece. Despite the rolling motion of
the ship, it was confirmed that the air layer was reliably
formed although-a slight performance degradation was
observed.

20 Whether the hull 25 is rolling or not, it is
therefore verified that in the hull 25 which has the test
piece TP with the coating film body surface 10 formed
according to this invention, the supply of a small amount of

air permits an air layer to be formed and maintained

_/__’-
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surface.

A layer of air on the free-streamflow side or at a position

renote fromthe coating surface is drawn and

8

10

15

20

: separated by the flowi ng water and fl ows downstream By

- 22 -

reliably. It is thus appreciated that . the invention is very

effective in reducing the fluid friction when a ship
navigates.

(Test 2)

Figure 14 shows a system diagram of a test apparatus
to check the fluid friction reduction when the structure
having immersed portions is a liquid transport pipe. Denoted
35 is a copper cylindrical pipe, which is connected with two
systems of piping: a water system A and an air system B. In
the water system A, water W in a synthetic resin container 36
is transported by a pump 37 through a valve 38 and a flow
meter 39 to the copper pipe 35, from which the water is
returned to the container 36, thus forming a closed.loop. In
the air system B, on the other hand, a mini-compressor 40
delivers air through a valve 41 and a flow meter 42 to .
syringe needles not shown, from the nozzles of which the air
is injected into that end of the copper pipe 35 on the water
incoming side. Eight such syringe needle nozzles are
arranged in the copper pipe at specified spacings along the
circumferential direction. The internal surface of the
copper pipe 35, which constitutes fhe submerged surface, is
formed with fine depressions and projections by electrolytic
dispersion plating, with the projections covered with a

water-repellent material.
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supply-a small amount of air to replenish the loss of air that flows wth
the free-streamflow, it is possible to naintain the air layer in good

condj ti on. "~ Breif Description of the Draw ngs
Figure 1 is a partly cutaway side view of a ship show ng one enbodi nent of
this invention; Figure 2 is a cross section of the coating-Ilayer

Figure 3 is a cross section of the coating |ayer showng air trapped in
depressions in the coating surface;

- 23 -

The method of forming the coating layer having fine
depressions and projections by using a plating technique is
described below. As shown in Figure 15, the plating bath 45
and the copper pipe 35 are interconnected by a line C and a

5 line D, the line C consisting of a pump 46, a flow adjust
valve 47 and a flow meter 48. A nickel rod 49 as an anode
installed inside the copper pipe 35 is connected with a dc
power supply 50. Designated 51 is a heater and 52 an
agitator.

10 The composition of a dispersion liquid L in the
plating bath 45 is as follows.

Nickel sulfamate: 350 g/liter

Nickel chloride: 45 g/liter

Boric acid: 40 g/liter

15 polytetrafluorocethylene particles: 200 g/liter

The elecfrolytic dispersion plating was done under
the following conditions.

Dispersion liquid temperature:'45°c

Current density: 4.5 A/dm’

20 Current conduction time: 30 minutes

‘Average flow velocity of the dispersion

liquid in the pipe: 45 to 50 m/s

Observation of the plated layer (coating layer) on

the inner surface of the copper pipe 35 by a laser microscope
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Figure-4 is a cross section showing a |layer of air forned over the coating

surface ’; Figure 5 is a cross section of the coating |ayer;

Figure 6 is a cross section of the coating |ayer; Figure 7 is a
cross section of the coating | ayer; Figure 8 is a cross section
of the coating |ayer with a nmultilayer structure; Figure 9 is

a schematic diagram showi ng a nodel ship used in the test of this
i nvention;
- 24 -
has found that the polytetrafluoroethylene particles 35b
protrude from the surface of the nickel layer 35a formed on
the inner surface of the copper pipe 35, as shown in Figure
16. It was also found that the spacing s between the
5 particles 35b is in the range of 0.3 to 30 pm and their

height to spacing ratio h/s falls in a 0.3 to 3 range.

The copper pipe 35—whose inner surface was coated
with a plated layer (coating film layer) which has fine
depressions and projections on its surface and which has its

10 projections formed of water-repellent polytetrafluoroethylene
particles 35b—was arranged as shown in Figure 14 for a
pressure loss measurement test. The minicompressor 40 and
the pump 37 were activated to supply air and water into the
copper pipe 35 to measure the pressure difference across the

15 tested section by a differential pressure meter 53. The
measured values were recorded continuously on a pen recorder
55 through a low-pass filter 54.

The test was conducted with the in-pipe averagé flow
velocity V of 0.5 to 3 m/s and the ratio of introduced air

20 quantity to water flow R, of 0.5 to 3 vol%. One of the
results of such pressure loss measurement tests for V = 1.6
m/s is shown in Figure 17, which indicates that the
introduction of air reduced the pressure loss. It is also

seen that the smaller the amount of air introduced, the
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Figure-10 is an enlarged cross section of a portion Y shown in Figure 9;
Figure 11 is an enlarged bottom view of a portion I ndi cated by arrow B in

Figure 9;

———
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larger the reduction in the pressure loss.

Figure 18 shows the relationship between the in-pipe
average flow velocity V and the reduction in pipe friction
drag (DR), obtained by calculating the friction factor from
the pressure loss measurement tést results. The graph
indicates that about 23% of the drag reduction is acﬁieved
for V = 1.6 m/s when the air/water flow ratio R, is as small
as 0.5 vol% (black dot in the diagram).

Two kinds of pipes were manufactured: one is a
polytetrafluoroethylene pipe with a smooth internal surface
which is made of a water-repellent material having the
contact angle with water of more than 90°; and the other is a
copper pipe coated on it; internal surface with a hydrophilic
material having the contact angle with water of less than 90°
whose inner surface is formed with minute depressions and .
projections. They weré subjected to the above-mentioned
pressure loss measurement test. It was found that the
pressﬁre loss increased with both pipes and thié tendency
became prominent as the amount of air increased. -

The effects of the projection spacing s on the life
of the air layer were also examined and the result is shown
in Figure 19.

Three kinds of resin plates—polypropylene, polyvinyl

chloride and polytetrafluoroethylene—were used as the test
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Figure.12 is a graph showing the relationship between the air quantity

| evel arid the anount of drag reduction or DR Figure 13 is a
graph showing the relationship between the ship speed and the power
required, Figure 14 is a schematic diagram show ng the

configuration of an in-pipe fluid friction resistance test equipnent;

- 26 -

pieces (2x5 cm) formed with fine depressions and projections

by transfer method on the surface. These test pieces were

immersed 10 cm below water surface and it was confirmed that

an air layer adhered to the surfaces of all the test pieces.

5 Measurement was taken of the time it took for 10% of the air

layer covering the entire area of each test piece to be

eliminated. These time measurements taken as the life of the

air layer of each test piece were compared.
In Figure 19, the curve a represents the data of

10 polypropylene, the curve b fhat of polytetrafluoroethylene,

and the curve ¢ that of polyvinyl chloride. The test result

has found that the polypropylene and polytetrafluoroethylene

resins can be used in this invention but the polyvinyl

chloride is not suited.

15 The result of the air layer life time measurement

test indicates that as the projection spacing is reduced, the

life of air film sharply increases. Particularly in the case

of polytetrafluoroethylene, the life of more than 300 days is

secured when the projection spacing is set to less than 30

20 pm.

Investigation was also made of the effects that the

ratio h/s of projection height h to the spacing s has on the

air layer life. The results are shown in Figure 20. The

graph indicates that when the projection height-spacing ratio

I
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Figure.15 is a schematic diagram showi ng the configuration of a plating
device f'or plating the inside wall a pipe; . Figure 16 is a cross
section of the coating |ayer produced by the plating device of Figure 15;
Figure 17 is the result of measurenments of pressure difference between the
ends of a tested section of a pipe; Figure 18 is a diagram
showi ng the relationship between the in-pipe average flow velocity and the

anmount of
- 27 -
h/s is set at more than 0.3, the air film can be maintained
for a long period of time.
Other test results indicate that too great a
projection height h and too small a spacing s result in an
5 increase in the fluid friction resistance. It is therefore
desirable to set the ratio h/s in the range of 0.3 to 3.
(Test 3)
The inventors of this invention further conducted
experiments to examine the condition in which the air layer
10 formed over the coating surface is retaingd and to find a
better way to form the submerged surface with depressions and
projections.
A test piece TP was manufactured, which consists of
an aluminum plate 56 as a substrate and a coating layer 57
15 formed over the surface of the aluminum plate 56, as shown in
Figure 21, the coating layer having a-composite roughened
surface of the multilayer structure of this invention with
depressions and projections, -shown in Figure 8. (The
coating film body 57 is formed by: applying a primer
20 containing glass beads of a relatively large grain diameter
to form a first coating film body on the surface of the
substrate; applying to the first coating film body a resin
containing water-repellent silica particles with average

diameter of about 12 pm to form an intermediate coating
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drag, reduction or DR; Figure 19 is a graph show ng the

rel ati onship bet ween the spacings of projections and the life of the air
| ayer; Figure 20 is a graph showing the relationship bet ween
t he height/spacing ratio h/s and the life (hours) of the air |ayer;

- 28 -
layer; and further applying to the intermediate coating film
body a resin containing water-repellent silica pértic;es 22
with average diameter of about 1.4 pm to form a top layer.
The coating layer 57 has a composite undulated or roughened

5 surface formed by a combination of relativély large
depressions and projections 23a and fine depressions and
projections 23b formed on their top.)

The test piece TP was immersed in water so that the
coating layer 57 side faced up, and a syringe 58 was set

10 close to the surface of the coating layer 57. It was
observed that when air a was supplied from the syringe 58,
the air a, rather than moving upward, quickly spread over the
entire surface of the coating layer 57, forming an air layer
F which was retained there. When the air a was supplied in

15 amounts greater than could be retained in the surface of the
test piece TP, a part of the supplied-air.separated from the
coating surface 57 and moved up in the form of bubbles.

In another experiment, the.test piece TP was
submerged inclined in water in a tank 60, as shown in Figure

20 22. When air a was supplied through a narrow tube 61 to the
lower end portion of the test piece TP, the air a did not
separate from the surface of the test piece IP and move
vertical;y upward but instead spread along the inclined

surface, forming a triangular air film F that widens upward
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10 . Figure 21 is a schematic view showing a verification test of

the air 1ayer forned over the coating surface; Figure 22 is a
schematic view showing a verification test of the air |layer formed over
t he coating surface; Figure 23 is a schematic diagram show ng
this

- 29 -

along the inclined surface.

When additional air a was further supplied, it was
observed that the amount of air contained in tﬁe air layer F
became larger than could be retained in the surface of the

5 test piece TP, that an air build-up f formed at the upper end
portion of the test piece TP, and that the air build-up f
locally swelled to separate as bubbles v that moved up to the
water surface.

[Embodiment 2]

10 It is clearly seen that, as explained in the
Embodiment 1, the air, wﬁen supplied to the coating surface
which was made according to this invention, is formed into an
air layer that firmly adheres to the coating surface. By
taking advantage of this phenomenon, it is possible to

15 provide excellent anticontamination and anticorrosion
effects.

This invention is expected to produce such excellent
effects when applied to ships at rest, floating breakwaters
fixedly installed in water, barges, dikes, and underwater

20 piles.

Figure 23 shows a pier, which is covered with the
coating film body of this invention to prevent underwater
organisms from adhering to the coating surface.

A leg 82 of the pier (underwater structure) erected
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I nventton applied as a neans for preventing contam nation and corrosion of

a pier; “and Figure 24 is a schematic diagramshowing this
invention applied as a neans for preventing contami nation and corrosion of
a water intake pipe. Best Mobde for Carrying out the Invention

[ Enbodi nent 1] By referring to Figures 1 through Figure 24, we wl|

descri be an enbodi nent of a nmethod of forming air filns over i mrersed
surfaces of a structure having inmersed portions and

- 30 -
in the sea bottom 81 is provided at its lower portion with a
ring-shaped air blowing apparatus 83, from many small
openings of which air G is blown out. The leg 82 has
depressions and projections formed at least on the surface of
5 the layer, with at least the vertices of the projections
coated with a layer of water-repellent material similar to
that used in the Embodiment 1.
In the pier 80 of such a construction, a compressor
84 was connected through a control valve 85, a flow meter 86
10 and a pipe 87 to the air blowing apparatus 83, and compressed
air was controlled by a controller 88 and supplied to the air
blowing apparatus 83, from whose nozzles the air was blown
around the leg 82 to form a thin air layer over the leg
surface. This air layer has prevented underwater organisms
15 and seaweeds from coming into contact with the surface of the
leg 82 so that the leg has been kept free from contamination
for a long period of time.
[Eﬁbodiment 3]
Figure 24 shows a water intake pipe in an électric
20 power generation plant to which the present invention is
applied. The inner surface of the water intake pipe 90 is
formed with a coating layer of this invention and a nozzle 91
is shown installed at the bottom of the inner surface to

eject secondary air G onto the inner surface of the water
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al so of a structure of the coating | ayer forned over the imersed

sur f aces. Figure 1 is a side view of a ship to which the present

invention is applied. In the figure, reference nuneral 1 represents a
hul I, which has its bottom2 and at |east the subnmerged surface of its

sides 2a coated with.layer 3, 3a. The hull is provided with a nozzle 4

directed from the front toward the rear so that air delivered froma

conpressor 5 is blown out fromthe nozzle 4 along the coating

- 31 -
intake pipe 90 and thereby form an air layer.

The nozzle 91 is preferably arranged over the entire
length of the water intake pipe 90 and it is further
desirable that the nozzle be installed not only at the bottom

5 but also at a circumferenfially intermediate portion as well
so that the air can be fed over the entire inner surface of
the pipe.

It is noted that the present invention is not
limited to the above embodiments and that wvarious

10 modifications and additions may be made. The features of
this invention may be summarized as follows.

1) The present invention forms a thin air layer
over immersed portions of a structure. The invention is
characterized in: +that the coating layer formed over the

15 surface of the immersed portions of a structure has on its
surface minute depressions and projections, with at least the
vertices of the projections formed of a water-repellent
material} and that air is suppliéd to the coating surface to
form a thin air layer between the coating surface and water.

20 That is, by supplying air to the coating surface
formed over the submerged surface of a structure, it is
possible to form a thin air layer that adheres to the surface
of the coating layer.

2) The first constitutional element of this
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surface 3 (3a).

The coating filmbody 3 (3a), as shown in Figure

2, has minute depressions 6 and projections 7 forned inits

-

10

15

20

- 32 -
invention is the condition of the coating surface formed over
the immersed surface. The coating surface is essentially
formed of a water-repellent material and the contact angle
with water on the finally processed surface should be not
less than 90° or preferably 110° or larger.

In some cases the coating surface may be formed,
over its entire area, of a water-repellent material having a
specified contact angle. If only those portions of the
surface that need to repel water coming in contact with the
surface, or at least.the vertices of the projected portions
of the roughened'surface, are formed of a water-repéellent
material, é sufficient water repelling effect can be
obtained.

An appropriate water-repellent material may be
selected from among those mentioned in this specifidation.
It is important that the water-repellent material be further
formed with fine depressions and projecfions by various
means, such as plating (electrolytic dispersion plating and
electroless dispersion plating techniques), mechanical
machining (die extrusion, injection molding, transfer by
rolls having fine depressions and projections, pressing, and
screen mesh techniques), coating (é method of applying a
resin mixed with powder, a method of injecting or projecting
powder onto surface, and an electrostatic coating method), a
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surface, with at |east vertices 7' of the projections 7 fornmed of
wat.er-repellent material 8 having the contact angle wth water of nore
than 90[err]. The minute projections 7 are so forned that their spacings s
are 0.3 to 30 [errJmand the ratio h/s between the height h and the
spacing s is about 0.3 to 3. The water-repellent material may be
formed of polytetrafluoroethyl ene, polyethylene, polystyrene,

pol ypropyl ene, or water-repellent coating substance. It may also be forned
of “a hydrophilic resin such as polyvinyl chloride which was subjected to a
pl asma process using CF4 gas - 33 -

high-density energy method (a method of roughening a surface
using a laser and plasma), and a sticking technique (a method
of sticking a water-repellent film or sheet locally or
entirely). |

5 If the materiai used is a hydrophilic material, it
can be given a water repelling property by means of surface
treatment and thus can be utilized effectively.

3) The second constitutional element of this
invention is sizes of depressions and projections.

10 It is essential that the coating surface should be
formed with fine depressions and projections. These
depressions and projections are so sized that the projection
spacing s is in the range of 0.3 to 30 um and the
projection's height-to-spacing ratio h/s is in the range of

15 0.3 to 3.

When the spacing between the projections is greater
than 30 pym, it is difficult to stably hold air on the surface
for a long period of time. On the contrary, if the spacing
is smaller than 0.3 pm, the air held in the depressions tends

20 to ‘decrease in volume and relatively easily separate.

The height of projections h is related to their
spacing and cannot be determined arbitrarily. Thus, the .
range of their height is restricted bf the height-to-spacing

h/s ratio.
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to produce a water repelling property. Alternatively, the water-repellent
material® may be fornmed by processing a fine particles such as silica with
a surface treatment agent such as perfluoroal kylsilane and by fixing them
with resin so that parts of the surface project. : When t he

wat er-repellent fine particles are used, the resin need not be water
repelling as it is intended to fix the particles. The resin may, for
exanpl e, be pol yester resin, phenyl resin, am no resin, epoxy resin,
vinyl resin or

- 34 -
If the coating layer with fine depressions and
projections is to be formed on one side of a base plate or
substrate, it is suited for application to small-scale
submerged surfaces. However, if the coating surface is to be
5 applied to large equipment such as ships, floating

breakwaters, underwater piles and caissons, it is preferable
to adopt a coating layer that has a composite roughened
surface formed by a combination of relatively large and fine
depressions and projections formed on their surface.

10 - As to the very small depressions and projections,
although they have a sufficient capacity to hold an air
layer, they lack the ability to distribute the supplied air
uniformly over the entire ¢oating surface. To cope with
this problem, the substrate surface may first be formed with

15 relatively large depressioné and projections, on which fine
depressions and projections may then be formed, thus
producing a desired roughened coﬁposite surface.

The relatively large depressions and projections
serve as passages to distribute air over the coating surface.

20 Arranging the reiatively large depressionsland projections in
the form of a net helps to disperse air evenly.

4) The third constitutional element of this
invention is to supply air from outside to the coating

surface processed as mentioned above and formed on the
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urethane resin as long as they are suitable for coating. Wi | e
the water-repellent material 8 is normally

12 -,
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submerged surface of a structure.

The nozzles used need to be of such a construction
as will keep the volume of supplied air as small as possible.
Unlike the conventional technique which supplies a large
volume of air to change the density of water and thereby
reduce the fluid friction drag, this invention is
cha:écterized, as mentioned in the specification, in that a
thin air layer is formed only on the coating surface. For
this purpose, it is preferred. to use a means that cah supply
air thinly so that the air can be arrested by the coating
surface.

The nozzles for delivering air may be formed as a
large number of small-diameter nozzles or as a slit. Where
there is a large velocity difference between water and the
coating surface, as in the case of ships, it may be difficult
to supply air uniformly to the coating surface. For this
reason, it is necessary to design the nozzles specifically
according to various conditions, K such as the ship's shaﬁe and
speed.

In the case of a ship, the air delivered from the
nozzle tends to move away from the hull side because of
dynamic actions of water flows and vortex currents. Hence,
for the air to be-injected'c;ose to the coating surface, it

is advised to use a nozzle made of porous material or a
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provided at the vertices 7' that cone into contact with water 13, it is of
course possible to formthe surface of the depressions 6 using the
wat'er-repel I ent material 8. Wth the nmethod of this invention for
forming an air layer over the subnerged surface of a structure, the fact
that the imrersed surface has fine depressions and projections and that at
| east the vertices 7' of the projections 7 are forned of water-repellent
Pﬁéerial having the contact angle with water of nore than 90[err] produces
- 36 -
device that delivers air from the back of a sheet pressed
against the surface of the hull by water pressure. Employing
such a nozzle and device will ensure the formation of a good
air layer.

5 Case of an immersed structure having a long coating
surface, such as a ship, it is desired that the nozzle be
arranged transversely across the hull or that the nozzle
shape, size and location be reflected in nozzle design and
arrangement according to pressure changes in vortices

10 produced at the hull side.

5) The most effective application of this
invention lies in reducing the fluid friction drag of a ship
to thereby economize the power required for propulsion. For
that end, a coating layer is formed oh the surface of the

15 hull and air is supplied to the coating surface to form a
thin air layer to keep watér from coming into contact with
the coating surface. This air layer also serves to prevent
undérwater organisms from adhering to the hull while at rest.
It also prevents underwater organisms and contaminating

20 substances from attaching to the surfaces of stationary
structures such as piers and caissons.

Another application of this invention involves

liquid transport channels such as liquid transport pipes and

troughs. The liquid transport pipes have fluid friction
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followng effects. That is, as shown in Figure 3, because the coating
surface 10 or at least the vertices 7° of the projections 7 are forned of
water. repellent material, the |ayer has a water repelling property such
that when air ais supplied to the coating filmbody surface 10, the air a
will easily enter the depressions 6. Such a coating surface 10
i's produced on |and, and therefore, when the coating surface 10 is
subnmerged in water as shown in Fig. 3, the air ais retained stably in the
depressions 6 by the water pressure P, the magnitude of which

- 37 -
resistance, so that transport of liquid requires a large
driving power. Application of this invention to a water
intake pipe of an electfic power generation facility allows a
substantial reduction in the fluid friction resistance. This

5 in turn makes it possible to reduce the diameter of the pipe
and also reduce the power of pump. In the case of troughs,
this invention likewise can reduce their cross sections.
Furthermore, because of its anticontamination effects, the
invention prolongs the life of the liquid transport channels

10 such as pipes.

6) This invention is effectively applied to the .
bottom of a ship. Air is apt to escape from the inclined -
surfaces such as hull side or even from the hull bottom when
the hull is tilted greatly. Measures fof preventing the

15 escape of air should be taken, which may include the use of
cover plate or covering step to form air passages, and the
arfangement of nozzles in multiple stages.

This invention efficiently reduces the fluid
friction by a small volume of air. For this purpose, sensors

20 are provided at wvarious locations to detect the state of the
air layer so that a minimal required amount of air can be
suppliéd to nozzles. |

(Advantages of the Invention)

This invention is characterized by a thin air layer,

-
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corresponding to the depth of water, and by the surface tension of water.
The contact angle with water on the coating |ayer surface 10 having fine
depressions and projections is nmore than 90[err] or preferably nore than

110[err]. The greater the

- 38 -
which is formed by: covering an immersed surface of a
structure having an immersed portion with a coating layer,
which has fine depressions and projections at the surface '
thereof and which has at least vertices of the projections
5 fbrmed of a water-repellent material; and supplying air to
the coating surface to form a thin air layer between the
coating layer surface and water.
Thus, the thin air layer formed on the coating
surface is not easily separated from it, and supplying only a
10 small volume of air with very small power can retain the air
layer on the coating surface. The air layer can achieve
reduction in fluid friction resistance and prevention of
contamination and corrosion.
In more concrete terms, the coating layer surface is
15 formed with minute depressions and projections and at least
the vertices of the projections are covered with a coating
layér of a water-repellent material. Thus, the coating layer
has a water repelling actibn at its surface, so that the air
supplied over the surface of the coating layer easily flows
20 into the depressions and remains containing there by the
water pressure and thé surface tension of water.
With a small volume of air retained in.the fine
dgpressions, when additional air is fufther supplied, it

tends to move to a more stable condition by reducing the
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13 centact angle, the nore the effect of this invention can be expected.
Figure 4 is a schematic di agram showi ng a nodel representing the above
phenomenon. The coating surface 10 of water-repellent material having
depressions 6 and projections -7 is imersed in water 13 and when air a' is
supplied to the coating surface 10, the air a' easily flows into the

- 39 -
surface energy between water and air, with the result that
the additional air is attracted to and merges with the air
contained in the depressions to form a thin air layer easily
and efficiently. This_air layer can reduce the fluid

5 friction resistance.

The air layer can also prevent underwater organisms
and.contaminating substances from adhering to the surface of
a submerged portion of a stationary structure held at a fixed
position.

10
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depressions 6 formed in the surface 10 and gets trapped there as air a. In
actual situation, the air that was holding to the coating surface 10 when
the coating layer was in atnosphere is contained in the depressions 6 by
the pressure of water 13 and the surface tension of water. If at |east

the projections 7 or the vertices 7' of the projections 7 are not forned
of a water-repellent material as shown in Figure 2, the air a wll not be
contained in the depressions 6 as shown in Figure 3.

- 40 -

Table 1 Relationship between ship's speed and
reduction of drag

5 Froude's Ship speed | Maximum DR% | Maximum DR’
number Fr |U m/s (calculated (calculated as
as viscous frictional

resistance) resistance of
test piece)

0.10 0.84 16.4 70.3
0.15 1.27 6.5 27.9
0.20 1.69 13.3 57.0
10 0.25 2.11 19.4 83.2
0.30 2.53 16.9 72.5

Table 2 Flow rate of air supplied Qa 1l/min
15

Air quantity 1 2 5 10 20
level

Average air layer | 0.05 0.10 0.24 0.48 0.95
thickness mm

20 Flow rate of air 4.8 9.6 24.1 48.1 96.2
supplied Qa 1l/min
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Wth the air a retained in the depressions 6 in this way, when additi onal
air a" i's further supplied as shown in Figure 4, the air a' easily nerges
with.the existing air a by the surface energy reduction effect to forma
thin air layer 12 over the coating surface 10. As a hesu#%—%heFe—aFe————

t hree | ayers made up of the coating surface 10, the airg 15&%& ,ﬂi
the water 13. In such a three-layer structure, when the
the direction X, the air layer 12 in
] - 41 -
CLAIMS
1. A method of forming an air layer over an immersed

surface of a structure having an immersed portion, comprising
the steps of:

5 covering the immersed surface of a structure having an
immersed portion with a coating layer, which has minute
depressions and projections at the surface thereof and which
has at leést vertices of the projections formed of a water-
repellent material; and supplying air to the coating surface

10 to form an air layer between the coating surface and water.
2. A method of forming an air layer over an immersed
surface of a structure according to claim 1, wherein the
structure having the immersed portion is a ship.

3. A method of forming an air layer over an immersed

15 surface of a structure according to claim 1, wherein the
structure having the immersed portion is a liquid transport
channel and the immersed surface is an inner surface of the

- liquid transport channel.
4. A method of forming an air layer over an immersed

20 surface of a structure according to claim 1, wherein the
structure having the immersed portion is either a floating
body or a structure driven into the bottom of the water and
held stationary at a fixed position.

5. A method of forming an air layer over an immersed

/
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14 contact with the coating surface_lQ_LenaLns—adhe¥+ng to the surface
while the air layer 12a on the flow ng *ﬁ ﬁ ¢ asﬁwn s drawn by and fl ows

with the water 13. Hence, by supplying air to conpensate
for the air that is

- 42 -.
surface of a structure according to claim 1, wherein the
water-repellent material is one or two or more kinds of
materials including a polytetrafluorocethylene, a powdered
hydrophobic silica, a polyethylene, a polypropylene, and a

5 hydrophilic resin surface-treated tolgive it a water
repelling proﬁerty.
6. A rougheped surface of the coating layer according
to claim 1, wherein the air is held in the depressions of
fine formed in the immersed surface by surface tension of

10 water swollen by water pressure.
7. A roughened surface of the coating layer according
to claim 1, wherein the depressions and projections of the
roughened surface of the coating layer is formed such that
the spacing s of the projections is in the range of 0.3 to 30

15 nm and the projection's height-to-spacing ratio h/s is in the
range of 0.3 to 3.
8. A surface of the coating layer according to claim
1, having a.two-lafer structure comprising a surface with
relatively large roughness and a surface with fine

20 roughness.
9. A method of forming an air layer over an immersed
surface of a structure according to claim 1, wherein a
plurality of nozzles are arranged at certain spacings on the

immersed surface of a structure having an immersed portion

I
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carried away by the flowing water 13, it is possible to mintain the air
| ayer 12 in good condition. The coating | ayer having the
af orenenti oned, m-nhute —depressions—and projections is forned of, for

exanpl e,

a

nore detail, nd projections 15a nay be formed by a
. rret hod, whi F Im ﬂvm depressions and projections in a
synthetic resin shee in Figure 5, by a roll having

corresponding fine depressions and projections in its own surface; or by a

transfer

press

10

15

20

s?ﬁgtfmusas ee(t)ﬁaangﬂi ey of a synthetic resin. To describe in
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and air is supplied from the nozzles along the coating
surface having fine depressions and projections.

10. A method of forming an air layer over an immersed
surface of a structure according to claim 1, wheréin primary
air is held in the depressions in the finely roughened
coating surface and secondary air is supplied from outside
to the coating surface.
11. A coating layer according to claim 1, wherein the
surface of a water-repellent synthetic resin sheet is formed
with fine depressions and projections, by a transfer method.
12. A coating layer.according to claim 1, comprising:
a coating layer formed over the surface of a structure; and
fine partidles fixed on the surface of the coating layer so
that the fine particles protrude from the surface;

wherein at least vertices of the fine particles

protruding from the coating layer have a water repelling

© property.

13. A coating layer according to claim 1, comprising:

a coating layer formed over the surface of a
structure; and

fine depressions and projections, formed in the
surface of the coating layer by fine particles;

wherein the fine particles are covered with a water-

repellent material.

e
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met hod<whi ch uses a die having fine depressions and projections; or by a
screen mesh nmethod which transfers a nesh pattern woven by fine threads;
or by a high-density energy nethod using a | aser or plasna.

Wien the sheet 15 fornmed in this manner is nade of a water-repellent
resin, it can be used as it is Wien it is formed of a hydrophilic resin,
the surface is treated to nake It water repellent. Figure 6
to Figure 8 show an enbodi nent in which the

- 44 -
14. A coating layer according to claim 1, having a
two-layer, finely roughened structure comprising:
a bottom layer formed on the surface of a structure
and including relatively large particles; and
5 a top layer formed on the bottom layer and'including
particles smaller than those of the bottom layer so that the
two-layer, finely roughened structure has large depressions
and projections and smaller depressions and projections

formed on respective surfaces of layers.
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coating layer 3 is formed of a layer of coating.

<+

In Figure 6, the coating |ayer 3 has water-repellent fine

parti.cl es 18 attached to the surface of a coating 17

10

15

~ 45 -

ABSTRACT

The present invention provides a method of reducing
the fluid friction drag of ships and fluid transport channels
and prevent contamination and corrosion of a structure having
an immersed portion. The method of forming an air layer over
an immersed surface of é structure having an immersed
portion, comprising the steps of: covering the immersed
surface of a structure (hull 1) héving an immersed portion
with a coating layer 3, which has depressions 6-and
projections 7 at the surface thereof and which has at least
vertices 7' of the projections 7 formed of a water-repellent
material 8; and supplying air a.to the surface 10 of the
coating layer to form an air film 12 between the coating

surface 10 and water 13.
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formed over the surface of a structure 16. That is, the coating |layer 3 g?
formed as follows. The coating 17 is applied as adhesive to the surface )
t e structure 16; and the fine particles 18 are attached to the surface of
the coating 17 by spraying or projection, or the coating 17 scattered
with the fine particles 18 is applied tb/ he surface of the structure 16,
letting the fine particles 18 be exposed'at the coating surface. Wen the
fine particles 18 are nade of hydropEjI'c terial, they are
surface-treated to provide a water r JéEPin property.

Ja 24 1

S ———
‘\_a\
L~ U1
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Figure 7 js a cross section of a coating layer 3 forned by anot her nethod.
The . process of formng the coating layer 3 in this case consists in:

appl yirng, through spraying or projection, a |layer of fine particles 18a
made of water-repellent or hydrophilic material on the coating 17 forned
over the surface of a structure 16, or 6inng the fine particles 18a with
the coating material and applying it to tlile surface of the structure to
forma layer of fine particles 18a nj i ngt he coating; and then applying
afilm anﬁg‘ 4 o

—

FIG. 5 3
15a ,z/f’

LJ
L)
»
*
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20 over the surfaces of the fine particles 18a. In this case, also, when
the film20 is made of hydrophilic material, it is surface-treated to give
16

it "awater repelling property.

31
FIG. 8
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Figure 8 is a cross section of a coating layer 3 forned by still another
met hod. The forming process consists in: forming a first coating |ayer 21la
containing relatively large particles 21 (for exanple, glass beads);
formng a second coating |layer on the first coating |ayer 2la; and
applying a layer of water-repellent f| ne particles 22 over the surface of

the second coating |ayer, or further y| ng a water-repellent filmover
the fine particles 22 (as in the case Figure 7) to forma surface 23
wi th fine depressions F'G ”
33
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and projections. By formng a multilayer.structure in which a surface

| ayer including the fine particles 22 is formed over the first coating

fil m:body 21a containing relatively large particles 21 as nentioned above,
a so-called conposite roughened surfage consisting of relatively |arge
depressions and projections 23a and f y(ﬂ depressi ons and projections 23b
I's obtained. Wth such a structure of the coating layer 3, the air being
supplied to the proper place in theF'clt@t.i n‘b}_’) surface 23 is quickly spread
over the entire coa%'o surface 23 wth the large depressions—and
proj ections 23a use S
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air passages and the small depressions and projections 23b as air
retaining surfaces. In this way, an intended air film can be obtai ned.
Though not shown, a coating layer with fine depressions and projections
may be formed by an electrolytic
4
1

FIG. 15
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17 .or electroless dispersion plating. That is, when a substrate is
plated with a plating liquid mixed with pol ytetrafl uor oet hyl ene particles,
t he pol ytetra- fluoroethylene particles are deposited together with a
metallic matrix to cover the surface, t7orm ng fine depressions and

proj ecti ons. 11
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The inventors of this invention conducted a nodel test to evaluate the
~effects of the coating layer with fine depressions and projections has on
the reduction in the fluid friction resistance of a ship.

Al t hough this invention may be applied to all the imrersed surfaces such
as hull bottom and hull sides, the teéi/was done by covering only the
surface of the hull bottom mnth a wat er repellent coating |ayer having

fine depressions and projections |ngg§ obtain a result in a short
period of tine. The details of the -ar as follows.
) 30 l
air /water flow rutio
L]
20—0-3% o—s
15% A . A a
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(Test 1) . Figure 9 is a schematic di agram show ng the node

ship used in the test for verifying the effects of this I nvention. Figure
10" i s» an enlarged view of a portion Y in Figure 9. Figure 11 is an

enl arged bottom view of a nozzle portion indicated by arrow B in Figure
10. In Figure 9, a conpressq%ﬁmas i nstall ed separate fromthe

nodel hull 25 to deliver pressurized ai h t hrough a
| FIG. 20
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val ve 27 and a pipe 28 to a flow nmeter 29 which metered the flow of the
ai,_r'-and--’fromthere through a pipe 30 to the bottomof the hull 25. The air
a is branched by a branching

%

FIG. 22
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-
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~ pipe.31 at the bottom 25a of the hull 25 into many pipes, which are then
connecteU t hrough valves 32 to a | arge nunber- of nozzles 33 (snall tubes
0.6 mmin diameter) to blow air along a test piece TP described |ater as
shown in Figures 10 and 11. The nozzles 33 are directed fromthe upstream
to the downstream side of the noving ?V The | arge nunber of nozzles 33
are arranged in a straight line at cons aﬁt I ntervals as shown in Figure

11. The test piece TP US?JQ rééest is a coated al um num
wuct

fk@t pl ate (which corresponds toth 16)

80
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METHOD OF FORMING AIR LAYER OVER IMMERSED
SURFACES OF STRUCTURE HAVING IMMERSED PORTIONS, AND
STRUCTURE OF COAT LAYER FORMED OVER IMMERSED SURFACES

Field of the‘Invention

. The present invention relates to a method of forming

air layer over immersed surfaces

of a structure having

immersed portions and to a structure of a coating layer over

the immersed surfaces intended to red_uce the fluid frictidn

resistance or drag of ships and the 1/ike._

Background Art

Structures having underwater surfaces or surfaces in

contact with water, such as ships and liquid transport

'channels, produce a flow of water along their surfaces as the

ships travel or liquid moves,

belng zero at the submerged surface of the structure.

with the velocity of water

A

velocity gradient near the structure's submerged surface

depends on the v:.scos:.ty of fluid and the shearing forces due

_to viscosity constitute ‘the fluid frictional drag.

This fluid frictional drag experlenced by the ship

can be very 1arge; Of the drags

exerted on the ship as it

navigates, which include a wave-making drag, a form drag and

an air -drag in 'addition to the fluid frictional drag, the

fluid frictional drag accounts for as much as 60 to 70% of

the total drag or resistance.

Considering such a large proportion of the flpid
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and 25: 1 pm respectlvel y and the average he| ght and spaC| ng of fine
depressi ons and projections are 0.9 [err]mand 3.0 pm

18

-2 -
frictional drag, the best way to economize the propelling

power and increase the speed of a ship is to minimize the

iy
.

fluid frictional resistance and the development of such a
technology has been strongly called for in the industry.

Among the measures currently employed to reduce the
fluid frictional drag of the ship are: a method which
provides the bottom of the ship with projections to form
frame-like air chambers and supplies air to the air chambers
to form a layer of air over'the surface of the ship's bottom;
and what is generally called a micro-bubble method which
blows out air over the surface of the hull to produce a large
number of air bubbles over the surface.

With the former method, however there is a problem
that when a ship moves, the air contained in the air chamber
flows out and replenishing the lost air requires a large

power.

N

The latter method requires a large-scale compressor
.because friction resistance can only be reduced when a large
quantity of air is supplied from nozzles prov1ded at the side
and bottom of the hull. This inevitably increases equipment
cosé and requires high power to drive the’ large-capacity
compressor: While the supplied;air that flows in the form of
bubbles along the hull side and botbom reduces the fluid

friction resistance, it should be noted that as the bubbles

This is the replacement she

oae: 17 FEB 1997

This Sheet Has Been Replaced

TR




e e e e e g et

respectively. The coating | ayer has a three-layer structure
consisting of: a first coating |layer 2la containing particles 21 such as
gliass beads 50 pmin diameter; an intermediate coating |layer forned over
the first coating |ayer 2la and including hydrophobic silica 37a 12 pmin
dianeter; and a surface coating layer including hydrophobic silica (fine
particles 22) 1.4 pmin dianeter. Fourteen of such flat-plate
test pieces TP were ‘

.
- 3 -

.flow downstream, they rebetitively combine together and merge
into larger bubbles, reducing the area of the bubbles

covering the hull and therefore the fluid friction resistanégf'
reduction effect. Hence, to obtain a significant reduction

in the overall frictional resistance of the .entire ship
requires supplying a large mount of air, making it difficult

_ to achieve a substantial reduction in the fluid friction

drag. For these reasons, either of these methods cannot be
put to practical use.

Floating structures sush as anchored ships and
barges or stationary structures such as underwater steel
piles have problems that the surfaces of.their submerged
portions often have underwater organisms deposited thereon or
afe:attacked by cofrosion._ As a meaes to solve these |
probiems, it is a knoﬁn practice to apply antiéontamination
or anticorfosion cbating to the underwater surfaces. This
method however, not only requires troublesome malntenance of
:coatlng but poses a risk of noxious substances in the coatlng
_dissolving into water, resulting in environmental pollution.

Disclosure of the Invention

The inventors of the present invention have
ceﬂdﬁcﬁedlgeseafch on a wey to reduce a'fluid frictional drag
significantiy with a small power and successfuliy

accomplished the invention. That is,'the present invention

This is the replacement sheet
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joined together to forma larger test piece TP 800 nmw de by 3500 nm

| ong, "whi ch was then nounted to the bottom 25a of the hull 25 of the nodel
ship measuring 7.276 mlong, 1.28 mwide and 0.6 mdeep so that the front
edge of the test piece TP was |located 1.45 mfromthe bow. As
shown in Figure 10 and Figure 11, nozzles 33 forned of syringe needles
0.6 mMmmin inner dianmeter for bl owi ng out air were arranged at the front
edge of the test pi ece TP at equal spacings (about 20 M. - The
hul | 25 has'a 200-mmdraft in ballast. 1In this :
-4 -

provides a method of forming an air layer over an immersed

surface of a structure having an immersed portion, as well as

a coating layer structure. The method of forming an air £l -

" comprises the steps of: |

covering the immersed surface of a structure having an

immersed portion with a coat layer, which has minute

depressions and projections at the surface tﬁereof and which

hés at least vertices of the projections formed of a water-

repellent material; and

supplying air to the surface of fhe coating layer to form a

thin air film between the coating surface and water.

The coating layer, as it is referred to herein,

means films or sheet-like materials bonded to the surface of

a structure, or a layer of coating formed over the surface of

a structure, and has minute projections and dents formed in -

its own surface.

The coafing film body formed on'the'imme:sed surface

of a structure retains a thin air layer in water, which is

not easily'separated from the surface and can be retained by

supplying only a small amount of air using very small power.

Because the air layer prevents direct contact between water

and thg st{pcture, the fluid friction resistance can be

reduced and at the same time the contamination and corrosion

of the structure prevented.

This is the replacement sheet
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condition, the tested hull 25 had an inmersed area."S of 9:81 mMerr], the
area St of the test piece TP was 2.82 nferr], and the area ratio St/ S.

was 0. 285. : A towi ng water tank 220 mlong, 14 mwi de and 6.5 m
deep was used for _the hul | drag test. The hull 25 was

- 5 -

To describe in more detail, the coating film body
formed over the submerged portion of a structure has minute
projections and depts in its surface, with at léast the L
surface of projected portions of the coating layer having a |
water repelling property. Hence, when air is supplied to the
coating surface, the air easily flows into the depressed
portions of the minute projection and is retained there by
tﬁé action of the water pressﬁré and the surface tension of
watéi as well as bf the watér repelling effect of the coating
layer.

| Since the coating layer of this invention.has a
property of retaining small amounts of air in depressed
portions of its own roughened surface under the water, when
air is supplied to the coating surféce, the air which tends
to reduce the surface energy between water and air_combines
with the aiready existing air to éffectively form a thin air
y LéYér'ihséparablé from the coating film body surface, i.e.

the immersed surface.

When the air layer thus formed is subjected to
external disturbancés and thereby urged to separate from the
surface as bubbles, a pulling or retaining force acts on the
bubbles, keeping_the”air'layer adhering to the immersed
surfacé. A-layer of air on the free-~stream flow sidé or at a

position remote from the coating surface is drawn and

Tris 1o w16 replacement sheet
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20 coupled to a towing car and at each ship speed a specified anount of
air was delivered from40 syringe nozzles 33 in the formof minute bubbles
flowing fromthe bowto the stern, while at the sane tinme neasuring the
drag of the hull 25 by wusing a drag power neter. Tabl e 1 shows
reductions in drag (DR) of the nudel

- 6 -
sepafated by the flowing water anq flows downstream. By
supply a small embunt of air to replenish the loss of air

_ that flows with the free;stream flow, it is possible to e
maintain the air layer in good condition. :

Breif Description of the Drawings.

Figure 1 is a partly cutaway side view of a ship
showing one embodiment of this invention;

Figure 2 is a cross section of the coating layer:

Figure 3 is a cross section of the coating
layer showing air trapped in depressions in the coating
surface; |

Figure 4 is a cross section sﬁowiné a layer of air
formed over the coating surface ; .

Figure 5 is a cross section of the coating layer:;

Figure 6 is a cross section of the coating layer;

Figdre 7 is a cross section of the coating iayer;

Figure 8 is a cross section of the coating layer
with a multilayer structure;

Figure 9 is a schematic diagram showihg a model ship
used in the test of this invention;

Figure 10 is an enlarged cross section of a portion
Y shown in“Figure 9; |

Figure 11 is an enlarged bottom view of a portion
indicated by arrow B in Figure 9;
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qghfﬁ gxpfessed‘fn ternms of _viscous drag and reductions in frictional drag
.of the test piece TP (DR ) at various ship speeds. DR and DR can be

répresented by the following fornulas DR=-(C -
Clerr])/Cerr] x 100% DR = (1 + K .DRI(St/S) where Ct =
total drag coefficient of the tested nodel ship, Cv = viscous drag
coefficient of the tested nodel ship, subscript O normal tests not

using the water-repellent flat plate, and K.= forminfluence factor
(K=0. 222) .
[ ]

-7 -
Figure 12 is a graph showing the relationship

between the air quantity level and the amount of drag

“in
.
[y

reduction or DR;

Figurg 13 is a g:apﬁ showing the relationship
between the ship_speed and the power required;

Figure 14 is a schematic diagram showing the
configuration of an in-pipe fluid friction resistance test
equipment;

Figure 15 is a schematic diagram showing the

.configu;ation of a plating device for plating the inside wall
a pipé;_ | |

Figure 16 is a cross section of the coating layer
produced-by the plating device of Figure 15

Figure 17 is the result of measurements of~pressure
difference between the endé of a tested section of .a pipe;

Figure 18 is a diagram showing the relationship

e

between the ih-pipe average flow velocity and the amount of
drag reduction or DR;

) Figufe 19 is a graph showing the relationship
between the spacings of proBections and the life of the air
layer: - .
| " Figure 20.is a graph showing the relationship
between the height/spacing ratio h/s and the life (hours) of

- the air layer;

i6 1 cement sheet
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Table 1 shows that the DR reached the maxi mumvalue of 19.4%at the 5hip
speed of U= 2.11 ms. The relation between the DR at the ship speed of
Uz 2.11 nls and the air guantity |l evel, a nmeasure of average air |ayer

;hickness S shown in Figure 12. The air quantity level is an-
i ndex representing the average air filmthickness cal cul ated on the
assunption that the air layer, fornmed by a conbination of the air

retained in

-8 -

Figure 21 is a schematic view showing a verification
test of the air layer formed over the coating sﬁrface;

Figure 22 is a schematic &iew showing.a verificatiddh'
test of the air layer formed over the coating surface; h

Figure 23 is a schematic diagram showing this
invention applied as a means for preventing contamination and
corrosion of a pier; and

Figure 24 is a schematic diagram showing this
invention applied as 'a means for preventing contamination and
corrosion of a water intake pipe. _

Best'Mode for Carrving out the Invention
[Embodiment 1] |

By referring to Figures 1 through Figure 24, we will
describe an embodiment of a method of forming air films over
immersed surfaces of a structure having immersed portions aqd
also of a structure of the coating layer formed over the
immersed surfaces.

Figure 1 is a side view of a ship to which the
present invention is applied. In the figure, reference
numeral 1 represents é hull, which has its bottom 2 and at
least the submerged surface of its sides 2a coated with layer
3, 3a. The hull is provided wifh a nozzle 4 directed from
the front toward the rear so that air delivered from a

compressor 5 is blown out from the nozzle 4 along the coating

This Sheet Has Been Replaced This is ths replacement sheet

e v een
Date: | { FEB 1997



the depressions in the coating | ayer surface and'the supplied air,

flows'uniformy at the sanme speed as the ship. At the

surface 3 (3a).

The coating film body 3 (3a), as shown in Figure 2,

-
.

has minute depressions 6 and projections 7 formed in its
surface, with at least vertices 7° of the projections 7
formed of water-repellent material 8 having the contact angle
with water of more than 90°. The minute projections 7 are so
formed that their spacings s are 0.3 to 30 pym and the ratio
h/s between the height h and the spacing_s is about 0.3 to 3.

The water-repellent material may be formed of
polytetrafluoroethylene, polyethylene, poiystyrene,
polypropylene, or water-repellent coating substance. It may
also be formed of a hydrophilic resin such as polyvinyl
chloride which was subjected to a plasma process using CF, gas
to produce a water repelling property. Alternatively, the
_waterarepeilent marerial may be formed by‘processing a fine
particles such as.silica with a surface treatment agent such
as perfluoroalkyls1lane and by fixing them with resin so that .
parts of the surface project.

When the water—repellent fine particles are used,
the resin need not be water:repelling as it is intended to
£ix the particles. The resin may, for example, be polyester
resin,_pheﬁyl resin, amino'resin, epoxy resin, Vinyl resin or
urethane resin as long as thef are suitable for coating.

While the water-repellent material 8 is normally

— This is the replacement sheet
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shi p speed of U= 2.11 m's (Froude'm’mber Fr = 0.25), the actual anount of

air sdppl!ed a is as shown in Table 2. Figure 12 indicates that
tHe frictional resistance reduction effect is produced by the supply of
only a small anmount of air. There is a tendency that up to the average

air layer thickness of 0.24 mm (air quantity level 5), an increase in the
anount of air is acconpanied by an increase in DR%and that beyond this
t hi ckness, the DR% renmins al nost ° constant. In this enbodi nent, the
maxi mum val ue of DR of 19% was reached at the air quantity level 20. The
DR, which*
- 10 -
provided at the vertices 7' that come into contact with water
13, it is of course possible to form the surface of the
depressions 6 using the water-repellent material 8. L
With the method of this invention for forming an air
layer over the submerged surface of a structure, the fact
that the immersed surface has fine depressions and
projections and that at least the vertices 7' of the
projections 7 are formed of water-repellent material having
. the contact angle with water of more than 90° produces the
following effects. That is, as shown in Figure 3, because
the coating surface 10 or at least the vertices 7' of the
projections 7 are formed of water repellent material, the
layer has a water repelling property such that when air a is-
supplied to the coating film body surface 10, the air a will

easily enter the depressions 6.

Such a coating surface 10 is produced on land, and-

e

therefore, when the céating surface 10 is submerged in water
as shown in Fig. 3, the air'a-is'retained stably in the
depréssions 6 by the Qater pressure P, tﬁe mégnitude of which
corresponding to the'depth oflwater, and by the surface
tension of water.

Thg éontact angle with water on the coating layer
surface 10 having fine depressions and projections is more

than 90° or preferably more than 110°. The greater the

—_— ‘Tivig I8 ths replacerent sheet
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Tééhcérns only the test pi ece TP portion, reached as high a value as about

83%

>

According to the observation of the air flow ejected

from

the nozzles 33, we found that the air a delivered from the nozzles fl owed

al ong the surface of the test piece TP _
and spreadi ng over the test piece surface. For conpari son

pol ytetrafl uoroethylene plate with a snooth surface, which was not
surface-treated, was al so

[ ]
- 11 -
contact angle, the more the effect of this invention can be

expected.

h 1Y

'Figure 4 is a schematic diagram showing a model
representing the above phenomenon. The coating surface 10 of
water-repellent material having depressions 6 and projections
7 is immersed in water 13 and when air a’ is supplied to the
coating surface 10, the air a' easily flows into the
depressions 6 formed in the surface 10 and gets trapped there
as air a. In actual situation, the air that was holding to
the coating surface 10 when the coating layer was in
atmosphere is eontained in the depressions 6 by the pressure
of water 13 and the surface tension of water. If at least
the projections 7 or the vertices;?"of the projections 7 are
not formed of.a waterfrepellent material as shown in Figure
2, the air a will not be.eontained in the depressions 6 as

shoﬁn in Figure 3.

toward the stern while adhering to

a

With the air a retained in the depresSions 6 in this

way, when additional air a° is further supplied as shown in

Figure 4, the air a’ easily merges with the existing air a by

‘the surface energy reduction effect to form a thin air layer

12 over the coating surface 10. As a result there are three

'layers'mede up of the coating surface 10, the air layer 12 .

and the water 13. In such a three-layer structure, when the

water 13 flows in the direction X, the air layer 12 in
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test'ed tak| ng t he pl ace of the test piece TP. In this case," t he ai.rh'bllew
out of the nozzles 33 as bubbl es without adhering to the .
pal yt et raf | uoroet hyl ene plate and fl owed
22

- 12 -

contact with the coating surface 10 remains adhering.to the
surface while the air layer 12a on the flowing water 13 side
is drawn by and flows with the water 13. Hence, by supplyiﬁg
a small amount of air to compensate for the air that is
carried away by the flowing water 13, it is possible to
maintain the air layer 12 in good condition.

The coating layer having the aforementioned, minute
depressions and projections is formed of, for exaﬁple, a
sheet or a coating layer of a synthetic resin. To describe
in more detail, the fine depressions and projections 15a may
be formed by a transfef method, which forms minute
dépressions and projections in a synthetig resin sheet 15, as
shown in Figure 5, by a roll having correspohding fine
depressions and projections in its own surface; or by a press
method which uses a die having fine depressions and
.p;ojéctions; or by a screen mesh method which transfers a
mesh pattern Qovgn by fine threads; or by a high—density'
eﬁergy method using a laser or plasma.

| When the sheet 15 formed in this manner is made of a
'water-repellehf résiﬁ; it can be used as it is. When it is
férméd of a-hydrophilic resin, the surface is treated to make
it wafér repellent.
. F;gufe 6 to Figure 8 show an embodiment in which the

coating layer'3 is formed of a layer of coating.
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downstreamin the form of individual separate bubbles. . Thi s
I ndi cates that the use of the specially formed coating |ayer over the test
pi ece TP-whose surface has mnute depressions and projections and al so has
at least the vertices of projected portions of the depressions and
projections formed of a water-repellent nmaterial to give them a certain
range of water repelling property-and the supply of air between the
coating |layer surface and the water conbine not only to allow an air |ayer
to be forneg bet ween t he

- 13 -~

In Figure 6, the coating layer 3 has water-repellent
fine particles 18 attached to the surface of a coating 17
formed over the surface of a structure 16. That is, the L
coating layer 3 is formed as follows. The coating 17 is |
applied as adhesive to the surface of the structure 16; and
the fine particles 18 are attached to the surface of the |
coating 17 by spraying or projection, or the coating 17
scattered with the fine particles 18 is applied to the

' surface.of-the structure 16, letting the fine_particles 18 be
exposed at the coating surface. When the fine particles 18
are made of hydrophilic material, they are surface-treated to
provide a'water'reﬁelling property.}

Figure 7 is a cross section of a coating layer 3
formed by another metﬁbd. The.prpcess of formiﬁg the coating
layer 3 in this case cénsists in: applying,'through spraying
.or projection, a layer of fine particles 18a made of
water-repellent or.hydrophiiic material on theECbating 17
formed over the surface of a stfudfuré'16,'df mixing the fine
.ﬁarticles 18a with the coating material and applyihg it to
the surface of the structure to form a layer of fine
particles 18a mixed in the coating; and then applying a £ilm
20 over the surfaces of the fine particles 1I8a. In this.
case, also, when the film 20 is made of hydrophilic material,
it is surface-treated to give it a water repelling property.
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coatlng surface and the mater but also to keep the air of the air |ayer
adhering to the coating surface, with only that part of the air |ayer
cl.ose to the stream ng water being carried away by the water.

When the air layer is formed over the surface of the coating film body,
the coating fil mbody surface is no | onger In direct contact with the
water, resulting in a-significant reduction in the fluid frictional
resi stance, as i s evident fromfluid mechanics.

e
- 14 -
Figure 8 is a cross section of a coating layer 3

formed hy still another method. The forming process consists
in: forming a first coating layer 2la containing relatively$ﬁ;
large particles 21 (for example, glass beads); forming a
second coating layer on the first coating layer 2la; and
applying a layer of water-repellent fine particles 22 over

; the surface of the second coating layer, or further applying
a water-repellent film over the fine particles 22 (as in the
case of Figure 7) to form a surface 23 with fine depressions
and projections. By forming a multilayer structure in which
a surface layer including the fine particles 22 is formed
over the first coating film body 2l1a containing relatively
large particles 21 as mentioned above, a so-called composite
roughened surface consisting of relatively large depressions
and projections 23a and fine depressions and projections 23b
is obtained. With such a structure of the coating layer 3,
the air heinglsupplied to the proper place in the coating
surface 23 is quickly spread over the entire coating surface
23, with the 1arge depressions and projections 23a used as
.air passages and the small depressions and projections 23b as
air retaining surfaces. In this way, an intended air film
can be obtained.

Though not shown, a coating layer with fine

depressions and projecfions-may be formed by.an electrpiytic

sheet
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It is easily understood that this in turn allows savi ng of propelling
power. Figure 13 shows the relationship between the speed of the hull 25
and the power required for propul sion, according to the results of the
test using the nodel ship. In the diagramthe solid line represents a
required power (including the air delivery power) when a

- 15 -
or electroless dispersion plating. That is, when a substrate
is plated with a plating liquid mixed with
polytetrafluoroethylene particles, the polytetra- : Tf’
fluoroethylene particles are deposited together with a
metallic matrix to cover the surface, forming fine.
depressions and projections.

The inventors of this invention conducted a model
test to evaluate the effects of the coating layer with fine
depressions and projections has on the reduction in;the fluig
friction resistance of a ship4 |

Although this invention may be applied to all the
immersed surfaces such as hull bottom and hﬁll sides, the
test was done by covering only the surface of the hull bbttbm
with a water-repellent coating layer having fine depressions
and projections in order to obtain a result in a shdrt'period.
of time. The details of the test are as follows.

(Test 1) . '

Figuré 9 is a schematic diagram showing the model
shié used in the test for verifying the effects of this
invention. Figure 10 is an enlarged view of a portion Y in
Figure 9. Figure 11 is an enlarged bottom view of a nozzle
portion indicated by arrow B in Figure ld. |

In Figure 9, a compressor was installed separate

from the model hull 25 to deliver pressurized air a through a

This is the raplacement shest
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23 snmoot h pol ytetrafl uoroet hyl ene plate was nounted and a broken |[|ine
represents a required power when a layer of air was fornmed by the coating
filmbody surface of this invention. It is seen that the higher the speed
of ship, the larger the power reduction. In actual ships, there
are various kinds of oscillations or ship notions while navigating. \Wen-
t he hull :

- 16 -
valve 27 and a pipe 28 to a flow meter 29—which metered the
flow of the air—and from there through a pipe 30 to the

bottom of the hull 25. The air a is branched by a branchlng”j’
pipe 31 at the bottom 25a of the hull 25 into many pipes, |
whicn are then connected through valves 32 to a large number

of nozzles 33 (small tubes 0.6 mm in diameter) to blow air
along a test piece IP described later as shown in Figures 10
and 11. The nozzies 33 are directed from the upstream to the
downstream side cf the moving ship. The large number of
nozzles 33 are arranged in a straight line at constant
intervals as shown in Figure 11.

-The test piece TP used in the test is a coated
aluminum flat plate (which corresponds to the structure 16)
400 mm wide by 500 mm long by 1 mm thick. '

The coating layer of water-repellent material
applied to thie_test piece has a multilayer structure with a
composite concave/convex surface as shown in Figure 8. The
immersed surface (coafing £ilm 1ayer.3) of the
water-repellent coating layer has a ﬁater repelling .
characteristic that exhibits the contact angle with water of
165‘ In the surface, the average height and spacing of
large qndu{ations of the first coating layer 2la are 6.3 pm

and 25.1 um respectively and the average height and spacing

of fine depressions and projections are 0.9 ym and 3.0 um

This Sheet Has Been Replaced Trig 16 the reglacemant sheel
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M :
is oscillated, it is required that the coating filmbody surface, whi ch
was formed as nentioned above, be able to retain the air |ayer .
effectively. To test this characteristic, the hull 25 was given
noderate cyclic rolling notion in the range of 3 and at the sane tine air
was bl own out fromthe nozzles 33. The result is that the air ejected from
the nozzles 33 flowed along the test piece TP whille spreading to forma

thin air layer over the surface of the test piece. Despite the rolling
noti on of :

[}
- 17 -
respectively.

The coating layer has a three-layer structure

S
[y

consisting of: a first coating layer 2l1a containing
particles 21 such as glass beads 50 pm in diameter; an
intermediate coating layer formed over the first coating
layer 2la and including hydrdphobic silica 37a 12 pum in
) diameter; and a surface coating layer including hydrophobic
silica (fine particles 22) 1.4 pm in diameter.

Fourteen of such flat-plate test pieces TP were
joined together to form a larger test pieqe.TP 800 mm Qide by
3500 mm long, wﬁich was then mounted to the bottom 25a of the
hull 25 of the model ship measuring 7.276 m 1ong{ 1.28 m wide’
and 0.6 m deep so that the front edge of the test piece TP
was located 1.45 m from the bow. | |

As shown in Figure 10 and Figure li, nozzles 33
formed of syringe.neeales 0.6 mm in inner diameter for .
blowing out air were arranged at the front edge of the téét
piece TP at equal spacings (about 20 mm). | |

The hull 25 has a 200-mm draft in ballast. In this
condition, the tested hull 25 had an immersed area S of 9.81
m?, the area St of the test piece TP was 2.82 m?, and the area
ratio St/S was 0.285. | |

A towing water tank 220 m long, 14 m wide and 6.5 m

deep was used for the hull drag test. The hull 25 was

This is the replacement sheet
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the shlp, it was confirnmed that the air |layer was reliably fornmed although
a sllght per f ormance degradatlon was observed. Whet her the hul
25 is rolling or not, it is therefore verified that in the hull 25 which
has the test piece TP with the coating film body surface 10 forned ’
according to this invention, the supply of a small anount of air permts
an air layer to be formed and mai nt ai ned

- 18 -
coupled to a towing car and at each ship speed a specified

amount of air was delivered from 40 syringe nozzles 33 in the

Lo .
.«

form of minute bubbles flowing from the bow to the stern,
while at the same time measuring the drag of the hull 25 by
using a drag power meter. _

Table 1 shows reductions in drag (DR) of the model
ship expressed in terms of viscous drag and reductions in
frictional drag of the test piece TP (DR') at various ship
speeds. DR and DR' can be represented by the following
formulas.

DR

-(Ct - Cty)/Cvy, x 100%

DR' (1 + K)*DR/(St/S)

where Ct = total drag coefficient of the tested model ship,
Cv = viscous draé coefficient of the tested model ship,
subscript 0 = normal teste not.usihg the water-repellent flat
plate, and K = form influenee factor (K=0.222).

Table 1 shows that the DR reached the maximum value
of 19.4% at the ship speed of U = 2.11 m/s. The relation
between the DR at the ship speed of U = 2.11 m/s and the air
quantity level, a measure of average air layer thickness is
shown in Figure 12.

The air quantity level is an index representing the

average air film thickness calculated on the assumption that

the air layer, formed by a combination of the air retained in
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24 reliably It is thus‘appreciated that the invention is very
effective in reducing the fluid friction when a ship navigates.
(Test 2)

- 19 -

the depressions in the coatlng 1ayer surface and the supplied
air, flows uniformly at the same speed as the shlp. At the
ship speed of U = 2.11 m/s (Froude number Fr = 0.25), the
actual amount of air supplied Qa is as shown in Table 2.

Figure 12 indicates that the frictional resistance
reduction effect is produced by the supply of only a small
amount of air. There is a tendency that up to fhe average
air layer thickness of 0.24 mm (air quantity level 5), an
increase in the amount of air is accompanied by an increase
in DR% and that seyond this thickness, the DR% remains almost
constant. In this embodiment, the maximum value of DR of 19%
was reached at the air quantity level 20. The DR', which
concerns only the test piece TP portion, reached as high a
value as about 83%.

According to the observation of the air flow.ejected
from the nozzles 33, we found that.the air a delivered from
the nozzles flowed along the surface of the test piece IP
toward the stern while adhering to and spreading ovef the
test piece surface.

For éomparison, a pélytetrafluoroethylene plate with
a smooth surfaée, which was not surface;treatéd, was also
tested takin§ the place of the test piece TP. In this case,
the air blew out of the nozzles 33 as bubbles without

adhering to the polytetrafluorocethylene plate and flowed
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Figure 14 shows a system di agram of a test apparatus to check the fluid
friction reduction when the structure having inmrersed portions is a liquid
transport pipe. Denoted 35 is a copper cylindrical pipe, which is
connected with two systens of piping: a water system A and an air system
B. In the water system A, water Win a synthetic resin container 36 1is
transported by a punp 37 through a valve 38 and a flow neter 39 to the
copper pipe 35 fromwhich the water is returned to the container 36, thus
formng a closed loop. In the air systemB, on the other hand, a
m ni - conpressor 40 '
' - 20 -

downstream in the form of individual separate bubbles.

This indicates that the use of the speciélly formed
coating layer over the test piece Twahose surface has minute
depressions and projections and also has at least the

- vertices of projected portions of the depressions and
projections formed of a water-repellent material to give them
a certain range of water repelling property—and the supply of
air between the coating layer surface and the water combine
not only to allow an air layer to be formed between the
coating surface and the water but also to keeb the air of the
air layer adhering to the coating surface, with only that
part of the air layer close to the streaming water being
carried away by the water.

When the air layer is formed over the surface of the
coating film body, the coating film body surface is no longer
in direct contact with the water, resulting in a significant
reduction ih the fluid frictional resistance, as is e&ident
from fluid mechanics. _

It is easily understood that this in turn allows
savihg of propelling power. Figure 13 shows the relationship
between the speed of the hull 25 and the power required'for
propulsioh, according to the results of the test using the

model ship. In the diagram the solid line represents a

required power (including the air delivery power) when a

t
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delivers air through a valve 41 and a flow neter 42 to syringe needl es not
shown, fromthe nozzles of which the air is injected into that end of the
copper pipe 35 on the water incom ng side. Eight such syringe needle
nozzles are arranged in the copper pipe at specified spacings along the
circunferential direction. The internal surface of the copper pipe 35,

whi ch constitutes the subnerged surface, is forned with fine depressions
and projections by electrolytic dispersion plating, with the projections
covered with a

- 21 -
smooth polytetrafluoroethylene plate was mounted and a broken
line represents a required power when a layer of air was
formed by the coating film body surface of this invention.
It is seen that the higher the speed of ship, the larger the
poﬁer redpction.

In actual ships, there are various kinds of
oscillations or ship motions while navigafing. When the hull
is oscillated, it is required that the coating film body
surface, which was formed as mentioned above, be able to
retain the air layer effectively:-

To test this characteristic, the hull 25 was given'a
moderate cyclic rolling motion in thé range of £3° and at the
same time air was blown out from the nozzles 33. The result
is that the air ejected from the nozzles 33 flowed along fhe
test piece TP while spreading to form a thin air layer over
the surface of the test piece. Despite the rolling motion of
the ship, it was confirmed that the air layer was reliably
formed although-a slight performance degradation was
observed. |

Whether the hull 25 is rolling or not, it is
therefore verified that in the hull 25 which has the test
piece TP with the coating.film body surface 10 formed
according to this invention, the supply of a small amount of

air permits an air layer to be formed and maintained

-
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mater-repellent naterlal 25
The net hod of form ng the coating |ayer having fine depressions and
pr.oj ections by using a plating technique is

- 22 -

reliably. It is thus appreciated that the invention is very
effective in reducing fhe fluid friction when a ship
navigates.

(Test 2)

Figure 14 shows a system diagram of a fest apparatus
to check the fluid friction reduction when the-structure
having immerséd portions is a liquid transport pipe.' Denoted
35 is a copper cylindrical pipe, which is connected with two
systems of piping: a water system A and an air system B. In
the water system A, water W in-a synthetic resiﬁ container 36
is transported by a pump 37 through a valve 38 and a flow
meter 39 to the copper pipe 35, from which the water is
returned to.the container 36, thus forming a closéd loop. In
the air system B, on the other hand, a mini-compressor 40 |
delivers aif through a valve 41 and a flow meter 42 to
syringe needles not shown, from the nozzles of which the air
is injected into thaf end of the copper pipe 35 on the water
incoming side. Eight such syringe needle nozzles are
arranged in the copper pipe ét specified spadings along tﬁe
circumferential direction. The internal surface of the
copper pipe 35, which constitutes fhe submerged surface, is
formed with fine depressions and projections by electrolytic
dispersion plating, with the projections covéred with a

water-repellent material.
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descrlbed be|OM/ As shown in Figure 15, the plating bath 45 and the copper
pi.pe 35 are interconnected by aline Cand a line. D, the line C .
cqonsisting of a punp 46, a flow adjust valve 47.and a flow neter 48. A

ni ckel rod 49 as an anode installed inside the copper pipe 35 is connected
with a dc power supply 50. Designated 51 is a heater and 52 an agitator.
The conposition of a dispersion I|qU|d Linthe plating bath 45 is as
fol |l ows.

- 23 - .

The method of forming the coating layer having fine
depressions and projections by using a plating teéhnique is
described below. As shown in Figure 15, the plating bath 45
and the copper pipe 35 are interconnected by a line C and a
line D, the line C consisting of a pump 46, a flow adjust
valve 47 and a flow meter 48. nA nickel rod 49 as an anode
installed inside the copper pipe 35_is connected with a dc
-power supply 50. Designated 51 is a heater and 52 an

~ agitator. |

The composition of a dispersion liquid Z in the
plating bath 45 is as follows.

Nickel sﬁlfamate: 350 g/liter

. Nickel chloride: 45 g/liter

Boric acid: 40 g/liter

polytetrafluoroethylene particles: 200 g/liter .

‘The elecfrolytic dispersion plating was done under
the following conditions. |

Diépersion liquid temperature:.45°c

Current density: 4.5 A/dm?

Current conduction time: 30 minutes

Average flow vélocity‘of the dispersion

liquid in the piﬁe: 45 to 50 m/s

Observation of the plated layer (coating layer) on

the inner surface of the copper pipe 35 by a laser microscope
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Ni ckel sul famate: 350 g/liter’ Ni ckel chloride: 45 g/liter

Boric acid: 40 g/liter pol ytetraf | uoroet hyl ene particles: 200.
gllliter The el ectrol ytic dispersion plating was done under t he
foll ow ng conditions. Di spersion |iquid tenperature: 45/ err]C
Current density: 4.5 Adnferr] Current conduction tinme: 30

m nut es Average flow velocity of the dispersion

- 24 -
has found that the polytetrafluoroethylene particles 35b
protrude from the surface of the nickel layer 35a formed on
the inner surface of the cdpper pipe 35, as shown in Figure
16. It was also found that the spacing s befween the
particles 35b is in the range of 0.3 to 30 pm and their
height to spabing ratio h/s falls in a 0.3 to 3 range.

The copper pipe 35—whose inner surface was coated
with a plated layer (coating film layer) which has fine
depressions and projections on its surface and which has its
projections formed of water-repellent polytetraf;uoroethylene
particles 35b—was arrarniged as shown in Figure 14 for a
pressure loss measurement test. The miniéOmpressor 40 and
the pump 37 were activated to supply air and water into the
copper pipe 35 to measure the pressure difference across the
tested section by a differential pressure meter 53; The
measured values were recorded continuqusly on a pen recorder
55 through a low-pass filter 54.

The test was conducted with the in-piﬁe average.flow
velocity V of 0.5 to 3 m/s and the ratio of introduced air
quantity to water flow Ry, of 0.5 to 3 vol%. One of the
results of such pressure loss measurement tests for V = 1.6
m/s is shown in Figure 17, which indicates that the
introduction of air reduced the pfessure léss. It is also

seen that the smaller the amdunt of air introduced, the
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liquid in the pipe: 45 to 50 nis | Cbservation'of t he plated | ayer
(coatlng | ayer) on the inner surface of the copper pipe 35 by a |aser
m.cr oscope

- 25 -
larger the reduction in the pressure loss.

Figure 18 shows the relationship between the in-pipe
average flow velocity V and the reduction in pipe friction
draé (bR), obtained by calculating the friction factor from
the pressure loss measurement test results. The graph
indicates that about 23% of thé drag reduction is acﬁieved
for V = 1.6 m/s when the air/water flow ratio Ry, is as small
as 0.5 vol% (black dot in the diagram).

Two kinds of pipes were manufactured: one is a
polytetrafluoroeth?lene pipe with a smooth internal surfaée
which is -made of a water-repellenf material having the
contact angle with water of more than 90°; and the other is a
copper pipe éoated on its internal surface with a hydrophilic
material having the contact angle with water of less than 90°
whose inner surface is formed with minute depressibns and
projections. They weré épbjected to the above-mentioned
pressure loss measuremént test. It was found.thét the
pressﬁre loss increased with both pipes and this tendenéy
bécame prominent as the amount of air increased.

The effects of thé projection spacing s on the life
of the air layer weré also éxamined and the result is shown
in Figure 19.

Three kinds of resin plates;polypropylene, polyvinyl

chloride and polytefrafluoroethylene—were used as the test

S
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had found that the polytetrafluoroethylene particles 35b protrude fromthe
surface of the nickel |layer 35a formed on the inner surface of the copper
pi.pe 35, as shown in Figure 16. It was also found that the spacing S
between the particles 35b is in the range of 0.3 to 30 pmand their :
hei ght to spacing ratio h/s falls in a 0.3 to 3 range. The copper
pi pe 35-whose inner surface was coated wth a plated layer (coating film

Layer) whi ch has fine depressions and projections on its surface and which
as its

- 26 -

pieces (2x5 cm) formed with fine depressions and projections
by transfer method on the surface. These test piéces wére
immersed 10 cm below water surface and it was confifmed that
an air layer adhered to the surfaces of all the test pieces.
Measurement was taken of the time it took for 10% of the air
layer covering the entire area of eéch test piece to be
eliminated. These time measurements taken as the life of the
air layer of each test piece were compared.

In Figure 19, the curve a represents the data of
polypropylene, the curve b that of pplytefrafluoroethylene,
and the curve ¢ that of polyvinyl chloridé. The test result
has found that the polypropylene and polytetréfluoroethylene
resins can be used in this invention but the polyvinyl
chloride-is not suited. |

- The result of the air layer life time measurement
test indicates that as the projectiqn spacing is reduced, the
'life of air film sharﬁly increases. Particuléfly in the case
of polytet:éfluoroethylené, the life of more than 300 days is
.secured when the projection spacing ;s set to less than 30 '
pm. '

Investigation was also made of the effects that the
ratio h/s of projection height h to the spacing s has on the
air layer lifé. The results are shown in Figure 20. The-

graph indicates that when the projection height-spacing ratio
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prOJectlons forned of mater-repellent pol ytetrafl uoroethyl ene particles
35b-was arranged as shown in Figure 14 for a pressure |oss neasurement
test. The miniconpressor 40 and the punp 37 were activated to supply air
and water into the copper pipe 35 to neasure the pressure difference
across the tested section by a differential pressure neter 53. The
nmeasur ed val ues were recorded continuously on a pen recorder 55 through a
| ow pass filter 54. ' The test was conducted wi.th the in-pipe
average flow velocity Vof 0.5 to 3 ms and the ratio of introduced air

- 27 -
h/s is set at more than 0.3, the air film can_be maintained
for a long period of time.

Other test results indicate that too great a
projection height h and too small a spacing.s result in an
increase in thé fluid friction resistance. It is therefore
desirable to set the ratio h/s in the range of 0.3 to 3.

(Test 3)

The inventors of this invention further conducted
experiments to examine the condition in which the air layer .
formed over the coating surface is retaingd and to find a
better way to form the submerged surface with depressions and
projections. '

A test piece TP was manufactured, which consists of
an aluminum plate 56 as a substrate and a coating layer 57
formed over the surface of the alﬁminum plate 56, as éhown in
Figure.21, the coating layer having a composite roughened
surface of the multi;ayer structure of this invention’with
depressions and projeétions, 'shown in Figure 8. (The
coating film body 57 is formed by: applyiﬁg a primer
containing glass beads of a relatively large grain diameter
to form a first coating film body on the surface of tﬁe
substrate; applying to the first coating film body a resin
containing water-repellent silica particles with average

diameter of about 12 um to form an intermediate coating

replacement sheet

This is the

1 7 Fep 199

This Sheet Has Been Replaced

AT

Date:




quantity to wat er flow Rlerr] of 0.5to 3 vol% One of the results of
such pressure | oss nmeasurenent tests for V= 1.6 ms is show in Figure
17, which indicates that the introduction of air reduced the pressure

It is also seen that the smaller the anpunt of air introduced, the

_ 28 -
layer; and further applying to the intermediate coating film
body a resin containing water-repelient silica particles 22
with average diameter of about 1.4 pm to form a top layer.
The coating layer 57 has a composite undulated or roughened
surface formed by a combination of relatively large
depressions and projections 23a and fine depressions and
projections 23b formed on their top.)

The test piece TP was immersed in water so that the
coating layer 57 side faced up, and a syringe 58 was set
close to the surface of the coating layer 57. It was
observed that when air a was supplied from the syringe 58,
the air a, rather than moving upward, quickly spread over the
entire surface of the coatiﬁg layer 57, forming an air layer
F which was retained there. When the air a was supplied in
amounts greater than could be retained in the surface of the
test piece TP, a part of the éupplied air separated from the
coating surface 57 and moved up in the form of bubbles.

In another experiment, the.test piece TP was
submerged inclined in water in a tank 60, as shown in Figure
22. When air a was supplied thtough a narrow tube 61 to the
lower end portion of the test piece TP, the air a did not
separate from the surface of the test piece TP and move
vertically upward but instead spread along the inclined

surface, forming a triangular air film F that widens upward
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27 larger the reductlon in the pressure | oss. Figure 18 shows

t he relatlonshlp between the in-pipe average flow velocity V and the
reduction in pipe friction drag (DR), obtained by calculating the friction
factor from the pressure | oss neasurenent test results. The graph

I ndi cates that about 23% of the drag reduction is achieved for V=1.6 nm's
when the air/water flowratio Rerr] is as small "as 0.5 vol % (bl ack dot in
t he di agran). : :

- 29 -
along the inclined surface.

When additional air a was further suppliéd, it was
observed that the amount of air contained in the air layer F
became larger than could be retained in the surface of the
test piece TP, that an air build-up f formed at the upper end
portion of the test piece TP, and that the air build-up f
locally swelled to separate as bubbles v that moved up to the
water surface.

[Embodiment 2]

It is clearly seen that, as explained in the
Embodiment 1, the air, when supplied to the coating surface
which was made according to this invention, is formed into an
air layer that firmly adheres to the C6ating surface. By
taking advantage of this phenomenon, it is possible to
provide excellent anticontamination and anticorrosion
effects.

This invention is expected to prdduce such excellent
effeqts when applied to ships at rest, floating bréakwaters
fixedly installed in water, barges, dikes, and underwater
piles.

Figure 23 shows a pier, which is covered with the
coating film body of this invention to prevent underwater
organisms from adhéring to the coating surface.

A leg 82 of the pier (underwater structure) egryected

e
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Two ki nds of pipes were nanufactured ‘one is a polytetrafluoroethyl ene
pipe with a snooth internal surface which is made of a water-repellent
material having the contact angle with water of nore than 90[err]; and the
other is a copper pipe coated on its internal surface with a hydrophilic
material having the contact angle with water of |ess than 90 whose inner
surface is forned wwth m nute depressions and projections. They were
subjected to the above-nentioned pressure |oss neasurenent test. It was
found that the

- 30 -
in the sea bottom 81 is provided at its lower portion with a
ring-shaped air blowing apparatus 83, from many small
openings of which air G is blown out. The leg 82 has
depressions and projections formed at least on the surface of
thg layer, with at least the vertices of the projections
coated with a layer of water-repellent material similar to
thaf used in the Embodiment 1.

In the pier 80 of such a construction, a compressor
84 was connected through a control valve 85, a flow meter 86
and a pipe 87 to the air blowing apparatus 83, and compressed
air was controlled by a controller 88 and supplied to the air
blowing apparatus 83, from whose nozzles the air was blown
around the leg 82 to form a thin air layer over the leg
surface. This air layer has prevénted underwater organisﬁs
and seaweeds from coming into gontact with the surface of the
leg 82 so that the leg has been kept free from contamination
for a long period of time. |
[Eﬁbodiment 3]

Figure 24 shows a water intake pipe in an electric
power generation plant to which the present invention is
applied. The inner surface of the water intake pipe 90 is
formed with a coating lafer of this invention and a nozzle 91
is shown installed at the bottom of the inner surface to

eject secondary air G onto the inner surface of the water
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pressure | oss increased with both pipes and this tendency becane prom nent

as, the anmount of air increased. The effects of the projection
spacing s on the life of the air layer were al so exam ned and the result

I s shown in Figure 19. Three kinds of resin

pl at es- pol ypropyl ene, polyvinyl . chloride and pol ytetrafl uoroethyl ene-were

used as the test

- 31 -
intake pipe 90 and thereby form an air layer.

The nozzle 91 is preferably arranged over the entire
length of the water intake pipe 90 and it is further
desirable that the nozzle be installed not only at the bottom
but also at a circumferentially intermediate portion as well
so that the air can be fed over the entire inner surface of
the pipe.

It is noted that the present invention is not
limited to the above embodiments and that various
modifications and additions may be made. The features of
this invention may'be summarized as follows.

1) The present invention forms a thin air layer
over immersed éortions of a structure. The invention is
characterized in: that the coating layer formed over the
surface of the immersed portions of a structure has on its
surface minute depressions and projections, with at leasf the
vertices of the projectiohs formed of a water-repellent
material; and that air is supplisd”to the coating ‘surface to
form a thin air layer between the coating surface and water.

That is, by supplying air to the coating surface
formed over the submerged surfacequ a structure, it is
possible to form a thin air_laysr that adheres to the surface
of the coating layer.

2) The first constitutional element of this
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28 pieces (2x5 cn) formed with fine depressions and projections by
transter method on the surface. These test pieces were immersed 10 cm
bel ow water surface and it was confirmed that an air |ayer adhered to the
surfaces of all the test pieces. Measurenment was taken of the tinme it took
for 10% of the air

- 32 -
invention is the condition of the coating surface formed over
the immersed surface. The coating surface is esséntially
formed of a water-repellent material and the contact angle
with water on the finallf processed surface should be not
less than 90° or preferably 110° or larger. .

In some cases the coating surface may be formed,
over its entire area, of a water-repellent material having a
specified contact angle. If only those portions of the
surface that need to repel water coming in contact with the
surface, or at least.the vertices of the projected portions
of the roﬁghened surface, ére formed of a water-repellent
material, a sufficient water repelling effect can be
obtained.

An appropriate water-repellent material may be
selected from among thbse mentioned in this specification.
It is important that the water-repellent material be further
formed with fine depressions and projections by various
means, such as plating (electrolytic dispersion piating and
electroless dispersion plating fechniques), mechanical
machining (die extrusion, injection molding, transfer by
-rolls having fine depressions and projections, pressing, and
screen mesh techniques), coating (a method of applying a
resin mixed with powder, a method of injecting or projecting

powder onfo surface, and an electrostatic coating method), a

— This is the replacement sheet
Sheet Has Been Replaced

HlI\I\\\llI\\\\\l\l\\ll\ e 17

-cp Q7

Ly 2

..--‘



| ayer covering the entire area of each test piecew{éﬂggyhéffﬁihaféd. THese
time heasurenents taken as the life of the air |ayer of each test piece
wer e conpar ed. In Figure 19, the curve a represents the data of
pol ypropyl ene, the curve b that of polytetrafluoroethylene, and the curve
c that of polyvinyl chloride. The test result has found that the
pol ypropyl ene and pol ytetrafl uoroethylene resins can be used in this
i nvention but the polyvinyl. chloride is not suited.
- 33 -

high-density energy method (a method of roughening a surface

using a laser and plasma), and a sticking technique (a method

of sticking a water-repellent film or sheet locally or

entirely).

If the material used is a hydrophilic material, it
can be given a water repelling property by means of surface
treatﬁent and thus can be utilized effectively.
| 3) The second constitutional element of this
invention is sizes of depressions and projections.

It is éssential that the coating surface should be
fofmed with fine depressions and projections. These
depressions and projections are so sized that the projection
spacing s is in the range of 0.3 to 30 pm and the
projection's height-to-spacing ratio h/s is in the range of
0.3 to 3. ‘

When the spacing between the projections is greatér-
than 30 pm, it is difficult to stably hold air_on the surface
for a long period of time. On the contrary, if»the.spacing
is smaller than 0.3 um, the air held in the depressions tends
to 'decrease in volume and relatively easily separate.

The height of projectibns h is related to their
spacing and cannot be determined arbitrarily.. Thds, the
range of their height is restricted by the height-to-spacing

h/s ratio.
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The result of the air Iayer Iife ti me measurenent test indicates that as
t he proj ection spacing is reduced, the life of air filmsharply

i ncreases. Particularly in the case of polytetrafluoroethylene, the life
of nore than 300 days is secured when the projection spacing is set to

| ess than 30 [err]m I nvestigati on was al so nmade of the
effects that the ratio h/s of projection height h to the spacing s has
on the air layer life. The results are shown in Figure 20. The gr aph

i ndi cates that when the projection height-spacing ratio
- 34 -

If the coating layer with fine depressions and
projections is to be formed on one side of a base plate or
substrate, it is suited for application to small-scale
submerged surfaces. However, if the coating éurface is to be
-applied to large equipment such as ships, floating
breakwaters, underwater piles and caissons, it is preferable
to adopt a coating layer that has a composite roughened
surface formed by a combination of relatively large and fine
depressions and projectiqns formed'bn their surface.

As to the very shall depreésions and projections,
although they have a sufficient capacity to hold an air
layer, they lack the ability to distribute the supplied air
uniformly over the entire coating surface. To cope with
thié problem, the substrate surface may first be formed with
relatively large depressions and projections, on which fine
depressions and projections may then be formed, thus
producing a desired foughened coﬁposife surface.

The relatively large depressions and projections_
serve as passages to distribute air over the coating surface.
Arranging the relatively large depressions and projections in
the form of a net helps to disperse air evenly.

4) The third constitutional element of this
invention is to supply air from outside to the coating
éurface processed as mentioned above and formed on the

__-'_____’_#—a—_/
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29 h/s is 's-'é-"t.at nore than 0. 3, the air filmcan be mai nt'a'i ned for a-'
| ong period of tine. '

-
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submerged surface of a structure.

The nozzles used need to be of such a construction
as will keep the volume of supplied air as small as possible.
Unlike the conventional technique which supplies a large
volume of aif to change the density of water and thereby
reduce the fluid friction drag, this invention is
characterized, as mentioned in the specification, in that a
thin air layer is formed only on the coating surface. For
this purpose, it is preferred to use a means that can supply
air thinly so that the air can bé arrested by the coating
surface.

The nozzles for delivering air may be formed as a
large number of small-diameter nozzles or as a slit. Where
there is a large velocity difference between water and the
coating surface, as in the case of ships, it may be difficult
to supply air uniformly to the coating surface. For this
reaédn, it is necessary to design the nozzles specifically
according to various conditions such as the ship's shaﬁe and
speed.

Id.the case of a ship, the air delivered from the
nozzle tends to move away from the hull side because of
dynamic actions of water flows and vortex currents. Hence,
for the air to be injected close to the coating surface, it

is advised to use a nozzle made of porous material or a
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Q her test results indicate that too great a projection height h and too
smal |l a spacing s result in an increase in the fluid friction resistance.
It is therefore desirable to set the ratio h/s in the range of 0.3 to 3.
(Test 3) The inventors of this invention further conducted
experiments to exam ne the condition in which the air layer formed over
the coating surface is retained and to find a better way to formthe
subnerged surface with depressi ons and

- 36 -

device that delivers air from the back of a sheet pressed
against the surface of the hull by water pressure. Employing
such a nozzle and device will ensure the formation of a good
air layer.

Case of an immersed structﬁre having a long coating
surface, such as a ship, it is desired that the nozzle be
arranged transversely across the hull or that the nozzle
shape, size and 1oca£ion be reflected in nozzle design and
arrangement according to pressure changes in vortices
prodﬁced at the hull side.

5) The most effective application of this
invention lies in reducing the fluid friction drag of a ship
to thereby economize the power required for propulsion. For
that gnd, a coating layer is formed on the surface of the
hull and air is supplied to the coating surface to form a
thin air layer to keep watér frﬁm coming into contact with
the coating surface. This_air layer also serves to prevent
undérwater organisms from édhering to the hull while at rest.
It also prevents underwater organisms and contaminating -
substances from attaching to the surfaces of stationary
structﬁres such as piers and caissons.

Another application of this invention involves
liquid transport channels such as liquid transport pipes-and

troughs. The liquid transport pipes have fluid friction
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proj ections. A test'piece TP was naﬁufactured, whi ch consi sts of
an alum num plate 56 as a substrate and a coating | ayer 57 formed over
the surface of the alum numplate 56, as shown in Figure 21, the coating

| ayer
this

~having a conposite roughened surface of the multilayer structure of
i nvention with depressions and projections, shown in Figure 8. (The

coating filmbody 57 is fornmed by: applying a priner cont ai ni ng gl ass
beads of a relatively large grain dianeter to forma first coating film
body on the surface of the

- 37 -
resistance, so that transport of liquid requires a large
driving power. Application of this invention to a water
intake pipe of an electfic power generation facility allows a
substantial reduction in the fluid friction resistance. This
in turn makes it pbssible to reduce the diameter of the pipe
and also reduce the power of pump. In the case of troughs,
this invention likewise can reduce their cross sections.
Furthermore, because of its anticontamination effects, the
inventioﬁ prolongs the life of the liquid transport channels
such as pipes.

6) This invention is effectively applied to the
bottom of a ship. Air is apt to escape from the inclined
surfaces such as hull side or even from the hull bottom when
the hull is tilted greatly. Measures fof preventing the |
escape of air should be taken, which may include the use of
cover plate or covering step to form air passages, and the
arrangement of nozzles in multiple stages.

. This invention efficienfiy reduces the fluid
fric@ion by a small volume of air. For this purpose, sensors
are provided at various locations to detect the state of the
air layer so that a minimal required amount of air can be
supplied to nozzles.

(Advantages of the Invention)

This invention is characterized by a thin air layer,
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substrate; applying to the first coating filmbody a resin cont ai ni ng
wat er-repellent silica particles MAth aver age di aneter of about 12 pmto
forman internedi ate coating

- 38 -
which is formed by: covering an immersed surface of a
structure having an immersed portion with a coating layer,
which has fine depressions and projections at the surface
thereof and which has at least vertices of the projections
formed of a waterfrepeilent material; and supplying air to
the coating surface to form a thin air layer between the
coating layer surface and water.

Thus, the thin air layer formed on the coating
surface is not easily separated from it,.and supplying only a
small volume of air with very small power can retain the air
layer on the noating surface. The air layer can achieve
reduction in fluid friction resistance and prevention of
contamination nnd corrosion.

In more concrete terms, the coating layer surface is
formed with minute depressions and projections and at least
the vertices of the projqptions are covered with a coating
layer of a water-repellent material. Thus, the éoating layer
has a water repelling actinn at its surface, so that the air
supplied over the surface of the coating layer easily flows
into the depressions and remains containing there by the
water pressure and the surface tension of water.

With a small volume of air retained in the fine
depressions, when additional air is further supplied, it

tends to move to a more stable condition by reducing the
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30 Iayer and further .applying to the internmediate coating film body a
resin containing water-repellent silica particles 22 wth average di aneter
of about 1.4 [err]mto forma top layer. The coating |layer 57 has a
conposite undul ated or roughened surface forned by a conbinati on of
relatively large depressions and projections 23a and fine depressions and
projections 23b forned on their top.) The test piece TP was

i mersed in water so that the

- 39 - .
surface energy between water and air, with the result that
the additional air is attracted to and merges with the air
contained in the depressions to form a thin air layer easily
and efficiently. This air layer can reduce the fluid
friction resistance.

The air layer can also prevent underwater organisms
and contaminating substances from adhering to the surface of
a submerged portion of a stationary structure held at a fixed

position.
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coating layer 57 side faced up, and a syringe 58 was set <close to the
sur.face of the coating layer 57. It was observed that when air a was
suypplied fromthe syringe 58, the air a, rather than noving upward,

qui ckly spread over the entire surface of the coating |ayer 57, formng an
air layer F which was retained there. Wen the air a was supplied in
anopunts greater than could be retained in the surface of the test piece
TP, a part of the supplied air separated fromthe coating surface 57 and
noved up in the form of bubbles. I n anot her experinent, the test

pi ece TP was - :
- 40 -

Table 1 Relationship between ship's speed and
reduction of drag

Froude's Ship speed |Maximum DR% | Maximum DR’
number Fr | U m/s (calculated (calculated as
as viscous frictional

resistance) resistance of
test piece)

0.10 - 0.84 16.4 70.3
0.15 1.27 6.5 27.9
0.20 1.69 13.3 57.0
0.25 2.11 19.4 83.2
0.30 2.53 16.9 72.5

Table 2 Flow rate of air supplied Qa 1l/min

Air quantity 1 2 5 10 20
level

Average air layer | 0.05 | 0.10 0.24 ]| 0.48| 0.95
thickness mm

Flow rate of air 4.8 9.6 24.1 | 48.1 96.2
supplied Qa l/min _
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subnerged inclined in water in a tank 60, as shown in Figure 22. Wien air
a was supplied through a narrow tube 61 to the | ower end portion of the
test piece TP, the air a did not separate-fromthe surface of the test

pi ece TP and nove vertically upward but instead spread-along the inclined
surface, formng a triangular air filmF that w dens upmargh
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CLAIMS
1. A method of forming an air layer over .an immersed
surface of a structure having an imﬁersed portion, comprising
the steps of:
coﬁering the immersed surface of a structure having an
immersed portion with a coating layer, which has minute
depressions and projections at the surface thereof. and which
has at least vertices of the projections formed of a water-
repellent material; and supplying air to the coating surface,
to form an air layer between the coating surface and water.
2. A method of forming an air layer over an immersed
surface of a structure according to claim 1, wherein the
structure having the immersed portion is a ship.
3. A method of forming an air layer over an immersed
surface of a structure according to claim 1, wherein the
structure having the imﬁersed portion is a liquid transport
channel and the immersed surface is an inner surface of the
liguid transport channel.
4. A method of forming an air layer over an immersed
surface of a structure according to claim 1, wherein the
structure having the immersed portion is either a floating
body or a structure driven into the bottom of the water and
held stationary at a fizxed position.
5. A method of forming an air layer over an immersed
This is the replaceme“‘ sheet
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31 along the inclined surface. When additional air a was
further supplied, it was observed that the amunt of air contained in the
air layer F becane |arger than could be retained in the surface of the

test piece TP, that an air build-up f fornmd4is ee\| Bﬂﬁﬁmlicg d

- 42 -

surface of a structure according to claim 1, wherein the
water—repellenf material is one or two or ﬁore kinds of
materials including a.polytetrafluo:oethylene, a powdered
hydrophobic silica, a polyethylene, a polypropylene, and a
hydrophilic resin surface-treated to give it a water
repelling property.

6. A rouéhened surface of the coating layer according
to claim 1, whéreih the air is held in the depressions of
fine formed in fhe immérsed surface by surface tension of
water swollen by water pressure.

7. A ;oughened surface of the coating layer according
to claim 1, wherein the depressions and projections of the
roughened surface of the coating layer is formed such that
the spacing s of the projections is iﬁ the range of 0.3 to 30
pm and the projection's height-to-spacing ratio h/s is in the
range of 0.3 to 3.

8. A surface of the coating layer according to claim
1, having a-tﬁo-lafer structure comprising a surface with
relatively large roughness and a surface with fine
roughness.

9. A method of forming an air layer over an immersed.
surface of a structure éccording to claim 1; wherein a
plurality of nozzles are arranged at certain spacings on the

immersed surface of a structure having an immersed portion

This is the replacement sheet
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portion of the test piece TP, and that the air build-up f locally swelled
to separate as bubbles v that noved up to the water surface. [Enbodinent
2] It is clearly seen that, as explained in the Enbodinent 1

the air, when supplied to the TnibeeidfasBeek Beplscedrhi ch was nmade according to

this invention, is formed into | hat firmy adheres to the
coating surface. By taking adv i(Hl phenonenon, it is possible
to

- 43 -

and air is supplied from the nozzles along the coating
sufface.having fine depressions and projections. -
10. A method of-forming an air layer over an immersed
surface of a structure according to claim 1, wherein primary
air is held in the depressions in the finely roughened
coating surface and secondary air is supplied from outside
to the coating surface.
11. A coating layer according to claim 1, wherein the
surface of a water-repellent synthetic resin sheet is formed
with fine depressions and projections, by a transfer method.
12. A coating layer according to claim 1, comprising:
a coating layer formed over the surface of a structure; and
fine particles fixed on the surface of the coating layer so
that the fine particles protrude from the surface:;
wherein at least vertices of the fine particles
protruding from the coating layer have a water repelling
© property.
13. A coating layer according to claim 1, comprising:s
a coating layer formed over the surface of a
‘structure; and
fine depressions and projections, formed in the
surface of the coating layer by fine particles:; e
wherein the fine particles are covered with a water-

repellent material.

Tris ls the replacement sheet

NI e TTEE




provi de'excell ent anticontam nation and antlcorr05|on effects
Thi-s invention is expected to produce such excellent ef fects when applled
to ships at rest, floating breakwaters fixedly installed in water,

bar ges, dikes, and under wat er piles. Fi gure 23 shows a pier,
which is covered with the coating filmbody of this invention to prevent
under wat er or gani sms from adhering to the coating surface. A

| eg 82 of the pier (underwater structure) erected

- 44 -
14. A coating layer according to claim 1, having a
two-layer, finely roughened structure comprising:

a bottom layer formed on the surface of a structure
and including relatively large particles:; and

a top layer formed on the bottom layer and including
particles smaller than those of the bottom layer so that the
two-layer, finely roughened structure has large depressions
and projections and smaller depressions and projections

formed on respective surfaces of layers.
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32 in the sea bottom 81 is provided at its Iomér'portion with a

- 45 -
METHOD OF FORMING AIR LAYER OVER IMMERSED

SURFACES OF STRUCTURE HAVING -IMMERSED PORTIONS, AND
STRUCTURE OF COAT LAYER FORMED OVER IMMERSED SURFACES

ABSTRACT

The present invention provides a method of reducing
the fluid friction drag of ships and fluid transport channels
and prevent contamination and corrosion of a structure having
an immersed portion. The method of forming an air layer over
an immersed surface of a structure having an immersed
portion, comprising the steps of: covering the immersed
surface of a structure (hull 1) having an immersed portion
with a coating layer 3, which has depressions 6 and
projections 7 at the surface thereof and which has at least
vertices 7’ of the projections 7 formed of a water-repellent
materiél 8: and supplying air a to the surface. 10 of the
coating layer to form an air film 12 between the coating

surface 10 and water 13.

Figures 2, 3 & 4
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ri ng-shaped air bl ow ng apparatus 83, frommany small openings of which

air Gis blown out. The leg 82 has depressions and projections fornmed at

| east on the surface of the layer, with at |east the vertices of the

projections coated with a |ayer of water-repellent material simlar to

. that -used in the Enbodi nent 1. In-the pier 80 of such a
construction, a conpressor 84 was connected through a control valve 85, a-

flow meter 86 and a pipe 87 to the ajr blow ng apparatus 83, and

conpressed air was controlled by a c 1ro||er 88 and supplied to the air

FIG. 1
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bl ow ng apparatus 83, from whose nozzles the air was blown around the |eg
82 to forma thin air layer over the leg surface. This air |ayer has
prevent ed underwater organi snms and seaweeds fromcoming into contact with
the surface of the leg 82 so that the | eg has been kept free from

contam nation for a long period of time. [Enbodinment 3] Fi gure
24 shows a water intake pipe in an electric power generation plant to

whi ch the present invention is '
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applied. The inner surface of the water intake pipe 90 is formed with a
coating layer of this invention and a nozzle 91 Is shown installed at the

bottom of the inner surface to ej ect secondary air G onto the inner
surface of the water

>"‘v A ") . 'v“‘ \ ‘,
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33 I nt ake pi pe 90 and thereby fdrm an air |ayer.

The nozzle 91

is preferably arranged over the entire Ilength of the water intake pipe 90
and it is further desirable that the nozzle be installed not only at the
bottom but also at a circunferentially internediate portion as well so
that -the air can be fed over the entire inner surface of the pipe.

It is noted that the present invention is not

“M1
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limted to the above enbodi nents and that various nodifications and
additions may be made. The features of this inventi-on may be sunmari zed as
foll ows. 1) The present invention forns a thin air |ayer over
i mmersed portions of a structure. The invention is characterized in: that
the coating layer fornmed over the surface of the i mersed portions of a
structure has on its surface m nute depressions and projections, wth at
least the vertices of the projectiogg,forned of a water-repellent

1"
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material; and that air is supplied to the coating surface to forma thin
air layer between the coating surface and water That is by
supplying air to the coating surface formed over the subnerged surface of
a structure, it is possible to forma thin air |layer that adheres to the
surface of the coating |ayer. 2) The first constitutional

el ement of this

41
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34 invention is the condition of the coating surface formed over the

i mrersed surface. The coating surface is essentially formed of a

wat er-repell ent material and the contact angle wth water on the finally
processed surface should be not |ess than 90[err] or preferably 110[err]
or |arger.
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In sonme cases the coating surface may be fornmed, over its entire area,
of a water-repellent material having a specified contact angle. If only
t hbose portions of the surface that need to repel water com ng in.contact
with the surface, or at |least the vertices of the projected portions of
the roughened surface, are forned of a water-repellent material, a

sufficient water repelling effect can be obtained. An
appropriate water-repellent material my be
84
FIG. 18
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sel ected from anong those nentioned in this specification. It is
Jinport’ant that the water-repellent material be further formed with fine
depressi ons and projections by various means, such as plating
(el ectrolytic dispersion plating and el ectrol ess di spersion plating
t echni ques), nechani cal machi ning (die extrusion, injection nolding,
transfer by rolls having fine depressions and projections, pressing, and
screen nmesh techniques), coating (a nethod of applying a resin mxed with
powder, a nethod of injecting or projggting powder onto surface, and an
el ectrostatic coating nmethod), a n

FIG. 20

1000000
100000

10000
1000

(hr)

100

LIFE

10

0.1

0.01

o —1'rrn'm| llﬂ'll'l'll ||um LRIl IR

Thﬁisthsrmmacsmeﬂtshmﬁ

Date: 1 TFEB \397



35 hi gh-density energy nethod (a nmethod of roughening a surface

194
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using a laser and plasma), and a sticking technique (a nmethod of sticking
a watér-repellent filmor sheet locally or ~entirely). If the
majerial used is a hydrophilic material, it «can be given a water repelling
property by neans of surface treatnment and thus can be utilized
effectively. 3) The second constitutional elenment of this

I nvention is sizes of depressions and projections. It is
essential that the coating surface sq?uld be fornmed with fine. depressions
and projections. These /ﬁ1 ' - -

FIG. 23
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depressions and projections are so sized that the
in the range of 0.3 to 30 pmand the. projectionf 9% I{Haigls) t opapafi4d

h/s i's in the range of 0.3 to 3. ~ \Wen mmgkg@g% g dagiaveen, the ;™
projections is greater than 30 pm it is difficulg Aug*ts&?gl _____ %I?a g =
spaci

the surface for a long period of time. £On the contrary, if

i & smaller than 0.3 pm the akr held in the deprés to d se

in volune and rel ati veI ea5|n¥ separ at e. Sﬁﬂfﬁ 6ﬁr}g'-§‘c ﬁﬁ;ﬁ&
METHOD R _PIIM ON SUBMERGED SURFACE '

OoF SUBMBRGBD PART-CARRYING STRUCTURE. AND FIIM
STRUCTURE ON SUBMERGED SURFACE

Field of the Invention
. The present invention relates to a method of forming
air layer over immersed surfaces of a structure having.
immersed portioh; and to a structure of a coating layer over
the immersed surfaces intended to reduce the f£luid friction

resistance or drag of ships and the like.

Background Art

Structures having underwater surfaces or surfaces in

contact with water, such as ships and liquid transport

channels, produce a flow of watexr along their surfaces as the
ships travel or liquid hoyes, with the'veloc;ty of water
being zero at:the submerged surface of the structure. A
velocity gradient near.the structure’s submerged surface
debends on the viscoﬁity'of fluid -and the shearing forces due
To viscosity constitute the fluid frictional drag.

This fluid frictional drag experienced gy the ship

can be very large. Of the drags exexrted on the ship as it

navigates, which include a wave-making drag, a form drag and
an air drag in addition to the fluid frictional drag, the
fluid frictional drag accounts for as much as 60 to 70% of

- the total drag or resistance.

Considering such_a large proportion of the fluid

This is the replacement sheet
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The height of projections his related to their spaci ng and cannot be
determ ned arbitrarily. Thus, the range of their height is restricted by
t he hei ght-to-spacing h/s ratio.
2
frictional drag, the best way to economize thé propelling power and
increase the speed of a ship:is to minimize the fluid frictional
resistance and the development of such a technology has been
strongly called for in the industry.

Among the measures currently employed to reduce the fluid
frictional drag on the ship are: a method which provides the bottom
of the ship with projections to form flame-like air chambers and
supplies air to the air chambers to form a layer of air over the
surface of the ship’s bottom; and what is generally called a micro-
bubble method which blows out air over the surface of the hull to
produce a large number of air bubbles over the surface.

With the former method, however, there is a problem that when
a ship moves, the air contained in the air chamber flows out and
replenishing the lost air requires a large power. US-A-5,054,412
and GB-A-1,300,132 disclose such a method. In US-A-5,054,412, the
air chambers are V-shaped grooves having a width of 0.25 to 1 mm
and depth of 0.5 to 2 mm, which extend in the direction of flow of
the liquid. Iﬁ GB-A-1,300,132, the air chambers are V-shaped having
‘a depth of 0.1 to 1 mm which transverse the direction of flow of
the liquid.

The latter method requires a large-scale compressor
because friction resistance can only be reduced when a large
quantity of air is supplied from nozzles provided at the side
and bottom of the Eyll. This inevitably increases equipment
cos£ aﬁd requires high power to érive the lérgefgapacity
compressor.  While the supplied air that flows in the form of
bubbles along the hull side and bottom reduces the fluid

friction resistance, it should be noted that as the bubbles

This is the replacement shest
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36 If the coating [ayer with fine depressions and projections
Is to be formed on one side of a base plate or substrate, it is suited for

application to snmall-scale submerged surfaces. However, if the coating
surface is to be applied to | arge equi pnment such as ships, floating
breakwat ers, underwater piles and caissons, it is preferable to adopt a
ceating |l ayer that has a conposite roughened

3
flow downstream, they repetitively combine together and merge
into larger bubbles, reducing the area of the bubbles

covering the hull and therefore the fluid friction resistance

reduction effect. Hence, to obtain a significanf reduction

in the overall frictional resistance of the.entire ship
requires supplying a large mount of air, making it difficult
to achieve a substantial reduction in the fluid friction

drag. For these reasons, eithe: of these methods cannot be

. put to practical use.

Floating .structures suéh as anchored ships and
barges oi'statiqnaiy—strudtures such as underwater steel
piles have problems that the surfaces of their submerged
portions-often have underwater organisms. deposited thereon or

afe'at;acked by corrosion. As a means to solve these
~ problems, it is a known practice to appiy anticontamination

or anticorrosion coating to the underwater surfaces. This
ﬁgthod, however, not only requires troublesome maintenance of
.coating but poses a risk of nox;ous substances in the coating
dissolving into water, resulting in environmental pollutién.

Disclosure of the Invention
The inventors of the present invention have

conducted research on a way to reduce a fluid frictional drag
significantly with a small power and successfully *-

accomplished the invention. That is, the present invention

This s s roeplacement sheet

Date: 19 A5 500



surface fornmed by a conbination of relatively |arge and fine depressions
and projections fornmed on their surface.

As to the very snal
depressions and projections, although they have a sufficient capacity to
hold an air |ayer,

they lack the ability to distribute the supplied air
uniformy over the entire coating surfacg

: To cope with this problem
the substrate surface may first be forned with relati-vely |arge
depressi ons and projections, on which fine depressions and projections may
t-hen be formed, thus producing a desi ref; hen d £o m’}_te sur f ace.

according to one aSpect provides a coating for a s avmg ace 0 be

n-nmersed in a liquid, said coatmg compnsmg fine depressnons and projections and at

. least said vertices of the pro;ecnons having a liquid-repellent material, characterised in
that the fine depressions and projections are arranged irregularly and of such dimensions
to enable air to be trapped and retained when the surface is immersed and subject to flow
in the liquid. ' '

The coating layer, as it is referred to herein, means films or sheet-like materials
bonded to the surface a structure, or a layer of coating formed over the surface of a
structure, and has minute projections and dents formed in its own surface.

According to another aspect of the present invention, there is provided a structure
comprising a surface which, in use, is immersed in fluid, and a coating according to the
invention formed on the surface.

According to a further aspect of the present invention, there is provided a device
for forming an air layer between a surface of a structure which is, in use, immersed in a
liquid, and the liquid, the device comprising a coating of the invention and means for
supplying air to the surface for merging with retained air to form an air layer between
the surface and the liquid.

According to a still further aspect of the present invention, there is provided a
method qf.forming an a1r layer over a surface of a structure which, in use, has a porﬁori
immersed in a liquid, the method comprising covering the portion of the structure
immersed in use with a coating of the invention and supplyi‘ng air to the coating for
merging with retained air to form an air layer between the coating and the liquid.

According to yet another aspect of the present invention, there is provided a

. method of reducing the friction resistance between a marine vessel and water,

comprising:

-

providing at least a water-contacting part of the marine vessel with a surface

having a property of retaining air;
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The rel atively | arge depressions and proj ections
distribute air over the coating surface.
depressions and projections in

serve as passages to
Arranging the relatively large
the formof a net helps to disperse air

evenly. 4) The third constitutional elenment of this i nvention
Is to supply air fromoutside to the coating surface processed as
ment i oned above and fornmed on the

5

providing an air injection zone at an upstream position on said surfixce;’

providiiig means for forming a-thin layer of air over said surface of said water-
contac;ting part with the air injected through sid air injection zone when the marine
vessel is navigated, forming said means by a coat layer having fine surface irregularities,
and forming at least peak portibns of the surface irregularities with a water repellent
material, said'coat layer retaining a primary air in water;

supplying a secondary air out of said air injection:zone into the primary air layer
and permitting secondary air to be absorbed in and joined with the primary air layer and
spread to form a thin layer of air over said sm;rface; and

navigating the marine vessel while a portion of air in a water contacting surface

- portion of the thin.layer of air, to be carried away towarcis the stern of the marine vessel,

is replenished with the secondary air injected through said air injection zone.

According to a yet'further aspect of the present invention, there is provided
a marine vessel with a reduced friction resistance with water,comprising:

a hull of which at least a water-contacting part éomprises a surface having an air
retaining property;

an air injection zone provided at an upstream position on said surface; and

means for forming a thin layer of air over said surface with the air injected
through said air injection zone wheﬁ the marine vessel is navigated, said means
comprising a coat layer having fine surface irregularities, at least peak or top portions of
said surface irregularities being formed of a water repellenf material said coat layer

. having a property of retaining in water a primary air comprising a thin film of air;
said air injection zone extending in the direction of the hull width in a manner

such that at an upstream position on said coat layer, said air iﬁjection zone can inject a

&

secondary air to the vicinity of the surface of the coat layer; ' N
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37 subnmerged surface of a structure. The nozzl es used need to be
of such a construction as will keep the volune of supplied air as small as

possi ble. Unlike the conventional technique which supplies a |arge vol une
of air to change the density of water and thereby

; 6

the arrangement being such that the secondary air is supplied to the primary air
retained over the surface of tl_lé ¢oat layer and permitted to spréad over the surface of the
coat layer to form a thin layer of air, which is constantly maintained over the water-
contacting part of the marine vessel with an amount of air to be peeled and carried away
from a stern part of the marine vessel in accordance with the navigation of the marine
vessel being replenished with the secondary air being supplied.

. The coating film body formed on the immersed surface of a structure retains a
thin air layer in water, which is not easily separated from the surface and can be retained
by supplying only a small amount of air using very small power. Because the air layer
prevents direct contact between water and the structure, the fluid friction resistance can

be reduced and at the same time the contamination and corrosion of the structure
prevented. -
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reduce the fluid friction drag, this invention is
nmentioned in the. specification, inthat a thin air layer is fornmed only on
the coating surface. For this purpose, it is preferred to use a neans that
can supply air thinly so that the air can be arrested by the coating

surface. The nozzles for gel{vering air may be forned as a |arge
nunmber of small-diameter nozzles or"as a slit. Wiere there is a large
vel ocity difference between water and the

~characterized, as

To describe in more detail, the coating film body
formed over the submerged portion of a structure has minute
projections and dents in its surface, with at least the

surface of projected portions of the coating layer having a

water repelling property. Hence, when air is supplied to the

coating surface, the air easily flows into the depressed
portions 6f the minute projection and is retained there by
the action of the water pressure and the surface tension of
water as well as by the water repelling effect of the coating
layer.

Since the coating layer of this invention has a
property of retaining small amounts of air in depressed
portions of its own roughened surface under the water, when
air is supplied to the coating surface, the air which tends
to reduce the surface energy ﬁetween water and air combines
with the already existing air to effectively form a thin air

layer inseparable from the coating f£film body surface, i.e.

the immersed surface.

When the air layer thus formed is subjected to

external disturbances and thereby urged to separate from the’

surface as bubbles, a pulling or retaining force acts on the

bubbles, keeping the air layer adhering to the immersed

surface. A layer of air on the free-stream flow side or at a

position remote from the coating surface is drawn-and
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coating surface, as in the case of ships, it may be difficult to supply
air uniformy to the coating surface. For this reason, it is necessary to
design the nozzles specifically according to various conditions such as

the ship's shape and speed. In the case of a ship, the air
delivered fromthe nozzle tends to ngve away fromthe hull side because
of dynam c actions of water flows and vortex currents. Hence, for the

air to be injected close to the coating surface, it is advised to use a
nozzl e made of porous nmaterial or a .
separated by the flowing water and flows downstream.

By
supply a small amount of air to replenish the loss of air
that flows with the free-stream flow, it is possible to
maintain the air layer in good condition.

Breif Descrivotion of the Drawings

Figure 1 is a partly cutaway side view of a ship
showing one embocdiment of this invention;

Figure 2 is a cross section of the coating-iayer;

Figure S.is a cross section of the coating
layer showing air trapped in depressions in the coating
surface;

Figure 4 is a cross section showing a layer 6f air
formed.over the coating surface ;
Figure.s is a cross section of the coating layer;
Figure & is a cross section of the.coating layer:;

Figure 7 is a cross section of the coating layer:

Figure 8 is a cross section of the coating layer
with  -a multilayer structure;

; Figure ¢ is a schematic diagram showing a model ship

used in the test of this invention:;

Figure 10 is an enlarged cross section of a portion

Y shown in Figure 9;
Figure 11 is an enlarged bottom view of a portion

indicated by arrow B in Figure 9;

This is the roplacement sheet

Date: 19 AUG 1909



device that delivers air fromthe back of a sheet pressed

Figure 12 is a graph showing the relationship
setween the air quantity level and the amount of drag
reduction or DR;

Figure 13 is a graph showing the relationship
between the ship speed and the power required;

Figure 14 is a schematic diagram showing the
configuration of an in-pipe fluid friction resistance test
eqﬁipment; |

Figure 15 is a schematic diagram showing the
configuration of a plating device for plating the inside wall
a pipe;

Figure 16 is a créss section of the coating layer
produced by the plating device of Figure 13;

Fiéure 17 is the result-of measurements qf pressure
difference between the ends of a tested section of a pipe:;

Figure 18 is a diagram showing the relationship
between the in-pipe average flow velocity and the amount of
drag reduction or DR; '

Figure 19 is a graph showing the relationship

between the spacings of projections and the life of the air

layer:

Figure 20 is a graph showing the relationship
between the height/spacing ratio h/s and the life (hours) of
the air layer; - N
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agai nst the surface of the hull by water pressure. Enploying such a nozzle
and device will ensure the formation of a good air layer.. °° ©  Case
of ~an imersed structure having a |long coating surface, such as a ship, it
is desired that the nozzle be arranged transversely across the hull or
that the nozzle shape, size and |ocation be reflected in nozzle design and
arfrangenent according to pressure changes in vortices produced at the hul
si de. 5) The nost effectiveggapplication of this

Figure 21 is a schematic view showing a verification
tes%-of the air layer formed ovef the coating surface;

Figure 22 is a schematic view showing a verificafion
test of the air layer formed over the coating surface:

Figure 23 is a schematic diagram showing this
invention applied as a means for preventing contamination and
corrosion of a pier} and

‘Figure 24 is a schematic diagram showing this
invention applied as a means for preventing contamination and
corrosion of a water <dintake pipe-

Best ‘Mode for Carrying oﬁt the Invention
{Embodiment 1]

By referring to Figures 1 through Figure 24, we will
describe an embodiment of.- a method of forming air films over
immersed surfaces of a structure having immersed portions and
also of a structure of the coating layer formed over the
immersed surfaces.

Figure 1 is a side view of a ship to which the
presént invention is applied. - In the figure, reference
numeral 1 represents a hull, which has its bottom 2 and at
least the submerged surface of its sides 2a coated with .layer
3, 3a. The hull is provided with a nozzle 4 directed from

the front toward the rear so that air delivered from a

compressor 5 is blown out from the nozzle 4 along the coating
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invention lies in reducing the fluid friction drag of a ship _.to thereby
-econom ze the power required for propul sion. For that end, a coating
| ayer is formed on the surface of the hull and air is supplied to the
coating surface to forma thin air layer to keep water fromcomng into
contact with the coating surface. This air |ayer also serves to prevent
underwat-er organi sns from adhering to the hull while at rest. It al so

prevents underwat er -organi snms and cont gfi nating substances from attachi ng
to the surfaces of stationary

surface 3 (3a).

‘The coating film body 3 (3a), as shown in Figure 2,
has minute depressions 6 and projections 7 formed in its
surface, with at least vertices 7’ of the projections 7
formed of water-repellent material 8 having the contact angle
with water of more than 90°. The minute projections 7 are so
formed that their spacings s are 0.3 to 30 pm and the ratio
h/; between the height h and the spacing s is about 0.3 to 3.

The water-repellent material may be formed of
polytetrafluorocethylene, polyethylene, polystyrene,
polypropylene, or water-repellent coatiné substance. It may
also be formed of é h&drophilic resin such as polyvinyl
chloride which was subjected to a plasma process using CF, gas
to produce a water repelliné property. AlternatiQely, the
wafer—repellent material may be formed by processing a fine
particles such as silica with a surface treatment agent such
as perfluoroalkylsilane and by fixing them with resin so that
parts of the surface project.

When the water-repellent fine particles are used,
the resin need not be water repelling as it is intended to
fix the particles. The resin may, for example, be polyester
resin, phenyl resin, amino resin, epoxy resin, vinyl resin or
urethane resin as long as they are suitable for coatihg.

While the water-repellent material 8 is normally
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structures such as piers and cai ssons. Anot her application of
this invention involves | iquid transport channels such as liquid

transport pipes and troughs. The liquid transport pipes have fluid
friction

12

provided at the vertices 7' that come into contact with water
13, it is of course possible to form the surface of the
depressions 6 using the water-repellent material 8.

| With the method of this invention for forming an air
layer over the sﬁbmerged surface of a structure, the fact
that the immersed surface has fine depressions and
projections and that at léast the vertices 7' of the
projections 7 are formed of water-repellent material having
the contact angle with water of more than 90° produces the
following effects. That is, as shown in Figure 3, because
the_coating surface 10 or at least the vertices 7° éf the
ﬁrojecfions 7 are formed of water repellent material, the
layer has a water repelling property such that when air a is
supplied to the coating film body surface 10, the air a will
easily enter the depressions 6.

Such a coating surface 10 is produced on land, and
therefqre, when the coating surface 10 is submergeé in water
@s shown in Fig. 3, the air a is retained stably in the |
depressions 6 by the water pressure P, the magnitude of which
corresponding to the depth of water, and by the sufface

tension of water.

The contact angle with water on -the coating layer

. surface 10 having fine depressions and projections is more

than 90° or preferably more-than 110°. The greater the
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39 resi stance, so that transport of liquid requires a |arge
power. Application of this invention to a water _
power generation facility allows a substantial reduction in the fluid
friction resistance. This i.n turn nmakes it possible to reduce the dianeter
of the pipe and also reduce the power of punp. In_the case of troughs,

this invention |ikewi se can reduce their cross sections. Fur t her nor e,
because of its anticontamn nation eff%%ts, t he

' driving .
i ntake pipe of an electric

contact angle, the more the effect of this invention can be

expectéd.

Figure 4 is a schematic diagram showing a model

representing the above phenomenon. The coating surface 10 of

water-repellent material having depressions 6 and projections
7 is immersed in water 13 and when air a’' is supplied to the
céating surface 10, the air a' easily flows into the

depressions 6 formed in the surface 10 and gets trapped there

as air a.” In actual situation, the a2ir that was holding- to

the coating surface 10 when tﬁe coating layer was in
atmosphere ‘is cdntained.in the depressions 6 by the pressure

of water 13 and the surface tension of water. If at least

the projections 7 oxr the vertices 7' of the projections 7 are
not formed of a water-repellent material as shown in Figure

2, the air a will not be contained in the depressions 6 as

shown in Figure 3.

With the air a retained in thg depressions 6 in this
way, .when additional air a‘’ is further supplied as shown in
Figure 4, the air a’' easily merges with the exis%ing air a by
the surface energy reduction effect to form a thin air layer

12 over the coating surface 10. As a result there are three

layers made up of the coating surface 10, the air layer 12

and the water 13. 1In such a three-layer structure, when the

water 13 flows in the direction X, the air layer 12 in

.
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i nvention prolongs the life of the liquid transport channels such as

pi pes. 6) This invention is effectively applied to the bott om
of a ship. Air is apt to escape fromthe inclined surfaces such as hul
side or even fromthe hull bottomwhen the hull is tilted greatly.

Measures for preventing the escape of air should be taken, which may

I ncl ude the use of cover plate or covering step to formair passages, -and
t he arrangenent of nozzles in nul &Bpl e stages.

contact with the coating surface 10 remains adhering to the
surfacé while the air layer 12a on the flowing water 13 side
is drawn by‘and flows with the water 13. Hence, by supplying
a smali amount of air to compensate for the air that is
carried away by the flowing watexr 133 it is possible to
maintain the air layer 12 in good copdition.

The coating layer having the aforementioned, minute
depressions and projections is formed of, for example, a
sheet or a coating layer of a synthetic resin. To describe
in more detail, the fine depressions and projections 15a may
-be formed by a transfer method, which forms minute
depressions and projections in a synthetic resin sheet 15, as
shown in Figure 5, by a roll having correspond;ng fine
- depressions and projections in its own surface;  or by a press
methoé which uses a die having fine depressions and
projections; or by a screen mesh method which transfers 2
mesh pattern woveﬂ by fine +threads; or by a high-density
energy method using a laser or plasma. '

When the sheet 15 formed in this manner is made of a
water-repellent resin, it can be used as it is.

When it is

formed of a hydrophilic resin, the surface is treated to make

it water repellent.

Figure 6 to Figure 8 show an embod&iment in which the

coating layer 3 is formed of a layer oﬁpcoatihg.
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This invention efficiently reduces the fluid friction by a small .vol une

of air. For this purpose, sensors are provided at various |locations.to
detect the state of the air layer so that a mnimal required anount of
air can be supplied to nozzles. (Advant ages of the
I nventi on) This invention is characterized by a thin air
| ayer, -

15

In Figure 6, the coating layer 3 has water-repellent
fine particles 18 attached to the surface of a coating 17
formed over ﬁhe surface ofla structure 16. That is, the
coating layer 3 is formed as follows. The coating 17 is
applied as adhesive to the surface of the structure 16; and
the fine particles 18 are attached to the surface of the
coating 17 by spraying or projectibn, or the coating. 17
scattered with the fine particles 18 is applieﬁ to the
surface of the structure 16, letting the . fine particles 18 be
exposed at the coating surface. When the fine particles 18
are made of hydrophilic material, they are surface-treated to
provide a water repelling property.

Figure 7 is a cross section of a coating layer 3
formed by another méthod. The process of forminé the coating
layer 3 in this case consists in: aéplying, through spraying
Oor projection, a layer of.fige partibles 18a made of
water-repellent or hydrophilic material on . the coating 17
formed over the surface of a structure 16, or mixing the fine
particles 18a Qith the coating material and applying it to
the surface of the structure to form a layer of fine
particles 18a,mixgd in the coating; and then applying a film
20 over tﬁ;-surfaces of the fine particles 18a. 1In this
case, glso, when the film 20 is made of hydrophilic material,

it is surfacge-treated to give it a water repelling property.

This is the replacement sheet

Date: 19 AUG el



40 which is-forned by: covering an imersed surface of a structure
havi ng an imersed portion with a coating |ayer, which has fine

depressions and projections at the surface thereof and which has at | east
vertices of the projections

16

Figure B8 is a cross section of a coating layer 3
formed by still another method. The forming process consists
in: forming a first coating layer 2l1a containing relatively
large particles 21 (for example, glass beads); forming a
second coating layer on the first coating layer 21a; and
applying a layer of water-repellenf fine particles 22 over
the surface of the ;econd coating layer, or further applying
a water-repellent film over the fine particles 22 (as in the
case of Figure 7) to form a surface 23 with fine depressions
and projections. By forming a mﬁltiiayer.structure in which
a surface.layerxr iﬁcluding the fine particles 22 is formed
over the first coating.film body 2la containing relatively
large particles 21 as meﬁtioned gbove, a so-called composite
roughened surface consistiné of relatively large depressions
and projections 23a and'fine depressions and projections 23b
is Q?tained. With such a structure of the coating layer 3,
the air being supplied to the proper place in the coating
surface 23 isjquickly spread over the entire coating surface
23, witﬁ the large depressions and projections 23a used as
air passages-and the small depressions and projections 23b as
air retaining surfaces. In this way, an intended air film
Can_be obtained.

Though not shown, a coating layef-with-fine

depressions and projections may be formed by an electrolytic
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formed of a water-repellent material; and supplying air to the coating
surface to forma thin air |ayer between the coating |ayer surface and

wat er . Thus, the thin air layer formed on the coating. surface is
not easily separated fromit, and supplying only a snmall volune of air

with very small power can retain the air |ayer on the coating surface. The
air layer can achieve reduction in fluid friction resistance and
prevention of contamnination and corrosion. In nmore concrete
terns, the coating |layer surface i's 17

or;électroless dispersion plating.. That is, when a ;ubst;ate
is plated with a plating liquid mixed with
polytetrafluoroethylene particles, the polytetra-
fluoroethylene particles are deposited together with a
metallic matrix to cover the surface, forming fine

depressions and projections.

-The inventors of this invention conduéted'a model
test to evaluate the effects of the coating layer with fine
depressions and projections has on the reduction in the fluid
friction resistance of a ship.

Although this invention may be applied to-all the
immersed surfaces such as hull bottom and hull sides, the.
test was done by covering only the surface of the hull bottom
with a water-repellent coating layér having fine depressions
and projections in order to obtain a result in a short périod

of time. The details of the test are as follows.

(Test 1)

Figure 9 is a schematic diagram showing the modeél

ship used in the test for verifying the effects of this

invention. Figure 10 is an enlarged view of a portion Y in

Figure 9. Figure 11 is an enlarged bottom view of a nozzle
portion indicated by arrow B in Figure 10.

In Figure 9, a compressor was installed separate

from the model hull 25 to deliver pressurized air a through a

%
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formed wth m nute depressions and projections and at | east
of the projections are covered with a coating
mat erial. Thus, the coating | ayer has a water repelling action at its
surface, so that the air suppl i ed over the surface of the coating |ayer
easily flows into the depressions and renai ns containing there by the
wat er pressure and the-surface tension of water. Wth a snal

volune of air retained in the fine depressions, when additional air is
further supplied, it 18

the vertices
| ayer of a water-repellent

valve 27 and a pipe 28 to a“flow meter 29s=which metered the
flow of the air—and from there throﬁgh a pipe 30 to the -
bottom of the hull 25. The air a is brancbed by a branching
pipe 31 at the bottom 25a of the hull 25 into many pipes,
which are then connected through valves 32 to a large number
of nozzles 33 (small tubes 0.6 mm in diameter) to blow air
along a test piece TP described later as shown in figures 10
and 11. Thé.nozzles 33 are directed from thg upstream to the
downstream side of the moving ship. The large number of
nozzles 33 are arranged in a straight line at constant
intervals as shown in Figure 11l.

The test piece TP used in the test is a coéted
aluminum flat plate (which corresbonds to the structure 16)
400 mm wide by 500.mm long by 1 mm thick.

The coat;ng layer of water—repelleht material
applied to this test piece has a multilayer structure with a
composite concave/convex surface as shown in Figure 8. The
immersed surfade_(coating £ilm layer 3) of the
water—repellent:coating layer has a water repelling
characteristic that exhibits the contact angle with water of
165°. In the surface, the ave&age height and spacing of
large ﬁndulations of the first coating layer 2l1a are 6.3 pm
and 25.1 um rgspectively and the average height and spacing

of fine depressions and projections are 0.9 um and 3.0 pm -

.
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tends to nove to a nore stable condition by reducing the
41

i

19
respectively.

The coating layer has a three-layer structure
consisting of: a first coating layer 2l1a containing
- particles 21 such as glass beads 50 pm in diameter; an
intermediate coating layer formed over the first coating
layer 21a aﬁd including hydrophobic silica 37a 12 pm in
diameter; and a surface coating layer including hydrophobic

silica (fine particles 22) 1.4 pm in diameter.

Fourteen of such flat-plate test pieces TIP were
joined together to form a larger test éiece TP 800 mm Qide by
3500 mm long, which was then mounted to tﬁe bottom 25a of the
hull 25 of the model ship measuring 7.276 m long, 1.28 m wide

and 0.6 m deep so that the front edge of the test piece TP

was located 1.45 m érom the bow.

As shown in Figure 10 and Figure 11, nozzles 33

formed of syringe needles 0.6 mm in inner diameter forxr

blowing out air were arranged at the front edge of the test

piece TP at_eqﬁal spacings (about 20 mm).

The hull 25 has a 200-mm draft in ballast. In this
condition, the tested hull 25 had an immersed area S of 9.81

m2

, the area St of the test piece TP was 2.82 m?, and the area
ratio St/S was 0.285.

A towing water tank 220 m long, 14 m wide and 6.5 m

déep was used for the hull drag test. The hull 25 was
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surface energy between water and air, with the result that
air is attracted to and nerges with the air
to forma thin air |layer easily

t he addi ti onal
contained in the depressions
and efficiently. This air |layer can reduce
the fluid friction resistance. The air | ayer can al so prevent
underwat er organi sns and contam nating substances from adhering to the

surface of a subnerged portion of a stationary structure held at a fixed
posi tion. 20

coupled to a tpwing car aﬁd at each ship speed a specified
amount of air was delivered from.40 sfringé nozzles 33 in the
form of minute bubbles flowing from_the bow to the stern,
while at the same time measuring the drag of the hull 25 by

using a drag power metex.

Table 1 shows reductions in drag (DR) of the model

ship expressed in terms of viscous drag and reductions in

frictional drag of the test piece IP (DR') at various ship

speeds: DR and DR' can be represented by the following
formulas.

DR = -(Ct - Ct,)/Cv, x 100%

DR' =

(1 + K):-DR/(St/S)

where Ct = total drag coefficient of the tested model ship,

Cv'; viscous drag coefficient of the tested model ship,

subscript 0 = normal tests not using the water-repellent flat

plate, and K = form influence factor (K=0.222).

‘Table 1 shows that the DR reached the maximum value

of 19.4%-at the ship speed of U = 2.11 m/s. The relation

between the DR at theiship speed of U = 2.11 m/s and the air

gquantity level, a measure of average air layer thickness is

shown in Figure 12.

The air gquantity level is an index representing the

average air film thickness calculated on the assumption that

the air layer, formed by .a combination of the air =retained in

a
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42 Tabl e 1 Rel ationship between ship's speed and
reduction of drag Froude' s Ship speed Maxi num DR% Maxi mum DR

21

the depressions in ‘the coating'layer surface and the supplied

air, flows uniformly at the same speed as the ship. At the

ship speed of U = 2.11 m/s (Froude number Fr = 0.25), the

actual amount of air supplied Qa is as shown in Table 2.
Figure 12 indicates that the frictional resistance

reduction effect is produced by the supply of only a small

amount of air. There is a tehdéncy that up to the average:

-air layer thickness of 0.24 mm (air gquantity level 5), an

increase in the amount of air is accompanied by an increase

. in DR% and that beyond this thickness, the DR% remains almost

constant. In this embodiment, the maximum value of DR of 19%

was reached at the air dquantity level 20. The DR', which

concerns only the test piece TP portion, reached as high a

wvalue as about 83%.

According to the observation of the air flow ejected
from the nozzles 33, we found that the air a delivered from
the nozzles flowed along the surface of the test piece TP

toward the stern while adhering to and spreading over the

test piece surface.

For comparison, a polytetrafluoroethylene plate with

a smooth surface, which was not surface-treated, was also

tested taking the place of the test piece TP. 1In this case,

the air.blew out of the nozzles 33 as bubbles without

adhering to the polytetrafluoroethylene plate and flowed
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nunber Fr U m's (cal cul ated

(cal cul ated as
Vi scous frictional

resi stance) resistance of
t est piece) 0.10 0. 84 16. 4 70. 3 0.15
I.27 6.5 27.9 0. 20 1.69 13.3
57.0 0. 25 2.11 19.4 83.2 0. 30 2: 53
16.9 72.5

Table 2 Flowrate of air supplied Qa 1/mn

22

downstream in the form of individual separate bubbies,

This indicates that the use of the specially formed
coating layer over the test piece TP—whose surface has minute
depressions and projections and also has at least the
vertices of pfojected poxrtions of the depressions and
projections formed of a water-repellent material to

give them

a certain range of water repelling property—and the supply of

air between the coating layer surface and the water combine
not only to allow an -air layer to be formed between the
coating surface and th§ water but also to keep the air of the
air layer adhering to the coéting surface; with only ‘that
part of the air layer close to tﬁe streaming water being
carried away by the water. '

When the air layer is formed over the surface of the
coating film body, the coating film body surface is no longer
in direct contact with the water, resulting in a significant
reduction in the fluid frictional resistance, as is evident

from fluid mechanics.

It is easily understood that this in turn allows

saving of propelling power. Figure 13 shows the relationship
between the speed of the hull 25 and the power required for
Propulsion, according to the results of the test using the

model ship. In the diagram the solid line represents a

required power (including the air delivery power) when a
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quantity 1 2 5 10 20 level - Average air |ayer
0.10 0.24 0. 48 0.95 thickness mm Flow rate of air 4.8
24.1 48. 1 96.2 supplied Qa 1/ mn

23

smooth polytetrafluoroethylene plate was mounted and a broken
line represents a required power when a layer of air was
formed by the coating film body surface of this invention.

It is seen that the higher the speed of ship, the larger the

power reduction.

In actual ships, there are various kinds of

oscillations or ship motions while navigating. When the hull

is oscillated, it is reguired that the coating film body
surface, which was formed as mentioned above, be able to

retain the air layer effectively.

To test this characteristic, the hull 25 was given a
moderate cyclic rolling motion in the range of *3° and.at the

same time air was blown out from the nozzles 33. The result

is that the air ejected from the nozzles 33 flowed along the
test piece TP while spreading to form a thin air layer over

the surface of the test piece. Despite the rolling motion of

the ship, it was confirmed that the air layer was reliably
formed although a slight performance degradation was

observed.

Whether the hull 25 is rolling or not, it is
therefore verified that in the hull 25 which has the test
piece TP with the coating film body surface 10 formed
according to this invention, the supply of a small amount of

air permits’an air layer to be formed and maintained

.
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43 : CLAI MS- 1. ‘A coating for
a structure having a surface to be imrersed in a liquid, said coating

conprising fine depressions and projections and at |east said vertices of

the projections having a liquid-repellent material, characterised in that
the fine depressions and projections are arranged irregularly and of such
di nensions to enable air to be trapped and retained when the surface is
i mmer sed and subject to flowin the |iquid.

24

reliably. It is thus appreciated that the invention is very
effective in reducing the fluid friction when a ship

navigates.

(Test 2)

Figure 14 shows a system diagram of a test apparatus

to check the fluid friction reduction when the structure

having immersed portions is a liquid transport pipe. Denoted

35 is a copper cylindrical pipe, which is connected with two
systems of piping: a water system A and an air system B. In
the water system A, water W in a synthetic resiﬁ container 36
is transported by a pump 37 through a valve 38.and a flow
meter 39 to the copper pipe 35,. from which the water is
returned to the container 36, - thus forming a closed loop. In
the air system B, on tﬁe other hand, a mini—compressor 40
delivers air through a valve 41 and a flow meter 42 to
syringe needles not showﬁ; from the nozzles of which the air
is injected into that end of the copper pipe 35 on the watér
incoming side. Eight such ;yringe needle nozzles are
arranged in the copper pipe at spedified spacings along the
circumferential direction. The internal surface of the
copper pipe 35, which constitutes the submerged surface, is
formed with fine depressions and projections by electrolytic .

dispersion plating, with the projections covered with a

water—repelléht material.
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2. A coating as clained in claim1, characterised in that the
depressions and projections are arranged such that the projection's.

hei ght-to-spacing ratio h/s is less than or equal to 3. 3. A coating
as clainmed in claim1l or 2, characterised in that the depressions and
projections are arranged such that the projection's height-to-spacing ratio
h/s is greater than or equal to 0.3. 4. A coating as clained in any
preceding claim characterised in that the depressions and projections are
arranged such that the spacing s ofzshe projections is in the range of

The method of forming the coating layer having fine
depressions and projections by using a plating technique is

described below. As shown in Figure 15, the plating bath 45

and the copper pipe 35 are interconnected by a line C and a
line_D, the line C consisting of a pump 46, a flow adjust
valve 47.and a flow meter 48. A nickel rod 49 as an anode
installed inside the copper pipe 35 is connected with a dc
power supply 50. Designated 51 is a heater and 52 an
agitator.

The composition of a dispersion ligquid L in the
plating bath 45 is as follows.

Nickel sulfamate: 350 g/liter

Nickel chloride: 45 g/litex

Boric acid: 40 g/literxr

polytetrafluoroethylené particles: 200 g/liter

The electrolytic dispersion plating was done under

the following conditions.
Dispersion liquid temperature: 45°C
Current density: 4.5 A/dm?
Current conduction time: 30 minutes
Average flow velocity of the dispersion
liquid in the pipe: 45 to 50 m/s .
Observation of the plated layer (coating layer) on

the inﬁer surface of the copper pipe 35 by a laser microscope

<
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0.3 - 30[err]m 5. A coating according to any preceding claim
conprising: a coating layer for positioning on the surface of the
structure; and fine particles fixed on the surface of the coating |ayer so
that the fine particles protrude fromthe coating | ayer surface;

wherein at |east vertices of the fine particles protruding fromthe coating
| ayer have a liquid repelling property.

26

had found that the polytetrafluoroethylene particles 35b
protrude from the surface of the nickel layer 35a formed on
the inner surface of the copper pipe 35, as shown in Figure
16. It was also found that the spacing s bet&een the
particles 35@ is in the range of 0.3 to 30 ym and their
height to spacing ratio h/s falls in a 0.3 to 3 range.

' The copper pipe 35—whose inner surface was coated
with a plated layer (coatiﬁg film layer) which has fine
depressions and projections on its surface and which-has its
projections formed of water-repellent polytetrafluoroethylene
particles 35b—was arranged as shown in Figure 14 for a
pressure loss measurement test. The minicompressor 40 and
the pump 37 were activated to supply air and water into the
copper pipe 35 to measure the éressure difference across the
tested section by.a differential pressure meter 53. The
measured values were recorded éontinuously on a pen recorder
55 through a low-pass filter 54.

The test was condpctedjwith the in-pipe avérage'flow
velocity V of 0.5 to 3 m/s and the ratio of introduced air
quantity to water flow R, of 0.5 to 3 vol%. One of the
results of such pressure loss measurement tests for V = 1.6
m/s is shown in Figure 17, which indicates that thé
introduction of air reduced the pressure loss;

It is also

seen that the smaller the amount of air introduced, the
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44 6. A coating according to any of clains 1 to 4, conprising:
a coating layer for positioning on the surface of the structure; and
fine depressions and projections, formed in the surface of the coating

| ayer by fine particles; wherein the fine particles are covered
with a liquid-repellent material.

-

27

larger the reduction in the pressure loss.

Figure 18 shows the relationship between the in-pipe

average flow velocity V and the reduction in pipe friction
drag (DR), obtained by calculating tﬁe friction factor from
the pressure léss_measurement test results. The graph

indicates that about 23% of the drag reduction is achieved

for V = 1.6 m/s when the air/water flow ratio R, is as small

as 0.5 vol% (black dot in the diagram).

Two kinds of pipes were manufactured: one is a
polytetrafluoroethylene pipe with a smooth internal surface

which is made of a water-repellent material having the

contact angle with water of more than 90°; and the other is a

copper pipe coated on its internal surface with a hydrophilic
material having the contact angle with water of less than 90°

whose inner surface is formed with minute depressions and

projections. They were subjected to the above-mentioned

pressure loss measurement test. It was found that the

pressure loss increased with both pipes and this tendency ..

became prominent as the amount of air increased.

The effects of the projection spacing s on the life

of the air layer were also examined and the result is shown

in Figure 19.

Three kinds of resin plates—polypropylene, polyvinyl

chlorlde and polytetrafluoroethylene—were used as uhe test
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7. A coating according to any of clains 1 to 4, conprising:

| ayer for positioning on the surface of the structure, the layer including
relatively large particles; and a further layer forned on the

| ayer and including particles smaller than those of the layer so that the
coating _has | arge depressions and projections and snaller depressions and
projections formed on respective surfaces of the | ayers. 8. A coating
as clainmed in any preceding claim chggacterised in that the |iquid-
repellent material is one or two or nore kinds of materials including a

pol ytetrafl uoroet hyl ene, a powdered hydrophobic silica, a polyethylene,
ny p pol'yet ny
po'ypergkgggg (2x5 cm) formed with fine depressions and ‘:projections

a

a

by transfer method on the surface. These test pieces.were

immersed 10 cm below water surface and it was confirmed that:
aﬁ air layer adhered to the surfaces of all the test pieces.
Measurement was taken of the time it took for iO% of the air
layer covering the entire area of each test piece to be
eliminated. These time measurements taken as the life of the.
air layer of each test piece were compared.

In Figure 19, the curve a represents fhe data of

.polypropylene,_thé-curve b that of polytetrafluoroethylene,

and‘fhe curve ¢ that of polyviﬁyl chloride. The test result

has found that the polypropylene and polytetrafluoroethylene
resins can be used in this invention but the polyvinyl.
chloride is not suited.

. The result of the air layer life time measurement
test indicates that as the projection spacing is reduced, the
life of air film sharply increases. Particularly in the case
of polytetrafluoroethylene, the life of more than 300 days is
secured when the projection spaciﬂg is set to less than 30
hm.

Investigatioﬁ was also made of the effects that the
ratio h/slof projection height h to the spacing s has on the
air layer life. The results are shown in-Figure 20. The

graph indicates that when the projection height-spacing ratio =

S
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and a hydrophilic resin surface-treated to give it a liquid-repelling.

property. 9. A structure conprising: a surface which is, in
use, imersed in fluid; and a coating as clainmed in any preceding
claimformed on the surface. 10. A structure as clainmed in claim9
characterised in that it is a ship. 11. A structure as clained in

claim9 characterised in that it

Is a-liquid transport channel and the
surface thereof

is an inner surface of the liquid transport channel.
29

h/s is set at more than 0.3, the air film can’be maintained®
‘ for a iong period of time.
Other test results indicate that too great a
projection height p and too small a spacing s result in an

increase in the fluid friction resistance. It is therefore

desirable to set the ratio h/s in the range of 0.3 to 3.

(Test 3)

The inventors of this invention further conducted

experiments to examine the condition in which the air layer

formed over the coating surface is retained and to find a

better way to form the submergea surface with depressions and
projections.

A test piece TP was manufactured, which consists of
an aluminum plate 56 as a substrate and a coating-layer:57
formed over the surface'of.the aluminum plate 56, as shown in
Figure 21, the coating layer having a composite roughened
surface of the multilayer structure of this invention with

depressions and projections, shown in Figure 8. (The

coating film body 57 is formed by: applying a primer
containing glass beads of a relatively large grain diameter
to form a first coating film body on the surface.of the
substrate; applying to the first céating film body a resin

containing water-repellent silica particles with average

diameter of about 12 'pym to form an intermediate coating
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45 12. A structure as clained in claim9, characterised in that it is
either a floating body or a structure driven into the bottom of the water

and held stationary at a feed position. 13. A device for formng an air
| ayer between a surface of a structure whichis, in

30

1a§ér; and further applying to the intermediate coating film
body a resin containing water—rebellent silica particles 22
with average diameter of about 1.4 pm to form a top layer.
The coating layer 57 has a composite undulated or roughened
surface formed by a combination of relatively large
depressions and Projections 23a and fine depressions and

projections 23b formed on their top.)

The test piece TP was immersed in water so that the
coating_layer 57 side faced up, and a syringe 58 was set
close to the surface of the coating layer 57. It was

obsérved that when air a was supplied from the syringe 58,

the air a, rather than moving upward, quickly spread over. the

entire surface of the coating layer 57, forming an air layer

F which was retained there. When the air a was supplied in

amounts greater than could be retaiqu in the surfacé of the
test piece TP, a part of the supplied air geparated from the
coatiné surface 57 and moved up in the form af bubbles.

In anopher experiment, the test piece TP was
Submerged inclined in water in a tank:60, as shown in Figure
22. When air a was supplied through a narrow tube 61 to the
lower end portion of fhe test piece TP, the air a did not
separate from the surface of the test piece TP and move

vertically upward but instead spread along thé inclined

surface, forming a triangular air film F that widens upward -

<
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use, imersed in a liquid, and the liquid, the device conprising:

a coating as clained in any of clains 1 to 8; and : means for
supplying air to the surface for nmerging with retained air to forman air

| ayer between the surface and the |iquid. 14. A method of formng an
air layer over a surface of a structure which, in use, has a portion
imrersed in a liquid, the nethod conpri sing: covering the portion
of the structure imersed in use with a coating as claimed in . any of

claims 1 to 8; and supplying air to the coating for merging with
retained air to forman air |ayer 31

'élong the inclined surface.

When additional air a was further supplied, it was
observed that the amount of air contained in the air layer »
became larger than coﬁld be retained in the surface oflthe |
test piece TP, that an air build-up £ formed at the upper end
portion of the test piece TP, and that the éi; build-up f

locally swelled to separate as bubbles v that moved up to the

water surface.

[Embodiment 2]

It is clearly seen that, as explained in the
Embodiment 1, the air, when supplied to the coating-surface
which was made according to this invention; is formed into.an
air layer that firmly adheres-to the coating surface. By

taking advantage of this phenomenon, it is possible to

provide excellent anticontamination and anticorrosion

effects.

This invention is expected to produce such excellent
effects when applied to ships at rest, floating breakwaters
fixedly installed in water, barges, dikes, and underwater
piles.

.Figure 23 shows a pier, which is covered with the
coating film body of this invention to prevent underwater

organisms £rom adhering to the coating surface.

A leg 82 of the pier (underwater structure) erected
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bet ween the coating and the |iquid. - 15. A nmethod as clainmed in claim
14, characterised in that covering the surface with a coating | ayer

conprises depositing a |layer conprising a surface with relatively large
roughness and then a further layer conprising a surface with fine
roughness. . 16. A nmethod as clainmed in claim14 or 15, characterised in
that a plurality of nozzl es are arranged at certain spacings on the
surface of the structure and air is supplied fromthe nozzles along the
coating surface having fine depressigﬂf and projections.

in tﬁe sea bottom Bi is prov;ded at its lower portion wi;h a
ring-shaped air blowing apparatus 83, from many small
openings of which air G is blown out. The leg 82 has
depressions and projections formed at least on the surface of
the layer, with at least the vertices of the projections

coated with a layer of water-repellent material similar to

that used in the Embodiment 1.

In the pier 80 of such a construction, a compressor
84 was connected through a control valve 85, a flow meter 86
and a pipe 87 to the air blowing apparatus 83, and compressed
air was controlled by a controller 38 and supplied to the air
blowing apparatus 83, from whose nozzles the air was blown
around the leg 82 to form a thin air layer over the leg
surface. This air layer has.prevented underwatér organisms
and seaweeds from coming.into contact with the surface of thé
leg 82 so that the leg has been kept free from contaﬁination

for a long period of time.

[Embodiment 3] ;

. Figure 24 shows a water intake pipe in an electric
power generation plant to which the present inveﬁtion is
applied. The inner surface of the water intake piﬁe'90 is
formed with a coating layer of this invention and a nozzle 91

is shown installed at the bottom of the innér surface to

eject secondary air G onto the inner surface of the water

L 4
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46 17. A nmethod as clainmed in any of clains 14 to 16, characterised in
that the depressions and projections at the coating surface are arranged
such that the spacing s of the projections is in the range of 0.3 to 30
[err]mand the projection's height-to-spacing ratio h/s is in the range of

0.3 to 3. 18. A nmethod as clained in any of clains 14 to 17,
characterised in that the fine

33

intake pipe 90 and thereby form an air layer.

The nozzle 91 is preferably arranged over the entire

length of the water intake pipe 90 and it is further
desirable that the nozzle be installed not only at the bottom
but also at a circumferentially intermediate portion as well

so that the air can be fed over the entire inner surface of

the pipe.

It is noted that the present invention is not
limited to the above embodiments and that various

modifications and additions may be made. The features of

this invention may be summarized as follows.

1) The present invention forms a thin air layer

over- immersed portions of a structure. The invention is .

characterized in: that the coating layexr formed over the

surface of the immersed portions of a structure has on its.
surface minute depressions and projections, with at least the

vertices of the projections formed of a water-repellent

material; and that air is supplied to the coating surface to

form a thin air layer between the coating surface and water.

That is; by supplying air to the coating surface

formed over the submerged surface of a structure, it is

possible to form a thin air layer that adheres to the surface

of the coating layexr.

25’ The first constitutional element of this

z )
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depr'essi ons and projections are provi ded by a transfer nethod. 19. A
method of formng an air layer as clained in any of clains 14 and 16 to 18,
conpri si ng: form ng said coating | ayer over the surface of a

structure; and fixing fine particles on the surface of the coating
| ayer so that the fine particles protrude fromthe surface;

wherein at |east vertices of the fine particles protruding fromthe coating
| ayer have a liquid repelling property. '

invention is the condition’ of the coating surface formed over-
tﬁe immersed surface. The coating surface is essentially
formed of a water—repelleht material and the contact angle
.with water on the finally processed surface should be not
less than 90° or preferably 110° or larger.

In some cases the coating surface may be formed,
over its éntire-area, of a water—repeilent material having a
specified contact angle. If only those portions of the
surface that need to repel water coming in contact with the
surface, -or at least the vertices of the projected portions
of the roughened surface, are formed of a water—repeilent
material, a sufficient water repelling effect can be
obtained.

An appropriate water—repeilent-material may be
selected from among those mentioned in this specification.,
It is important that the water-repellent material be further
formed with fine depressions and projections by various
means, such as plating (electrolytic dispgrsion plating and
electrolesg dispersion plating techniques),'mechanical
machining (die extrusion, injection molding, transfer by
rolls having fine depressions and projections, pressing, and
screen mesh techniques), coating (a method of applying a
resin mixed with powder, a method'oﬁ injecting of prpjécting

powder onto surface, and an electrostatic coating method), a

a
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20. A method as clainmed in any of clains 14 and 16 to 18, conprising:
providing a coating |layer fornmed over the surface of a structure; and
formng fine depressions and projections in the surface of the coating
Fayer by fine particles; and covering the fine particles with a

i quid-repellent material. 21. A met hod of reducing the friction
resi stance between a nari ne vessel and water-, conpri si ng:

providing at |east a water-contacting part of the marine vessel with a
surface 35
high-density energy method (a methda of roughening a éurfaée
using a laser and plasma), and a sticking technique (a method

of sticking a water-repellent film or sheet locally or

entirely).

it

can be given a water repelling property by means’ of surface

1f the material used is a hydrophilic material,

treatment and thus can be utilized effectively.
3) The second constitutional element of this

invgntion is sizes of depressions and projections.

It is essential that the coating surface should be
formed With finé depressions and projections. These
depressions aﬁd projections are so sized that the projection
spacing s is in the range of 0.3 to 30 um and the.
projection's height-to-spacing ratio h/s i§ in the range of
0.3 to 3.

When the spacing between the projections is greater

than 30 ym, it is diffibult to stably hold air on the surface

for a long period of time. On the contrary, if the spacihg

is smaller than 0.3 pm, the air held in the depressions tends
to-'decrease in volume and relatively easily separate.
The height of projections h is related to their

spacing and cannot be determined arbitrarily. Thus, the

'range of their height is restricted by the height-to-spacing

h/s ratio.
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having a property of retaining air;
zone at an upstream position on said surface,
47 providing means for formng a thin layer of air over said

Surface of said water- contacting part with the air injected through said
air injection zone when the marine

providing.an air injection

36 .

1f the cbating layer with fine depressions and
projections is to be formed on one side of a base plate or

substrafe, it is suited for application to small-scale

submerged surfaces. However, if the coating surface is to be

applied to large equipment such as ships,. floating

breakwaters, underwater piles and caissons, it is preferable

to adopt'a coating layer that has a composite roughened
surface formed by a combination of relatively large and fine
depressions and projections formed on their surface.

As to the very small depressions and prOJectlons
although they have a sufficient capacity to hold an air
layer, they lack the ability to distribute the supplied air
uniformly over the entire coating surface. To cope with
this prqblem, the substrate surface may first be formed with
relativel& large depressions and projections, on which fine
depressions and projections may then he formed, thus |
producing a desired roughened composite surface.

The relatively large depressions and projections’
serve as passaéés to distribute air ovér the coating shrface.
Arranging the relatively large depressions and projections in
the form of a net helps to disperse air evenly.

4) The third constitutional element of this

invention is to supply air from outside to the coating

surface processed as mentioned above and formed on the

4

This is the replacemem sheet

Date: | ‘ 9 N)G ‘%9



vessel is navigated, form ng said nmeans by a coat |ayer having fine surface
irregularities, and formng at |east peak portions of the surface
irregularities with a water repell-ent mterial; said coat |ayer retaining

a primary air in water; supplying a secondary air out of said air
I njection zone into the primary air layer and permtting secondary air to
be absorbed in and joined with the primary air layer- and spread to forma
thin layer of air over said surface; 3nd navi gating the marine
vessel -vvhile a portion of air in a water contacting surface portion of

the thin é of air, to.be carried anay towards the stemof the marine
vessel , Su‘P eF@ﬁfjeﬁ“ﬁfr@G’e\qu'u 3 HEtGRCbEEry air injected through said air
|nJeCtI0n ZON€.  phe nozzles used need to be of such a construction

as will keep the volume of supplied air as small as possible.
Unlike the conventional technique which supplies a large

volume of air to change the density of water and thereby

reduce the fluid friction drag, this invention is

characterized, as mentioned in the specification, in that a

thin air layer is formed only on the coating surface. For

this purpose, -it is preferred to use a means that can supply

air thinly so that the air can be arrested by the coating

surface.

The nozzles for delivering air may be formed as a

large number of small-diameter nozzles or as a slit. Where

there is a large velocity difference between water and the

coating surface, as in the case of ships, it may be difficult

to supply air uniformly to the coating surface. For this

reason, it is neceésary to design the nozzles specifically

according to various conditions such as the ship's shape and

speed.

In the case of a ship, the air delivered from the

nozzle tends to move away from the hull side because of

dynamic actions of water flows and vortex currents. Hence,

for the air to be injected close to the coating surface it

is advised to use a nozzle made of porous material or a

-
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22. A marine vessel with a reduced friction resistance with water,

conpri si ng: a hull of which at |east a water-contacting part
conprises a surface having an air retaining property; an air
i njection zone provided at an upstream position on said surface; and
means for formng a thin layer of air over said surface with the air
I nj ected through sai'd air injection zone when the nmari ne vessel is
navi gat ed, said neans conprising a coat |ayer having fine surface
irregularities, at |east peak or to@B&ortions of said surface
irregularities being fornmed of a water repellent mat eri al said coat |ayer

having a property of retaining in water a primary air conprising-a thin
film of.

of the h%\flc [Fhat de delﬁ?é{js alf 1 FL&RTERD BABR BX! aNdiRQd pidis gl rection

manne

against the surface of the hull by water pressure. Employing

such a nozzle and device will ensure the formation of a good
air layer.

Case of an immersed structure having a long‘coating
surface, such as a ship, it is desired that the nozzle be
arranged traﬁsversely across the hull or that the ﬁozzle
shape, size and location be_reflgcted in nozzle designland
arrangement according to pressure changes in vortices
produced at the hull side.

S) The mogt éfféctive application of this
invention lies in reducing the fluid friction drag of a ship
to thereby economize the power required for propulsion.

Fox

that end, a coating layer is formed on the surface of the

hull and air is supplied'to-the coating surface to form a
thin air layer to keep water from coming into contacf with
the.coating surface. This air la&er also serves to prevent
underwater organisms from adhering to the hull while at rest.
It also prevents underwater organisms and contaminating
substances from attaching to the surfaces of stationary

structures such as piers and caissons.
Another application of this invention involves
liquid transport channels such as liquid transport pipes and

troughs. The liquid transport pipes have fluid friction

IS
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such that at an upstream position on said coat |ayer, said air I njection
zone can inject a

secondary air to the vicinity of the surface of the
coat | ayer;

t he arrangenent being such that the secondary air
supplied to the primary air

retai ned over the surface of the coat
and permtted to spread over the surface of the

thin layer of air,

S
| ayer

coat layer to forma
which is constantly maintained over-the water-

39

resistance, so that transport of liquid requires a large

driving power. Application of this invention to a water

intake pipe of an electric power generation facility allows a
substantial reduction in the fluid. friction resistance. This
in turn makes it possible to reduce the diameter of the pipe

and also reduce the power of pump. In the case of trouéhs,

this invention likewise can reduce their cross sections.

Furthermore, because of its anticontamination effects, the

invention prolongs the life of the liquid transport channels

such as pipes.

6) This invention is effectively applied to the

bottom of a ship. Air is apt to escape from the inclined

surfaces such as hull side or even from the hull bottom when

the hull is tilted greatly. Measures for prevenfing the

escape of air should be taken, which may include the use of

cover plate or covering step to form air passages, and the

arrangement of nozzles in multiple stages.

This invention efficiently reduces the fluid-

friction by a small volume of air. For this purpose, sensors

are provided at various locations to detect the state of the

air layer so that a minimal required amount of air can be

supplied to nozzles.

~

" (Advantages of the Invention)

-

This invention is characterized by a thin air layer,
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48 contacting part of the marine vessel with an anount of air to be peel ed
and carried away froma stempart of the marine vessel in accordance with
the navigation of the marine vessel being replenished with the secondary
air being supplied. 23. A marine vessel as clained in claim22, wherein -
said air injection zone conprises a plurality of air injection nozzles
arranged at an -.upstream position and in the vicinity of the coat layer in
a manner such that streans of the secondary air are injected spaced in the
direction of the hull w dth.

40

which is formed by: covering an immersed surface of a
structure having an immersed portion with a coating layer,
.which has fine depressions and projections at the surface
thereof and which has at least vertices of the projections
formed of a ﬁater-repellent material; and sqpplying air to
the coating surface to form a thin air layer betﬁeen the
coating layer surface and wate&.

Thus, the thin air layer formed on the coating
surface is not easily separated from it, and supplying only a

small volume of air with very small power can retain the air

layer on the coating surface. The air layer can achieve

reduction in fluid friction resistance and prevention of

contamination and corrosion.

In more copcrete terms, the coating layer surface is
formed with minute depressions and projections and at least
the vertices of the projections are covered with a coating
layer of a water-repellent material. Thus, the coating layer
‘has a water repelling action at its surface, so thaffthe air
supplied over the surface of the coating layer easily flows
into the depressions and remains containing there by the
water pressure and the-su;}ace tension of water.

With a small volume of air retained in the fine

depressions, when additional air is further supplied, it

tends to move to a more stable condition by reducing the
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24. A marine vessel as clainmed in claim22, wherein said air injection
zone conprises a slip-type air injection nozzle arranged at an upstream
position and in the vicinity of the coat layer, said slit-type air
injection nozzle extending in the direction of the hull width. 25. A
marine vessel as claimed in any one of clains 22 to 24, wherein said air
injection zone is arranged so as to inject air in the direction of fromthe

bow to the stem of the nari ne vessel. 26. A mari ne vessel as
claimed in any of clains 22 to 25, wherein said neans for
' a4}

surface energy between water-and air, with the result that
the additional air is attracted to and merges with the air
contained in the depressions to form a thin air layer easily
and efficiently. This air layer can reduce the fluid
friction res%stance.

The air layer can also prevent underwater organisms
and-contaminating substances from adhering to the surface of
a submerged portion of a stationary structure held at a fixed

position.
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formng a thin layer of air over the water-contacting part conprises a coat
| ayer of water repellent material and has fine surface irregularities,
whi ch have an angle of contact with wat er of 90[err] or above. 27.
A marine vessel as clainmed in any of clains 22 to 26, wherein said water-
repellent material is selected fromthe group consisting of

pol yt et raf | uor oet hyl ene, powder of hydrophobic silica, polyethylene,
pol ypropyl ene, and m xtures thereof.

42

Table 1 Relatioﬁship betwéen ship's speed and
reduction of drag )
Froude's Ship speed | Maximum DR% Maximum DR’
number Fr U m/s ({calculated (calculated as
as wviscous frictional
resistance) resistance of
test piece)
0.10 0.84 . 16.4 70.3
0.15 1.27 6.5 27.9
0.20 '1.69 13.3 57.0
0.25 2.11 19.4 83.2
0.30 2:53 16.9 72.5
Table 2 Flow rate of air supplied Qa l/min
Air guantit 1 2 5 10 20
level . ]
Average air layer | 0.05 0.10 0.24| 0.48] 0.95
thickness mm
Flow rate of air 4.8 9.6 24.1 48.1 96.2
supplied Qa l/min
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49 28. A marine vessel as clained in any of clains 22 to 26, wherein
said water- repellent material is a material having a hydrophilic surface
i parted with hydrophobicity by a surface treatnent. 29. A mari ne
vessel as claimed in any of clains 22 to 28, wherein said peak or top
portions of surface irregularities are spaced at intervals within a range
of 0.3 to 30 [err]m and have a height h, and the ratio of -said height to
said interval, h/s, is within a range of 0.3. to3.

. 43

CLAIMS

1. A coating for a structure having a surface to be immersed in a liquid, said coating

comprising fine depressions and projections and at least said vertices of the projections
having a liquid-repellent material, characterised in that the fine depressions and
projections are arranged irregularly and of such dimensions to enable air to be trapped
and retained when the surface is immersed and subject to flow in the liquid.

2. A coating as claimed in claim 1, characterised in that the depressions and

projections are arranged such that the projection’s height-to-spacing ratio h/s is less than
or equal to 3.

3. A coating as claimed in claim 1 or 2, characterised in that the depressions and

projections are arranged such that the projection’s height-to-spacing ratio h/s is greater
than or equal to 0.3. |

4. #¢ coating as claimed in any preceding claim, characterised in that the depressions

and projections are arranged such that the spacing s of the projections is in the range of
0.3 - 30um.

5. A’ coating accoiding to any preceding claim comprising: a coating layer for

positioning on the surface of the structhre; and fine particles fixed on the surface of the
coating layer so that the fine particles protrude from the coating layer surface; -

wherein at least vertices of the fine particies protruding from the coating layer

have a liquid repeﬂing property.
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30. A marine vessel as clained in any of clains 22 to 29, wherein the
surface of said hull is fornmed with a paint |ayer, the surface of which is
formed with fine irregularities wth fine particles, the exposed surface
having the fine irregularities being covered with a material having a

wat er repell ency. 31 A marine vessel as claimed in any of clains 22 to
29, wherein the surface of said hull is applied with an under-1|ayer
conprising a paint layer incorporated with particles of arelatively

| arge particle dianeter, an upper-layer fornmed on the under-|ayer being

incorporated with particles of a relativelgg small particle dianeter, the
upper |ayer being

6. A cdating according to any of claims 1 to 4, comprising:
_ a coating }ayér for pdsiﬁoﬁing on the surface of the structure; and
fine depressions and projections, forrﬁed in the surface of the coating layer by
fine particles;

wherein the fine particles are covered with a liquid-repellent material.

7. A coating according to any of claims 1 to 4, comprising:

a layer for positioning on the surface of the structure, the layer including
relatively large particles; and _

a further layer formed on the layer and including particles smaller tha-n those of
the layer so that the coating has large depressions and projections and smaller
depressions and projections formed on respeétive surfaces of the layers.

8. A coating as claimed in any preceding claim, characterised in that the liquid-
repellent material is one or two or more kinds of materials including a
polytetrafluoroethylene, a powdered hydrophobic silica, a polyethylene, a polypropylene,
and a hydrophilic resin surface-treated to give it a liquid-repelling property.

9. A structure comprising:
a surface which is, in use, immersed in fluid; and

a coating as claimed in any preceding claim formed on the surface.

10. 7~ A-structure as claimed in claim 9 characterised in that it is a ship.

a

11. A structure as claimed in claim 9 characterised in that it is a liquid transport

channel and the surface thereof is an inner surface of the liquid transport channel.
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covered with a water repellent material, the surface covered wth the

wat er - r epel | ent material having large irregularities attributable to the
particles of said relatively |arge particle dianmeter and fine
iTregularities attributable to the particles of said relatively
particle diameter. 32. A marine vessel as clainmed in any of clains
22 to 31, wherein the surface of at | east said peak or top portions of
the surface irregularities have an angle of contact with wat er of
90[err] or above, said coat |ayer havin?Pa property such that when a snal

anount of secondary air is supplied omthe | ower end side of the coat
| ayer held in water in a

12.

smal |

A structure as claimed in c_lz;im 9, characterised in that it is either a floating body
or a structure driven into the bottom of the water and held stationary at a feed position.

13. A device for forming an air layer between a surface of a structure which is, in

use, immersed in a liquid, and the liquid, the device comprising:
a coating as claimed in any of claims 1 to 8; and

means for supplying air to the surface for merging with retained air to form an air

layer between the surface and the liquid.

14. A method of forming an air layer over a surface of a structure which, in use, has

a portion immersed in a liquid, the method comprising:
covering the portion of the structure immersed in use with a coating as claimed in

any of claims 1 to 8; ahd

supplying air to the coéating for merging with retained air to form an air layer

between the coating and the liquid.

~15. A method as claimed in claim 14, characterised in that covering the surface with

a coatirig layer comprises depositing a layer comprising a surface with relatively large

roughness and then a further layer comprising a surface with fine roughness.

16. A method as claimed in claim 14 or 15, characterised in that a plurality of

nozzles are arranged at certain spacings on the surface of the structure and air is supplied

from the nozzles along the coating surface having fine depressions and projections.

J—
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50 vertically inclined position thereof with its outer surface faci ng
above, the supplied secondary air becones absorbed in and joined with a
smal | anmount of the primary air held in the fine irregularities on the
surface of the coat layer, then flowupwardly while spreading and formng
athinfilmof air, and | eaves the coat |ayer froman upward end part of
the coat layer and into water in the formgegf air bubbles.

17. A method as claimed in any of claims 14 to 16, characterised in that the

depressions and projections at the coating surface are arranged such that the spacing’s of

the projections is in the range of 0.3 to 30 pm and the projection’s height-to-spacing

ratio h/s is in the range of 0.3 to 3.

18. A method as claimed in any of claims 14 to 17, characterised in that the fine

depressions and projections are provided by a transfer method.

19. A method of forming an air layer as claimed in any of claims 14 and 16 to 18, .
comprising:

fbrming said coating layer over the surface of a structure; and

fixing fine particles on the surface of the coating layer so that the fine particles

protrude from the surface;

wherein at least vertices of the fine particles protruding from the coating layer
have a liquid repelling property.

20. A method as claimed in any of claims 14 and 16 to 18, comprising:

pr-coviding a coating layer formed over the surface of a structure; and

forming fine depressions and projections in the surface of the coating layer by
fine particles; and

covering the fine particles with a liquid-repellent material.
21. A method of reducing the friction resistance between a marine vessel and water,

comprising:

providing at least a water-contacting part of the marine vessel with a surface

s

having a property of retaining air;

providing an air injection zone at an upstream position on said surface;
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33. A marine vessel as clainmed in any of clains 22 to 32, wherein said
coat | ayer formed on the surface of said hull

conpri ses a paint |ayer.
34. A marine vessel as clained in any of clains 22 to 32, wherein said
coat |ayer formed on the surface of said hull conprises a sheet-type
material attached to the hull surf ace. 35. A method of formng a
nari ne vessel as clained in any of cl &7ns 22 to 34, wher ei n sai-d coat
| ayer

having fine surface irregularities is formed by nmeans of pressing
carried out with use of a nmould having fine surface irregularities or a

press rol | hapioviding means for forming a thin layer of air over said surface of said water-
contacting part ‘with the air injected thréugh said air injection zone when the marine
vessel is navigated, forming said means by a coat layer .having fine surface irregularities,
and forming at least peak portions of the surface irregularities with a water repellent
material; said coat layer retaining a primary air in water; |
supplying a secondary air out of said air injection zone into the primary air layer
and permitting secondary air to be absorbed in and joined with the primary air layer and
spread to form a thin layer of air over said surface; and
navigating the marine vessel while a portion of air in a water contacting surface
portion of the thin layer of air, to be carried away towards the ste.m of the marine vessel,
is replenished with the secondary air injected through said air injection zone.
22. A marine vessel with a reduced friction resistance with water, comprising:
a hull of which at least a water-contacting part comprises a surface having an air
retaining property;
an air injection zone provided at an upstream position on said surface; and
means for forming a thin layer of air over said surface _with the air injected
through said air injection zone when the marine vessel is navigated, said means
compr.’gsiﬂg a coat layer having fine surface irregularities, at least peak or top portions of.
said surface irregularities being formed of a water repellent material said coat layer
having a property of retaining in water a primary air comprising a thin film of air;
said air injection zone extending in the direction of the hull width in a manner
such that at an upstream position on said coat layer, said air injection zone can inject a
~ secondary air to the vicinity of the surface of the coat layer; |
the arrangement Being such that the sec;\dary air is supplieci to the primary air
retained over the surface of the coat layer and permitted to spread over the surface of the

coat layer to form a thin layer of air, which is constantly maintained over the water-
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fine surface irregularities. 36. A method of form ng a marine vessel
as clainmed in any of clains 22 to 34, = wherein said coat |ayer having
the surface irregularities is formed by nmeans of a screen mesh met hod
by which a fine nesh pattern is transfer-printed. 37. A met hod of
formng a marine vessel as clained in any of clains 22 to 34, wherein
said coat |ayer having fine surface irregularltles Is formed by neans of -
rougheni ng the surface of a synthetic re8Bn sheet by irradiation of high
density energy of - | aser beans or plasna.

contacting part of the marine vessel with an amount of air to be peeled and carried away
from a stern part of the marine vessel in accordance with the navigation of the marine

vessel being replenished with the secondary air being supplied.
23. A marine vessel as claimed in claim 22, wherein said air injection zone comprises
a plurality of air injection nozzles arranged at an upstream position and in the vicinity of

the coat layer in a manner such that streams of the secondary air are injected spaced in

the direction of the hull width,

24. A marine vessel as claimed in claim 22, wherein said air injection zone comprises

a slip-type air injection nozzle arranged at an upstream position and in the vicinity of the
coat layér, said slit-type air injection nozzle extending in the direction of the hull width.
"25. . A marine vessel as claimed in any one of claims 22 to 24, wherein said air

injection zone is arranged so as to inject air in the direction of from the bow to the stern

of the marine vessel.

26. & marine vessel as claimed in any of claims 2210 25 , Wherein said means:for

forming a thin layer of air over the water-contacting part comprises a coat layer of water

repellent material and has fine surface irregularities, which have an angle of contact with
water of 90 or above.

27. A marine vessel as claimed in any of claims 22 to 26, wherein said water-

repellent material is selected from the group consisting of polytetrafluoroethylene,.

powder of hydrophobic silica, polyethylene, polypropylene, and mixtures thereof.

T
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28. A marine vessel as claimed in any of claims 22 to 26, wherein said water-
répellent material is a. material having a hzdrophilic surface impz}x{ed with
hydrophobiciiy by a surface treatment. '

29. A marine vessel as claimed in any of claims 22 to 28, wherein said peak or top

portions of surface irregularities are spaced at intervals within a range of 0.3 to 30 pm

and have a height h, and the ratio of said height to said interval, h/s, is within a range of
0.3. to 3. '

30. A marine vessel as claimed in any of claims 22 to 29, wherein the surface of said

hull is formed with a paint layer, the surface of which is formed with fine irregularities

with fine particles, the exposed surface having the fine ir_regularitiés being covered with

a material having a water repellency.

31. A marine vessel as claimed in any of claims 22 to 29, wherein the surface of said

hull is applied with an under-layer comprising a paint layer incorporated with particles
of a relatively large particle diameter, an upper-layer formed on the uncier-layer being
incorporated with particles of a relatively small particle diameter, the upper layer being _
covered “;ith a water repellent material, the surface covered with the water-repellent
material I;aving large irregularities attributable to the particles of said relatively large

particle diameter and fine irregularities attributable to the particles of said relatively
small particle diameter.

32. A marine vessel as claimed in any. of claims 22 to 31, wherein the surface of at

least said peak or top portions of the surface irregularities have an angle of contact with

water of 90° or above, said coat layer having a property such that when a small amount

of secondary air is supplied from the lower end side of the coat layer held in water in a
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. vertically inclined position thereof w1th its outer surface facing above, the supplied
sel:onda:y air becomes absorbed in and j"oined with a small amount of the primary air
held in the fine irrégularities oh the surface of the coat layer, then flow upwardly while
spreading and forming a thin film of air, and leaves the coat layer from an upward end

part of the coat layer and into water in the form of air bubbles.

33. A marine vessel as claimed in any of claims 22 to 32, wherein said coat layer

formed on the surface of said hull comprises a paint layer.

34. A marine vessel as claimed in any of claims 22 to 32, wherein said coat layer

formed on the surface of said hull comprises a sheet-type material attached to the hull
surface.

35. A method of forming a marine vessel as claimed in any of claims 22 to 34,

wherein said coat layer having fine surface irregularitiés is formed by means of pressing

carried out with use of a mould having fine surface irregularities or a press roll having

fine surface irregularities.

36. A method of forming a marine vessel as claimed in any of claims 22 to 34,

wherein said coat layer having the surface irregularities is formed by means of .a screen

mesh method by which a fine mesh pattern is transfer-printed.

37. A method of forming a marine vessel as claimed in any of claims 22 to 34,

wherein said coat léyer having fine surface irregularities is formed by means of

roughening the surface of a synthetic resin sheet by irradiation of high density energy of

laser beams or plasma.

.
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METHOD OF FORMING AIR FILM ON SUBMERGED SURFACE OF SUBMERGED

PART-CARRYING STRUCTURE, AND FILM STRUCTURE ON
 SURFAGE SUBMERGED

. ABSTRACT

The present inventioﬁ provides a method of reducing
the fluid friction drag of ships and fluid transport channels
and prevent contamination and corrosion of a structure having
an immersed portion. - The method of forming an air-laygr over.
an immersed surface of a structure having an immersed
portlon, comprising the steps of: covering the immersed
surface of a structure (hull 1) having an immersed portion
with a coating layer 3, which has depressions 6 and
projections 7 at the surface thereof and which has at least
vertices 7' of the projections 7 formed of a water-repellent
material 8; and supplying air a to the surface 10 of the
coating layer to form an air film 12 between the coating

surface 10 and water 13.

Figures 2, 3 & 4
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