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METHQD GEgTORMING 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 é structure of a coating layer over
the immersed surfaces intended to reduce the fluid 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 water along their surfaces as the
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

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
the total drag or resistance.

Considering such a large proportion of the fluid

T REPLACED SHEETS SG

— T [ Description : paged ....).. to paged 40
This Sheet Has Been Replaced [2 Claim(s)  :paged .."\.. 10 paged ....r.

[ Drawing(s) : paged .MUl t0 paged ." .’.’...
[ Abstract  :paged.. % 5. . to paged ...7.....
DATE OF RECEIPT............... Crrvessssorsnnisens

1l .

|

M

il




10

15

20

-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.

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;
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.

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
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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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

eet Has Been Replaced

T,



10

15

20

- 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 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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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 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
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 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
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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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 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 showing 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;

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
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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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
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
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
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:
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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;

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 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
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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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 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
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
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

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 coating.

While the water-repellent material 8 is normally
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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 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
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

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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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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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
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
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
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
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.
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In Figure 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
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 repelling property.

Figure 7 is a cross section of a coating layer 3
formed by another method. The.process of forming the coating
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
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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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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or electroless dispersion plating. That is, when a substrate
is plated with a plating liquid mixed with
polytetrafluorocethylene particlés, 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 conducted a model
test to evaluate the effects of the coating layer with fine
@epressions 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 layer having fine depressions
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
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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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 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. The nozzles 33 are directed from the upstream to the
downstream side of the moving ship. The large number of
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.

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 £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 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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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 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
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.

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
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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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
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)/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 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
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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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.

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
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%.

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 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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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
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 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
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
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 (indluding the air delivery power) when a

-
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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 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
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
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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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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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 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

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’

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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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
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
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
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
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 pressure loss. It is also

seen that the smaller the amount of air introduced, the
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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

5 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

10 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°

15 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. -

20 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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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.
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 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.

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 polytetréfluoroethylene, the life of more than 300 days is
secured when the projection spacing is 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 life. The results are shown in Figure 20. The

graph indicates that when the projection height-spacing ratio

I ——
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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 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 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 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 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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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
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
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
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
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 TP and move
vertical;y upward but instead spread along the inclined

surface, forming a triangular air film F that widens upward

This Sheet Has Been Replaced

o



10

15

20

- 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
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, 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
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 from adhering to the coating surface.

A leg 82 of the pier (underwater structure) erected
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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
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 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
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
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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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 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
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
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.

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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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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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 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.

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
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
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.

This Sheet Has Been Replaced

T




10

15

20

- 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
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 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
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.
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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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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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 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
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
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
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

This Sheet Has Been Replaced

[




10

i5

20

- 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 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
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
arfangement 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 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,

e
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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
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
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
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
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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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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Table 1 Relationship between
reduction of drag

ship's speed and

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 qguantity
level

1 2 5

10 20

Average air layer
thickness mm

0.05 0.10 0.24 0.48 0.95

Flow rate of air
supplied Qa 1l/min

4.8 9.6 24.1

48.1 96.2
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CLAIMS
1. A 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 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
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 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
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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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
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
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
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.two-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 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
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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.
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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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