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For underwater drag reduction, one promising idea is to form a continuous gas or discrete bubbly layer at the sub-
merged surface. Owing to the lower viscosity of gas than of water, this could considerably reduce underwater drag by
achieving slippage at the liquid—gas interface. This paper presents an experimental investigation on underwater drag re-
duction using partial cavitation. Dense hydrophobic micro-grooved structures sustain gas in the valleys, which can be
considered as defects that weaken the strength of the water body. Therefore, partial cavities are easily formed at lower
flow speeds, and the dense cavities connect to form a lubricating gas layer at the solid—liquid interface. The results indicate
that the proposed method achieves drag reduction without any additional energy or gas-providing devices, which should

stimulate the development of underwater vehicles.
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1. Introduction

Drag reduction is significant in increasing the cruising
speed and decreasing the energy consumption of partly or fully
submerged vehicles. With the development of test and simu-
lation techniques, several novel experimental and numerical
approaches have boosted research in this field.['=3 To pursue
highly efficient underwater vehicles, several theoretical and
experimental investigations have been carried out to investi-
gate the structure of the boundary layer using methods such as
a structured surface, 71 polymeric additives, 3131 and travel-
ing waves.[!*] These methods of influencing the structure of
the boundary layer can reduce the skin-friction drag of under-

s.[15-181 However, a gas lubricating film or dis-

water vehicle
crete bubbly layer at the solid-liquid interface can achieve
much more effective drag reduction because of the much
smaller viscosity of gas than of water. Superhydrophobic sur-
faces are a promising means of underwater drag reduction us-
ing gas because they can sustain air-pockets within surface
structures while immersed in water.['%-23 The gas entrapped
in gaps on the superhydrophobic surface enables the liquid—
gas interface to replace the original solid-liquid interface, re-
sulting in interfacial slippage that reduces the velocity gradient
for underwater drag reduction.[?4-26]

Although superhydrophobic surfaces are capable of sus-
taining air-pockets in their gaps and have demonstrated a no-
ticeable slippage for underwater drag reduction, it is difficult

to hold the gas stably, particularly when a liquid is flowing
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over the surface at high speed or liquid pressure.?’-3!] This
is because the gas initially on the surface is generally carried
off by the flow or dissolved into the water.[?”] No superhy-
drophobic surface has been shown to demonstrate its super-
hydrophobic properties underwater in realistic conditions. 3!
Once the mechanical or thermodynamic equilibrium of the en-
trapped gas at the solid-liquid interface has been broken, the
entrapped gas gradually disappears. Therefore, it is necessary
to replenish the gas to ensure the continued presence of a lu-
bricating gas film to achieve effective underwater drag reduc-
tion. Several active approaches attempt to replenish the gas
removed from the surface. Gas injection is a simple and ef-
fective method of maintaining a lubricating gas film or bub-

33.34] and the renewal of

bly layer at the solid—liquid interface!
gas on a substrate can be achieved using an electric field or
heating.[3-371 Although these approaches can achieve drag re-
duction using a gas layer, some gas-providing device or extra
energy is required, which limits their practical applications.
One promising idea for underwater drag reduction by gas
is supercavitation, which can create bubbles large enough to
encompass the submerged object by cavitation effects, result-
ing in a lubricating gas layer around the underwater vehicle.
Cavitation occurs when the local water pressure is less than

(38391 forming a cavity of vapour.

the saturated vapour pressure
To generate a cavity large enough to encompass a moving ob-
ject for drag reduction, very high speeds (generally more than

100 m/s) are essential. In real applications, it is remarkably
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difficult to achieve the high speeds needed to form a cavity
covering an entire object, except for projectiles or very fast
torpedoes. [*°1 However, the threshold of partial cavitation are
not as strict as those of supercavitation, and are further weak-
ened by defects in the water body. Hence, partial cavitation
should be able to overcome the limitation of flow speed to en-
able real-world applications. Although partial cavitation has
frequently been used for drag reduction by exposing part of

5,140 further investigations on partial cavita-

the surface to ga
tion should be conducted to fully understand the mechanism
for application.

In this study, the entrapped gas in a hydrophobic trans-
verse microgrooved surface is used as the “defect” to reduce
the breaking threshold to achieve partial cavitation at a lower
flow velocity. Moreover, the dense distribution of the mi-
crogrooved structure is employed to connect the partial cavity,
and direct observations are used to investigate the gas layer in-
duced by the partial cavity. Finally, the drag reduction effect
of this proposed method is verified in a water tunnel.

2. Materials and methods
2.1. Cavity formation

The formation of a cavity depends on a series of critical
parameters, including the liquid velocity, pressure, and den-
sity. To model this, a non-dimensional parameter (cavitation
number: ©,) is often used to indicate the ease or complexity of
cavity formation. This parameter can be described as

Oc

_ron 0
2PV
where p,, is the pressure at infinity, p, is the cavity pressure,
which generally refers to the saturated vapour pressure, p; is
the liquid density, and v.. is the main stream velocity in flow-
ing water, which is the major influence on the cavitation num-
ber. From Eq. (1), as the flow velocity increases, the cavitation
number decreases. Naturally, as shown in Fig. 1, with a rela-
tively low flow velocity, no cavitation occurs and there is no
cavity. When the flow speed reaches a critical value, the wa-
ter body becomes broken, which can be considered as limited
cavitation. At this point, the cavitation number reaches a crit-
ical value 6,,. When 6,_0,,, there are scattered bubbles on

the surface; when o, < ©,

.r» the cavitation phenomenon be-

comes aggravated and enters the developed cavitation status,
whereby the moving object is partially located in the cavity.
When the flow speed is sufficiently high, the cavity becomes
large enough to fully encompass the moving object, and su-
percavitation is achieved.

According to Eq. (1), the higher flow speed is an essential
for increasing cavity scale. Partial cavitation is the initial pe-
riod of cavitation, so it is easily realized. Additionally, a previ-
ous investigation indicated that the bubble or impurity defects

could weaken the threshold for cavitation.?8] However, it is
difficult to achieve effective drag reduction with the scattered
bubbles generated by partial cavitation, as shown in Fig. 2(a).
To achieve underwater drag reduction by partial cavitation for
general low-speed vehicles, dense defects are essential to con-
nect the partial cavities, as shown in Fig. 2(b).

(a)

no cavitation

avity

(b)

'

cavitation inception or limited cavitation

(©) _ cavity

developed cavitation

(@) / cavity

| b

Fig. 1. (color online) Schematic diagram of cavitation, (a) no cavity,
(b) limited cavitation, (c) developed cavitation, (d) supercavitation.

&) — flow direction (water)

(b))

gas

Fig. 2. (color online) Schematic diagram of the state at microgrooved
structures. (a) The distance between two neighbouring grooves is large,
so the bubbles are independent; (b) with dense microgrooved structures,
the cavities can combine together.

2.2. Design and fabrication of surface structure

In previous investigations,*!#?] to sustain the gas at the
surface as defect in the water body, a hydrophobic transverse
microgrooved structure has been used to block the gas en-
trapped in the gaps. Additionally, regular dense valleys are
designed to enhance the number of air-pockets. To sustain the
gases stably in the grooves, the structure should be well de-
signed to satisfy the mechanical equilibrium at the liquid—gas
interface. The parameters of the designed structure are shown
in Fig. 3.

In our experiments, the designed transverse microgrooves
were fabricated on tubular samples with an outer diameter of

39 mm and length of 325 mm. The grooves were fabricated
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by the turning method.*?) According to measurements of en-
trapped gas in a previous investigation, the geometry of the
surface structures should be limited in certain conditions. The
transverse microgrooved surfaces were constructed according
to the parameters given in Table 1.

Additionally, the hydrophobicity of the surface is a key
factor for sustaining gas in the gaps. To improve the water
repellency of the original hydrophobic surface, a low-surface-
energy material named fluoroalkylsilane (FAS-17) was applied

to modify the grooved surface. 4!

~

L

Fig. 3. (color online) Schematic diagram of surface topography. Pro-
file of the microgroove has a cross-section with an isosceles trapezoidal
shape of height (depth) D; front slope angle ¢, rear slope angle f3;
groove width W; and pitch L between two neighbouring grooves.

Table 1. Parameters of the microgrooved surface. S* denotes the sample number.

S*  Width/um Length/um Depth/pum  Front angle o /(°) Back angle B/(°)
#1 12 30 13 4 4
#2 10 30 15 5 4
#3 10 30 5 4 6
#4 8 30 12 3 4
#5 7 30 15 4 7

2.3. Experimental measurement

methods#!

equipment  and

Optical observations and skin-friction drag tests were per-
formed to evaluate the effectiveness of our approach. As
shown in Fig. 4, water flowed perpendicularly over the hy-
drophobic transverse microgrooved surface in a water tun-
nel with a closed circulation system including a pump, anti-
revolving section, honeycomb, and guide vanes.

test section

contraction
honeycom

flow direction

pump

anti-revolving

Fig. 4. (color online) Schematic diagram of the high-speed water tunnel.

The gas on the sample surfaces was visualized in a trans-
parent (Plexiglass) test section of the water tunnel, as shown
in Fig. 5. When the superhydrophobic surface is immersed in
water, it becomes very bright,[*! as the reflectivity coefficient
is greater for a gas—water interface than for the solid—water
interface.

To confirm the drag reduction effect of this proposed
method, we directly measured the skin-friction drag of tubu-
lar samples in this test section, as shown in Fig. 5. In the test

section, the sliding parts, including the tubular sample and slip
rings, were supported by the fixed components (a central axle,
support frame, fairing, and tail). Because the total length of the
sliding parts was designed to be less than the distance between
the fairing and support frame, under the action of the flow, the
sliding components could glide along the central axle, and dis-
placement was transferred to the force sensor by the slip rings
and pins. Finally, the force signal was acquired by a computer
for data analysis. In this process, only the drag of the sliding
parts can affect the recorded signal. Therefore, the friction of
the surface being tested can be directly measured.*!]

[
support frame

slip ring 1# \pipe slip ring 3
sensor

slip ring 2#

—_—
flow direction

pin 1#/ 7

% ., AN
Walel poiring sample support rod signal cable

Fig. 5. (color online) Schematic diagram of test section in Fig. 4 for the
skin friction drag test.

3. Results and discussion
3.1. Observation of entrapped gas

A series of optical observations were conducted to ver-
ify the effectiveness of the proposed method. The designed
surfaces were modified with a simple coating of FAS-17. The
surface water contact angle of the samples was only about 65°,
which means that water could easily penetrate the grooves. In
this case, when the samples were immersed in the water, the
microgroove structures of the samples easily became wet, as

shown in Fig. 6.
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300 um

(i) 150 s

Fig. 6. Demonstration of wetting of microgrooves. (a) Samples have been
immersed in water for 30 s, only 5% of the gas remains, with about 95% of
the gas fraction in the microgrooves substituted for water; (b) after 45 s, 4%
of the gas remains; (c) after 60 s, 3% of the gas remains; (d) after 75 s, 2.5%
of the gas remains; (e) after 90 s, 1.5% of the gas remains; (f) after 105 s, 1%
of the gas remains; (g) after 120 s, about 0.5% of the gas remains; (h) after
135 s, only a little fraction of the gas remains; (i) after 150 s, almost all of
the gas in the microgroove structures has been substituted for water.

When the hydrophilic microgrooved surface was im-
mersed in water, about 95% of the gas fraction in the mi-
crogrooved structures was substituted for water within 30 s,
as shown in Fig. 6(a). After a short time, none of the gas
remained because of the complete wetting of the surface by
water, as shown in Fig. 6(1). When the grooved surfaces were
modified with the low-surface-energy coating (FAS-17), they
became hydrophobic. The contact-angle was tested to eval-
uate the hydrophobicity. Based on contact-angle measure-
ments of the corresponding profile of water droplets (5 pL)
on the smooth and microgrooved samples modified by this
low-surface-energy material, we can ascertain that this mod-
ification achieves a contact angle of 115 42° on the smooth
surface and a contact angle of approximately 128° on the hy-
drophobic microgrooved surface, as shown in Fig. 7.14!]

(a) (b)

Fig. 7. (color online) Images of a water droplet (5 puL) on the different sur-
faces. (a) Smooth surface with FAS film, (b) microgrooved surface with
FAS-17 film.

According to a previous investigation,*! the intruding
angle ¢ (the angle between the tangent of the three-phase junc-
tion and the horizontal line) was proposed as a critical param-
eter for the existence of entrapped gas underwater. To achieve
Cassie’s state, the intruding angle should be less than the max-
imum asperity slope angle. Based on the profile information

of a water droplet on the surface shown in Fig. 7, the intruding

angle for a droplet can be calculated as!*!]

@ = 1 — O + arcsin {sz; E@Z +pgRp(1 —cos 9)} } , 2
where 6 is the true contact angle (this can be considered as
the contact angle on the original smooth surface coated with
FAS-17, which is 115°); fig is the ratio of the projected area
of the liquid—gas interface to the apparent contact area under
the droplet; A is the contact line density (the length of the
contact line over the entrapped gas per unit apparent contact
area); 20 /Rp is the pressure induced by the surface tension at
the top of the droplet; Rp is the radius of the droplet; and 0 is
the apparent contact angle, 128°. Under the experimental con-
ditions, fig = 33.3%; A =6.67 x 10* m~!; 6 = 0.0727 N/m
for a liquid density of 103 kg/m3; and Rp = 1.2 mm. Thus,
the theoretical intruding angle of 65.5° given by Eq. (2) is less
than the maximum asperity slope angle (7-a-f3)/2. Therefore,
the initial gas can be entrapped in the proposed microgrooves
of the designed surface, which was confirmed by the optical

measurements shown in Fig. 8.[41:4%]

100 pm

100 pm

Fig. 8. (color online) Optical measurements of (a) the gas present in mi-
crogrooves modified with FAS-17 after immersion in water for 1 h and
(b) the gas present in untreated hydrophilic microgrooves after immersion
in water for 1 min.

3.2. Partial cavitation

In this experiment, when water flowed perpendicularly
over the hydrophobic microgrooved surface at a low speed
(down to 1 m/s), the results shown in Fig. 9 indicate that the
gas-phase structure (corresponding to the bright area) contin-
ued to exist at the solid-liquid interface,** which confirms
that hydrophobic grooves can hold gases in microstructures in
flowing water. Furthermore, the gas on the hydrophobic trans-
verse microgrooved surface was not static and instead fluctu-
ated in the flowing water. In Fig. 9, shining sheets rather than
scattered points indicates that a gas film can be achieved by
this method. An alternating variation of bright (caused by gas)
and dark lines can be observed, suggesting that cavitation oc-
curs and the dense cavities connect to form a gas layer on the
submerged surface because of the dense entrapped gas in the
proposed structures. This gas layer almost covers the whole
surface at low flow speeds (even at 1 m/s) without the need
for any additional energy or gas-providing device. For the hy-
drophilic microgrooved surface (not modified by FAS-17), no
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cavity was observed under the trial conditions. Without the
entrapped gas, a much higher speed (far greater than that in
our experiment) is needed to reduce the liquid pressure on the
microstructured surface and break the water (cavitation). At
a flow speed of 12 m/s in the water tunnel, which is less than
the velocity required for cavitation, nothing was observed on
the hydrophilic microgrooved surface in the test, which means
that cavitation cannot occur at this flow speed.

10 min

AN

10 mm

(a) ——— 0 min
flow direction (water)

AL

10 mm

grooved surface

40 min

il IWMW.. (e

mm

Fig. 9. Image of gas on the hydrophobic microgrooved surface in flowing wa-
ter. (a) Initial time of measurement, O min, (b) 10 min, (c) 20 min, (d) 40 min.

As shown in Fig. 9, the fluctuating gas coverage on the
hydrophobic transverse microgrooved surface remained fairly
stable with immersion time in the flowing water. The fluctu-
ation of the gas coverage with time shows that the gas con-
tinually disappears (corresponding to the areas changing from
light to dark) and is replenished by the occurrence of cavita-
tion (corresponding to the areas changing from dark to light)
around the dense defects in flowing water. Therefore, this pro-
posed method of dense partial cavitation can achieve a stable
gas layer at the solid—liquid interface.

3.3. Drag reduction

The results in Fig. 8 indicate that the hydrophobic trans-
verse microgrooved surface can hold gas in hydrophobic val-
leys in static water. When water flows perpendicularly over
this surface, not only can the hydrophobic microstructures sus-
tain entrapped gas, but cavities can also be generated without
any additional energy or gas-providing devices due to partial
cavitation. To evaluate the drag reduction effect of the gas film
formed by partial cavitation, the underwater skin-friction drag
of the prepared surface was tested in a miniature high-speed
water tunnel. To evaluate the drag reduction performance, the
relative drag reduction ratio is defined as

F,—F,
A= T £ x 100%, 3)

S
where F; is the friction drag of a smooth surface and F; is the
friction drag of the sample (i.e., the friction of the transverse
microgrooved surface). During this drag test, the state of the
gas on the designed surface remained relatively stable because
of the continuous generation and disappearance of the gas.

The experimental results in Fig. 10 show that the hy-
drophobic transverse microgrooved surface (#1) coated with
low-surface-energy material achieves a steady drag reduction
rate of about 13%, and that the drag reduction rate varies lit-
tle with immersion time in the flowing water. This perma-
nent drag reduction can be attributed to the relatively stable
gas layer, because the gas continually generated by dense par-
tial cavitation replaces the gas lost to the flowing water. How-
ever, the hydrophilic transverse microgrooved surface without
FAS-17 coating failed to achieve underwater drag reduction,
and even increases resistance. The increased drag compared
with the hydrophobic transverse microgrooved surface can be
attributed to the fact that cavitation cannot occur at this flow
speed without entrapped gas acting as defects. Additionally,
other surfaces with different geometric properties (sample #2—
#5 in Table 1) were also measured, and achieved drag reduc-
tion rates of 10.10£0.18%, 14.02+0.15%, 8.404+0.25%, and
8.68 £0.15%, respectively.

25 T T T T T T T

—s=— hydrophobic transverse microgrooved surface
| —e— hydrophilic transverse microgrooved surface

e
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Fig. 10. (color online) Comparison of experimental drag reduction rate of
transverse microgrooved surface with FAS-17 film and untreated grooved
surface. A negative drag reduction rate indicates that the measured skin-
friction drag is greater than that of the smooth surface.

4. Conclusions

Based on the design of “defects” on a surface, the thresh-
old of cavitation was weakened, allowing the water body to
be broken at lower flow speeds to form bubbles. A dense en-
trapped gas layer was achieved by a well-designed hydropho-
bic microgrooved surface. This dense entrapped gas allowed
the scattered cavities to be connected to form a lubricating gas
film on the designed surface. With sufficient gas at the solid—
liquid interface, an effective reduction in drag was achieved
by this optimized partial cavitation. Compared with active ap-
proaches for gas generation, the partial cavitation technique
can form a stable gas film at the solid-liquid interface with-
out any external energy supply or additional devices. The ap-
proach presented in this paper should open a new path toward
achieving more effective underwater drag reduction using par-
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tial cavitation and stimulate the development of related speed-

enhancing and energy-saving technologies for underwater ve-

hicles.
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