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Introduction

N important issue in the development of underwater vehicles
and surface ships is devising novel ways to reduce hydrody-
namic drag. Drag reduction for small underwater vehicles can alle-
viate the need for expensive power sources to achieve their specified
range and endurance. Large surface and underwater vessels can use
drag reduction to extend their ranges, or reduce the amount of fuel
consumed or carried. One approach to skin-friction drag reduction
involves using a film or discrete layer of air at the wall to take
advantage of the greatly lower viscosity of a near-wall gas phase.
Recent attempts to control the production of turbulence near a
wall have been reviewed by Bushnell,' Bandopadhyay,>* and Gad-
el-Hak.* The experiments of Bruse et al.> show that it is possible
to achieve a net drag reduction of 10% with new hybrid surfaces.
Jung et al.% have numerically shown that a span wise oscillation
can lead to 40% reduction on near-wall vorticity fluctuations and
drag. Bandopadhyay’ has used “selective suction and injection” for
the control of turbulence in a boundary layer. Wall pressure mea-
surements indicated a slight reduction, which tended to wash out
when averaged over more than 500 individual realizations of spec-
tra. Other researchers have studied the slip mechanism in polymer
melts and solutions, which cause flow instabilities due to surface
interactions.®
Here we present findings from our work on a new technology for
hydrodynamic drag reduction. It involves a microstructure skin that
emulates the surface structure of lotus leaves.” A scanning electron
microscope picture of the surface is shown in Fig. 1, illustrating
the distribution of microstructures on it. It has been observed that
beneficial results are obtained if the following conditions are gen-
erally met: 1) The nature and character of the surface are selected
so that the wetting angle, between a water droplet and the surface,
is at a maximum and 2) the contact of the water droplet with the
surface has to occur over a minimum area.'%!! For the surface we
tested, when water is deposited on this surface, the combination of
the microstructures and the water surface tension traps air between
the microstructures. Thus, when water is flowing on the surface,
effectively it rides on a layer of air. Because the dynamic viscosity
of air (0.000018 kg/m - s) is significantly smaller than that of water
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Fig. 1 SEM pictures of microstructure skin surface.

(0.001 kg/m - s), the skin friction of the surface and, thus, the hydro-
dynamic drag are reduced. The objective of this work is to test this
artificial surface for quantifying its skin-friction reduction proper-
ties. A set of experiments was performed to explore the former and
the details are discussed.

Experimental Setup, Procedures, Uncertainty Analysis,
and Discussion of Results

Experiment 1: Flat Plate Model

Particle image velocimetry (PIV) was performed to quantify
the effects of the coating/skin on the boundary-layer velocity pro-
file over a flat plate. A flat plate, measuring 55 cm long x 15 cm
wide, was tested with and without the coating. The leading edge
of the plate was properly shaped to prevent flow separation. In the
experiment performed, the flat plate was mounted inside a water
tunnel, and the flowfield was seeded with silicon carbide particles,
1.5 um in diameter. The water-tunnel test section measures 60 cm
in length and 15.5 x 19.5 cm in cross section. The water tunnel is
capable of operating at speeds up to 470 mm/s. For the current exper-
iment performed, the tunnel was operated at a freestream velocity
of 100 mm/s. A laser sheet of power 25 W was used to illuminate
the flow. The images were captured using a high-speed Phantom
charge-coupled device camera capable of operating at a maximum
frame rate of up to 3000 frames per second. The camera was op-
erated at a frame rate of 576 frames per second, and a total of 576
consecutive images were captured. The camera was focused on a
5 x5 mm area in the boundary layer of the flat plate (view area
oriented perpendicular to the plate and parallel to the freestream
direction), at a horizontal distance of 44 cm from the leading edge
of the plate. Each 512 x 512 pixel image was analyzed to obtain the
velocity distribution.

The microstructure skin used in these experiments was generated
from two different products, the details of which are as follows: The
first product is a Bolta copper foil, which, before processing, behaves
like any normal copper foil. The second product is Dynasilan liquid,
with which we treated the foil. This liquid is a solution of flouro-
silane in ethanol. The processing of the foil with the liquid is as
follows: A diluted solution (20% vol Dynasilan, 80% vol ethanol)
is sprayed on the foil’s surface to wet it completely, and the foil
is subsequently cured in an oven for one hour at 100°C. After heat
treatment, the microstructures on the surface of the foil comprise two
different layers, with the microstructures themselves having a height
and width of about 300 nm. The surface of the skin was analyzed
using an scanning electron microscope (SEM), and Fig. 1 shows the
surface of the microstructure skin as viewed through an SEM.

Uncertainty Analysis for Experiment 1
An uncertainty analysis was performed for the PIV measure-
ments using the method described by Kline and McClintock.'? The
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velocity vectors were calculated from the particle images using
cross-correlation algorithms with subpixel accuracy.'3'* The fol-
lowing relation defines the velocity:

V = PPF. FR - MMP (1)

where pixel per frame (PPF) is the magnitude of the displacement
(in pixels), frame rate (FR) is the camera frame rate (1/s), and mil-
limeter per pixel (MMP) is the conversion factor. To perform the
uncertainty analysis, the following assumptions were made:

1) Each one of the mentioned variables is independent of each
other.

2) Each one of the variables has a Gaussian distribution.

3) The seeding particles are assumed to follow the flow. The
particles used were 1.5 pum in diameter and neutrally buoyant, and
there was no unsteadiness in the flow. Therefore, we feel that this
assumption is valid.

The uncertainty of the data may be expressed as

. oV g (v g (v g
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where wp, is the uncertainty in the estimation of the displacement
(in pixels), wg is the uncertainty in the frame rate of the cam-
era (or equivalently in the time between frames), and Wy, is the
uncertainty in the estimation of the MMP factor. For the experi-
ments presented here, the values of the parameters were estimated to
be PPF = 10, FR =576, MMP = 0.0117, wyyt =0.1, wg = 0.5, and
Wmp = 0.00017. When these values are substituted into Eq. (2), the
uncertainty in the velocity measurement was found to be 1.1765%
of the freestream velocity.

Results and Discussion for Experiment 1

The velocity fields were generated for both the coated and un-
coated plates. Figure 2 shows the velocity vector plots for both
cases. It can be seen from these vector plots that, in the case of
the plate with the coating, even the particles on the surface of the
plate (or at least as close to it as our hardware could distinguish) are
moving with a finite velocity. Also, the coating on the plate seems
to reduce the boundary layer-thickness significantly.

From these vector plots, the average (within the length of the
image) boundary-layer profiles for both cases were generated and
nondimensionalized. Figure 3 shows the average nondimensional
velocity profiles for the coated and uncoated plates as a function of
distance from the surface of the plate, along with the corresponding
Blasius boundary-layer profile. From the Blasius theory, the skin
friction and drag relate directly to the momentum thickness. The
momentum thicknesses were calculated from these graphs as

8y = v 1 v d
> ] Upa U )

with the integration performed from y = 0 to 3.9375 mm. Simpson’s
numerical method of integration was used to integrate the nondimen-
sional velocity profiles to obtain the momentum thickness for the
coated and uncoated plates, respectively:

Srconedy = 0404048 MM, Syuneontcsy = 0.507588 mm

The ratio K = 6 (coated) /S2(uncoatedy = 0.796 is proportional to the
drag ratio for the two plates. It can be seen that a drag reduction of
around 20% has been achieved by coating the plate with the artificial
surface.

Experiment 2: Ellipsoid Model

A second water-tunnel experiment was performed to quantify the
integral drag reduction benefits gained through the use of the skin.
Toward that goal, a 6-to-1 ellipsoidal model, 3 ft (0.9144 m) long,
was fabricated in our rapid prototyping machine out of acrylonitrile
butadiene styrene (ABS) plastic. The model was constructed in six
pieces, as shown in Fig. 4, which were then assembled to form the
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Fig. 2 Velocity vector plot for the plate a) without coating and b) with
coating.
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Fig. 3 Nondimensional velocity profiles in the boundary layer of the
coated and uncoated flat plate.

final model with each piece fitting onto its adjacent pieces perfectly,
without any gaps or steps. The final assembled model has high
geometric precision (order of 0.005 in.) and is structurally strong.
The drag measurements were obtained using a balance created
explicitly for this experiment. Figure 5 shows a schematic of the
experimental setup. A linear rectangular air bearing was used to
ensure that accuracy is not lost due to the friction. From Fig. 5
it can be seen that the stationary portion of the air bearing was
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Fig. 4 Six components of the model on the fiberglass square backbone.

STATIONARY BODY
OF AIR BEARING

FORCE SENS OR

TRAVERSING ARM /

OF AIR BEARING

STATIONERY
WATER TUNNEL
FRAME

CLEARANCE
RACK FOR
MODEI

MODEL \

Fig. 5 Setup for the test of the fiberglass model.

attached to the water tunnel. The clearance rack is supported from
the traversing portion of the air bearing. This rack holds the sting
that attaches to the rear of the ellipsoid model. The sting is designed
to allow the model to be tested at various angles of attack in the
water tunnel. A beam force sensor located on the traversing arm
of the air bearing measured the total drag force. This force beam
sensor can be interchanged to achieve the highest possible accuracy
at a given angle of attack. To maintain accuracy at lower angles of
attack a smaller range force beam sensor is used. For higher angles
of attack and, thus, greater drag forces, a larger range sensor was
used to ensure that the sensor is not overloaded and damaged. The
experiments were conducted in the Aerospace Engineering 2 x 3 ft
water tunnel. This is a free-surface water tunnel with test-section
dimensions of 2 x 3 ftin cross section and 7 ftin length, a contraction
ratio of 6:1, and a maximum attainable speed of 4 ft/s (1.2 m/s).

Two sets of drag measurement tests were conducted with the
model. The first set was performed on the uncoated model, at three
different freestream velocities, 0.2, 0.4, and 0.6 m/s, and two angles
of attack, 0 and 8 deg. The second set of tests was performed on the
skin-coated model under the same conditions of freestream veloci-
ties and angles of attack as the uncoated case. The skin coating cov-
ered the entire surface area of the ellipsoidal model. Higher angles of
attack could not be tested due to the limitations of the water-tunnel
test section and the size of the model. The critical Reynolds num-
ber for flow over a 6-to-1 prolate spheroid has been established as
2.5 x 10% based on previous work.!> Based on this assumption, the
Reynolds numbers under which our experiments were conducted
suggest that the flow is laminar. Also, at 0- and 8-deg angle of at-
tack, the critical Reynolds number value is fully valid, and hence,
trip strips were not used to counter any Reynolds-number-sensitive
separations.

Uncertainty Analysis for Experiment 2

Anuncertainty analysis was performed for the drag measurements
using the method described by Kline and McClintock.'? The nondi-
mensional drag coefficient is calculated from the measured drag,
which is measured as a voltage output from the force transducers.
The following relation defines the nondimensional drag coefficient:

Cp=D/s-p-V2-S 3)

where D is the drag measured from the transducer voltage via cali-
bration, p is the density of water, V is the freestream velocity, and
S is the reference area used, which in our case is the model minor
cross-sectional area (circle with a diameter of 0.5 ft). To perform

the uncertainty analysis, the following assumptions were made:

1) Each one of the mentioned variables is independent of each
other.

2) Each one of the variables has a Gaussian distribution.

3) Unsteadiness in the flow is neglected, and the uncertainty in the
drag is assumed to be the same as the uncertainty in the transducer
specification sheet, which is a root mean square of the individual
uncertainties due to nonlinearity, nonrepeatability, and hysterisis.

The uncertainty of the data may be expressed as
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where wp is the uncertainty in the measurement of the drag (in
newtons), w, is the uncertainty in the density of the water (in kilo-
grams per cubic meter), wy is the uncertainty in the freestream
velocity (in meters per second), and wy is the uncertainty in
the estimation of the reference area used for the calculations (in
square meters). For the experiments presented here, a typical set
of values for the parameters are D=1.8 N, p=1000 kg/m’,
V =0.6 m/s, S=0.1095 m?, wp =0.0023 N, w,=0.03 kg/m’,
wy =0.0012 m/s, and wg=1.613 x 107 m?. When these val-
ues are substituted into Eq. (4), the uncertainty in the nondimen-
sional drag coefficient measurement was found to be 0.42% of the
calculated Cp.

Results and Discussion for Experiment 2

Figure 6 shows the drag coefficient comparison between the
coated and uncoated model at 0- and 8-deg angle of attack at differ-
ent Reynolds numbers. From the total drag values recorded by the
force sensor, the percentage drag reduction by coating the model
with the skin is calculated for both angles of attack. Figure 7 shows
the percentage drag reduction as a function of the Reynolds number
for both angles of attacks. From Fig. 7, it can be seen that around
14% drag reduction is achieved by coating the model surface with
the skin, at 0-deg angle of attack, and around 10% drag reduction
is achieved with the skin, at 8-deg angle of attack. The lower drag
reduction at 8-deg angle of attack results because less of the drag is
a result of the skin friction and more from pressure drag.

Loss of Hydrophobicity

As stated earlier, the skin partially loses its hydrophobicity, as it
remains submerged in water for a long time. This is shown in Fig. 8,
which shows the drag reduction percentage as a function of time for a
freestream velocity of 0.6 m/s, at 0-deg angle of attack. As shown in
Fig. 8, after long periods of time submerged in water, the benefits of
the skin are reduced. However, the percentage drag reduction seems
to reach a steady state at a level of about 10%. The effectiveness of
the skin is regained if the skin is removed from the water for a short
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Fig. 6 Drag coefficient comparison between coated and uncoated
model at 0- and 8-deg angle of attack.
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Fig. 8 Percentage drag reduction as a function of time.

period of time and is allowed to dry. The results presented here are
for models that have remained submerged for 1100 s.

Conclusions

A hydrophobic coating/skin was tested to quantify its effective-
ness as a hydrodynamic drag reduction device. PIV performed on
a flat plate, with and without the coating, showed a 20% drag re-
duction induced by the coating. Drag measurement tests, conducted
on a 3-ft-long ellipsoid model in the water tunnel, showed 14 and
10% drag reductions at 0- and 8-deg model angle of attack, respec-
tively. Drag reduction levels drop with time, apparently approaching
a limiting value after 15 min.
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Introduction

N accurate simulation of acoustic scattering and radiation from

arbitrary bodies is one of the important goals in the field of
computational aeroacoustics. These problems require not only a
high-resolution numerical scheme but also accurate boundary treat-
ment. In this Note, we develop a high-order wall boundary treat-
ment that can be readily applied with a high-order finite difference
in computational aeroacoustics.

There are mainly three types of approaches for treating complex
geometries. The first is to use a conventional structured grid, the
second is to make use of unstructured grids that create irregular
numerical interfaces all over the physical domain, and the last type is
to use so-called Cartesian grid methods.!~!! Most of these schemes
have been developed for steady-state, transonic flow or low-order
accuracy. However, acoustic waves are intrinsically unsteady, and
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