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Subject: Initial Investigation of Stationary Hydrofoil Cavitation ana
Cavitation Noise Scaling

References: See Page 19

Abstract: A series of experiments were conducted in order to determine
scaling laws for sheet type surface cavitation and the resulting
noise. Four geometrically similar 10.6 percent thick symmetrical
Joukowski hydrofoils with chord lengths of 1.5, 3, 6, and 12
inches were tested. Pressure distributions on the two largest
hydrofoils were measured at several angles of attick. All noise
measurements were made at an attack angle of 7° to produce the
desired sheet cavitation. Desinent cavitation numbers were
obtained as a function of velocity for each hydrofoil at several
angles of attack. The noise resulting from various amounts of
cavitation on each hydrofoil was measured. The amount of
cavitation was determined by the ratio of. cavity length (L) to
chord length (C). The relative cavity length (L/C) was varied
from zero to one-third. Noise measurements included directivity
patterns and spectra. The variation of cavitation noise with
cavitation number, velocity, and Reynolds number was determined.
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NOMENCLATURE 4

aspect ratio of hydrofoil

effective aspect ratio of hydrofoil

span of hydrofoil

dimension of hydrofoil end plate perpendicular to mean
velocity vector

1ift coefficient
angle of attack
density of fluid
speed of sound

free stream velocity
pressure

pressure coefficient
free stream pressure
vapor pressure
hydrofoil chord
kinematic viscosity
cavity length along chord of hydrofoil

cavitation number

desinent cavitation number
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INTRODUCTION

The analytical treatment of the noise due to cavitation is very difficult.
As a consequence, rational experiments designed to understand some of the basic
aspects of cavitation noise are desirable.

The present memorandum considers an experimental program designed to
investigate some basic aspects of sheet type surface cavitation and the
resulting noise. Emphasis in the present investigation is on the scaling of
cavitation noise with cavitation number, velocity, and hydrofoil size. A
geometrically similar set of hydrofoils was employed in the program.

Each hydrofoil was tested in the 48-inch diameter Water Tunnel at the
Applied Research Laboratory of The Pennsylvania State University. The noise
spectra and directivities were measured for surface cavitation occurring
over a range of cavitation numbers and velocities for each hydrofoil considered.

Based on the results obtained, considerations are given to scaling
cavitation noise with velocity, cavitation number, and hydrofoil size.

EXPERIMENTAL FACILITY AND APPARATUS

The experiments were conducted in the 48-inch diameter Water Tunnel of
-ARL/PSU. The test section is 14 feet long and 4 feet in diameter. The water
velocity in the bare test section can be varied continuously from 0 to about 60
ft/sec and, independently, the test section pressure can be continuously varied
from 6 to 40 psia. The total air content of the water can be reduced to about
2 ppm on a mole basis. For more detailed information on the 48-inch diameter
water tunnel characteristics, refer to a report by Lehman (1).

Experiments were conducted on four hydrofoils. The hydrofoils were
geometrically similar in planform and cross-section, and had chord lengths of
1.5, 3, 6, and 12 inches. A photograph of the four hydrofoils is shown in
Figure 1. In order to maintain similar flow fields for each hydrofoil, the
aspect ratio was held constant at 0.66. The cross-section of each hydrofoil
was a modified Joukowski airfoil section with a maximum thickness of 10.6% of
the chord length. The modification consisted of replacing the cusped trailing
edge with a linear distribution for reasons of ease of manufacture.
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A directional hydrophone was used to measure the surface cavitation
noise. Its focal point was on the centerline of the water tunnel test section.
Therefore, the cavitating region of each hydrofoil had to be located in the
center of the test section. Since the aspect ratio of the hydrofoils was
constant and the chords changed, the span of each hydrofoil was different. Each
hydrofoil was mounted on a flat plate which spanned the test section. The
location of the flat plate was different for each hydrofoil such that the center

of the hydrofoil was in the center of the test section. A typical installation
as illustrated by the 12-inch hydrofoil is shown in Figure 2.

When a hydrofoil operates on a flat plate as shown in Figure 2, the inflow
to the hydrofoil is influenced by the boundary layer formed on the flat plate
and the surface cavitation will be influenced by this boundary layer. So
that the influence of the boundary layer is the same for each hydrofoil, the
ratio of boundary layer thickness to hydrofoil span was made constant by placing
each foil at an appropriate distance downstream of the leading edge of the plate.

It was desired to investigate surface cavitation and the resulting
radiated sound. The surface cavitation was generated by operating the
hydrofoils at an appropriate angle of attack. In order to avoid formation of a
tip vortex cavity at the same time that a blade surface cavity was present, an
end plate was added to the tip of each hvdrofoil. The end plates were designed to
produce no lift. Each end plate was sized to be consistent with the hydrofoil
upon which it was mounted. A typical hydrofoil with end plate is illustrated by
the sketch of the 6é-inch hydrofoil in Figure 3.

HYDROFOIL CHORDWISE PRESSURE DISTRIBUTION

The chordwise pressure distribution was measured for the 12-inch chord
hydrofoil at angles of =ttack of 0°, #+3°, #50, and +7°. The chordwise pressure
distribution for the 6-inch hydrofoil was measured at angles of attack of *3°,
#50, and +7°. Figure 4 shows the location of the pressure taps used in this
part cf the investigation. The chordwise distribution of pressure taps was
established so that one tap was located at the theoretical minimum pressure
point.

The Douglas-Neumann program was used to compute the pressure distributions
for the hydrofoils at various angles of attack. The particular program employed
was based on an extension to problems of lifting, infinite cascades as developed
by Giesing (2).

The assumptions used in deriving the analytical technique do not, in all
cases, match the real flow of the hvdrofoils employed in the experiment. In
particular, the flow is assumed to be two-dimensional in the analysis, whereas,
the end plate and low aspect ratio of the hydrofoils tested result in the real
flow being three-dimensional.
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The theoretical iift curve slope of a two-dimensional hydrofoil is 2w. The i
effects of the end plate and low aspec¢ ratio can be accounted for in the follow~

1n¥ way. As discussed in ilverner an4d Borst (3), the end plate will induce an
effective aspect ratio for the uyurofoil given by

e e i

AA
A‘ = A [1+ _Kl
where
Ao it
= - @7
and

s s AN

b = span of hydrofoil
h = dimension of end plate perpendicular
to mean velocity vector.

b G

Ui

The ratio of b to h is the same for all hydrofoils tested, i.e. 0.88, and the
effective aspect ratio is calculated to be A = 3.47. The slope of the lift
curve for finite aspect ratio foils is

5L o gy A
0 2"A+2

!E.
|
g
|
3

or for A = Ae = 3,47

acy,
3 1.27m.

This is considerably different from the 2m value for a two-dimensional hydrofoil.
A plot of the 1lift curve is shown in Figure 5 for the two slopes considered.

An effective angle of attack at which the hydrofoils operate can be found

from Figure 5. For instance, at 79 geometric angle of attack the effective
‘angle of attack is 4.4°. These effective angles of attack are used in

correlating experimental and theoretical results. Consider, for instance,
Figure 6 which shows pressure distributions for the 1l2~inch chord hydrofoil
operating at a 7° geometric angle of attack. The experimental minimum pressure s
coefficient 1s seen to be -1.91 while the Douglas-Neumann program for the
hydrofoil at 7° predicts a minimum pressure coefficient of -3.60. Employing an
effective angle of attack of 4.5°, the predicted minimum pressure coefficient is
-1.8 which is in good agreement with the measured value.

Figure 7 shows the pressure distributions for the 12-inch hydrofoil

" operating at a 5° angle of attack. The experimental minimum pressure
coefficient is -1.35, the predicted minimum pressure coefficient at a 5° angle
of attack is -2.2, and the predicted minimum pressure coefficient at an

- effective angle of attack of 3° is ~1.1. Again, the experimental and
theoretical minimum pressure coefficients are in good agreement, if an effective
angle of attack is used in the theory. Similar results are obtained for the 6-inch | 3
hydrofoil operating at 7° angle of attack as shown in Figure 8. Figure 9 shows !

TR R P A B i s S S i
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the pressure distribution for the 12-inch hydrofoil at 0° angle of attack. The
Douglas-Neumann program predicts a distribution which is consistently less than
the experimental values. This is consistent with the values for other angles of
attack as shown in Figures 6, 7, and 8. This particular difference could
perhaps be ascribed to manufacturing inaccuracies of the hydrofoils. However,
each foil was checked on a blade inspection machine and they were found to have
the correct profile.

CAVITATION CHARACTERISTICS

The cavitation characteristics were determined for the four similar
hydrofoils. As shown in Figure 10, the desinent cavitation number was obtained
for most of the foils at angles of attack of lo, 39, 5°, and 7°. Because of
tunnel pressure limitations, the l.5-inch foil could not be tested at an angle
less than 7°. This result determined that for the noise measurements, the
operating angle of attack would be i Also, the zero-degree reference line for
each foil was determined by testing the foil for both positive and negative
angles. This ensured that the true zero-degree setting was known.

From Figure 11, it can be seen that over a Reynolds number range of 3.3 x
10° to 5.4 x 10°%, which is approximately 16:1, the cavitation results do not
show a uniform scaling relationship. Also, these results, which include
variation with velocity and size, do not show trends as observed by Parkin and
Holl (4) on hemispherical nosed bodies or by Holl and Wislicenus (5) on 12% thick
Joukowski hydrofoils at zero angle of attack. On the other hand, a jump in

cavitation number, which for these tests occurs at a Reynolds number of 7 x 105,
has been observed by Robertson, McGinley and Holl (6) on 1/8 caliber noses.

From the work by Arakeri (7, 8, 9), Figure 11 can be explained by analyzing
the boundary layer behavior over the foil. This jump in cavitation number,
which occurs at a Reynolds number of 7 x 105. could be due to a transition
between a long separation bubble, which occurs at low Reynolds numbers, and a
short separation bubble, which occurs at high Reynolds numbers. As discussed
in Huang and Peterson (10), the presence of a long separation bubble can
significantly reduce the magnitude of the minimum static pressure of the body.

As the Reynolds number increases to approximately 2 x 10%, there appears
to be an elimination of the laminar separation bubble so that a fully turbulent
boundary layer flow exists. Larger pressure fluctuations occur with transition
of the separation bubble than with a fully turbulent boundary layer flow as
shown by Huang and Hannan (11).
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The Reynolds numbers at which the boundary layer appears to change for
these tests will vary with parameters such as surface roughness and tunnel
turbulence level. Also, this change in characteristic for the Joukowski foils
over a large range of" Reynolds numbers will lead to differences in the dynamics
of bubble growth. This must be taken into consideration in the analysis of
cavitation noise.

The cavitation numbers at which noise results were obtained are summarized
in Figure 1l along with the desinent cavitation numbers. In all, three
cavitation states were chosen which were [1.] spotty type cavitation, [2.} |
developed cavitation having a cavity length-to-chord ratio (L/C) of 1/6 (for the
12-inch hydrofoil only), and [3.] developed cavitation having an L/C of 1/3.
Photographs of the cavitation for each test point were obtained. As an example,
Figures 12, 13 and 14 show three cavitation conditions for the 12-inch hydrofoil
at a velocity of 45 ft/sec.

CAVITATION NOISE

Data Acquisition and Analysis

A directional hydrophone assembly was used to measure the blade surface
cavitation noise. The system is shown in Figure 15. A water filled tank is
mounted to one side of the tunnel test section with the directional hydrophone
assembly immersed in the tank. The reflector is the end of an ellipsoid with -
one focus of the ellipsoid on the centerline of the test section and the
receiving hydrophone, an Atlantic Research LC-10, positioned at the other focus.
The path of the sound is from the test section centerline, through the plexi-
glass window, and through the water in the tank to the receiving hydrophone.

The plexiglass window has a pc close to that of water and is, therefore, ncarly
acoustically transparent.

The hydrophone assembly can be continuously traversed along the test
section, so that the directivity of a sound source on the test section center-
line can be determined. This ability to traverse the receiving hydrophone
assembly was used to determine the beam width of the receiving hydrophone. A
known source was placed on the test section centerline and located in the axial
center of the test section. With the source driven at a known level and 1
frequency, the output of the receiving hydrophone was recorded at a large number -
of axial positions. Lauchle (12) describes, in detail, the calibration technique
and results for the reflecting hydrophone.

The instrumentation for the data acquisition and analysis of the
cavitation noise is shown in block diagram form in Figure 16. The
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signal received from the hydrophone was amplified with an ARL built amplifier.
It was then high and low pass filtered from 15kHz to 70kHz. This signal was
analyzed on a Spectral Dynamics 301-C real time analyzer and simultaneously the
root mean square value of the signal was measured with a DISA 55035 RMS meter.

Acoustic Calibration

Calibration of the receiving hydrophone was done for each of the foils }
mounted in the water tunnel test section. An Atlantic Research LC-10 hydrophone ;
was used as a sound source. The noise sources, due to cavitation, are
distributed over some part of the surface of each foil. Therefore, the sound |
source for calibration was placed at the midspan of each hydrofoil at the axial i
location of the cavitation collapse zone being investigated. For these
configurations, the spectra of the received sound from the sound source being
driven with a white noise voltage were obtained. The frequency range considered
was from O to 50kHz. In addition with the sound source located in the mid-span
plane for each foil, the directivity in terms of the RMS level of the received
signal for the mid-span plane was determined in the frequency band of 15 to
70kHz along the hydrofoil chord.

The sensitivity of the receiving hydrophone, in situ, is shown for the
different foils in Figures 17 through 20. As seen, there are some broadband
humps in the sensitivity curves which are ascribed to resonances in the tunnel
test section. This is supported by the sensitivity curve for the hydrophone
with a sound source with no model in the test section as shown in Figure 21,
which was obtained from Reference 12. Notice the broadband humps centered at 22
and 42kHz in Figure 12. The location of broadband humps in the spectra were
modified by the presence of models in the test section as seen in Figures 17

through 20.

Figure 22 shows the results of the calibration of the directivity of the
receiving hydrophone with each foil mounted in the test section. These are RMS
levels in the frequency range of 15 to 70kHz. The directivity for the 1.5 and
3.0-inch chord hydrofoils are similar. Also, the directivity of the 6.0 and
12,0-inch chord hydrofoils are similar. However, the directivity for the two
smaller hydrofoils is different than for the two larger hydrofoils. Lauchle (12)
measured directivities with no model in the tunnel test section. His sound
source was driven with each of a number of pure tones and typical results are
reproduced here for the sake of completeness, Figures 23 through 25.

Tests Conducted

Based on the results of the cavitation investigation, measurements of
cavitation noise were made with each hydrofoil at a 7° angle of attack. This
particular angle of attack resulted in the desired type of cavitation, i.e.
sheet, and the desired amount of developed cavitation over the velocity range of

interest for each hydrofoil.

R——
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Measurements were made for each foil operating with spotty type cavitation.
The spotty type cavitation condition is defined as the cavitation which exists at
a pressure just below desinence. Measurements with spotty type cavitation at
velocities of 30, 35, 45 and 55 ft/sec were made.

It was desired to also investigate the noise from fully developed
surface cavitation. In order to obtain some similarity between the cavitation
which exists from foil to foil, the ratio of area of cavitation to area of foil
was maintained constant. The constant was chosen such that the ratio of cavity
length-to-foil chord lergth was 1/3. For the foil with a chord length of 12
inches, an additional fully developed cavity with a ratio of cavity length-to-
foil chord length of 1/6 was investigated. Measurements were made at velocities
of 30, 35, 45 and 55 ft/sec.

Results

For each cavitation condition considered, it was desired to determine the
directivity of radiated sound in a plane intersecting the hydrofoil midspan. It
- was desired to plot the RMS level, in some frequency band, versus the hydrophone
: position. However, in addition to the RMS level, spectral content of the
radiated sound can change with relative location of the hydrophone. Therefore,
the spectra of the radiated sound from a 2-inch long cavity on the 6-inch chord
hydrofoil for the hydrophone at a number of positions were obtained. Figure 26
shows the spectra at representative hydrophone locations with respect to the
hydrofoil leading edge. As seen, the spectra have essentially the same shape
for frequencies above 15kHz. However, below 15kHz, the shape of the spectra
are different for each different hydrophone position. In addition, below 5kiiz
the possibility exists that the background levels, i.e. no cavitation, may be
contaminating the received signal with cavitation present. As a result of these
observations, the levels in the directivity curves shown in this report are RMS
values measured in the bandwidth 15-70kHz.

Exact size of the cavity and the chordwise and spanwise extent of
cavitation do not repeat for identical test conditions of velocity and pressure.
As a consequence, the level and spatial distribution of noise do not repeat for
those identical test conditions. Figure 27 shows a typical example of the
repeatability of the directivity curves. Each open symbol results from a
separate test in which the reflecting hydrophone was scanned in discrete
increments past the cavitating hydrofoil. At each hydrophone position, the RMS
level of noise was recorded. As seen in the figure, the maximum spread in the
data is approximately 6dB. This is representative of the data spread obtained
throughout the test program.

With the large scatter involved, data interpretation and correlation was
difffcult. Therefore, for each hydrofoil at each test condition considered,
many scans with the reflecting hydrophone were made and an average at each
hydrophone position was determined. An example of the result of this procedure
is shown in Figure 27, where the dark circles are the average level at each
hydrophone position considered.
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The average result of the measurements of directivity of noise for each of
the hydrofoils at each of the cavitation conditions are shown in Figures 28
through 36. Each of these figures shows the RMS noise level, in a frequency
band of 15 to 70kHz, versus the hydrophone position from the hydrofoil leading |
edge (positive is upstream) for the various test conditions considered. Each
figure is for a hydrofoil with a particular cavitation condition, and shows the
levels for each velocity considered.

As expected, as the velocity increases for a given hydrofoil with a given
amount of cavitation, the noise level increases except for one case which will
be discussed later. In general, the shapes of the various directivities are
similar with a peak in level near the location of the collapsing portion of the
cavity and a decrease in level in the upstream and downstream directions. It
should be noted that as the cavity becomes longer, the peak in the level moves
downstream since the cavity collapse zone moves downstream. This indicates that
the noise, in the frequency range considered, from surface cavitation is
due to the bubble collapse zone of the cavity as opposed to the bubble
generation or transport zones.

It is easily noted that the directivity of the sound is different for the
different hydrofoils. The 1l.5-inch and 3-inch chord hydrofoils have similar
directivities with beamwidths of 9.0 inches at the 3dB downpoints. The 6-inch
chord hydrofoil has a much narrower beamwidth of 1.5 inches. The 12-inch
hydrofoil has a beamwidth of 9.5 inches for velocities of 30, 35, and 45 ft/sec
and a beamwidth of 1.5 inches for a velocity of 55 ft/sec.

There are two possible causes for these differences in beamwidth. The
first is that the flow regimes over each foil are different, which cause the
bubble dynamics of the cavitation to be different, and hence, the noise
characteristics to be different. There is further evidence to support this
contention based on the previsouly discussed cavitation results. Referring to
Figure 11 showing cavitation number versus Reynols number, it was seen that
there was no uniform behavior of the cavitation with Reynolds number. It was
postulated in a previous section of this report that there are two different
flow regimes, one for the 1.5 and 3-inch chord foils, a long separation bubble,
and one for the 6 and 12-inch chord foils, a short bubble or possibly no separa-
tion bubble. This postulation is supported further by the cavitation noise
directivity patterns, i.e. in general, the 1.5 and 3-inch chord foils have different
directivity patterns compared to those of the 6 and 12-inch chord foils.

Further support for this contention results from the shape of the spectra of the
cavitation noise for the different hydrofoils. This will be discussed in detail
subsequently in this memorandum.

These large differences in the directivity patterns of the cavitation noise
cannot be explained in terms of the directivity related to foil size influences
on the sound radiation. As discussed previously, the directivity for each foil
with a known broadband sound source located at 1/3 the chord length from the
leading edge and at midspan was determined and the results are shown in Figure
22. Essentially, the shapes of the directivity curves are similar for all four
foils with a small increase in beamwidth for the larger two hydrofoils.
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In addition to the directivity, representative spectra were obtained of the
sound pressure level of the cavitation noise. Each spectrum was taken with the
receiving hydrophone positioned where the maximum level occurred based on the
directivity patterns shown in Figures 28 through 36. The resulting spectra are
shown in Figures 37 through 44. Because of the repeatability problem discussed
previously, the comparative levels for different test conditions are inaccurate
since each spectrum is only one spectrum and not the average of a number of
spectra taken at identical test conditions. However, the shape of the spectra
are accurate. It is seen from the figures that for a consistent set of
conditions involving foil size and cavity size, the spectral shape does not
change with velocity, except for the 12-inch chord foil where at 30 and 35 ft/sec
the shapes below 22kHz are similar to each other and different from those of 45
and 55 ft/sec. In addition, for each foil the spectral shape does not change
with cavity size. One notes, however, that the spectral shape does change with
foil size. Figure 45 shows this for a velocity of 35 ft/sec and a cavity
length-to-foil size ratio of 1/3. The spectra for the 1.5 and 3-inch foils are
similar in shape to each other. The spectra for the 6 and 12-inch foils are
also similar to each other in shape, but differ from those of the 1.5 and 3-inch
foils.

It is postulated that the spectral shape differences are due to the
different flow regimes discussed previously. The shapes of the spectra for the
1.5 and 3-inch foils, for which a separated flow regime exists, are similar and
the spectra for the 6 and 12-inch foils, for which a nonseparated flow regime
exists, are similar. Since the bubble dynamics are different for the two flow
regimes, the frequency content of the sound would be different, as shown in
Figure 45.

Previous investigations of noise from cavitation, References (13), (14),
and (15), have shown that there are peaks in the noise spectra which can be
related to the bubble dynamics. In the investigations considered here, the
spectra were obtained in the frequency range 15 to 50kHz, due to background
limitations on the low end and instrumentation limitations on the high end.
With this rather limited frequency range considered, no conclusions with regard
to peaking of spectra or to scaling of the resulting spectra could be reached.
Future investigations will consider a larger frequency range.

The variation of RMS noise level with velocity was determined by
crossplotting from Figures 28 through 36 the peak levels of noise. The results,
shown in Figures 46 through 49, are plotted as RMS noise level versus velocity.
The RMS noise level was found to vary approximately as the second power of
velocity, hence, the mean square level varies as velocity to the fourth power
for all cavitation conditions on all hydrofoils except the 1.5-inch chord
hydrofoil. The variation with velocity for the 1l.5-inch hydrofoil is
approximately 0.9 for developed cavitation and 3.0 for limited cavitation.
Blake, et al (13) has observed that the mean square level of both separation
induced and traveling bubble surface cavitation noise increased as velocity
to the fourth power. This is consistent with the findings of the present
investigation.

- —c— g e A o 4 e e
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The variation of RMS noise level with nondimensional cavitation number was
determined for the 12-inch chord hydrofoil at the peak levels of noise from
Figures 34 through 36. The results, shown in Figure 50, are plotted as RMS
noise level versus the cavitation number nondimensionalized by the desinent {
cavitation number. Four curves are shown, one for each velocity considered, |
each of which has a different slope. As seen, the slope of the RMS noise level
becomes steeper as the velocity increases, It appears that for the range of
test conditions employed in this investigation, the RMS noise level increases
linearly with decreasing nondimensional cavitation number and that the slope is
a function of velocity.

As noted previously, one objective of the present investigation is to

determine scaling laws for blade surface cavitation and for the noise resulting
from surface cavitation. One possible scaling parameter is Reynolds A
number. Figure 51 is a plot of RMS noise level versus Reynolds number. One 3
can see that there is no consistent behavior of the RMS level of noise with
Reynolds number. This can be ascribed to the postulation that there are
different flow regimes for the different foils. As discussed, the 1.5 and
3-inch foils have a separated flow field whose extent varies with Reynolds

- number and the 6 and 12-inch foils do not have a separated region of flow. The
behavior of the RMS noise level with Reynolds number follows a consistent curve
for the 6 and 12-inch foils while the results for the 1.5 and 3-inch foils are

- not consistent. The results of the trend with Reynolds number of the RMS noise
level supports the postulation of different flow regimes for different foils.

’--l‘
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CONCLUSIONS

The conclusions derived from the present investigation can be listed as

follows:

1.

6.

The cavitation number of the surface cavitation observed
in this investigation does not scale systematically with
Reynolds number based on foil size., This is postulated as
being due to laminar separation over a certain Reynolds number
range.

The mean square level of sheet type cavitation noise scales as
in the frequency range 15kHz to 50kHz.

The mean square level of sheet type cavitation noise does not
scale systematically with Reynolds number based on foil size

This 1is postulated as being due to laminar separation over a
certain Reynolds number range.

The level of sheet type cavitation noise scales linearly with
cavitation number and the slope is a function of the velocity.

The noise for sheet type cavitation in the 15kHz to 50kHz range
is believed to originate in the collapse region of the cavitation.

The distribution of spectral energy is different for the
different foils considered in the present investigation. This is
postulated as being due to laminar separation over a certain
Reynolds number range.
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FIGURE 3 - Sketch of 6-inch Chord Hydrofoil with End Plate.
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FIGURE 6 - Presgure Distribution for 12-inch Chord Hydrofoil
at 7 Angle of Attack. {
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FIGURE 7 - Presgure Distribution for 12-inch Chord Hydrofoil
at 5 Angle of Attack.
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FIGURE 16 - Block Diagram of Data Acquisition and Analysis Equipment.
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FIGURE 17 - Receiving Hydrophone Sensitivity for 1.5-inch Chord Hydrofoil.
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FIGURE 18 - Receiving Hydrophone Sensitivity for 3-inch Chord Hydrofoil.
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FIGURE 19 - Receiving Hydrophone Sensitivity for

6-inch Chord Hydrofoil.
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FIGURE 21 - Receiving Hydrophone Sensitivity in Free-Field
and in Water Tunnel Setup.
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FIGURE 23 - Directivity in Water Tunnel without Model at
15kHz.
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FIGURE 26 - Sound Pressure Level Spectra with Receiving Hydrophone
at Various Axial Positions Relative to a Fixed Amount

of Cavitation.




iy December 16, 1977 &
DET ;MLB:sk 4
i
! E |
0.15 T 1 T T
12-INCH-CHORD HYDROFOIL
VELOCITY: 35 ftisec
SPOTTY TYPE CAVITATION 4 :
2 o0k 1570 70 kHz & x XX ~
|
2
s
)
u
S 0.05 A
o ] 1 ks 1
15 -10 -5 0 5 10

'HYDROPHONE POSITION FROM HYDROFOIL LEADING EDGE (inches)

FIGURE 27 - RMS Noise Level versus Hydrophone Axial
Position Depicting Noise Repeatability.




-48- December 16, 1977

DET ;MLB :sk
. ﬁ
3
0.3 l 1 T I
; 1.5-INCH-CHORD HYDROFOIL
i SPOTTY TYPE CAVITATION
; | O 30 ftisec 5
051 a 35 fisec
| a 45 ftisec
15 TO 70 kHz
‘é 0.20_ —1
[
% ;
< 0I5} =
: a
- 2
0.10 =
E .
-
0.05| : i
o ] 1 o ]
=15 -10 -5 0 5 10
HYDROPHONE POSITION FROM HYDROFOIL LEADING EDGE (inches)
|
?
E
.
P FIGURE 28 - RMS Noise Level versus Hydrophone Axial Position
for 1.5-inch Chord Hydrofoil with Spotty Type
Cavitation at Various Velocities. ;
R ST =
Ay O g oy e S— ——




NOISE (volts rms)

-49- December 16, 1977

DET;MLB:sk
0.5 T ] T T
1.5-INCH-CHORD HYDROFOIL
Uc = 13
O 30 ft/sec 3
0.4 o 35 fisec “
a 45 ftisec
15 T0 70 khz
0.3 : =
0.2} =
0.1} v
] 1 ] |
-15 -10 5 0 5 10

HYDROPHONE POSITION FROM HYDROFOIL EDGE (inches)

FIGURE 29 - RMS Noise Level versus Hydrophone Axial Position
for 1.5-inch Chord Hydrofoil with L/C = 1/3 at
Various Velocities.
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FIGURE 30 - RMS Noise Level versus Hydrophone Axial Position
for 3-inch Chord Hydrofoil with Spotty Type
Cavitation at Various Velocities.
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FIGURE 31 - RMS Noise Level versus Hydrophone Axial Position
for 3-inch Chord Hydrofoil with L/C = 1/3 at
Various Velocities.
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FIGURE 32 - RMS Noise Level versus Hydrophone Axfal Position
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FIGURE 33 - RMS Noise Level versus Hydrophone Axial Position
for 6-inch Chord Hydrofoil with L/C = 1/3 at

Various Velocities.
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FIGURE 35 - RMS Noise Level versus Hydrophone Axial Position
for 12-inch Chord Hydrofoil with L/C = 1/6 at
Various Velocities.
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FIGURE 37 - Sound Pressure Level Spectra for l.5-inch Chord Hydrofoil
with Spotty Type Cavitation at Various Velocities.
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FIGURE 38 - Sound Pressure Level Spectra for 1.5-inch Chord Hydrofoil ]
with L/C = 1/3 at Various Velocities. j
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FIGURE 39 - Sound Pressure Level Spectra for 3-inch Chord Hydrofoil
with Spotty Type Cavitation at Various Velocities.
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FIGURE 40 - Sound Pressure Level Spectra for 3-inch Chord Hydrofoil
with L/C = 1/3 at Various Velocities.
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FIGURE 41 - Sound Pressure Level Spectra for 6-inch Chord Hydrofoil
with L/C = 1/3 at Various Velocities.
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FIGURE 42 - Sound Pressure Level Spectra for 12-inch Chord Hydrofoil
with Spotty Type Cavitation at Various Velocities.
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FIGURE 43 - Sound Pressure Level Spectra for 12-inch Chord Hydrofoil
with L/C = 1/6 at Various Velocities.
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FIGURE 44 - Sound Pressure Level Spectra for 12-inch
with L/C = 1/3 at Various Velocities.
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FIGURE 45 - Sound Pressure Level Spectra for Various Hydrofoils
with L/C = 1/3 at a Velocity of 35 ft/sec.
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FIGURE 46 - RMS Noise Level versus Velocity for 1.5-inch Chord Hydrofoil
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FIGURE 47 - RMS Noise Level versus Velocity for 3-inch Chord Hydrofoil
with Spotty Type Cavitation and L/C = 1/3.
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FIGURE 48 - RMS Noise Level versus Velocity for 6-inch Chord Hydrofoil
with Spotty Type Cavitation and L/C = 1/3.
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FIGURE 49 -~ RMS Noise Level versus Velocity for 12-inch Chord Hydrofoil
with Spotty Type Cavitation, L/C = 1/6, L/C = 1/3.
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FIGURE 51 - RMS Noise Level versus Reynolds Number.




