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FOREWORD

Considerable work in the field of the theory of supercavitating hydrofoils has

been accomplished to date, but little experimental work has been done to verify

the theories thus generated. The results presented in this report consider the

flutter characteristics of a surface-piercing supercavitating hydrofoil with a

rudder - or spoiler - type control surface.

This experimental work was carried out by General Dynamics/Convair

under Navy Bureau of Ships Contract NObs-86810, Project Serial No. SF-013-

02-01, Task 1719.
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NOMENCLATURE

b = semi-chord length

C = chord of rudder
R

C = chord of spoiler

F = flexure design uncoupled natural frequencies:
n

Rudder

F 1 90 cps

F = 55 cps

F3 = 21 cps

Spoiler

F = 300 cps

F = 135 cps

F3 = 30 cps

h , depth of immersion

I length of foil

m = mass per unit length

R n rudder model:

R1  = 15 per cent chord (0.9 in.)

R2  = 25 per cent chord (1.5 in.)

R 3  = 35 per cent chord (2.1 in.)
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S = spoiler model:n

S, = 5 per cent chord (0.30 in.)
S2 = 7 per cent chord (0.42 in.)

S3 = 10 per cent chord (0.60 in.)

V = foil velocity

= mass ratio = m/rpb2

p = density

= foil angle of attack

w = frequency

x



1 jINTRODUCTION

The use of supercavitating hydrofoils can be advantageous, esper'ielly as speeds

of hydrofoil boats are increased to speeds in excess of 60 knots. Supercavitation

also can be of value in the design of pumps and machines intended to operate at

very low pressures, as those required in the handling of cryogenic fluids. How-

ever, this has not always been the case and cavitation on propeller blades has

led to very inefficient operation and erosion of the blades. Largely due to the

work of Tulin, efficient supercavitating hydrofoil sections have been developed

and are now of considerable use in pump and high-speed hydrofoil design.

One facet in the design of hydrofoils that must be evaluated before a satis-

factory piece of hardware can be built is the hydrodynamic stability of the foils.

Instabilities in this category are divergence and flutter which are functions of

the stiffness, mass distribution and oscillatory loads on the foils. In the air-

craft field, these investigations are carried out under the heading of aeroelasti-

city. Initial efforts at understanding these problems when applied to bodies in

water were extensions of the aeroelastic theory and resulted in some inconsis-

tencies largely due to the different viscous effects and to the low values of mass

ratio at which the waterborne devices were operated. Thus, the new field of

hydroelasticity came into being.

Considerable work has been accomplished, both theoretical and experimental,

in the investigation of subcavitating, submerged and surface-piercing hydrofoils.

However, supercavitating flow has not been investigated as thoroughly. Most of

the work has been concentrated in the theoretical field with a comparatively

small amount of work done in the experimental field.
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The summary of the work presented herein is the result of a rather ambi-

tious program undertaken by Convair to determine the flutter characteristics of

a surface-piercing, supercavitating hydrofoil with a rudder or a spoiler type of

control system as an integral part of the foil. It was the objective of this pro-

gram to obtain parametric data on the effects on flutter stability of:

a. Control surface rotational resonant frequency.

b. Spoiler versus conventional trailing edge control surface.

C. Control surface chord.

d. Control surface angle.

e. Hydrofoil angle of attack.

In addition to these objectives, the effect of the depth of immersion was also

investigated.

In general, the testing procedure followed a flight flutter testing procedure

commonly used in the aircraft industry. That is, the flutter stability was deter-

mined by pulsing the test surface at increasing speeds and examining the resulting

responses. The pulse was applied to the surface by cocking the control surface

in the deflected position prior to the run and releasing it by a trip mechanism at

the test velocity. This provided a section of the run with the surface in the de-

flected position, excitation to provide subcritical response and a section of the

run in the trimmed position.
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2 I FOIL DESIGN

The test foils are all-steel with a constant chord (including control surface) of

six in. and a length of thirty in. The cross-section consists of a wedge-shaped

forward semi-chord with a maximum depth of 0.35 in. and a constant depth

trailing semichord of 0. 24 in. Figures la, lb and 2 show sketches of the foil

configurations and a photo of the three rudder foils and two of the spoiler control

surfaces. Foil R2 received a permanent set during testing which may be seen in

Figure 2. Table 1 is a summary of the foil mass characteristics.

2.1 FLEXURES

Each control surface was supported by flexures (Figure 3) which allowed the

rotational frequency of the surfaces to be changed. These flexures were de-

signed to obtain uncoupled rudder control surface natural frequencies of approxi-

mately 21, 55, and 90 cps and uncoupled spoiler natural frequencies of 30, 135,

and 300 cps. The lowest frequency flexures proved too weak to withstand an

extended test program largely due to a subcavitating flutter of the surface at

velocities of 5 to 10 fps which had to be traversed on each run. This flutter

mode was predominantly first foil bending and the flexures would not stand the

large differential deflections encountered.

2.2 FOIL SPEED LIMITATIONS

Each foil was designed to an allowable limit stress of 190, 000 psi in bending.

The allowable limit speeds which resulted from this limitation are shown in

Figures 4 through 7. Also shown in each figure is the divergence speed for each

of the foils.
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Table 1. Mass Characteristics of Foils

V ____ Foil Control Surface
Configura- 2

Mass I I J x r Mass I x
tion In. In. a __ a e I

Slugs slugsPer In. In. in In. Per In. In.4

R .00903 .00509 1.5335 .02037 0 .1704 .00190 .06244 0.15

R .00777 .00440 1.0619 .01761 .1180 .00316 .27690 0.25
2

R .00651 .00371 .8495 .01485 .0944 .00443 .75054 0.35
3

S1 .01093 .00612 2.9536 .02452 .3282 .00013 .00046 0.05

S2  .00018 .00125 0.07

S .01093 .00612 2.9536 .02452 0 .3282 .00026 .00363 0.10
3

Notes:

I - Cross section moment of inertia, axis along chord.
x

I - Cross section moment of inertia, axis normal to chord.

., I + Ix y

J - Polar moment of inertia as defined by Timoshenko in "Strength of

Materials," Vol. II, denominator of equation 255, page 271.
SO'

xa - Surface unbalance, non-dimensionalized by xa "mb'

r a Dimensionless radius of gyration about elastic axis, in half-
2 2

chord lengths; r. /- mb.
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The carriage mounted on the hydrodynamic tank has nylon wheels with rub-

ber inserts to damp excitation originating in the supporting rails. These wheels

were designed originally for loads of 600 lb. This resulted in a limitation of foil

velocity to keep these wheel loads to satisfactory levels and was controlled by

calibrating the foils and reading the root bending moment on each run. This

proved to be the limiting condition, especially at the higher angles of attack.

2.3 TRIP MECHANISM

The foil controls - rudder and spoilers - were held in a deflected position from

the start of the run to the desired test point by a trip mechanism which held the

rudder at the trailing edge at the root. This trip mechanism consisted of a sear

that was released pneumatically by a solenoid signal at a fixed location along the

track. The spoilers were held at four points along their spans to reduce the

spoiler bending insofar as possible.
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3 IGROUND VIBRATION TESTS

A ground vibration test was accomplished on each foil surface to determine the

natural frequencies and mode shapes. The mode shapes were determined for

the surfaces vibrating in air and the natural frequencies were determined for

the surface vibrating in air and in water.

3.1 TEST SETUP

The foils were mounted in the vertical position on a universal "Erector Set"

type of test jig as shown in Figure 8. Excitation vms provided by a small

electromagnetic shaker sting-mounted at the end of the foil span. Two locations

on the foil - leading edge and approximate mid-chord - were provided for the

sting mounting.

The setup for the test in water used a 50--gallon drum in which a hole had

been cut in the drum wall near the bottom. The excitation was provided by a

small electromagnetic shaker with the sting through a rubber diaphragm in the

tank hole. Figure 9 shows a view of this installation. The first three slosh

modes of the drum are, theoretically, 1.4, 2.4 and 3.0 cps, which are well

separated from the foil modes of interest. The important natural frequency of

the system which was investigated consisted of the shaker mass-rubber diaphragm

spring-mass system. By disconnecting the sting from the foil, installing an

accelerometer on the sting near the diaphragm, and running a frequency sweep

with the drum filled with water, a highly damped (g a 0.15) natural frequency

of 28 cps was found. The amplitude of this response was small compared with

the response of the foil, so that the foil natural frequency in this frequency

range (second bending) was readily apparent and the response of the foil due to

11



Figure 8. Ground Vibration Test Setup - Air
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Figure 9. Ground Vibration Test Setup - Water
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this shaker mass-diaphragm response could be seen as a small lobe near the

base of the foil response curve.

The pumping action of the diaphragm would excite the foil bending modes

with the sting connection to the foil disconnected. As might be expected, this

pumping action would not excite the torsion modes of the foils.

3.2 DATA ACQUISITION

Three fixed accelerometer locations were used to develop frequency-response

plots; a sample is shown in Figures 10 and 11. These plots were obtained by

tracing on an X-Y plotter the rectified output of one of the three reference

accelerometers as the frequency of excitation was slowly swept from 5 to 100

cps. The frequencies thus obtained were used as "target" frequencies,

excitation was set up and varied until the maximum response was obtained, a

decay record obtained of the response as the excitation was removed, and the

mode shape measured by means of the "roving pickup technique. The same

procedure was used in the test in the water except that the mode shapes were

not measured.

3.3 RESULTS

The frequencies obtained from the ground vibration test are presented in Table

2. Table 3 presents the structural damping associated with each mode an me&-

sured from the decoys. This damping coefficient is:

z

c nw z
c 0

where:

c = critical damping ratio
c

n - number of cycles over which damping is measured
th

k zn = amplitude of n cycle

z°  = amplitude of initial cycle

I = - natural logarithm

14



Figure 10. Sample X-Y Plot, Model R F 1 Air

Figure 11. Sample X-Y Plot, Model R F 1 Water
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The mode shapes for each natural frequency in air are shown in Figures 12

through 53. Only one set of flexures and two spoilers were used on the ground

vibration test of the spoiler models because it became apparent that all spoiler

models would yield identical mode shapes.

The ratio of the natural frequency in water to the natural frequency in air

varied from 55 to 67 per cent with an average of 61 per cent. The second bend-

ing mode ratio of 58 per cent was the greatest change, while the torsion mode

ratio of 64 per cent exhibited the least change in frequency.

17



Figure 12. Ground Vibration Test Mods Shape - Model R 1Fl
9.45 cp,Damping Factor. 005611

Figure 13. Ground Vibration Test Mode Shape - Model R F
43. 9cps, Damping Factor 0. 00711



Figure 14. Ground Vibration Test Mode Shape - Model R F1

77.8 cps, Damping Factor 0.021

Figure 15. Ground Vibration Test Mode Shape - Model R1 F2

9.9 cps, Damping Factor 0.006
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Figre 6.Ground Vibration Test Mode Shape - Model R F,
FVe1.43. 3 cps, Damping Factor 0. 013 1 2'

51:

Figure 17. Ground Vibration Test Mode Shape - Model R F'I
73. 2 cps'. Damping Factor 0. 019 1 2
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Figure 18. Ground Vibration Test Mode Shape - Model R F
9. 3cps Damping FactorO0.005 1 39

Figure 19. Ground Vibration Test Mode Shape - Model R F
43. 7 cps, Damping Factor 0. 00913

21



Figure 20. Ground Vibration Test Mode Shape - Model Ri F 3
77. 2 cps, Damping Factor 0. 01713

Figure 21. Ground Vibration Test Mode Shape - Model R 1F 3
109.6 cps, Damping Factor 0. 03113
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Figure 22. Ground Vibration Test Mods Shape - ModelR2Fi
9. 1 cps, Damping Factor 0. 0056

Figure 23. Ground Vibration Test Mode Shape - Model R 2 Fit
41.8 caps, Damping Factor 0. 004
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Figure 24. Ground Vibration Test Mode Shape - Model R2 F1

67.6 cps, Damping Factor 0.0122

Figure 25. Ground Vibration Test Mode Shape - Model R F1

113.2 ops, Damping Factor 0.0094
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Figure 26. Ground Vibration Test Mode Shape - Model R2 F2

9.15 cps, Damping Factor 0.004

Figure 27. Ground Vibration Test Mode Shape - Model R2 F2 , 
41.0 cps, Damping Factor 0. 008
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Figure 28. Ground Vibration Test Mode Shape - Model R2 F2
58.8 cps, Damping Factor 0.021

Figure 29. Ground Vibration Test Mode Shape - Model R2 F2

113.0 cps, Damping Factor 0.0083

26



Figure 30. Ground Vibration Test Mode Shape - Model R 2F 3
9. 15 cps, Damping Factor 0. 005

Figure 31. Ground Vibration Test Mode Shape - Model R 2F 3
41. 3cps, Dampinglactor. 00923
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60.0 cpe, Damping .Factor 0.010

Figure 33. Ground Vibration Test Mode Shape - Model R 2 F 3 ,9
114 cps, Damping Factor 0.012
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Figure 34. Ground Vibration Test Mode Shape - Model R 3F
8.9 cps, Damping Factor 0.006

Figure 35. Ground Vibration Test Mode Shape - Model R Fj39.6 cps, Damping Factor 0.010

29



Figure 36. Ground Vibration Teat Mode Shape - Model R 3Fi
60. 4cps, Damping Factor .O11

IFigure 37. Ground Vibration Test Mode Shape - Model R 3Fi
110. 0 cps, Damping Factor 0. 010



Figure 38. Ground Vibration Test Mode Shape - Model R F
8. 8 cps, Dumping Factor 0. 006 2

Figure 39. Ground Vibration Test Mode Shape - Model RF F'
37. 5cps, Damping Factor0. 00832
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Figure 40. Ground Vibration Test Mode Shape - Model R3 F2
51.6 cps, Damping Factor 0. 005

Figure 41. Ground Vibration Test Mode Shape - Model R3 F 2

110.0 cps, Damping Factor 0.016
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Figure 42. Ground Vibration Test Mode Shape - Model R3 F 3

8.8 cps, Damping Factor 0.009

Figure 43. Ground Vibration Test Mode Shape - Model R3F 3 ,

31. 1 cps, Damping Factor 0.037
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Figure 44. Ground Vibration Test Mode Shape - Model R 3F 3
47. 1 cpu, Damping Factor 0. 018

Figure 45. Ground Vibration Test Mode Shape - Model R F
105. 9 cps, Damping Factor 0. 014 3 3
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Figure 46. Ground Vibration Test Mode Shape - Model S F

9.7 cps, Damping Factor 0.010

Figure 47. Ground Vibration Test Mode Shape - Model S F
45.5 cps, Damping Factor 0.006
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Figure 48. Ground Vibration Test Mode Shape - Model SF 1

85.3 cps, Damping Factor 0.002

Figure 49. Ground Vibration Test Mode Shape - Model S F1

116.5 cpe, Damping Factor 0.009
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Figure 50. Ground Vibration Test Mode Shape - Model S3 F ,
9.8 cps, Damping Factor 0.004

Figure 51. Ground Vibration Test Mode Shape - Model S 3F 1

46.0 cps, Damping Factor 0.014
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Figure 52. Ground Vibration Test Mode Shape - Model S3 F1
85.5 cps, Damping Factor 0.002

Figure 53. Ground Vibration Test Mode Shape - Model S F
118.0 cps, Damping Factor 0.024
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4 ITOWING TANK TESTS

The test procedure used was similar to that used in flight flutter testing of air-

craft. In general, the test specimen was accelerated to a test speed with the

control in the deflected position, the control surface was released and the re-

sulting foil response analyzed. Using this subcritical response, the next test

configuration could be planned. The subcritical response of the surface did not

prove satisfactory for predicting the onset of a flutter condition; however, the

flutter response was a limited amplitude oscillation and allowed tests to be run

at speeds in excess of the critical flutter speed without damage to the test speci-

men. The maximum speeds attainable were limited by divergence of the sur-

face and wheel loads on the carriage. These limitations did not prevent obtain-

ing flutter speeds for all configurations except the higher angles of attack and

the deeper immersion depths.

No special tests were run on the dynamic characteristics of the carriage

because of the exceedingly smooth running nature of the carriage. Figure 54

shows a plot of the vibratory 'accelerations and the frequency of the response of

a beam in the center of the carriage. The primary source of excitation comes

from the wheels which are nylon with rubber inserts. Nylon takes a temporary

set if allowed to stand in one position for any length of time; however, several

runs of the carriage rid the wheels of this set and do not provide any excitation

which can be seen on the records. The lateral excitation is the primary forcing

function (a maximum of *0.0019 in. at 58 fps carriage speed) affecting the foil,

and the foil response due to this generalized displacement was not apparent on

the records.
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4.1 INSTRUMENTATION

The instrumentation installed on the foils consisted of strain gages oriented to

measure:

a. Root bending moment,

b. Root torsion, and

c. Control surface deflection.

Pressure pickups were installed on the foils, but the pickup output proved noisy

and time did not permit repair.

The strain gages were calibrated by applying known bending and torsion

loads to the end of the foil. This provided the required calibration factors and

allowed instrumentation gages to be calibrated for use in determining the ap-

proach to limit loads on the carriage wheels.

Because it was necessary to examine the records from the subcritical tests,

the data was telemetered from the carriage (Figure 54) to a receiving station

(Figure 55) where it was recorded on magnetic tape and a direct-writing oscillo-

graph. Thus, the records could be analyzed almost immediately and also played

back with filter characteristics as required.

Sixteen millimeter color motion pictures were taken of the foils at 64 fps.

These pictures recorded the eavity size and location during the test. The

camera location is shown in Figure 56. One difficulty encountered which could

be attributed to the camera system consisted of a 60-cycle interference in the

telemetry signal. This interference was due to the camera lights and appeared

on all data traces the instant the lights came on. The interference did not affect

the data but did require considerable diligence in reading the oscillograph re-

cords to insure that this interference was not confused with the foil response.

This difficulty could have been rectified but would have required a major rede-

sign of the telemetering system, which time did not permit.
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Figure 56. Telemetry Receiving Station

IRI

Figure 57. Camera Installation on Carriage
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4.2 TEST PROCEDURE

The test configurations investigated included:

a. The effect of foil angle of attack from 0 to 4 deg.

b. The effect of the depth of immersion, 25, 50, 75, and 100 per cent.

c. The effect of control surface support stiffness, three stiffness rates.

d. Control surface chord -

(1) Rudder, 15, 25 and 35 per cent.

(2) Spoiler, 5, 7, and 10 per cent.

Initial tests were run to 80 fps in increments of approximately five feet per

second. However, it was found that the flutter speeds fell below 50 fps and the

system became more stable at the higher velocities. Thus, the later runs were

limited to approximately 50 fps.

As runs were completed, a check was made on the approach to divergence

which occurred once and the load on the carriage wheels which was a limiting

condition. The nylon wheels provided a very smooth-running carriage but did

limit the "rigid" body load which could be handled. This, of course, was most

predominant at the higher angles of attack and the greater depths of immersion.

At speeds of 5 to 8 fps the foils were subject to a subcavitating limited-

amplitude flutter. This flutter mode consisted of a predominantly foil-first

bending mode with considerable. coupling with a carriage rolling mode. Since the

primary purpose of this investigation was concerned with supercavitating flutter,

this condition was not studied other than to consider it in the test program. This

flutter condition, which had to be traversed on each run, resulted in the early

failure of the upper hinge point and introduced a permanent set in the lightest set

of flexures of the spoiler models and one of the rudder models. Thus, all runs

were made without the uppermost hinge point, and no runs were obtained with

the lightest flexures of the spoiler models.
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This procedure proved very satisfactory as a method for conducting tests

of this type; however, if it or similar tests were to be run some of the revised

procedures which would be used are as follows:

a. An automatic stopping device would be installed to brake the carriage

to a stop when a preset foil load was obtained. Human reaction time

is too long and too much margin must be allowed for equipment safety.

b. The telemetering system would be revised to use a separate power

system to eliminate the 60-cycle interference caused by the camera

lights.

c. &bcavitating flutter runs would be eliminated from the program to

ease the fatigue problems introduced.

::- 44



5 IRESULTS

The purpose of this test was to obtain the experimental flutter characteristics

of a supercavitating hydrofoil with a control surface. No attempt is made to fix

a theory to the data; rather, the data is presented just as obtained.

In general, the foil responses obtained resulted in two flutter speeds per

configuration. Each flutter condition was a limited-amplitude sinusoidal oscilla-

tion. The control surface participated in each flutter mode and torsion was

present in the flutter mode at 40 fps. Very little bending was noted in any super-

cavitating flutter mode.

Figures 58 to 71 show plots of the flutter-reduced frequency based on the

torsional frequency of the foil in air from ground vibration test results versus

the ratio of flutter frequency to torsional frequency. It should be noted that

these flutter points are limit-cycle oscillations and do not result in failure of

the foils. The speed may be increased to speeds above the flutter speed with

increasing stability; however, prolonged running at the flutter speed may result

in fatigue failure or difficulties affecting passenger comfort. Table 4 is a sum-

mary of the test data obtained.

During attempts at correlating this data it was found that, despite the con-

figuration being tested, the flutter condition always fell at a V/bwf = 0.043 or

0.086, where wf is the flutter frequency. The ratio of the flutter frequency to

the torsional frequency in air fell between 0.4 and 0.6 with only an occasional

point as low as 0.3 or as high as 0. 7

2
The mass ratio, u = m/rpb , was equal to 0.34 and was not varied duringIthe program.
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Table 4. Summary of Test Results

Vf Vf
f h w Vf f ff f f

-. w fw f fConfiguration cps in. deg. ft/sec cps f bf ba

R F 77.8 7.5 0 39 31 .398 .088 .035tI48 38 .488 .088 .043
51 42 .540 .085 .044

62 49 .630 .089 .055

2 29 48 .617 .042 .026

40 32 .411 .088 .036

45 35 .450 .090 .041

4 31 50 .640 .043 .028

# 34 54 .695 .044 .031

15 0 24 36 .463 .047 .022

1 52 45 .579 .081 .047

55 44 .566 .087 .050

39 33 .424 .083 .035
44 35 .450 .088 .040

1 34 55 .706 .043 .031

39 33 .424 .083 .035

2 23 39 .501 .041 .021
# 29 47 .604 .043 .026

4 24 36 .463 .047 .022

22.5 0 24 39 .501 .043 .022+ 38 31 .398 .086 .034
I I45 .36 .463 .087 .040

R1 F 2  73.2 7.5 0 28 45 .616 .043 .027

47 81 .520 .086 .045

2 25 42 .575 .042 .024

IF _ * 21 33 .451 .045 .020
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Table 4. Summary of Test Results (Continued)

f h V f ff Vf Vf

a w f f f ff
Configuration cps in. deg. ft/sec cps f bwf ba

R F 2  73.2 7.5 4 25 40 .549 .044 .024

+ + 26 43 .589 .042 .025

15 0 23 39 .534 .041 .022

25 36 .494 .048 .024

± 41 33 .451 .087 .039

2 24 41 .561 .041 .023

+ 27 44 .602 .041 .026

4 22 35 .480 .044 .021

22.5 0 37 30 .410 .086 .035

# 27 22 .300 .086 .026

2 27 44 .802 .043 .026

4 22 33 .451 .047 .021

30 0 27 22 .300 .086 .026

2 23 37 .506 .044 .022

R 2  F 67.6 7.5 0 25 38 .563 .046 .026

41 34 .503 .085 .042

42 34 .503 .086 .044

I 46 36 .533 .089 .048

2 37 32 .473 .081 .038

40 32 .473 .087 .041

44 36 .532 .086 .046

46 38 .560 .085 .048

48 40 .590 .084 .050

52 42 .622 .086 .054
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Table 4. Summary of Test Results (Continued)

f hw  v f f f Vf Vfa b ,fVfb b

Configuration cps in. deg. ft/sec cps fa f a

j 1 55 43 .638 .089 .057

4 24 39 .580 .043 .025

40 32 .474 .087 .041

! 41 33 .489 .087 .042

R 2  F1 67.6 15 0 20 33 .489 .042 .021

23 40 .592 .042 .025

43 35 .519 .086 .045

47 38 .562 .086 .049

52 38 .562 .096 .054

2 29 47 .696 .058 .030

4 25 40 .592 .043 .026

* 26 42 .622 .043 .027

22.5 0 31 27 .400 .080 .032

+ * 41 32 .473 .090 .043

R2  F2 58.8 7.5 0 40 33 .543 .086 .048

2 40 33 .543 .086 .048

48 39 .664 .086 .057

51 41 .697 .087 .061

4 44 37 .630 .083 .052

47 39 .664 .084 .056

15 0 39 32 .534 .085 .046

j 45 36 .611 .087 .054

4 24 40 .680 .042 .029

22.5 4 25 38 .646 .046 .030

30 0 34 27 .459 .088 .040
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Table 4. Summary of Test Results (Continued)

f h V f f Vf Vf
____ w ____f bw bw

Configuration cps in. deg. ft/sec cps a f a

R2  F3  60.0 7.5 0 24 39 .650 .043 .028

40 32 .534 .087 .047

2 39 32 .534 .086 .045

4 40 36 .600 .078 .046

15 0 38 31 .517 .086 .044

+ 2 39 31 .517 .088 .045

30 0 45 36 .600 .087 .052

R3 F1  60.4 7.5 0 40 33 .546 .085 .046

42 34 .564 .086 .049

2 39 32 .530 .086 .045

42 34 .564 .086 .045

4 36 30 .496 .084 .042
40 33 .546 .085 .046

15 0 39 31 .514 .088 .045

S 44 36 .596 .086 .051

22.5 0 39 30 .496 .091 .045

4 $ 43 33 .546 .091 .050
30 0 35 27 .447 .091 .040

37 30 .496 .086 .043

42 32 .530 .092 .049

R 3  F2  52.0 7.5 0 36 30 .576 .084 .049I 37 31 .596 .084 .050

2 39 33 .635 .083 .052

4 40 32 .615 .088 .054

15 0 39 32 .615 .085 .052

4 42 34 .655 .086 056
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Table 4. Summary of Test Results (Continued)

f h , vf f f vf V
_- f _ f

Configuration cps in. dog. ft/sec cps f bf aI 22.5 0 38 31 .596 .086 .051

1 1 40 33 .635 .085 .054

30 0 38 31 .596 .086 .051

R F 47.0 7.5 0 28 23 .489 .085 .042

31 25 .532 .087 .046

32 26 .553 .086 .048

34 26 .553 .091 .051

42 34 .723 .086 .062

46 37 .787 .087 .068

53 43 .915 .086 .079

58 47 1.000 .086 .086

R3  F3  47.0 7.5 2 23 21 .446 .077 .034

30 25 .532 .084 .045

35 29 .616 .085 .052

4 25 40 .851 .044 .037

30 48 1.020 .044 .045

15 0 .24 19 .404 .088 .036

30 25 .532 .084 .045

31 29 .616 .075 .046

2 22 35 .744 .044 .033

4 21 35 .744 .042 .031

S F 85.3 7.5 0 24 40 .469 .040 .020

44 35 .410 .088 .036

2 40 32 .375 .087 .033

44 36 .422 .086 .036

4 25 40 .469 .044 .021

64



Table 4. Summary of Test Results (Continued)

fa h wv f f f 
h w . b

Configuration cps in. deg. ft/sec cps fa bwf ba

__j 44 36 .422 .086 .036

15 0 40 32 .375 .087 .033

1 39 32 .375 .085 .032

44 35 .410 .088 .036

2 30 48 .561 .044 .025

22.5 0 38 31 .363 .086 .031

43 35 .410 .086 .035

1 29 24 .278 .085 .024

30 0 25 20 .235 .088 .021

29 24 .278 .085 .024

35 28 .328 .088 .029

39 31 .363 .088 .032

1 29 24 .278 .085 .024
81  F2 85.3 7.5 0 40 32 .375 .087 .033

4 44 36 .422 .086 .036

2 44 36 .422 .086 .036

4 38 31 .363 .086 .031

44 36 .422 .086 .036

15 0 38 31 .363 .086 .031
41 32 .375 .09 03

1 38 31 .363 .086 .031

43 33 .387 .091 .035

2 30 25 .293 ;084 .025

22.5 0 33 27 .316 .086 .027

36 31 .363 .081 .030

- - -1 33 27 .316 .086 .030
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Table 4. Summary of Test Results (Continued)

f h Vf f f Vf Vfa w f f

Configuration cps in. deg. ft/sec cps fa bw f bw a

I 43 34 .398 .089 .035

2 24 38 .445 .044 .020

29 46 .540 .044 .024

S F 85.4 7.5 0 44 35 .410 .088 .036

1 44 36 .422 .086 .020

2 39 31 .363 .088 .032

44 35 .31 .083 .026

15 1 30 26 .305 .081 .025
t 38 31 .364 .086 .031

2 30 48 .564 .044 .025

4122.5 0 3 .422 .047 .020

F 3 29 23 .270 .088 .024

32 27 .317 .083 .026

2 19 30 .352 .044 .015

S 25 41 .481 .043 .021I 4 15 12 .141 .087 .012

8 2  1?1  85.4 30 0 .27 22 .258 .086 .022

f # 4 15 22 .258 .048 .012

sz 26 5.3 7.5 0 41 34 .400 .084 .034
42 35 .410 .084 .035

1 38 30 .352 .088 .031

2 38 30 .352 .088 .031

15 0 38 31 .364 .086 .031

1 28 46 .540 .043 .023

2 24 40 .470 .042 .020

22.5 0 43 35 4.10 .086 .035
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Table 4. Summary of Test Results (Continued)

f h V f f f Vf
a w f _ _ f bw bw

Configuration cps in. deg. ft/sec cps a f a

S3  F1  85.5 7.5 0 44 36 .422 .086 .036
49 39 .458 .088 .040

2 26 43 .504 .042 .021

41 35 .410 .082 .034

42 35 .410 .084 .035

4 30 49 .575 .043 .025

40 32 .375 .087 .033

15 0 42 34 .398 .086 .034

40 34 .398 .082 .033

2 24 39 .457 .043 .020

4 15 25 .293 .042 .012

20 32 •.375 :044 .016

22.5 0 20 33 .387 .042 .016

29 47 .550 .043 .024

2 25 38 .446 .046 .021

4 17 28 .328 .043 .014

30 0 24 39 .457 .043 .020

20 33 .387 .042 .016

27 45 .527, .042 .022

S F2  85.5 7.5 2 45 37 .434 .085 .037

15 0 36 27 .293 .100 .030

40 33 .387 .085 .033

24 38 .445 .044 .020

22.5 0 24 20 .235 .084 .020

- 29 24 .282 .085 .024
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6 RECOMMENDATIONS

The results of this testing on a supercavitating hydrofoil show that flutter could

be a serious problem with surface-piercing supercavitating hydrofoils, especially

from the fatigue and comfort standpoint. At the Fourth Symposium on Naval

Hydrodynamics held in Washington, D. C., August 27 - 31, 1962, an ad-hoc

committee on this subject heard that work in the Netherlands showed that sweep

could have a marked effect on the flutter stability of hydrofoils. In these tests,

flutter speeds were reduced below those found for zero sweep until a sweep angle

of about ten degrees was attained. It would, therefore, be imperative that the

flutter characteristics of the supercavitating hydrofoil under swept conditions

be investigated.

The results could also be used to investigate the validity of theoretical

analyses of this type of foil.
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