—

AD=AD35 512

MAY 76 C J HENRY
UNCLASSIFIED

STEVENS INST OF TECH HOBOKEN N J DAVIDSON LAB
AMPHIBIOUS HYDROFOIL LIGHTER PRELIMINARY DESIGN VERIFICATION.(U)

SIT=DL=76-1890

F/6 13710

NO0O14=75=C=0384
NL

_} (00

T— vy
Ty R

"




U.S. DEPARTMENT OF COMMERCE
National Technical Information Service

AD-A035 512

AMPHIBIOUS HYDROFOIL LIGHTER PRELIMINARY
DESIGN VERIFICATION

STEVENS INSTITUTE OF TECHNOLOGY
HoBokeEN., New JERSEY

May 1976

\




o\,
T
T
g
A
-
=
Q
<<

DAVIDSON
LABORATORY

Report SIT-DL-76-1890
May 1976

AMPHIBIOUS HYDROFOIL LIGHTER
PRELIMINARY DESIGN VERIFICATION

( by Charles J. Henry
r ﬂ'.. .‘.,‘x_...'.. debodswin |

,»\ FEB 11 1977 *\
| oSl Gl
AN Prepared for
U.S. Army Mobility Equipment
‘ ‘ Research and Development Center
STEVENS INSTITUTE Fort Belvoir, Virginia 22060
OF TECHNOLOGY '
CASTLE POINT STATION Administered by
HOBOKEN NEW JERSEY 07030 0ffice of Naval Research (616T)

Department of the Navy
Arlington, Virginia 22217
Under Contract No. NOOO14-75-C-0384

REPRODUCED BY

NATIONAL TECHNICAL
INFORMATION SERVICE e v oo

U.S. DEPARTMENT OF COMMERCE ' PERIRITTION CTETEMEN
SPRINGFIELD, VA, 22161 ! D‘.‘ by T"‘!.“.’*‘“‘":‘.“{““T_L

I Approved for public release;
‘ Di\:h’ibuﬁon Unlimited

L

R-1890

DL Projects 4254/163,165,166,167,168,169,170,187




D Rt A s i L Aol O

UNCLASSIFILED

SECURITY C_ASSIFICATION OF THIS PAGE (When Duu: I.:leu‘d)
READ INSTRUCTIONS
1. REPORT NUMBER [2. GOVY ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
SIT-DL-76-1890
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED
AMPHIBIOUS HYDROFOIL LIGHTER FINAL REPORT

PRELIMINARY DESIGN VERIFICATION

6. PERFORMING ORG. REPORT NUMBER

. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

CHARLES J. HENRY NOOO: /5-C-0384

PERFORMIMT ORGANIZATION NMME AND ADORESS - 10. PROGRAM ELEMENT, PROJECT, TASK
; AREA & WORK UNIT NUMBERS

Davidson Laboratory

Stevens Institute of Technology

Castle Point Station, Hoboken, New Jersey 07030

. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
U.S. Army Mobility Equipment MAY 1976
Research and Development Center 13. NUMBER OF PAGES
Belvoir, Virginia 22060 (42

- MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office)

5. SECURITY CLASS. (of this report)

0ffice of Naval Research (616T)

Dept. of the Navy Unclassified
Arlington, Virginia 22217 1Sa. DECLASSIFICATION/ DOWNGRADING
SCHEDULE _

. DISTRIBUTION STATEMENT (of this Report)

Approved for Public Release; Distribution Unlimited.

. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, if different from Report)

. SUPPLEMENTARY NOTES

. KEY WORDS (Continue on reverse aide if necessary and identify by block number)

Amphibians
Hydrofoil Craft

20.

ABSTRACT (Continue on reverse aide {{ necessary and identify by block number)

In order to provide verification that the proposed design of an amphibious
hydrofoil lighter will meet its hydrodynamic performance specifications, a
saries of tests were carried out using scaled models of the vehicle and its
components. |t was shown that the proposed simple control system is effec-
tive in providing control in head and following seas. Tandem hydrofoil tests
were carried out to verify design 1ift characteristics and, in particular,

the choice of foil spacing was shown to yield optimum lift-drag-character=

- DD [ 2i%; 1473 EOITION OF 1 NOV 65 IS DBSOLETE
S/N 0102-014* 6601 |

. UNCLASS I FIED

. SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

B T R T T TO I P TR TH N TTo



S

UNCLASSIFIED

URITY CLASSIFICATION OF THIS PAGE(When Data Fntered)

20. (Cont'd)

istics at take=off. The model was operated in the foil borne mode with
light ship and design load conditions, in calm water, head seas and
following seas, using the proposed automatic height control. Directional
stability and turning characteristics were analyzed. Roll motions at
zero speed in beam seas were found acceptable. The behavior of the model
was observed while transiting a seven foot periodic surf zone in light
ship and design load conditions at 5 and 11 knots. It was found that
entering and exiting at 5 knots present no problems. Entering the surf
zone at 11 knots will cause some water to be taken over the bow.

Recommendations for further studies are given in order to assure
that the proposed design modifications will yield a final design which
meets required specifications.

UNCLASSIFIED

-
|(" SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




vii + 131 pp.

STEVENS INSTITUTE OF TECHNOLOGY

DAVIDSON LABORATORY
CASTLE POINT STATION
HOBOKEN, NEW JERSEY

Report S|T-DL-76-1890

May 1976

AMPHIBIOUS HYDROFOIL LIGHTER
PRELIMINARY DESIGN VERIFICATION

by Charles J. Henry

Prepared for

U.S. Army Mobility Equipment
Research and Development Center
Fort Belvoir, Virginia 22060

Administered by

0ffice of Naval Research (616T)
Department of the Navy
Arlington, Virginia 22217

Under Contract No. NO0OI4-75-C-0384

(DL Project L425L/163,165,166,167,168,169,170,187)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

Approved:

| £ Eﬁ\»qlnﬁgiE:?:;N”S*‘;&‘“\t———j——»

(¥

Daniel Savitsky
Deputy Director

b




ABSTRACT

In order to provide verification that the proposed design of an
amphibious hydrofoil lighter will meet its hydrodynamic performance
specifications, a series of tests were carried out using scaled models
of the vehicle and its components. It was shown that the proposed simple
control system is effective in providing control in head and following
seas. Tandem hydrofoil tests were carried out to verify design lift
characteristics and, in particular, the choice of foil spacing was shown
to yield optimum lift-drag characteristics at take-off. The model was
operated in the foil borne mode with light ship and design load conditions,
in calm water, head seas and following seas, using the proposed automatic
height control. Directional stability and turning characteristics were
analyzed. Roll motions at zero speed in beam seas were found acceptable.
The behavior of the model was observed while transiting a seven foot
periodic surf zone in light ship and design load conditions at 5 and 1}
knots. It was found that entering and exiting at 5 knots present no
problems. Entering the surf zone at 11 knots will cause some water to be

taken over the bow.

Recommendations for further studies are given in order tu assure
that the proposed design modifications will yield a final design which

meets required specifications.

KEYWORDS

Hydrofoil Craft

Amphibious Craft




G R-1890

C
SUMMARY

Overall Characteristics

. A series of model tests was carried out to verify that the amphibious
hydrofoil lighter described in Reference 1 will meet its hydrodynamic per-
formance specifications. The model closely represented the prototype
vehicle in geometric, dynamic and hydrodynamic characteristics, consisting

{ of a planing hull, fixed submerged hydrofoils with flaps, a foilborne height
control system, rudder and wheels for land operation. The vehicle also con=
tains a waterborne propulsion system; however, only the skegs and ventila-
tion plates were included in the towed model. The principal characteristics

i of the proposed design are as follows:

Length 79' Hydrofoil Span 34161
Hull Beam 30! Hydrofoil Chord 6!
Beam at Wheels Litragn Hydrofoil Spacing Lst
Draft (Stationary) 8'-5u Flap Span 341 =61
Gross Weight 413,000 1b Flap Chord 1'-6"
Payload 120,000 1b Draft (Foilborne) Lt
Installed HP 7200 Take=0ff Speed 17 knots
Maximum Speed Fully Loaded 35 knots

Height Control System

( Based on the results of the model test program, the recommended foil-
borne height control system consists of manual control of the aft flap
position together with manual and automatic control of the port and star-
board forward flaps. A simple automatic control system is recommended for

C each of the forward flaps consisting of a height sensor, hydraulic actuator,
flap and a manual input. The proposed height sensors consist of a vertically
hinged twisted flap supported by a strut located between the main strut and
wheel on each side of the hull at the forward foil location. The twisted

€ vertical flap should extend from the hull baseline to the hydrofoil and its

operation is described as follows. Since this flap is free to rotate about

5
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its vertical hinge, it will continually seek an angle such that the hydro-
dynamic moment about the hinge is zero. Due to a constant twist per unit
length, the zero-moment angular position will ideally be proportional to
the submerged span-length of the twisted flap since then the side forces on
the upper and lower halves of the submerged portion will cancel and the re=
sultant hinge moment will be zero. Tests of the height sensor output
showed that this ideal principle of operation closely represents the actual
operation. Over the range of practical flying heights for the proposed ve=
hicle, the height sensor output will be proportional to height and will be
independent of speed. Additional manual control inputs forward and manual
adjustment of the aft flap angle are needed to adjust fore and aft hydrofoil
lift for varying load conditions or to adjust flying height and trim.

The hydraulic actuators in the forward automatic control system pro-
vide the necessary power to move the forward hydrofoil flaps in response to
deviations in flying height as sensed by the forward height sensors. The
model actuators and control system were designed and built so that the rate
of change of flap angle with height (gain) could be adjusted. As a result
of these model tests it is recommended that a constant value of gain can be
used in the prototype for all load conditions and foilborne speeds. |t is
recommended that additional analyses be carried out to finalize the detailed
specifications of this simple automatic height control system. These ad-
ditional studies should include analyses of foilborne roll motions as well

as pitch and heave motions in calm water and irregular seas.

Rudder

Directional stability (ability to maintain heading without control)
and minimum turning circle radii were estimated for the amphibious hydro-
foil lighter in the displacement mode as well as for foilborne operation.
The displacement mode analyses were based on model tests with wheels down

while the foilborne analyses were based on available empirical relations.

The results of these analyses show that the proposed vehicle is di-
rectionally stable in both the displacement and flying mode. Adequate
turning circle characteristics can be obtained by using either (a) fore and

aft centerline rudders extending from hull to hydrofoils with constant chord
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lengths of 6 feet, or (b) steerable flaps on the aft main struts (or on
all four struts). Turning circle characteristics with the proposed single

tapered centerline rudder were not acceptable.

Propulsion

Model resistance measurements were obtained for the displacement
mode with wheels down, for the foilborne mode in calm water and for the
foilborne mode in head and following irregular seas. The results were used
to estimate prototype drag for similar operating conditions. In the dis-
placement mode with wheels down and fully loaded, the installed horsepower

should give a maximum speed in excess of 11 knots in calm water.

The increase in mean drag in Sea State 2, head seas over that in
calm water for foilborne operation, is dependent upon the mean heave and
trim of the craft. By making minor changes in mean heave and trim (by
means of manual changes in fore and aft flap position), the speed loss in
head seas can be made less than 7 percent as desired. At constant mean heave
and trim the speed loss at constant power will be 10 percent or less, depend-

ing on mean flying conditions.

In the foilborne mode, hydrofoil suction creates a significant depres=
sion of the water surface above the foils which will be accentuated at the
aft foil due to fluid acceleration by the propellers. Further study of this
problem is recommended in order to insure no loss of power resulting from

propeller ventialtion or emersion.

Wave=|nduced Motions

Heave accelerations at the bow and center of gravity, heave displace-
ment at the center of gravity, pitch angle and drag were measured for the
model while foilborne in head and following irregular seas representing Sea
State 2, for the light ship and fully-loaded conditions. These measurements
were carried out for a range of control gains and mean flap positions. As
mentioned previously, it was demonstrated that one control system gain can
be used for all load conditions and foilborne speeds, in calm water or in

head or following Sea State 2. For the light condition in head seas at
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30 knots, the RMS prototype motion levels are expected to be within the

ranges given in the following table, depending somewhat on mean heave and

trim:
MOTION RMS LEVEL
Pitch 0.4 to 0.8 degrees
Heave at CG 0.4 to 1.1 feet
Bow Accel. 0.2 to 0.3 g's
CG Accel. 0.1 to 0.2 g's

Bow=up trim or a lower flying height tend to increase all RMS motion levels.

Surf Tests

Surf transit tests were carried out entering the water and exiting
with the light ship and design load condition, where the wave period corre-
ponded to 7.2 sec full scale and the breaker height corresponded to 7 feet.
The beach slope was 1:6. Based on these tests it is concluded that exiting
or entering the surf zone at speeds up to 5 knots presents no difficulties
for the fully loaded or light ship conditions. At higher speeds the ve-=
hicle will begin to take some green water over the bow particularly in the

fully loaded condition, when entering the water.

vi
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INTRODUCTION

A feasibility analysis of an amphibious lighter capable of carrying
a 60-short~ton payload from ship-to-shore and onto a beach at a speed of
35 knots in calm water was carried out in Reference l? A wheeled vehicle
with fixed submerged hydrofoils was selected in comparison with several
other candidate concepts, and a preliminary design analysis was carried
out. |t was estimated that the amphibious hydrofoil lighter could carry
the 60-ton payload at the required speed and could maintain 32.5 knots in
Sca State 2 using a simple automatic height control in the foi'borne mode.
The purpose of this study is to further verify that this design concept does
meet the hydrodynamic performance specifications. A series of six test
phases were carried out for this purpose using a scaled model of the proposed
vehicle. The model and the results are described and discussed in this report.
Also, a 16mm silent color movie has been prepared showing the model operating
in Sea State 2 in the foilborne mode and showing the model transiting a surf

zone in the hullborne mode.

The automatic height control system for the proposed vehicle includes
some modifications of the existing passive control system which has operated
successfully and reliably on three smaller submerged hydrofoil craft. The
modifications are the use of a hydraulic actuator for the main flaps and a
twisted surface=piercing flap as height sensor. The first test phase of the
experimental program gave data to characterize the angular output of the new

height sensor, in relation to the submerged span length of the height sensor.

In the proposed vehicle, the spacing between the fore and aft hydro-
foils was carefully selected to take full advantage of the wavemaking inter-
ference between the fore and aft foils at take-off speed. The 1lift on the
forward hydrofoil creates a free-surface wave which, with proper spacing,

develops an upwash at the aft foil which improves its lift-drag ratio. The

"All references noted in this report are listed on page 20,
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second test phase was carried out to determine the lift-drag characteris=
tics of the aft foil in the tandem hydrofoil configuration over a range of
speed, trim angle and hydrofoil spacing. At the same time, the lift char-
acteristics for both of the model hydrofoils were established for flap angle

as well as for trim.

In the third test phase of this experimental program, a dynamically
scaled model was tested in the foilborne mode in calm water as well as in
head and following seas representing Sea State 2, for the light ship and the
design load conditions, in order to demonstrate the effectiveness of the
height control system. A range of control gains was tested and it was shown

that the vehicle can operate successfully with no automatic control of the
aft flaps.

A series of captive model tests were carried out to provide hydro-
dynamic force characterization in the hullborne mode so that directional
stability and turning characteristics could be analyzed. Using these re~
sults, it is shown that the proposed vehicle is directionally stable at
hullborne speeds and the minimum turning circle diameter for various speeds
was analyzed. For the case of foilborne operation, the same results were
predicted using semi=empirical lift characteristics for the strut side force
rates. In each of these analyses, both the light ship and the design load
conditions are considered. |t was found that acceptable turning performance
can be obtained by using flaps on the main struts for steering. A single
aft rudder is not adequate but forward and aft rudders may be an acceptable
alternative where each rudder extends from hull to foils, with 6 foot chord

length.

In order to demonstrate the amphibious performance of the proposed
vehicle, a series of tests were carried out in regular waves with the model
entering and exiting a simulated seven-foot surf zone. Both the light ship
and the design load condition were tested. No difficulty is anticipated for
either load condition in exiting at 11 knots, nor in entering at the same
speed for the light ship condition. At 11 knots the design load condition
will take some water over the bow which should present no problem for the

proposed vehicle and at five knots, no water is shipped over the bow.

In the final test phase, the motions of the model were measured in
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' -
beam seas at zero forward speed. |In irregular seas representing Sea States
2, 3 and 4, the statistics of the roll and heave motions were obtained. The
& results show that the vehicle can survive these sea conditions in the wal=-

lowing condition.

Conclusions of this study are summarized in the final section of this
report, which show that the proposed vehicle meets the desired hydrodynamic
specifications using a simple straightforward design which should yield a
reliable vehicle. Recommendations for some further study are discussed,

which will further enhance or insure the vehicle's performance.

This study was carried out for the U.S. Army Mobility Equipment Re=-
search and Development Center, Fort Belvoir, Virginia, administered by the
0ffice of Naval Research, Dept. of the Navy, Arlington, Virginia under Con=-
tract No. NO0OO14-75-C~038L. Mr. Frank Stora of Fort Belvoir observed some
of the tests and provided helpful suggestions throughout this study.

The author is indebted to Mr. John K. Roper, originator of the design

concept, for his helpful suggestions in carrying out the test pragrams and

for his contributions to understanding and interpreting the data.

P et St A O 1 B e A

“»
<«




R=-1890

EXPERIMENTAL MODELS AND APPARATUS

All tests were carried out using a 1/13=scale model of the proposed
vehicle and its appendages. The overall characteristics of the model and
prototype are listed in Table 1 and shown schematically in Figure 1. The
equipment and apparatus used in each of the six test phases are described

in this section.

Control Flap Tests

The proposed sensor for the automatic height control system in the
foilborne mode is a twisted, free-swinging, surface=-piercing flap supported
by a fixed strut as shown in Figure 2. The twisted flap has a helicoidal
surface with pitch equal to 18.46 deg/ft (20 deg/in model scale). The pur=-
pose of this test phase was to determine the relationship between angular
position of the control flap and submergence, and to observe any speed de=-
pendence. Accordingly, measurements of control flap position were made
over a range of submergences and speed in Davidson Laboratory Tank No.l.
During these tests the fixed strut shown in Figure 2 was mounted below a
flat plate inclined at 18.2 degrees to simulate the deadrise portion of the
bottom of the hull where the sensor is mounted. The results of these tests

are shown in Figure 3 and Table 2.

Tandem Foil Tests

In order to characterize the model foil system and particularly to
define the changes in aft foil loading due to the wake of the forward foil,
a series of tandem foil tests were carried out in calm water using a 1/13-
scale model of the proposed hydrofoils. The tandem foil setup is shown in
Figure 4. The fore and aft foils have the same geometry which is described
in Figure 5 and Table 1. The cross=-sectional shapes of the model struts and
foils were simplified for ease of manufacture to straight sections over the

middle half=chord length with rounded leading edge and wedge shaped trailing

edge.
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The fore and aft foils and struts were mounied on an H-beam such
that their longitudinal position could be adjusted. The trim angle of the
H-beam also was easily adjusted, and the four flap angles could be set at
desired angles. The aft struts and foils were mounted on a lift-drag bal-
ance and the pivot of the H-beam was attached to a second lift=-drag balance
which measured forces on fore and aft foils together. The vertical posi-

tion of all this apparatus could be adjusted to the desired foil submergences.

This apparatus was mounted on a carriage in DL Tank No.3 and towed over
a range of speed, submergence, trim, spacing and flap angles. The four bal-
ance outputs were recorded and analyzed on a tank-side digital computer. The

detailed results of these tests are described and listed in Appendix A.

Foilborne Wave Tests

A scaled model of the hull was constructed of wood and the struts and
foils were mounted as well as skegs, propeller ventilation plates and wheels
which could be mounted in the down or retracted position, as illustrated in
Figure 1. A picture of the model in the foilborne mode is shown in Figure
6. Four height sensors of the type described above were mounted, as shown
in Figure 1. A bracket for the pitch gimbal was mounted in the hull such
that the pitch pivot could be moved to any of the CG positions listed in
Table 1. This apparatus was attached to a free-to-heave apparatus as seen
in Figure 6. Yaw, sway and roll motions were rigidly restrained and the model
was towed at constant forward speed. Various ballast weights were added to
the model in order to obtain the inertial properties listed in Table 1. The
pitch gimbal and heave masts were instrumented so that pitch and heave motions
could be monitored. One accelerometer was mounted in the model to measure bow
acceleration in heave and another was mounted on the heave mast to sense

vertical acceleration at the CG.

All four flaps were automatically controlled with identical control
systems illustrated in Figure 7. As the angular position of a control flap
changes due to changes in submergence, the corresponding height signal from
the angular transducer changes proportionately. This signal is amplified by

the gain factor which could be adjusted independently for each of the four

flap controls. The resulting error signal drove the flap servo-motor to
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change the main flap angle in response to the height error signal. There
were basically two adjustments that could be made in each of the four flap
control systems, viz., (1) the relative position of the control and main
flap, which adjusts the height for zero error signal, and (2) the rate of
change of main flap position per unit deflection of the control flap or

gain.

This automatically controlled model and apparatus were towed from a
carriage in DL Tank No.3 as shown in Figure 6. Tests were made in calm
water as well as in irregular head and following seas corresponding to Sea
State 2. Control system parameters were first adjusted in calm water, then
run in irregular head seas. Then several control system configurations,
which were found acceptable for calm water and head seas, were tested in
following seas. This procedure was carried out for the light ship weight
and for the design load, with wheels up. Several runs from this test phase

are included in the movie.

Stability and Turning Tests

With the model in the displacement mode with wheels down, measure-
ments of the drag, side force, roll moment and yaw moment were made over a
range of speed, roll angle, yaw angle, rudder angle and turning rate. These
tests were carried out in DL Tank No.2 on the rotating arm for the light
ship condition and the design load condition, with the model free in trim
and heave which were also observed. The forward flaps were locked full
down since the height control will call for full flaps when operating in the
displacement mode, and the aft flaps were set at six degrees down for all of
these tests, since this flap angle was found suitable in the foilborne tests.
The tests were carried out to provide the hydrodynamic force representation
required to predict straight course directional stability and steady turning
equilibrium conditions such as minimum turning diameter. The results of
these tests and the details of the stability and turning analyses are given

in Appendix B.

Surf Transit Tests

Successful operation of the proposed vehicle requires successful

passage through a surf zone between open sea conditions and the beach. In
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order to demonstrate the capability of the proposed vehicle in negotiating
this phase of its operation, the model was towed in DL Tank No.3, entering
into and exiting from a regular wave. One wave period was used in all

tests, which corresponded to 7.2-sec full scale. This period falls in the

middle-to-short-period range of observed surf periods reported in Reference
2.

The existing beach for absorbing waves in DL Tank No.3 was used for
this phase of the test program. The slope of this beach is :6, which is
relatively steep but not outside of representative beach slopes. The re-
sulting surf zone width was about 3/4 of the vehicle length and the breaker

height was about seven feet.

The model was towed at constant speed through the surf zone, with
freedom to pitch and heave. The light ship and design load conditions were
tested with wheels down. The forward flaps were locked full down and the

aft flaps were fixed at six degrees down for all tests.

Several runs from this test phase are included in the movie.

Beam Sea Tests

Although Sea State 2 is the design wave condition, the proposed ve- f
hicle must be capable of surviving in seas of greater severity. It is
anticipated that beam seas at zero forward speed of the vehicle is a nearly

worst condition. Consequently, roll and heave motions were measured for

poewe

this condition in irregular seas representing Sea States 2, 3 and 4. The

apparatus is shown in Figure 8. The tests were carried out in DL Tank No.3
for the design load and the light ship conditions with wheels down. The re-

sults of these tests are tabulated and described in Appendix C. Several runs

from this test phase are included in the movie.
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ANALYS1S AND DISCUSSION

The results of the six test phases were analyzed to verify the esti-
mated hydrodynamic performance of the proposed amphibious hydrofoil lighter
design described in Reference 1. The analysis procedures are described in
this section and the results are discussed in general terms. Specific de-

tails of results and analyses are given in the Appendices.

Control Flap Tests

The measured control flap deflection is shown in Figure 3 and Table 2,
for a range of speed and submergence. The speed range covers that for foil=-
borne operation of the proposed vehicle while the submergence varies from

very small flap submergence to fully submerged.

From symmetry, in the absence of free-surface, ventilation and sepa=
ration effects, the expected angular position would be one-half times the
pitch of the helicoidal surface times the submergence, as shown by the
dashed line in Figure 3. |t is seen that in the middle range of submergences,
the expected ideal control flap position is reasonably close to the ideal ex-
pected value but at small submergence and at large submergence, the measured
position deviates from ideal. The observed behavior can be explained by (1)
spray forces at small submergence acting on the lower helicoidal face to push
the control flap to larger angles than ideal, and by (2) flow separation at
the lower end of the strut perhaps at the flap hinge, tending to draw the
control flap to smaller angles than that ideally expected. Some speed de=-

pendence is observed at extreme submergences.

From these results it is concluded that: (1) the ideal rate of change
of control flap angle with submergence (one-half times pitch) gives a good
estimate of the observed rate for the middle range of submergences, (2) con=-
trol flap angle at constant submergence has little speed dependence in the
middle range of submergences, and (3) at extreme submergences, control flap
position varies with speed and deviates significantly from the ideal ex-

pected value. Accordingly, it is concluded that the proposed twisted flap
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height sensor gives a reliable output if it is made long enough so that
spurious behavior at extreme submergences occurs when the main flap is

at or near its limit stops. A longer flap with less pitch should decrease
the submergence ranges where spurious behavior was observed while at the
same time expanding the middle submergence range where near ideal output was
observed. Further testing of this device might better be done in the
Davidson Laboratory Water Channel where atmospheric pressure can be

modeled thereby more closely approximating full-scale ventilation effects,

and where flow conditions can be observed more readily.

Tandem Foil Tests

The results and analysis of the tandem foil tests are presented and
described in Appendix A. It was found that both forward and aft foils of
the model exhibited evidence of stall or loss of lift due to boundary
layer separation. This phenomenon is expected to occur in the prototype
at substantially higher values of 1ift coefficient than for the model due
to the larger value of Reynolds number. The results presented in Refer-
ence 3 indicate that the prototype hydrofoils should achieve a maximum
lift coefficient between 1.1 and 1.2 while the observed maximum lift co-
efficient for the model appears to be between 0.6 and 0.8 in Figures A-1
through A-8. The various other characteristics of the model lift and
drag are compared with expected values from References 3, 4 and 5, and it
is concluded that these references provide reliable results for the pre-
diction of prototype lift and drag, combined with observed Froude number
dependent terms from this study. The recommended prediction procedure is

summarized in Appendix A.

The forward foil 1ift is composed of lift due to camber, trim, flap
angle and Froude number effects or wave-making. Lift due to camber is
represented by a zero lift angle of attack which can be obtained from
Reference 6. Lift due to trim and flap angle are determined from the re=-
sults of Reference 3 for infinite fluid together with the results of
Reference L4 for free-surface effects at high Froude number. The effect of
finite Froude number was estimated from the present results together with
the results of Reference 7. Lift due to camber, trim, flap angle and

wave-making is expected to be the same on forward and aft hydrofoils.

9
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However, the aft foil will also feel the wake effect from the forward foil,
which has been divided into high Froude number and wave-induced components
in the expression for aft foil 1ift coefficient. The empirical coefficients
in these two contributions to aft foil lift were evaluated from the present

results.

One of the primary purposes stated for these tests was to substantiate
the advantageous choice of foil spacing at take=-off speed where the wave-
induced upwash at the aft foil due to forward foil 1ift should yield the
maximum lift-drag ratio for the aft foil. It is seen in Figure A-9 that the
design take-off condition is very close to the estimated spacing for maximum
upwash and in Figure A-15 it is very close to the estimated spacing for maxi=-
mum aft foil lift. At the same time, Figure A-16 shows nearly constant drag
for various spacings so that the desired maximum value for the aft foil lift=

drag ratio has been achieved.

The recommended procedure for predicting hydrofoil drag of the pro-

posed vehicle as described in Appendix A is composed of profile drag based

on Reference 3 plus various induced drag components. Induced drag due to
lift from camber and trim, and flap angle, is based on Reference 5, while
that due to Froude number dependent lift is estimated from the present re-
sults. On the aft foil, induced drag due to lift from forward foil downwash
is also assumed to be given by the results of Reference 5 since the mechanism
producing an induced velocity should not effect the rate at which drag is de-

veloped.

Foilborne Wave Tests

The 1/13-scale model of the proposed amphibious hydrofoil lighter
which is described in the previous section was towed at constant speed while
free to move in pitch and heave and with the automatic height control system.
Vehicle response characteristics were observed over a range of speeds and
control system parameters, in calm water and in head and following seas repre-
senting Sea State 2. Both load conditions described in Table | were tested.
A detailed description and tabulation of the test results are given in
Appendix B. Several runs from these tests have been included in the movie

demonstrating the model of the proposed vehicle.

10
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The results of these tests show that the proposed vehicle can operate
acceptably in calm water and in head or following waves using the proposed
simple automatic height control on the forward flaps. To achieve accept~
able operating qualities over a range of load and speed, adjustment of
(1) the forward flap null positions, and (2) fixed aft flap angle, should
be available to the pilot. [t would appear at this time that one fixed
value of control system gain for the forward flaps may be acceptable for

all operating conditions.

In addition to the foilborne tests, a series of runs were made at low
speed in calm water with the light ship condition in order to study take-
of f characteristics. Based on these tests, it is concluded that with the
forward flaps in the full-down position in the hullborne mode, with the aft
flaps adjusted by the pilot and with the resulting bow-up trim, a take-off

¢ speed of 17 knots is well within the capabilities of the proposed design.

Many of the runs in calm water exhibited a long-period lightly=-damped
oscillation in pitch and heave which is similar to the phugoid oscillation
of aircraft. Even though this oscillation is usually stable, the long-
period can lead ‘to sufficiently large transient motions so that the hull
re-enters the water after take-off. |n waves, there is some evidence that
this oscillation can also be excited by wave impacts on the bow. These test
results indicate that the damping of the phugoid oscillation can be increased
by decreasing the forward control gain, or by increasing the mean trim.
Lightly-damped short=-period oscillations in pitch and heave were also observed
and eliminated by adjusting control settings. Finally, the forward control
gain will have a significant effect on roll motions of the craft, which were
L not investigated. Based on these observations of response characteristics
of the model, it is concluded that (1) automatic height control aft is not
required for calm water operation or in waves, (2) acceptable pitch-heave
dynamics and equilibrium conditions can be achieved through appropriate selec-
tion of control gain for the forward flaps and the above-mentioned pilot ad-
justments, and (3) a dvnamic analysis of the prototype in the flying condition

should be carried out to estimate the required forward control gain.

Measurements of wave=-induced motions and accelerations for fully-

loaded and light ship conditions in the foilborne mode in head and following

11
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seas representing Sea State 2 are described in Appendix C. The RMS proto=-
D type motions depend on mean heave and trim and are expected to be in the

ranges shown in the following table:

MOTION RMS LEVEL

D Pitch 0.4 to 0.8 deg
Heave 0.4 to 1.1 ft
Bow Accel. 0.2 to 0.3 g
CG Accel. 0.1 to 0.2 g

Based on the observed increase in mean drag between calm water and head
seas in Sea State 2 with the light ship condition, it is estimated that the
speed loss at constant power will be 10 percent or less, depending on mean
heave and trim. By adjusting mean heave and trim in waves, the speed loss

can be reduced to values below 7 percent.

During this test phase, it was observed that a significant depression
is created above each hydrofoil due to suction pressures on the upper sur-
D face of the foils. This depression will be augmented by propeller induced
acceleration of the fluid above the aft foil of the full-scale vehicle. |t
would therefore seem desirable to fly with bow=up trim in order to increase
water depth over the aft foil in order to minimize the chances of propeller

b ventilation or emersion.

Stability and Turning Tests

Measurements of hydrodynamic forces acting on the model described pre-

|

¢

P viously were analyzed as described in Appendix C. Using empirical relations
f based on these measurements, the directional stability, turning equilibrium
f conditions and the dynamic stability of these turning equilibrium conditions
# )

‘ were predicted for the model with a single aft rudder as shown in Figure 9a.

D Test speeds corresponded to the full=scale range of 3 to 1l knots.

The model was found to be statically unstable in yaw angle about the
center of gravity, as are many marine vehicles. However, the yaw rate
b damping moment is stabilizing and large so that the vehicle is directionally

stable on straight course. |In analyzing directional stability, the theoretical
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results of Reference 9 were used for added mass of the hull. The turning
radius with the original rudder design is unacceptably large which also |
results from the large stabilizing yaw rate damping moment. Further analy=-
sis shows that there should be no difficulty in obtaining acceptable turn-
ing qualities with either one of two practical design modifications, namely,
(1) installation of an additional bow rudder, or (2) use of flaps on the
four main struts for steering instead of rudders. Also, if rudders are
used, its side area should be changed such that the rudder extends from hull
to foils as shown in Figure 9b, in order to obtain the optimum rudder side 3
force rate. Use of an additional bow rudder appears to be the simpler de- 4
sign modification. However, steering with strut flaps is not overly compli-
cated, requires smaller steering power, is less susceptible to damage and
will give somewhat better turning qualities. The proposed rudder geometry
for fore and aft rudders is shown in Figure 9b while the proposed strut

flap rudders are shown in Figure 9c.

Calculations carried out in Appendix C verified that the predicted

turning diameter, using the proposed rudder design, by means of a simpli-
fied model of the turning conditions, are in substantial agreement with
estimates based on the more accurate model obtained from data analysis.

Using empirical results of Reference 10 for representing side forces on
struts, the directional stability and turning radius for the foilborne mode
were analyzed. Using strut=flap rudders, a large range of stable flying
conditions is obtained for ktnth the light ship and the design load condition.
The turning circle diameter is estimated to be 2.6 vehicle lengths for a
light ship, or 3.0 lengths for the design load condition, where a flying
condition of one degree trim and 3.9-ft zero-trim foil submergence was as-

sumed for both load conditions.

A1l of the turning calculations are based on simplifying assumptions.
Roll angle has been neglected in all estimatez. Forces on the hull and
skegs were neglected in the simplified model used to analyze strut~flap
rudders in both the displacement mode and foilborne mode. However, roll
angles in turns should be very small because of the large roll stiffness j
provided by the hull in the displacement mode, and by the height control in
the foilborne mode. Estimates based on the simplified model were in sub-

stantial agreement with corresponding estimates based on the model obtained

13
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from the data analysis so that the neglect of hull and skeg forces is 4
O valid. Consequently, it is felt that the trends in turning characteristics :

predicted here are reliable and, further, that the magnitude of predicted

turning qualities is representative of those to be expected on the proto-

type.

U Prototype drag estimates described in Appendix C indicate that the 3
prototype is capable of making more than 11 knots when fully loaded with

wheels down in calm water.

O Surf Transit Tests

The results of the surf transit tests are descriptive and are best
illustrated by viewing the movie. Runs were made entering the water and

exiting with the light ship and design load conditions.

U
No problems were encountered in the exiting phase. Runs were made
with various wave phases at the time of first beach impact and all exiting
conditions progressed smoothly with no water being shipped. All runs with i
C the light ship condition were made at a speed of 11 knots (full-scale speed)

while for the design load condition speeds of 5, 11 and 16 knots were run.

Entering the surf-zone from the beach gave no difficulty at 5 knots.
At high speeds, some difficulty was observed. However, it should be kept
in mind that (1) the model was entirely open while the vehicle will have a
watertight weather deck so that water over the bow presents no great prob-

lem, and (2) the beach used in the model studies had a severe slope (1:6)

which dictates a large bow=-down attitude as the vehicle enters the first
wave crest. Thus, the model operation represents at least a worst case for
investigating prototype surf operation. Since the model negotiated the

surf zone successfully, prototype operation should be found acceptable. On
entering the surf zone with the light ship condition at 11 knots, the model
took some water over the bow but easily rose over the second crest and con-
tinued out to sea. With the heavier condition at the same speed, the bow
rises less rapidly and more water is taken over the bow. With the worst
timing of entry, it is possible that green water will be shipped over the
bow at 1l knots. However, entering the surf zone at 5 knots with the design

load, it appears that only spray or spray sheets will fall on deck. The bow

14

— ' — _




R=1890

extension plate added to the model helped very little at 11 knots and is

not recommended as necessary for the prototype.

Beam Sea Tests

Heave motions, roll motions and wave heights were digitized and
analyzed to find the root mean square values of each signal. The observed
RMS levels are plotted in Figure 10 for the three sea states tested, and

these runs have been included in the movie.

it is seen that the motion levels are not severe and the movies show

that little water will be taken on deck up to the sea state tested.
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CONCLUSIONS AND RECOMMENDATIONS

A 1/13-scale model of the design concept defined in Reference 1 for
an amphibious hydrofoil lighter was subjected to various tests as described
in this report, in order to verify that the vehicle can meet the design
specifications. |t is concluded that the proposed vehicle can carry a 60-
ton payload at 35 knots, maintaining a speed of at least 32.5 knots in
head seas with an installed power of 7200 HP. Specific observations and

conclusions based-on these tests are as follows:

The proposed height sensor, a twisted flap piercing the water surface,
was tested over a range of speed and submergence. Based on these tests, it

is conciuded that:

1) The ideal rate of change of control flap angle with submergence
(one-halv times pitch) givEs a good estimate of the observed

rate for the middle range of submergences.

2) Control flap angle at constant submergence has little speed de-

pendence in the middle ranges of submergences.

3) At extreme submergences, control flap position varies with speed

and deviates significantly from the ideally expected value.

Tandem foil tests were carried out using a scaled model of the actual

foils, fiaps and struts. Based on these tests, it is concluded that:

L) Model foil lift results showed evidence of stall at a 1ift coef=
ficient between 0.6 and 0.8 while stall of the prototype is ex-

pected between 1.1 and 1.2.

5) The desired maximum lift=drag ratio has been achieved with the

design foil spacing at take=off speed.

6) Prototype lift and drag characteristics should be predicted using
the procedure outiined herein, based on available empirical re-

sults and on the results of these measurements.

The dynamically scaled model of the proposed amphibious hydrofoil

lighter was towed at constant speed while free to move in pitch and heave,
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with the proposed automatic height control. Based on these tests, it is

concluded that:

7)

8)

9)

10)

1)

12)

13)

The proposed vehicle can operate acceptably in calm water and
in head and following seas representing Sea State 2, using the

proposed height control system forward only.

To achieve acceptable operating qualities over a range of load
and speed conditions, adjustments available to the pilot should
include (a) forward flap null position, and (b) fixed aft flap
angle. It presently appears that one gain for the height control

system can be used for a wide range of speed and load conditions.

The proposed take-off speed of 17 knots is well within the power

and lifting capabilities of the design.

Damping of the observed phugoid=osciliation can be increased by

decreasing forward control gain and by increasing the mean trim.

Wave=-induced motions in Sea State 2 are small and the RMS accel=-
eration at the bow in head seas was observed to be 0.2g for the

fully loaded condition at 35 knots.

The speed loss in head seas can easily be made less than 7 per-
cent by means of small changes in mean heave or trim. The speed
loss at constant heave, trim and power will be 10 percent or

less, depending on mean heave and trim.

Hydrofoil suction creates a significant depression above the foils
which will be accentuated at the aft foil by fluid acceleration
due to propeller thrust. Running with a small bow=up trim should

alleviate any resulting propeller ventilation or emersion.

Directional stability, turning equilibrium conditions and dynamic sta-

bility of these equilibrium conditions were estimated using measurements of

forces and moments on the model as well as empirical relations for strut

added mass and theoretical estimate of hull added mass. Based on these

measurements and analyses, it is concluded that for hull=borne operation:

14)

15)

The proposed vehicle is statically unstable in yaw angle about the

center of gravity, as is true of many marine vehicles.

Lateral plane damping derivatives are large leading to a high degree

17
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of directional stability.

The proposed aft rudder does not give acceptable turning per-
formance due to the overpowering effects of the stabilizing

damping derivatives.

Acceptable turning performance will be achieved by using either
(a) fore and aft rudders extending from hull to foils, or (b)

strut=-flap rudders on all four struts.

For foilborne operation using strut-flap rudders, it is concluded that:

The proposed vehicle is directionally stable with acceptable

turning performance.

Surf transit tests were carried out entering the water and exiting

with the light ship and design load conditions, where the period of the

wave was 7.2 seconds and the breaker height was 7 feet. The beach slope

used was 1:6. Based on these tests, it is concluded that:

In the light ship or design load condition, exiting the surf

zone presents no difficulties at speeds up to 11 knots.

Entering the surf zone, the model test conditions and setup
represents a nearly worst condition for judging prototype

operation.

With the design load condition at 5 knots, some spray or spray
sheet will come over the bow when entering the first wave, but

no green water should come over the bow.

On entering the surf zone with the light ship condition at 11
knots, the model took some water over the bow from the first
crest, but easily negotiated the second crest and continued out

to sea.

With the design load condition at 11 knots, water will be
shipped over the bow when entering the first wave crest but

should not present too great a problem for the prototype.

The model was subject to irregular beam seas with the design load con-

dition at zero speed and with RMS wave elevation up to 2.1 feet (significant

height 8.5 feet between Sea States 4 and 5). Based on these tests, it is

1
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22)
J 23)
4

concluded that:
24)

The proposed vehicle can easily survive in waves up to at least

18
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sea state 5 with acceptable motion levels and with little water

taken on deck.

The overall conclusion is that the proposed design described in Refer-
ence 1 for an amphibious hydrofoil lighter will have acceptable operational

qualities with only slight changes as follows:

25) The height control sensor should extend from the hull baseline to
the hydrofoil.

26) Steering should be controlled by four strut flaps rather than a

single aft rudder or fore and aft rudders.

in the further development of this craft, the confidence gained from
these model tests indicates that the next development phase should be a
manned model supported by some preliminary analyses and tests. |n particular,

the following development tasks are recommended:

27) Height Sensor Test — A small model of the extended height sensor

should be tested in a variable pressure water channel, in order
to assure that the ideal output rate is achieved over a wide range

of submergence.

28) Dynamic Analyses — Simulation of vehicle behavior should be carried

out to study dynamic stability and response over a range of foil-
borne speed and load conditions, in order to specify an acceptable
range of gain for the height control system. Degrees of freedom

should include sway, heave, roll, pitch and yaw. No further model

tests are required to support this task.

29) Manned Model Design — Based on Items 27 and 28 and on the concept

design in Reference 1, a manned model should be designed for further
testing of this concept. A scale ratio between 1:2.9 to 1:3.2

seems reasonable at this time.

30) Manned Model Testing — The manned model design from Item 29 should

be constructed and tested over a range of speed, load and environ-

mental conditions.

Based on this recommended development program, a final prototype design can be
established with confidence that the prototype operaticnal qualities will be
found acceptable.
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TABLE 1

SUMMARY OF MODEL CHARACTERISTICS

OVERALL WEIGHTS AND INERTIAS
Configuration MODEL (1/13 Scale) FULL SCALE
Pitch Pitch
Weight LCG VCG Inertia Weight LCG VCG Inertia
1b in in £t2 - 1b tons ft ft ft2-tons
Light Ship
Wheels Up 121.6 30.0 4.32 283 120 32.5 L.7 46,900
Design Load ]87 8 31.2 5.57 365 184 33.8 6.0 60 500
Wheels Up 3 : : ;. : 5 1
Light Ship
Uhicla Do 121.6 30.0 2.70 283 120 32.5 2.9 46,900 i
Design Load 187.8  31.2  L.56 365 184 33.8 4.9 60,500
Wheels Down 2 ‘ * . . )
1
{
DIMENS IONS
Model (1/13 Scale) Full Scale
Length 72.90 in 79.00 ft 3
Beam 27.76 in 30.00 ft ’
Foil Spacing L1,50 in L5.00 ft
Foil Span 32.00 in 34,67 ft
Foil Chord 5.50 in 5.96 ft
Flap Chord 1.38 in 1.49 ft
Strut Length L,50 in L.88 ft
Strut Chord 5.50 in 5.96 ft
Control Flap Pitch 20 deg/in 18.46 deg/ft
21
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C
TABLE 2
CONTROL FLAP TESTS
o
Submergence Speed Deflection Submergence Speed Deflection
ft kt deg ft kt deg
0.271 17.04 L.50 1.354 17.04 11.25
’ 20.62 L.00 20.62 12.25
v 24,23 4,25 24,23 12.50
27.84 3.00 27.86 12.75
31.40 3.50 31.40 12.75
35.03 3.25 35.03 12.50
17.04 L.50
; 0.542 17.04 3.25 1.625 17.04 11.75
20.62 4,50 20.62 12.00
24,23 5.00 24,23 11.75
27.86 5.25 27.84 11.75
31.40 5.50 31.40 11.75
¢ 35.03 5.50 35.03 11.75
0.812 17.04 5.25 1.896 17.04 12.50
20.62 5175 20.62 12.75
24,23 6.25 24,23 12.50
27.84 6.75 27.84 13.50
( 31.40 6.75 31.40 13.75
35.03 6.75 35.03 13.50
1.083 17.04 8.25 2.437 17.04 14.75
20.62 8.50 20.62 14.25
24,23 8. 75 24,23 13.50
p 27.84 9.00 27.84 13.25
31.40 9.00 31.40 13.50
35.03 9.00 35.03 13.50
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