12,0 .
/A-,{,/\‘OEO &7 V]

Sponsored by =
American Institute of Aeronautics and Astronautics (AIAA)

Society of Naval Architects & Marine Engineers (SNAME)

76-851

Recent Studies of Struts and Foilsfor High

Speed Hydrofoils

Young T. Shen and Raymond Wermter,
David w. Taylor Naval Ship Research and
Development Center, Bethesda, Azd.

AIAR/SNAME Advanced
Marine Vehicles Conference

ARLINGTON, VIRGINIA/SEPTEMBER 20-22, 1976

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics,
1290Avenueof the Americas, New York, N.Y. 210019.



-- NOTES --



RECENT STUDIES OF STRUTS AND FO LS FOR H GH SPEED APPLI CATI ON

Young T. Shen

Architect

Ship Research and Devel opnent Center
Maryland 20084

Naval
David W, Tayl or Naval
Bet hesda,

Raymond \eérnt er
Head, Ship Powering Division

David W Tayl or Naval
Bet hesda,

Abstract

A three-year program was undertaken to deter-
mne the feasibility of developing a strut-foil
system for high-speed operation of hydrofoil craft
that would also perform satisfactorily at takeoff
and noderate speeds.

Foll owi ng identif:ication of possible risk
areas and design problens, the major objectives
and approaches were established. The eval uation
included determnation of representative hydro-
dynam ¢ |oads and a series of nmodel tests in the
areas of hydrodynamc efficiency, cavity stability,
fsli de force and ventilation envelop, and srut

utter.

This paper provides highlights of the najor
portions of the study together with the nost
significant findings.

Jntroduction

In Septenber 1972, the Naval Material
Command (NAVMAT) requested the David W Tayl or
Naval Ship Research and Devel opment Center (DTNSRDC)
to undertake a three-year program (designated as
TAP) to determine the feasiblity of devel oping
a strut-foil system for high-speed operation of
hydrofoi | craft.

The nmjor objectives of this program were:
1. To identify quantatively the actual technical
problens to be encountered and to introduce new
approaches to circunvent them

2. To generate a data base for solving these
probl ems and thus enable selection of a strut/
foil system that can operate adequately throughout
the entire designed speed range.

3. To recomend inprovenents in foil efficiency
and to indicate other areas requiring further
theoretical and experinmental studies.

This paper provides highlights of the
maj or portions of the study and presents the
nost significant findings. Additional information
on the programis available in References 1 and 2.

A hydrofoil has twe modes of operation: the
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nornal sl ow speed hul | borne node and the high-speed
foilborne mode. In the foilborne node, the effec-
tivelift-to-drag ratio (L/D) nust be adequate

for the intended operation and, at the sane tine,
the craft nust be able te fly in a stable, control-
able manner with a satisfactory environment for
crew to acconplish the required ni‘ssi‘om

The successful operation of existing sub-
cavitating hydrofoils (40-50 knots) has been
wel | denonstrated and discussed in Reference 4.
Thus far, nost foil and strut section shapes
used in the U S naval craft have been selected
fromthe NACA design literature, e.g., the 16
Series. Experience indicates that it is ex-
tremely difficult to avoid cavitation on a gub-
cavitating foil at speeds much above 50 knots
at the practical depth of submergence. At speeds
greater than this, small bubbles or cavities tend
to formon the | ow pressure stde of the foil.
These are detrimental to performance and, as they
pollle]}pse, are destructive to the foil structure
itself.

Extensive studies have been nade by govern-
mental, industrial, and institutional oOrganiza-
tion to devel op some neans of delaying the incep-
tion of cavitation on the foil. One innovative
approach was devel oped in the hydrofoil program
of the Canadian Navy. A suitable section ternmed
"del ay cavitation section" has been designed and
denonstrated successfully up to 60 knots in calm
water, with angle-of-attack tolerance for rough
wat er operation at 50 knots on the main foil of

the 200-ton surface-piercing hydrofoil BRAS
DR5
However, as pointed out by Eanes and Jones, 5

this is probably the practical 1imit of the de-
layed cavitation regime. At high speeds, lift
coefficients are restricted to unrealistically
| ow val ues and even at 60 knots the limt on
section thickness causes very severe struc-
tural problems. If future hydrofoils are to be
operabl e at speeds of 60 to 70 knots or greater,
new and more suitable strut and foil configura-
tions nust be devel oped.

Revi ew of Previous H gh-Speed Hydrofoil Prograns

Most earlier investigations have taken two
basi c approaches to the design of high-speed



struts and foils. (ne involves the use of a
fully wetted, base-vented section and the other
a supercavitating section. Tmai cal section pro-
files of subcavitating (streamined) base-
vented and supercavitating foils are given in
Figure 1, The choice of one type over another
requires tradeoffs anong such aspects as hydro-
dynanic performance and structural strength at
design speeds as well as nission requirements oOf
the hydrofoil craft in various sea conditions.
A summary review of the major high-speed hydro-
foil devel opnent programs,1955 through 1972 are
available in Reference 6.
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FIGRE 1 » TYPICAL SECTION  PROFILES
Early studies on base-vented foils were con-
ducted by Johnson and Rasnick, and by Lang and
Daybell, as discussed in Reference 3. Those in-
vestigations also provided supporting experinental
evidence of good Lift-to-drag ratios. A foil
system based on the base-vented principle con-
stituted the denonstration foil during successful
testing of the FRESHI| testing craft at 80 knots.

Unfortunately, the tolerance to angle-of-
attack variation for cavitation-free operation on
this type of foil is relatively limited.’»8 Be-
cause of the proximity of the free-surface, a base-
vented foil operated at 'high speeds may be sub-
jected to a phenonmenon called "surface ventilation?
The whol e upper surface of the foil is then enclosed
inafully ventilated cavity. This will result in
a significant reduction in Lift, which in turn,
creates a difficult control problem especially at
hi gh speeds. Moreover, because of problens related
to surface ventilation, the takeoff speed of
FRESH L was 45 knots. Such a high required take-
off speed may not be desirable for an operational
naval hydrofoil.

The innovative concept of variable geonetry
was first introduced by Hydronautics Inc., in the
design of Boeing annex foil.? The foil was de-
signed with lowdrag supercavitating sections and
was intended to achieve takeoff in a base-vented
mode. The foil wetted area at takeoff (annex
wetted) was double the wetted area at cruise

(annex not wetted). The annex also provided ad-
ditional structure at cruise in otherw se un-
used space. The foil was designed to operate at

speeds above 50 knots in supercavitating mode
with full ventilation provided froma blunt-
based strut. This nodel was tested in the
Boeing H gh-Speed Test Craft. The six different
flow regimes observed over the foil were
attributed to the conplicated flap geonetry.

The nost pertinent problem during the tests was
getting the annex to unwet.

The innovative concept of smooth transition
was introduced by Gunmman Corporation during the
devel opnent of the transit foil.11 The foil has
an airfoil section of NACA 16 Series, a thickness
to chord ratio of 4 percent, and the strut had a
base-vented profile. The purpose of the G umman
effort was to replace the denonstration foil on
the FRESH| by a system designed to operate in a
transcavitatfng or partially cavitating flow
The design plan called for the cavity to form
first at the wing tips and migrate inward toward the
pod as speed increased. The objective of this
program was then to achieve a snooth transition
as the speed is increased. Because of the
hysteresis effect, however, it is unclear whether
smooth transition can still be achieved as the
craft speed is decreased. In addition to the
di sadvantage of its thick leading edge, the
transit foil section differs greatly froma con-
ventional Lowdrag supercavitating profile and
this will result in inefficient operation at high
speed in full cavity flows.:2

Experience indicates that it is extrenely
difficult for a strut of practical size, to avoid
cavitation on a subcavitating strut at speeds
above 50 knots.  Struts with blunt-based sections
have been extensively studied in an effort to
overcone this cavitation barrier. The basic con-
cept in designing a strut for high-speed applica-
tion is to achieve a shape which initially has
no negative pressure along its chord and which
has minimm drag for a given cavity thickness
The nininum drag shape described above is a
parabola with a ventilated cavity. 1t is based
on a linearized theory devel oped by Tulin,

This theory was |ater extended by Johnson and
Starley to enable the de-vel opnent of modified
parabolic struts.

Because of the danger that a base-vented
strut will be subjected to side ventilation, the
possibility of using supercavitating struts for
hi gh-speed application has been proposed. Ex-
tensive nodel studies of base-vented parabolic
struts, nodified parabolic struts, and super-
cavitating struts were carried out at Aerojet
ring channel. The supercavitating sections
hol d prom se of providing struts with high
structural strength-to-drag ratios, but un-
fortunately side forces and monents are in-
adequate to allow craft control. Ac-
cordingly, struts of base-vented sections have
been used extensively in past high-speed
programs.

Approaches Enployed in the Present Program

A single fully subnmerged foil and a surface-
piercing strut were considered. Assunptions in-
cluded maxi mum craft design speed of 80 knots and
takeof f speed of 35 knots.  Possible inter-
ference effects from propul sive devices or other
strut/foil systems were not considered. The
criterion for maxi mum allowabl e stress in any
menber of a strut/foil system was based on the use
of HY-130 or, alternatively, 17-4 PH stainless
steel.

The selection of strut and foil section
profiles was one of the nost intricate problens
inthis study. After a brief review of available
literature, it was decided to utilize foils with
supercavl tating sections and struts with base-
vented sections. A data base for the design of



strut/foil systems can be generated through a series
of theoretical and/or experinental studies. -
though the approach established for this program
enphasi zed experimental studies, consideration was
al so given to adequate theoretical support.

Mpj or enphasis was on the follow ng sub-task
areas;

Basic Performance of Strut/Foil Systens
Representative Hydrodynam ¢ Loads
Stability Studies of Foil Cavity

Strut Side Force and Side Ventilation
Hydroel astic Instability Studies

Lift and Drag Characteristics Of Strut/Foil Systens

TAP-1 Strut/Foil System

A nethod for designing efficient super-
cavitating section§ was first devel oped by
Tulin and Burkartl” and was further extended
by Johnson to three- and five-term sections.1®
According to that theory, a high concentration
of pressure near the trailing edge will give
| ower cavity drag; then the introduction of
an angle of attack or point drag will provide
a reasonable cavity thickness for structural
strength requirements. This nethod has been
used extensively in designing supercavitating
foils.

Dobay and Baker 17 recent|y showed that
the sectional lift-to-drag ratio at constant
sectional nodulus tends to increase as the
center of pressure nmoves forward. In his
recent work on designing supercavitating
foils, ParkinlBeported the same trend. Lift
coefficient, cavitation nunber, and cavity
thi ckness are presented on the basis of
structural requirenents. This contradiction
in demand of the pressure distribution stens
fromthe fact that the efficiency derived by
Tulin and Johnson inposes a constraint only
on mninizing cavity drag whereas Dobay- Baker
and parkin have introduced another constraint,
namely, the structural strength requirenent.

Fol | owing extensive tradeoff studies
between the hydrodynamc efficiency and the
structural strength of supercavitating sectioms
(simple bending theory), the foﬂ designated
as TAP-1 was designed by Baker. A base-
vented parabolic strut was selected for the
TAP-1 foil. The mgjor characteristics of the
foil is given in Table 1 and the assenbly
is shown in Figure 2.

The foil section was designed by using
the Wi nonlinear cavity flow theory. The
foil sections were then tw sted about the
wetted trailing edge in the spanwise direction
to account for the free surface, strut down-
wash, and dinensional effects. The design
phil osophy and the selection of planform
aspect ratio, sweep, and taper ratio are
throughly covered in References 17 and 19.
The foil was designed to operate in the
fully ventilated condition at 80 knots with

a designed cavity cavitation nunber |ess than
0. 05.

TABLE 1

Maj or Characteristics of TAP-1 Foil

Planform Foil Section

Aspect Ratio 2.4 Section Profile Levi-Gvita
Taper Ratio 0.5 i Two-Term
Sweepback at Leadi ng Edge Shar p

Midchord 6.462° Lift Coefficient
Annex % of at 41.15 m/sec 0.137

wetted Chord 33% Thi ckness-t o- Chor d

Ratio (Maximm 8.6%

FIGURE 2 - TAP-1 STRUT/FO L ASSEMBLY

The nodel was first tested at NASA
Aircraft Landing Loads and Traction Facility,
an outdoor high-speed towing tank, at fyll-
scal e speed (vapor cavitijsi on scale) by
Hol I'ing, Baker and Rood.“" This cruise speed
test was concerned with those phenonena
which could not be measured or represented
adequately in a simulated speed facility,
e.g., the operational boundaries wthin

which the ventilation flow required on the foil
could be naintained (strut choking problen) and
the possiblity of vibration on the |eading edge
vibration (flutter problemy. To increase the
confidence in predicting full-scale performance
from rmdehdata, the same nodel was then tested
by Kramer-“* at Lockheed Underwater Mssile
Facility (LUW), a controllable pressure tank,
under sinultaneous vapor (cavitation and Froude
scal ing. The possible Froude scale effect on
foil and strut performance was exanined by
considering three different nodel scale ratios
A, the ratio of nodel size to the concept ual
full-scal e sizes.

Figures 3a and 3b give sone of the test
results for the TAP-l1 foil fitted on a 12-per-
cent parabolic strut. In these figures, the
foil was subnerged at one-chord depth and the
nonminal angle of incidence on the foil was 8.4
degrees. The lift coefficients obtained at
LUMF were slightly |ower than those obtained at
NASA.  (This same trend was al so observed by Waid
in his correlation studies of the BuShiEE
parent foil at various test facilities. 4%y



‘Measurements fromtwo pressure tranducers sub-
sequently installed on the upper surface of the
TAP-1 foil indicated that the cavity cavitation
nunbers neasured at LUMF were |ower than those
nmeasured at NASA.  Aside from the possible

Froude effect, the differences in cavitation
nunber may partly explain the discrepancy

between the data obtained at these two facilities.
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FIGURE 3 - TEST RESULTS FOR TAP-I FAOL FITTED ON A
12-PERCENT PARABCLI C STRUT

The L/D ratios obtained at the two facilities

were quite scattered for sinulated craft speeds

of 50 to 60 knots, but the agreenent was reason-
ably good at simulated speeds of 70 to 80 knots

(I ow vapor cavitation nunbers). The maxi mum

L/D nmeasured at NASA in full cavit flow at one-
chord depth of subnergence was 6.650  The
measured design lift coefficient was nuch |ower

than the value predicted by two-dinensional
theory.

The section shape of the TAP-I foil was
designed with a sharp leading edge. See Figure
4 for a conparison of the |eading edge thick-
nesses of TAP-1 and the parent foil; the simlarity
of these two profiles is obvious. Yet,there was
severe |eading edge vibration on the BuShips par-
ent foil even at speeds of 70 knots23 and no vis-
ible vibration was indicated in the notion pictures
of TAP-1 foil even at 80 knots. The parent foil
has a rectangul ar planform and no sweep whereas
TAP-1 is tapered wth 21.5 degrees sweep at the
| eading edge. Presumably, the difference in
vibrations is partly accounted for by the |eading

sweepback and partly by the reduced aspect ratio
of TAP-I.

BUSHIPS PARENT FO L

FIGURE 4 « COVPARISON OF FO L SECTIONS
OF TAP-1 AND BusHIPs PARENT FO L

The effectiveness of a flap for unsteady |oad
control had been well denonstrated on existing
naval hydrofoil craft. It had also been observed
that a flap can be used effectively as a high-
lift device. Accordingly, takeoff experinments on
the TAP-1 system were carried out to determine
the nost favorable conbination of flap angle
and incidence angle for takeoff in supercavitating
and base-vented flow conditiomns. The experinents
were conducted at DTNSRDC Langley Tank 1 by
Holling.2% The maxinum L/D obtainable at the
design takeoff I[ift was around 3 to 4.

A successful takeoff nust be achieved before
a hydrofoil can begin to operate in the foilborne
mode. For hydrofoils with a wide speed range,
the problem during takeoff may be propul sion
rather than powering. If the drag is too |arge,
thrust may be inadequate to accelerate the craft.
Experience suggests that takeoff may be difficult
for a high-speed hydrofoil fitted with the TAP-I
strut/foil system Accordingly a new strut/foil
system was aabsequently devel oped, namely, TAP-2.



TAP-2  Srut/Foil System
In the design phase of the TAP-2 strut/foil
system attention was focused on high-speed

cruising at 60 to 70 knots.
possibility of difficulty at

Because of the
takeoff wth the

TAP-1 foil, inprovenent of takeoff capability
recei ved naj or enphasi s in the design of TAP-2.
The total craft L/D ratios of existing subcav-

itating hydrofoils are generally 10 to 12

at takeoff. A takeoff speed of around 30 knots
is not a problem for present-day subcavitating
hydrof oi | s. It was decided that if at all

possi bl e, the TAP-2 foil should be able to take
off in the fully wetted flow node. At high
speeds (above 50 knots,), the foil would be
in a fully cavitating flow regine. In this design
effort by Baker,z5 the high-speed cruise range

at 60 knots was considered the nornal node of

fast oper ati on. The burst-speed capability

above 60 knots could be achieved by operating
foils wth a lower surface spoiler to reduce

their lifting area

oper at e d

section was
t wo- di nensi onal

The  supercavitating
using the Furuya

designed by
nonlinear cavity

26

flow program surface effect.

Recall  that

including the free
the TAPl foil
the lower wetted surface
spanwise direction.

was designed wth
twsted along the
[t was later pointed out
by Baker that this approach would result in a
large drag conponent. Accordingly, for

TAP-2, only the wupper surface was rotated to
acconmodat e the t hr ee- di nensi onal effect. The
structural design was based on sinple bending
theory at 60 knots. A takeoff the foil section
including the annex part was designed in a
streanhi ned profile.  The design phil osophy
of the TAR2 foil is given in Reference 25.
A takeoff, the strut was of an NACA 16-012
section and at high-speed operation it was con-
verted to a base-vented section by tw split
fl aps. The nmajor characteristics of TAP-2
are given in Table 2 and the assenbly is shown
in Hgure 5.

TABLE 2

Major Characteristics of TAP-2 Foil

Planform Foil Section

Aspect Ratio 5 Section Profile Circular Arc

Taper Ratio 0.5 Leading Edge Ellipse
Sweepback  at Lift Coefficient

Midchord 7.5° at 30.86 m/sec 0.2
Annex % of Thickness-to-Chord

Wetted Chord 20% Ratio  (Maximum) 7-7.5%

The TAP-2 foil was designed
a supercavitating condition during high-gpeed
operation. The nodel was tested at LUWPZL with
nodel scale ratios of A = 1/10, 1/15, and 1/20.
Results are shown in Fgures 6a and 6b X = 1/10,
and d/c = 0.5 1.0 and 2.0; c and d respectively
represent the foil nean chord and the depth of
subner gence. How observations from notion
pictures suggest that transition from fully
vetted flow to full ventilation of the upper
surface of the foil occurs around a pitch angle
of 2 degrees. Because of the snall |eading
edge radius, the exact location of the cavity

to operate in

FIGURE 5 = TAP-2 SIRU/FAL ASSEMBLY

separation point was not so well defined as that
of a sharp leading edge foil. This is an area
that warrants further studies. The [lift curve
in Fgure 6a suggests that the foil achieved
full ventilation around 1.9 and 2.5 degrees at
dc = 0.5 and 1.0, respectively. The naximm
measured WD in fully cavitated flows was ap-
proximately 9 to 10 at lone-chord depth of sub-
mer gence. The problem of possible foil re-
wetting on the annex part has not been in-
vesti gat ed.

The effect of foil submergence on the [ift

coefficients is seen to be mninmal in fully cav-
itated flows. However, the LD ratios change
significantly wth the depth of subnergence.

The inprovenent in the strut/foil efficiency at

shallow subnergence nay be due partly to the
reduction in strut drag and partly to the re-
duction in cavity cavitation nunber on the

foil and strut downwash effect. The sane trend
was also found in test results for the TAPI
foil, the Boeing annex foil, and the BuShips

par ent foil. O the other hand, if a super-
cavitating foil is designed to operate at
deeper subnergence, a degradation in LD wll
result.

A conventional subcavi tati ng hydr of ai | is
generally operated around one-chord depth of sub-
nergence to mnimze the free-surface effect.
However, the free-surface effect on [lift coef-
ficient of a supercavitating foil is relatively
mld. In addition, the wupper surface of a
supercavitating foil is aready fully ventilated.
The undesirable phenonena of upper surface

cavitation and ventilation on subcavitating and
fully wetted base-vented foils are not problens
for  supercavitating foils. It is thus of great
inportance to explore the possibility of
operating a supercavitating foil a small value
of d/c, especially in the cases of big hydro-
foils, so that high L/D ratios can be achieved.

O course, the possible effects of craft per-
formance due to orbital velocities in waves
and directional stability due to the reduction

in strut wetted area nust be
expl ored.

careful ly
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TEST RESUT S FR TAP-2 FAL

supercavitating TAP-2 foail
to operate in a subcavitating
takeof f. The experinents were
DINSROC Langley Tank 1 by Holling.27
speed of 35 knots and foil sub-
dc = 2.C and 3.0, the naxi mum
the strut/foil system was
takeoff study, the nean chord
the wetted section. As seen
he neasured L/D at the designed Ilift
49 was approxinately 13.0. As long
ut and foil remain fully wetted or
partially cavitated around the
the hydrodynamic efficiency of
systens ccmpatible to the existing
hydrofoils can be expected. A
takeoff wth the TAP-Z strut/foil
be anticipated.
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Developnent  of  Srut  and Foil  Design Mt hods
Athough the major effort in this project
was experinentally oriented, sone parallel
theoretical effort was nade in support of
the  program
Validation Sudy of "Mxed Foil" Goncept

A reasonable L/D can be achieved for a
supercavitating foil if' the foil is operated
at the design condition. However,the
capability to operate efficiently at
speeds nay be equally as inportant in
developnent of a high-speed hydrofoil
Wnfortunatel y, the  supercavitating
that enable hydrofoils to operate
speeds nake for very inefficient
at noderate speeds. The difficulty
from the different requirenents on
coefficient at noderate and at high speeds.
The increase iIn the drag coefficient C, of
a supercavitating foil is generally much
higher than that of the [lift coefficient

, This wll result in poor hydrodynam c
efficiency during noder at e- speed oper at i on.
The consequence is a reduction the available
range of foilborne operation.

noder at e
the
craft.
foils
at high
operation
stens
lift

in

As aready indicated, when either fully
base-vented  sections  or super cavi tati ng
sections are operated wth cavity flows, the
maximum attainable hydrodynamic efficiencies
are inherently lower than for conventional
subcavitating strut/foil systens at  speeds
than 50 knots. The performance of a sub-
cavitating foil on naval hydrofoils  equi pped
with streamlined foils and struts had already
been denonstrated at speeds up to 50 knots.

It had also been observed that takeoff speeds
in the neighborhood of 30 knots was not a
problem for present-day, noderate speed hydro-
foils. The L/D ratios of strut/foil systens
for such a noderate-speed hydrofoil are
generally 10 to 12 at takeoff and greater than
15 in the foilborne condition. To circunvent
the takeoff problem as observed in the TAP-1
foil and to increase the range of foilborne
operation, it is highly desirable for a high-

vetted

| ess



speed hydrofoil to have the capability to
cruise at noderate speeds and to takeoff
efficiently in subcavitating nodes.

To achieve that goal, a new design con-
cept was introduced--the nmixed foil and
pseudobl unt - based strut. A mxed foil is a
streambined hydrofoil equipped wth a flap or
other device which can be activated above a
certain speed to change the flow around the

foil into a supercavitating flow A  takeoff

and at noderate speeds, a mnixed foil is

operated as a subcavitating foil; at high speeds,
it is operated as a supercavitating foil. A

pseudobl uat -based strut is a streamined strut
equipped wth a flap or other devices which can
be activated above a certain speed to becone a
base- vent ed strut. Sketches of this mxed foil

and pseudobl unt-based strut are given in Fagure 8,

FIGRE 8b « MIXED FAL

FIGRE 8 « THE NEW DESIGN QONCEPT OF MXED FAL

Based on a series of two-dinensional nodel

tests, a theoretical hydrodynamic  validation study
of the foil concept was carried out by Wng and
Shen28 on tw planoconvex section hydrofoils

and a pseudobl unt-based strut. Qhe of the

nain reasons for chocsing a plenoconvex section
as a basic foll in this study was to serve && an
exanpl e. Fowever, scme  sinilarities  between
the Canadian BRAS D'OR delayed cavitation
section profile and & Pplanoconvex  section  pro-
file are noticed in Fgure 9.

/—\

FIG 3%a DELAYED CAVITATION SECTION
——
FIG Sh PLANO-CONVEX SECTION

FIGRE 9 = COWARSON &F FAL SECTIONS OF
DEAYED CAVMTATION SECTION AND  PLANO-
QONWVEX  SECTION

The calculated L/D ratio of this strut/
foil system was found to be around 13 to 14
at takeoff and about 18 cruising at 45 knots.
A high-speed (80 knots) there was a 50 per-
cent reduction in foil areas. The foil with
lo-percent thickness was operated in a super-
cavitating condition with a calculated LD
of 7.6 at d/lc = 1.0. These theoretical studi es
suggest that a reasonable good L/D can be
achieved at cruising high-speed and that hydro-
dynamc efficiency of a nixed foil at cruising
noderate-speed is sinilar to that of existing
hydrofoils.

Super cavi tating Section Desi gn Met hod

Possible hydrodynanic trends for use in
tradeoff studies for the prelimnary design

of fully
theoretically

cavitating hydrofoil sections were
investigated by Parkin, 18 Hydr o-
dynamic data were obtained from inverse calcula-
tions based on two-dinensional, lineari zed,
cavity-flow t heory. Suppl enentary  data were
also calcuated from the direct problem of
linearized cavity-flow theory 1in order to show
off-design perfornance trends and to assess the
effects of cavity-foil interference on the
operating range of selected profiles. Resul ts
have been published on a paranetric study of the

effects of design cavitation nunber, lift coef-
ficient, cavity t hi ckness, and pressure  distribu-
tion shape on hydrofoil section perfornance and
geonet ry.

M xed- Foi | S udy

A linearized mxed foil theory has been
developed by Wéng and shen29 for two-dinensional
foils in an unbounded fluid. The lower surface
profile is specified in terns of high-speed
superventilating node perfornance and the  upper
surface pressure distribution is specified in

terms of sea-state requirenents for noderate
speeds. The foil section of streantined profile
is then conputed from the theory.
Uhsteady  Supercavitating How Theory
A hydrofoil is operated in the proximty of

the free surfacee A theory has been devel oped
by Parkin30 for determining the response of a
hydrofoil to streamwise sinusoidal and sharp-
edged gusts at zero cavitation nunber.

Theories for

Thr ee- D nensi onal Surface-Fierci ng

Struts

Yim31 has analyzed flows of ventilating or
cavitating struts nunerically by wusing a three-
di nensi onal nat henat i cal node. The  strut drag
and the possible interference effect of a strut
on the foil perfornance (strut downwash effect)
have been conputed.

Represent ati ve Hydr odynani ¢ Loads

As the desired operating speed for the hydro-
foil is increased, the design of the craft be-
cones nore critical in terns of structural weight
and payload requirenents. The hydrodynamic ef-
ficiency LUD of a supercavitating foil is rel-
atively sensitive to foil thickness. I nasmuch
as thin foil sections are desirable to enable
high hydrodynamic efficiencies to be attained



by supercavitating foils, high strength naterials
and advanced nethods for stress analysis are in
or der .

Sgnificant progress has recently been nade
in the developnent of advanced conposite nmaterials
vwhich possess high strength, high nodulus, and
low density. The application of such conposites
nay result in a substantial weight saving. How
ever, this subject is beyond the scope of this
paper . Instead, the attention is directed (a) to
the  establishnent of possible representative
hydrodynanmic loads to 'be encountered and (b) to
nethods for stress calzulation.

The 1imit load approach presently enployed
for MNavy subcavitating hydrofoil ship design
was adopted in this study. Four critical  Ioading
condi ti ons (representative hydr odynani c | oads)
anticipated in service were specified;, see
Table 3. Detailed loads corresponding to each
of the loading conditions were calculated by
Hyt et al’4. The loads so deternmined are
designated limt loads, These, in turn, are
muitiplied by specified factors of safety to
obtain yield loads and ultinmate |oads.

TABLE 3
Desi gn Loadi ng Qondi ti ons
Condi ti on Descri ption
Mxi num  Lift 2.5 Factors of Lift

at  Maximm Speed at  Mximm Speed

Maxi nrum  Lift 2.5 Factors of Lift
at Maximum at Maxi num
H evat or Defl ection B evat or Defl ection

Maneuveri ng Maxi um  Srut

in Hgh Seas Sde Force (onbined
wth 60%-40% Lift
Dstribution at 1.5
Factors of Lift

1.0 Factor of Lift on
e Sem-Span Qnly

Foi | Re-Entry

The  conceptual desigm of the TAP-I foil
as carried out by Qdark32 was based on the
representative hydrodynamic loads so de-
veloped. The foil leading edge structure
is solid from the leading edge back to ap-
proximately  30- percent chord  point. Because
of the relatively thin foil section in this
area, use of a solid section was considered
reasonable from the viewpoint of structural
wei ght . Because a Locally solid section was
enpl oyed, no difficuty was experienced in
carrying chordwise bending loads back to
the nmain structural  box. Spanwise bending
stresses are nmaxinum inmediately outboard
of the nachined forging which forns the center
of the foil. Again, no signi fi cant difficulties
were encountered in wthstanding the applied
loads wth reasonable structural proposi ti ons.
The conceptual structural design of TAP-Z has
not been undertaken.

Because sinple bending theory is com
monly used to provide estimates of required
structural proportions, calculations  of the
nore exact finite element stresses were com
pared to values estimated by this sinplified

appr oach. This conparison was for |eading
edge and foil root bending stresses of TAP-1
foil.32333 The ~chordwse stresses calcul ated

by sinple bending theory were found to be
larger than those derived from the finite

el enent analysis, Increasingly so the further
anay from the leading edge. Thus sinple
bending theory gives a conservative estinate
of the strength of the leading edge of the
foil. In the case of spanwise stresses,

sinple bending theory exaggerates the stresses
at the trailing edge, where the section thick-
ness is greatest. Oh the other hand, the

nmaxi rum stresses obtained by the two ap-
proaches are fairly sinmlar. An exanple is
shown in Figure 10 for the foil spanwise bending
stress at 0.16 span. This subject is discussed

in greater detail in Reference-32.
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If a nixed foil is enployed, the control
systens nay have to be relatively conplex com
pared to those of existing subcavitating hydrofoils
As an exanple, control systens of the Boeing annex
foil include tw lower surface flaps for takeoff
and high-speed I|ift ~control and one upper surface

spoiler for the |lift reduction. The possibility
of constructing a prototype of the Boeing annex
foil had been denonstrated in a feasibility study
by @hn and Ross. 34 Fowever, efforts nust be

made to mninmize or simplify the required control
devi ces.



Sability Sudies of Foil Caity

CGlm \Véter

The hydrodynamic performance of a super-
cavitating foil depends significantly on cavity
cavitation number,0.., The cavity pressure on
a fully cavitated ﬁow falls between anbient
pressure and vapor pressure, nanely, 0 < Op
< Oy, A recent nunerical calculation by Baker
showed that if the stress level on the foil was
consi der ed, the L/D was higher for TAP-l when a
lower cavitation nunber was used. This result
favors the use of low O_ for the foil design
wth the cavity ventilated.

The foil cavity can be ventilated (a) from
the surface through the cavity wake trailing
behind the base-vented strut, (b) from the free
surface through the foil surface ventilation,
and (c) by forced ventilation through an interna
piping system The first of these approaches is
sinple and possibly the nost economic way to
ventilate ghe foll cavity. However, strut
choking23’ &) (.o, blocked air path from the
free surface) on a supercavitating foil wth a
blunt-based section has been observed in high-
speed  nodel tests. This wll result in an un-
predictable lift force on the foil.

Extensive studies of foil cavity pressure ver
sus strut profiles were conducted on TAPl and
TAP-2 at NASA and LUW facilities. The  neasured
cavity pressure on the TAP-I foil at NASA
(A = 1) is given in Fgure 11 for 12 and 18 per-
cent parabolic struts at one-chord depth of sub-
mer gence. The sudden cut-off of wventilation air
above certain speeds, noted in nodel tests of the
BuShips parent foil, was not observed on TAP-I.
Rather, there was a gradual and linear decrease
with speed of the cavity pressure. This sane
trend has also been observed by Vadlin.36 As
expected, foil wventilation was nore conplete
with an 18 than witha l2-percent parabolic
strut. However, a slight degradation in LD
was noticed wth the thicker strut. Thus a
tradeoff is required in order to select the
strut  size.

Full ventilation on the TAP-1 foil was not
achieved wth these tw struts. Experi nent s by
Vedlin indicated that the spray region at the
intersection of the strut wth the free surface

tends to close the air passage created behind the
blunt-based strut at higher speeds.and deeper depth
of subnergence.  Tulin and  Johnsol nentioned the
forced injection of air into the spray region as

one way to prevent spray closure. In the present
project, we followed the Védlin suggestion and
installed strut spray wedges on the strut. These

enabled full wventilation on the TAP-1
to be achieved even at a carriage speed of 90
knot s. This achievenent was acconpanied by

additional strut spray and cavity drags, in turn,

spray wedges

there was a noticeable reduction of L/D.20
LUMF explored possible Froude scale . effects
on foil wventilation of the TAP-1 mode1.2 As

seen in Fagure 11, the cavity cavitation nunbers
neasured at LUMF and NASA facilities were quite
conpatible at low but not at high simlated craft
speeds. The degree of foil +wentilation depends
on the anmount of ar supplied and entrained. It
nay be worth nentioning that the paraneter "air
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density ratio" nust be taken into consideration

when comparin§ NASA and LUMP studies of foil
ventilation.3

Two types of strut spray wedges were in-
stalled on TAP-2 pseudobl unt-based strut and
tested at LUMF, ne wedge, designated as wedge
A was straight, i.e., it had a uniform cross
section of 24-percent thickness. The other
wedge, designated as wedge B, was tapered to a
smaller cross section at the lower end. Ful |
ventilation on the foil was observed wth

either type of strut spray wedge. The com-
parison of L/'D wth both wedges suggests that
the overall efficiency of wedge B is higher21.
The information generated in this program
provides a base for tradeoff studies between

the efficiency and the degree of foil ventilation

for future strut/foil desi gns.

In Vdves

In investigating possible sources of un-
steady loads to be encountered in waves by
a high-speed hydrofoil fitted wth super-
cavitating foils, we can sinplify natters by
considering only pitch and heave notions.
The effective angles of attack on the foil
exhibit fluctuations (ACL ) due to pitch, heave,
and water particle notion. The force charac-
teristics on the foil nmay also be affected by



fluctuations in the foil depth of subnergence
(AH). For a supercavitating foil, the force
characteristics are also a function of cavity
cavitation nunber (AU,) and thus also may
exhibit fluctuations in random seas.

~- .
The lift slope dC. /3O of a two-dinensional Circular arc hydrofoil
. . . I . . . y—=8

subcavitating foil (frat plate) is approxinately

2T whereas that of a supercavitating foil is

ﬂ/z, This neans that the @ of fully cavitating
hydrofoils is quite insensitive to variations in
small angles of attack. In addition, for a given
sea state, the induced angle of attack due to wave
orbital velocity is reduced linearly as craft
speed is increased. Similar to a subcavitating
foil, the 1lift slope of a supercavitating foil
can be reduced by a finite aspect ratio wng.
Hence, when the flow is kept fully cavitating,

the lift fluctuation in waves due to (BCL/ACL)

A a is likely to be mich snaller than that of a

subcavi tati ng foil. 1In the second term if a Parkin data
foil is designed with a proper canber, the oa=10°
lift fluctuation due to (3C,/aH) &H at the =W
nornal depth of subnergence “is “likely to be ; ;‘;
snal | and negligible. 02 1 o 30
The wunsteady force arises from the third term
is a wunique characteristic of supercavitating
foils. By way of exanple, Fgure 12 indicates the R S B 1 1 1 L L
effect of cavitation nunber on the lift coefficient 0 ¢l oz 03 04 o5 06 07 08 09 0
of a supercvl'tating foil based on a nonlinear e
cavity flow theory3 . For a given incidence angle, FIGURE 12 = Variation of ¢, with ¢ for a circular arc
the lift slope dC /AC, is seen to be smallest at ) I
c. = 0. Fort unat el'y, ("this demand is the sane as hydrofoil at incidence o.

fgr the design of eff-icient supercavitating foils.

For a hydrofoil operated in the proximty of the

. to the atnosphere, and the foil was then in a
free surface, the cavity pressure on a super-

super venti | ated condition. This phenonena was

cavitating foil falls pet ween the vapor _pres- termed hyperventilation by Conolly. It was called
sure and the atnospheric pressure. It is known the planning condition in early works. 0 gee

that a significant change in lift coefficient wll Fgure 13 for a top view of the foil in a super-
be observed if the pressure inside the cavity ventila-ed condition. The cavity on the foil was
fluctuates. (onsequently, if the cavity pressure snooth  and  transparent.

in a supercavitating foil can be controlled, a
hi gh-speed hydrofoil should ride snoother in waves.

Experinental studies on TAP-I and TAP-2
systens indicate that an a nost constant
value of cavity cavitation nunber can be
naintained in calm water up to speeds of
80 knots at the normal depth of subnergence.
No strut choking i.e., a sudden variation in
the cavity cavitation nunber has been ob-
served in this series of nodel tests.

To deternmine the nagnitude of the un-
steady lift and drag forces and the stability
of the cavity under waves Conolly 39 tested
two supercavitating foils in cam water and
in waves wth and wthout forced ventilation.
The first nodel was a five-term canber super-
cavitating foil of aspect ratio 3 wth rec-

tangul ar planform and the second was a

two-term canber of aspect ratio 3 and 0.5

taper ratio. The strut used in these ex- FIGRE 13 - TP IEW CF HYDRCFOL IN A
perinents had an NACA streantined section. SU ?ERVENTI LATED CONDITION  IN - WAVES

Mst of the tests were conducted at speeds
of 18.3 to 24.4 m/sec. The nmajor findings

of these experinents were as follows: (2 Qhce  the superventilated condition

(1) Wen a supercavitating foil was run was generated, the ventilated condition was
in waves at cavitating speeds within % chord of maintained to depths of subnergence |ower
the water surface, sconer or later it hits a large than 1 1/2 to 2 chords even through the
di st ur bance. This caused the cavity to spring open speed may have been reduced to that which

10



originally fornmed the cavity on the foil.

(3) On broaching and reentering the water
in awave condition, the foil immediately picked
up full lift; no significant change of lift with
depth of submergence was observed.

(4) Wthin the range of tests, the second
foil with different planform sweep, and cross
section seemed to produce superventilation at
the same condition as the first foil in waves.

Further studies on this subject were carried
out by Stahl and zaraick“l with conbined natural
and forced ventilation in regular waves. Con-
ditions for natural ventilation (ventilation
boundary) were enhanced by the addition of
wedges to the after end of the strut (pseudo-
bl unt-based strut). Once a full cavity was de-
vel oped, the nean lift coefficient was dependent
only on the nmean cavitation nunber; within the
range examned, it was independent of wave
length, foil speed, and foil depth. The mean
drag data also appeared to be a function of cav-
itation nunber; however, conpared to nean drag
incalmwater, values were higher in head waves
and lower in following waves. In general, the
oscillatory lift and drag of the foil followed
the same behavior as the nean cavitation number.
The possibility of annex rewetting in waves was
not exanined. Further studies are needed to
establish the ventilation boundary of the foil
cavity.

Strut Side Forces and Side Ventilation

The struts of a high-speed hydrofoil nust
provide adequate size, length, structuralstrength,
and predictable side force characteristics with
the |owest possible resistance. In addition,
the struts nust provide a sufficient air path
fromthe atmosphere to vent the foil if a
superventilated condition is desired.

Lateral stability and control of high-speed
hydrofoils are generally derived from the sup-
porting  struts. However, the struts may sud-
denly experience side ventilation when the craft is
operating at high speeds in a seaway oOr per-
formng high-speed turning maneuvers. This
ventilation phenonenon causes a significant
change in the flow field and in the forces
on the struts. The capability to maintain the
craft in a steady turn or on a straight

course in waves will be greatly degraded or
restricted due to strut side ventilation. Be-
cause of the flow about a surface-piercing
strut is so conplex,, a reliable mathematical

theory is not yet available for predicting the
side force characteristics and the inception
of ventilation on struts. In current practice,
smal | -scal e nodel s are generally used to pro-
vide information for full-scale prediction.

Ceneral scaling parameters governing strut
side ventilation have been di scussgd by Nbrgan42
and further exanined by Rothblum 43" and by Shen
and Rood. %% Experience has shown that separated
flow regions will occur for foil shapes in geo-
metrically smia locations provided®, > 10 ~6

As the acceleration due to pressure differ-
ences becone |arge conpared to the acceleration

11

of gravity, vapor cavitation nunber scaling
becones nore inportant than Froude scaling. Two
base-vented parabolic struts of 12- and 18-per-
cent thickness-to-chord ratios were tested at the
NASA and the 18 percent strut was tested at LUMF.
The struts were fitted on the TAP-1 supercavitating
foil.

The aforenentioned studies of parabolic struts
by NASA and LUWP included determ nation of side
force characteristics.20,21 Values for side force
coefficients and ventilation boundaries obtained
in the two studies were in reasonabl e agreenent.
For  exanple, see Figure 14 which gives side force
characteristics of an 18-percent parabolic strut
at a craft speed of 70 knots and with the foil'
subrerged at one-chord depth. Inthis figure,
Cis the chord of strut and Dis the depth of
submergence. For the foil operated at a one-
chord subnergence, the neasured ventilation in-
ception angles of parabolic struts at 80 knots
were found to be around 3.25 and 2.5 degrees
for the foil in the ventilated and wetted con-
ditions, respectively. This small range of
al | onabl e yaw angles at 80 knots raised concern
about possible limtations of craft control in
beam seas and craft maneuvering characteristics
at high speeds.

Sinulated Oraft Speed 70 Knots

o = 0.149

Fr e 6 )
o NASA 295 4.8 x--100 1.0
@ LUMF 6.59 1.1 x 10 1/20

Y

=v2cp

Side Force Coefficient CY =

Yaw Angl e (Degree)

FIGURE 14 - SIDE FORCE COEFFICIENT \eRSUS vaw
ANGLE (18% PARABCLI C STRUT)

A series of expe-rinments on the pseudoblunt-
based strut fitted with the TAP-2 supercavitating
foil was subsequently carried out at LUMF for
simulated full-scale craft speeds of 50 to 80 knots.
Wth the foil operating at one-chord submergence,
the ventilation angle neasured on the TAP-2
pseudobl unt - based strut at 80 knots was approx-
imately 4.5to 5 deg :Eor the foils in the ven-
tilated condition. A significant inprovement in
ventilation sideslip angle Was observed for the
TAP-2 pseudobl unt - based strut.

Rood used an existing six-degrees- of- free-
dom conputerized sinulation to study turning
characteristics for an 80 knot hydrofoil in coor-
dinated turns. The automatic control system was the
same as used in the FRESH-1 80-knot craft with



sone nodification to the gains. The report by

Rood%4 di scusses achievable craft turning rates and
conditions

turning dianeters at various operational
incalmwater and waves, Hs sinulated result in-
dicates that reasonable maneuverability can be an-
ticipated for high-speed hydrofoils fitted with

supercavitating foils and blunt-based strut. In
study, the gains of control system were assuned
to be constant. Consequently, operation of the

craft at other than design condition produced turns
that were conbinations of both flat and coordi-
nated turns in which substantial yaw angles were
produced on the struts.. However,
turns can be achieved at all
gains with speed.
in this program

speeds by altering the
This approach was not exam ned

Al'though the directional stability of a hydro-

foil craft can be enhanced by the proper design of
an automatic control system it may be desirable to
"build in" reasonable directional stability for

the craft per se.. Wthin the range of tests, the
measured side force slope of

fully coordinated

the TAP-2 pseudoblunt-

this

based strut was found to be alnost twice that of the

TAP-1 parabolic strut. The possible inprovenments
in maneuverability and control of a hydrofoil craft

fitted with a pseudobl unt-based strut are likely to

be realized with a higher penalty in drag than that
of a parabolic strut. A careful tradeoff between
craft maneuverability and control will be required
in order to select a strut profile that can mn-
imze the drag penalty and retain sufficient air
passage to ventilate the foil cavity.

Hydroel astic Instability Studies

Flutter and divergence problens (i.e.,
hydroel astic instability) played a very crucial
role in the early stage of airplane devel op-
ment. Although flutter has not actually been
experienced by existing hydrofoils, the question
naturally arises as to whether it will be
present in a high-speed hydrofoil. This subject

has been well discussed in a review report by
Abranson, Chu, and Trick.%0
Conventional supercavitating foils designed

with a sharp |eading edge have experienced
severe |eading edge vibration or |eading edge
flutter. This was observed in nodel tests of
the BuShips parent foil in the NASA hi gh-speed
towi ng tank even at carriage speeds of 60 to 70
knots.  Accordingly, leading edge flutter was
one of the potential problenms considered in the
design of TAP-I foil. No leading edge flutter
was observed in tests of TAP-1 at 80 knots, and
none has been reported for tests of the Boeing
annex foil at 80 knots. Because of the sig-
nificant relationship between the hydrodynanic
efficiency of a supercavitating foil and the
thickness of its |eading edge, 26 naval archi-
tects obviously aimat a thin |eading edge in
the interest of foil efficiency. It is im
portant, therefore, that consideration be
given to leading edge flutter in developing a
design criterion.

Avail abl e theories and experimental studies
indicate that the divergence problem (static)
of a supercavitating foil can be avaided lo¥
pl oying a noderate sweepback of the wing. 4
had been hoped to investigate the possibility of
hydroel eastic instability in supercavitating
foils subjected to two degrees of freedomin

em~
It
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bending and twisting along and about the elastic
axis, but that was not possible in this program
because of funding lintations. However, this
subject has recently been studied by Liu and
Caspar.

Besch and Liu*’ anal yzed a large body of
experimental and theoretical flutter results
to determine significant characteristics for
hydrofoi | struts.  Strut/foil systems of the
inverted-T configuration that is typical of
ful'l-scale hydrofoil craft appear to undergo
either bending flutter or torsional flutter,
depending on pod and foil characteristics. A
parametric survey of strut flutter was g B-
sequently carried out by Besch and Rood. §
The hydroel astic design of subcavitating and
cavitating hydrofoil strut systens to avoid
flutter Zz}d divergence was studied by Besch
and Liu, Their eval uation included the
effects on hydrodynami ¢ instability of changing
systemintertia, elastic stiffness, and structural
danpi ng. They concluded that struts with biunt-
based profiles appear to undergo flutter in the
same node as struts with subcavitating airfoil
shaped profiles but at different speeds.

As the desired operating speed for the
hydrofoil is increased, the design of
the craft becones nore critical to the stue-
tural weight and payload requirenents. The
FRESH 1 dermonstration foil had been tested
at 80 knots without the appearance of strut
flutter. A kinematically scaled strut flut-
ter nodel of Gumman transit foil also in-
dicated no strut flutter up to 80 knots. 0
However, these struts were built with re-
latively high elastic properties. If this
type of strut is used for a pratical size
hydrofoil, the weight penalty may not
be smll.

Bescho? has compiled hydrodynanic and
structural paranmeters for the T-foils on
six full-scale naval hydrofoils. The re-
sults were utilized in the design of the
kinematical ly scaled strut flutter nodel
(designated as TAP flutter nodel) of a
full-scale ventilated strut/pod/foil system
The selection of the TAP flutter nodel was
based on several requirenents; anong them
was the need for practical design for use
at very high speeds. The least stable
anong the strut/pod/foil configurations that
possibly mght be used on a prototype craft
are the ones that should be studied. Con-
struction of a full-scale prototype of the
system had to be feasible by using conven-
tional construction techniques. This was
guaranteed for the prototype by using exist-
ing hydrofoil systens to derive geonetric,
inertial and el astic characteristics for
the TAP system  Slight nodifications were
made in the interest of achieving greater
stability, however. The design philosophy
of this nodel has been discussed by Besch.
Ceonetric paraneters for the TAP system and
several prototype hydrofoil system are given
in TABLE 4 and the flutter nodel is shown
in Figure 15.

The TAP flutter model was first excited
in water and in air to obtain vibration
nmodes and frequency characteristics. In a



TABLE 4

Geometrical
Several

Comparison  of Parameters  for TAP  System and

Prototype Systems

PCH

TAP {Mod 1) PGH-1 PHM AGEH Denison AGEH
Strut odel Forward Tail  Forward Tail ai Main
¢, m 0.15 1.30 1.52 1.69 1.83 2.3¢% 3.58
L/c 3.23 2.54 3.0 3.31 3.86 2.79 2.33
7, deg ** 10.0 0 0 6.3 0 0 0
Profile Parabolic NACA 16 NACA 16 NACA 16 NACA 16 Blunt base NACA 16
Thickness 12-208  12-208 10-15%  12-27%  10-25%  4-18% 10-201
Propulsion

Pod
Length/c 2.0 2.79 2.4 2.28
fineness Ratig 6.3:1 8.5:1 7.5:1 6.6:1
Fairing
Pod

Length/c 2.0 1. 2.37 2.17
Finsness Ratio 8.1:1 7.1 6.3:1 5.2:1
Foil
cfoﬂ(root)/c 1.25 1.24 0.78 1.40 1.14 0.87 1.13
AR 2.4 6.1 5.5 5.5 3.0 2.23 3.0
A, deg.. 14.5 15.0 12.15 11.04 35.2 11.4 35.2
Taper  Ratio 0.50 0.25 0.30 0.30 0.30 0.38 0.30

“chord length at 3/4—Span
**Sweep angle of quarter chord

FIGQURE 15 « TAP FLUTTER MODEL

subsequent experinent conducted in the
DTNSRDC hi gh-speed tow ng tank, Besch con-
sidered only the condition of zero strut

yaw angle. The model configurations were
found to be stable throughout the speed
range utilized. Neither flutter ( a dynamic
instability) nor divergence ( a static in-
stability) was observed up to the highest
test  speed.

Scaling laws on prototype and nodel
flutter speed have been devel oped by Besch
and Liu.47 According to this study, a strut
for a Z0O-ton craft with a 1.69-m chord and
TAP flutter nodel configuration with attached
propul sion pod would be stable to at |east
110 knots. The theoretical calculation based
on the nethods given in Reference 47 shows
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that a further inprovenent in flutter speed
can be anticipated if the propul sion pod is
located at the junction of strut and foil
as shown in Figure 16. Only the hydro-
elastic properties of node 3 are given in
the figure. The first and second nodes are
predomnantly first strut bending and first
strut torsion respectively. The flutter
calculation indicated that they are stable.
Mbde 3 shows strong coupling of first node
strut bending and torsion.

—{)— T-CONFIGURATION —O--  EXTENDED POD CONFIGURATION
]F‘"‘( MODE 3 l
1 S FLUTTER SPEED V_ [~
) - 195.5 KNOTS
A
: BN . S /.
N ~t.
_ / g
FLUTTER SPEED V, = 144,5 KNOTS
i ) H I I I
1 50 60 70 80 90 100 m/sec
e e by b b a0
100 150 200

SPEED V IN KNOTS

FICURE 16 - CALCULATED HYDROELASTIC CHARACTERISTICS OF TAP-1
FLUTTER MODEL WITH PROPULSTON POD LOCATED IN
TWO DIFFERENT LOCATIONS.

A practical high-speed design was pro-
duced by specifying a blunt-based strut pro-
file and providing for variable foil cavi-
tation. However, the scaling laws called
for the model to be tested at a | ower speed
than used for a prototype. Only partial
cavity on the foil was observed in this
study. On the other hand, full cavity on
the upper surface of the foil is anti-
cipated on a full-scale supercavitating foil
operated at high speeds. Further exper-
imentation shoul d be undertaken to determne
strut/foil hydroelastic stability in the
presence of a supercavitating foil.

Summary and Recommendat i ons

After a brief review of available lit-
erature, foils with supercavitating sections

and smts With base--vented sections were

sel ected for high-speed application in this
study.  Following extensive tradeoff studies
between the hydrodynam ¢ efficiency and the
structural strength of supercavitating sections,
the foil designated as TAP-1 was designed for
operation at 80 knots (41.4 m/sec.). A base-
vented parabolic strut was selected for the
TAP-1 foil. Designed by using a conventional
approach, this system provided reasonable

L/D ratios at high-speed operation. and no
leading edge vibration was observed. n the basis
of representative hydrodynamc |oads (critical

| oads) established for high-speed strut/

foil systems, the feasibility of constructing the
TAP-1 foil was investigated and verified.
However, because takeoff would be difficult with
this ssem a new strut/foil system (mxed

foil and pseudobl unt-based strut) was sub-
sequently introduced and devel oped as TAP-2.

The structural design for TAP-2 was based on



beam theory at 60 knots. Theoretical studies

on planoconvex foils sugest that a mxed

foil at noderate cruising speed can be designed

to obtain hydrodynanic efficiency sinilar to that of
existing hydrofoils. A reasonable range of foil-
borne operation can thus teanticipated. Takeoff
with this new type of strut/foil system should

pose no problens. A hydrofoil equipped with mxed
foils offers the possibility of reasonably effi-
cient operation at high speeds (above 50 knots)
especially in rough seas. This may not be expected
of hydrofoils equipped with existing subcavitating
airfoils. Strut/foil design nethods nust be further
devol oped to inprove efficiency.

Since enployment of a nixed foil may require
relatively conplex control systens, every effort
must be made to ease the structural design by

mnimzing or sinplifying the required control de-

vices.

The inability to achieve full natural venti-
lation on the foil cavity at high speeds has |ong
been considered critical to the devel opment of
hi gh-speed hydrofoils. A pseudobl unt-based
strut and a parabolic strut with spray wedges
were found to be effective in providing full
natural ventilation on the foil cavity at

high speeds. These results are inportant for
cavity stability control on a supercavitating
foil.  Additional effort is required to mninmze
the additional drag associated with the strut
spray wedges. Limited experiments on two super-

cavitating foils in waves indicated that once
the superventilated condition was generated,
the ventilated flow eondition on the foil was
quite stable.

A set of data has been generated on side force
and ventilation characteristics of parabolic struts
and a pseudobl unt-based strut. Reasonabl e. man-
euvering characteristics of a high-speed hydrofoil
were observed in a conputer simulation study. The
conceptual craft was fitted with supercavitating
foils and blunt-based struts. A practical, build-
able strut of the TAP strut/pod/foil configuration
has been developed. This strut was shown to be
stable with respect to flutter and divergence
at speeds up to at |east 110 knots.

Because of the fiscal limtations, some areas
have been investigated Only briefly: control
devices to reduce lift, the flow boundaries of
foil rewetting in waves, the effect of round noses
on supercavitating flow performance, a |eading
edge design criterion in terms of flutter, and
snooth transition from subcavitating to super-
cavitating flow Efforts in these areas shoul d
be continued in order to inprove future foil de-
signs.
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