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NOTATI ON

Hydr of oi | planform aspect rati o; b2/S = blc

A
a, Foil section two-dinmensional lift-curve slope
b drof oi |l span
p
bf Hydrofoil flap span (total)
. 1 .2
Cph Drag coefficient; D/-z-pU S
CD L Drag-due-to-lift coefficient, sum of induced
’ drag plus wavenaking drag-due-to-lift
D.L Total hydrofoil drag-due-to-lift, sum of induced
»~TOT drag plus wavenmaking drag due-to-lift plus addi-
tional induced drag due to partial span flap
arrangenent ; CD‘L + Kf(ACL/WA)
Cp Mnimum wing profile drag coefficient, sum of

p, mn friction drag plus foil drag that includes
simulator wre drag

Tare drag coefficient of pipe sting based on

Dtare i . d.m2
hydrof oi| planform area; Dtare/ > pU4S
C Hydrof oi | induced drag coefficient, including
DRAGTND biplane effect for large Froude nunber; estimted

using HANDE formula

C Hydrofoil wave resistance coefficient; estimated
ADRAGAVE using HANDE formula
. - 1 2
Cy, Lift coefficient; L/TpU S
CLOL Hydrofoil wing lift-curve slope at any subnergence
(c. ) Wnd lift-curve slope in unbounded fl ow
Ly

*L =length, M= nmass, T = tineg, F:force:M‘L/’l‘2

viii

or
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Uni t s*

degree::
radi an

L

L
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degree__l
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Units

Tare lift coefficient of pipe sting based on

; . ey .
hydrof oi | planform area; Ltare/ 5PU<S

Wng reference lift coefficient for elliptic
circulation distribution at infinite depth -

Hydrofoil residual drag coefficient, measured
drag less all estimated parasitic drag conponents

Hydrofoil  wavemaking drag coefficient due-to-lift

Hydr of oi | wavenaki ng drag coefficient due to thick-

ness  (displacenent, nonlifting)

Hydrof oil chord length L
Flap chord Ilength L
Chord length at foil tip L
Hydrof oil drag force F

Edge correction factor for w ng, semiperimeter-to-
span ratio; 1 + A~l for rectangul ar planform

Froude nurmber based on chord [Iength; U/(gc)4

Froude nunmber based on depth of subnergence of
quarter chord

Acceleration due to gravity L/T
Dept h of subrergence to hydrofoil quarter chord L

Induced drag factor for partial span flap

Hydrofoil lift force F

Reynol ds nunber based on chord |ength; Uc/v ==

2
Hydr of oi | planform area, bc L
2
Planform area of flaps; bfcf L
Hydrofoil section maxi mum thickness L

ix




Units

Freestreamvel ocity, speed of hydrofoil L/T
Di stance along chordline of foil, measured from

leading edge L
O dinate (half thickness) of foil section shape L

Hydrof oil resultant angle of attack of chord line

with respect to freestreamdirection; Oy + (Aa/L)L degree
Nose pi ece angle of attack degree
Flap deflection angle degree

d auert planform shape correction factor for induced
drag

Change of angle of attack-per-lift due to sting
deformation under lift | oad degreel/ F

Incremental profile drag coefficient (due té6 angle
of attack), wthout flap -

Incremental profile drag coefficient due to flap

defl ection -
Parasitic drag coefficient due to tip shape --
Incremental lift coefficient due to flap deflection

Incremental drag force due to tip shape

2
Ki nematic viscosity L°/T
Mass density of water M/L

Bi pl ane factor for induced drag

d auvert planform shape correction factor for 1ift-
sl ope
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ABSTRACT

-Results of an experimental investigation are presented for
the subcavitating hydrodynanmic force performance of an-aspect
rati o 6, NACA 64 A010 foil section, plain-flapped, rectangular
pl anfornhydrofoil. The forward-leading sting-supported foil nodel,
was operated in calmwater in the speed range of chord Froude
nunbers 1.22 to 4.23, at five depth-to-chord submergence ratios.
varying from 0.25 to 4.0. The results, presented in coefficient

form include the basic neasured foil-alone lift and drag, [lift
increments and flap effectiveness due to flap deflection, and
the inferred variation of hydrofoil drag-due-to-lift for [lift

coefficients as high as 1.0. These data cover an inportant |ow
Froude nunber speed regine not normally included in published
hydr of oi | performance experiments. Conparisons are nade between
the experimental results for residual drag and two different

anal ytical prediction schenes for the hydrofoil total drag-due-
to-lift. It is shown that experinmental values for residual drag
are bounded bel ow and above by the two prediction nmethods con-
sidered, and that the discrepancies are |largest at low Froude
nunbers.

ADM NI STRATI VE | NFORVATI ON
This work was authorized by the Naval Material Command (08T), funded under
the Ships, Subs and Boats Program Program El enent 62543N, Task Area ZF43-42:1,' and
adm ni stered by the Ship Performance Departnent under Work Units 1500-102 and 1500-
103.

| NTRODUCTI ON

In response to design considerations for |large hydrofoil ships, for partia
hydrofoil supported craft, for application as antipitch and antiroll fins on sur-
face ships, and for control foils on small waterplane area twin hull (SWATH ships
t he physical size of possible or proposed subcavitating hydrofoil systens has grown
in recent years. This has focused attention on a | ow Froude nunber range that has
received little attention in nost of the hydrofoil experimental literature that
provides basic performance data. Chord Froude nunbers as small as 1.5 to 2 at
submergence ratios of h/c = 0.5 to 2 are concei vabl e operational val ues of interest
in practical applications for |large hydrofoil craft takeoff or for cruising SWATH
shi ps.

A hydrofoil operating near the free surface at | ow Froude nunbers at a fixed
geonetric angle of attack experiences an accentuated drag-due-toylift (or total

i nduced drag) caused by a hunp of the wavenaki ng resistance coefficient centered

1




around a depth Froude nunber Fnh 2 1.4, The acconpanying lift coefficient shows a
local minimumor dip at about the sane Froude nunber. These effects are exagger-
ated as the subnergence ratio decreases. Predictions of general properties of

hydrof oi | force performance using linearized potential theory have been avail abl e

for a long time and are described for instance by W, 1 N shi yana, 2 Breslin, 3 and
by numerous other authors noted in the bibliographies of these works.
Sone of the general trends of these predicted features have been illustrated

in the classic foil-alone performance experiments by Wadlin et al. 4 for an aspect
ratio 10 rectangul ar planform hydrofoil operated at subnergence ratios h/c = 0.84
and 3.84, at 'chord Froude nunbers in the range Fnc =1.08 to 9,72, -and at chord

I ength Reynol ds nunbers in the range 0. 18 Xx 106 to 1.64 x lO6 wi th turbul ence
stinul ation. Force data for an aspect ratio 4 rectangul ar planform hydrofoil are
also included in Reference 4 at five submergences h/c = 0.59 to 4.09, in the chord
Froude nunber range of 3.24 to 7.56.

The foil-al one performance experinents reported on by WIlson and Kelley5

for
an aspect ratio 4 rectangul ar planform hydrofoil at seven subnergence ratios

h/c = 0.25 to 3.5 cover chord Froude nunbers in the range 0.5 to 3.5, at chord
6 {052 x 10°

bulence  stimulation. "The results'of Reference 5 provide perhaps the nost conplete

| ength Reynol ds nunbers in the range 0.74 x 10 with trip wire tur-
data avail abl e in'the | ow Froude nunber range and seemto verify the interesting
trends of predicted free surface influence on the | ow Froude nunber performance
of a hydrofoil. There are present in these results suspected influences of inter-
ference velocities fromthe nacelle-like fairing that covered the bl ock gauge
dynanonet er that connected the hydrofoil to the supporting strut and measured the
forces on the foil

Mbst i nstances of published hydrofoil force data cover a relatively high
range of chord Froude nunbers and deal wth foil-plus-strut performance. Sone
exanples are noted here for reference. Jones6 has reported results for an aspect
ratio 6 rectangul ar planform hydrofoil at h/c = 1, operated at chord Froude numbers
Fnc = 4.8 to 9.2 wthout turbulence stinulation. These data include unflapped and
flapped performance, for several flap span arrangements. Fel dman’ has present ed
a consi derabl e body of data for a series of rectangular planform hydrofoils having

*A conplete listing of references is given on page 83




the sane canbered foil section shape with six different aspect ratios and various
strut arrangements at six submergences in the chord Froude nunber range Fnc = 2.06
to 9.63, without turbulence stinulation. Layne8 has carried out experinments on
tapered planform hydrofoils having two different NACA section shapes in the chord
Froude nunber range Fnc = 7.44 to 23.2, without turbulence stimulation. Finally,

a very extensive program of performance evaluation for a hydrofoil-nacelle-strut
arrangement has been outlined by Dixon et al. 9 Variable pressure water channel
experinments were performed with an aspect ratio 6.5 tapered planform fl apped
hydrofoil at three submergences, wi th sinmultaneous scaling of both Froude nunber
and vapor cavitation nunber. The tested chord Froude nunber range was 3.97 to
6.81, at chord I ength Reynol ds nunbers in the range 0.96 x 106 to 1.65 x 106,.with—
out turbulence stimulation.

The experinents described here were designed to provide force data for foil-
al one perfornance specifically covering a | ow Froude nunber range of interest, at
sufficiently Jlarge Reynolds nunbers, with a guarantee of turbul ent boundary | ayer
flow, and with mninmal hydrodynanmic interference fromthe support system As an
exanpl e application, for a 20 ft (6.1 n) chord hydrofoil operated in the speed
range 23 to 55 knots, the Froude nunber range is Fn; 1.527 to 3.665; and with a

nomnal foil loading L/'S = 1200 1bf/ft2 (57.5 kN/mz), t he correspondi ng range of
required net lift coefficient is 0.8 to -0.139.

DESCRI PTI ON OF MODEL, | NSTRUVENTATI ON, AND EXPERI MENT
FACILITY
The experinents reported on here were conducted on Carriage 2 in the deep
wat er basin at the David W Tayl or Naval Ship Research and Devel opnent Center,
Car der ock. This towing tank is 1886-ft (574.8-m long, 51-ft (15.5-m) wide, with
a water depth of 22 ft (6.71 m). Figure 1 is a photograph of the nodel hydrofoil
and its forward-1eading sting support systemmounted on the vertical rails of the

towing carriage.

MODEL AND MOUNTI NG EQUI PMENT

The hydrofoil nodel manufactured for these experinents is an aspect ratio 6,
rectangul ar planform wing, With a chord length of 16 in. (40.64 cn), span of 96
in. (2.44 n), squared-off tips, and a maxinum thickness of 1.6 in. (4.064 cnj.




The NACA 64 A010 section shape was rmachined froma solid piece of alumnum and
the final surface finish was produced with emery cloth. Table 1 gives the nodel
one-half thickness ordinates for this wuncanbered symetric foil section. Table 2
sunmarizes the inportant characteristics of the hydrofoil.

It was inportant with these experinments to achieve total foil lift coeffi-
cients of at least 0.8 to cover conditions expected at | ow speed takeoff of a
hydr of oi | system so a trailing-edge flap configuration was provided with a flap
chord ratio of cf/c = 0.25 and with a generous flap span extending across nearly
the full foil span, bf/b = 0.934. The flap was actually cut from the trailing
edge portion of the conplete profiled foil. The flap deflection angles were fixed
using a series of 14 angled flap pads spaced across the upper and | ower sides. of
the foil, and screwed into place flush with the surfaces of the foil and flap.
Plastiline putty was forced into the gaps at the flap knee and was snoot hed even
with the surface, so the flap system can be described as a "sealed plain flap."
Figure 2 is a sketch of the hydrofoil section showing a flap pad and the definition
of the flap deflection angle (Sf.

Turbulence stimulation was provided by 0.016 in. (0.0406 cn) dianeter piano.
wires stretched taut and touching both the upper and | ower nose surfaces of the
foil at a distance of 0.02¢c, or 0.32 in. (0.813 cn), back from the |eading edge.
Each wire was held in place at |-ft (30.48-cm) intervals across the span, and was,
thus permtted to strum in the flow over the foil.

The forward-1eading sting support systemfor the hydrofoil consists of a |ong
hori zontal pipe instrumented for the measurenment of lift and drag force through
two support points and connected to struts through correspondi ng stacks of nodul ar
force gauges. Angle of attack variation for the foil is provided by a series of
steel nose pieces, each with an angled slot that acconmodates the rear end of the
foil. The after end of the nose piece fits into the forward end of the pipe, with
a pin key to ensure a horizontal foil position. There is a different nose piece
for each angle of attack considered, and the slot in each is positioned such that
the foil quarter-chord point always lies along the centerline of the sting-nose
conbi nati on. Wth this schene, the sting was always towed submerged in a |evel
orientation, for every angle of attack. This allowed for very sinple and rela-
tively small magnitude tare forces to be renoved from the measured data.




TABLE 1 -~ HYDROFO L

FCR NACA 64 A010 SECTION

ONE- HALF

THI CKNESS ~ ORDI NATES

(i nch) Kl (i neh) vie
0 0 0 0
0.08 0.005 0. 1286 0. 00804
0.12 0.0075 0. 155 0. 00969
0.2 0.0125 0.196 0.01225
0.4 0.025 0. 2701 0. 01688
0.8 0. 05 0.3723 0.02327
1.2 0.075 0. 4488 0. 02805
1.6 0.10 0.5118 0.03199
2.4 0.15 0. 6101 0.03813
3.2 0. 20 0.6835 0.04272
4.0 0.25 0.737 0. 04606
4.8 0.30 0.7739 0. 04837
5.6 0.35 0.7949 0. 04968
6.4 0. 40 0.7992 0. 04995
7.2 0.45 0.783 0. 04894
8.0 0.50 0. 7494 0. 04684
8.8 0.55 0.7021 0. 04388
9.6 0.60 0. 6434 0. 04021
10. 4 0. 65 0.5755 0. 03597
11.2 0.70 0.5003 0.03127
12.0 0.75 0. 4197 0.02623
12.8 0.80 0.3365 0.02103
13.6 0.85 0. 2531 0. 01582
14.4 0.90 0. 1699 0. 01062
15.2 0.95 0. 0866 0.00541
16. 0 1.0 0. 00336 0. 00021




TABLE 2 « HYDROFO L GEQOVETRY AND PARTI CULARS

Aspect ratio

Foil thickness ratio

Span.

Chord length

Flap -chord ratio

Flap span ratio

Fl ap planform area ratios

Planform area; shape

Foil material
Section shape

Tur bul ence stinmulator wire

A=6
t/c = 0.10
b =8 ft (2.438 m
c = 1.333 ft (0.406 m
cf/c = 0.25
bg/b = 0.934
Sf/S = 0.2357

- 2 2
S =10.67 £t° (0.991 m");
Rectangul ar,  squared- of f
6061-T6 al um num
NACA 64 A010

0.016 in. (0.041 cn

tips
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The dynanmoneter for this set-up was designed to neasure the hydrodynam c
forces on the sting-plus-foil and, of course, the sting-alone. It consists of an
assenblage of three standard four-inch DINSRDC differential reluctance block gauges,
together. with a double-neck flexure in the after gauge stack that was designed to
transmt nmainly a vertical force with very small horizontal force and nmonment. A
single pin joint hinge is positioned in the forward gauge stack. Drag force was
measured using a single block gauge located in the forward gauge stack. Two dif-
ferent capacity gauges were enpl oyed for different portions of the experinental
program A 100 I b (445 N range gauge was used for nmeasuring the sting tare
forces and for the low drag part of the foil-plus-sting tests. This was replaced
by a 500 Ib (2.224 kN) capacity gauge for the higher drag part of the tests.

The |ift force was determined by the sum of the fore and aft [ift gauges,
having capacities of 5,000 Ib (22.24 kN) and 2,000 |b (8.896 kN), respectively.
For positive values'of foil ||ift, the forward gauge stack was | oaded i n conpression
and the aft in tension. A nominal maxi mum all owabl e value of total foil lift of
3,000 Ib (13.34 kN) was adhered to during the tests so as not to exceed the rated
capacities of any of the force gauges in the system

Instrumentation for the collection of three channels of force data consisted
of ENDEVCO signal conditioners for the differential reluctance bl ock gauges and
DANA anplifiers. Voltage output fromthe anplifiers was digitized using ANALOG C
anal og-to-digital converters. Al the data were collected and ‘processed on-line
using an |NTERDATA conputer, Wi th data storage on nagnetic tape using a Tri-Data
Cartrifile recorder. Data sheets were obtained during the tests froma VERSATEC
printer on board the carriage."

Sinple streandined fairings, each with a maxinmum width of 6 in. (15.24 cn)
were fitted around the two block gauge stacks. These were fastened at the top
end only., with gaps at the lower end, so that no forces were transferred through
the fairings that would interfere with the force neasurenents on the sting-plus-
hydr of oi | conmbination. Hydrodynamic interference fromthe elliptically shaped nose
piece and from the sting are believed to be very small. Figure 3 is a sketch of

the sting and dynanoneter support system

CALI BRATI QN, | NTERACTI ONS, | NACCURACI ES
Set up and calibration of this experiment consisted of first calibrating the

individual block gauges, then recalibrating and adjusting the arrangenment of the
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dynamoneter conponents in the assembled condition using the heavy bridge of,
Carriage 5 as a calibration stand. Wthout di sassenbly, the dynanormeter was then
nmoved to Carriage 2 to be fastened to the tilt table and support bracket that con-
nect to the vertical rails of the carriage. The final calibration factors were
obtai ned with the nodel support system conpletely assenbled and in position on the
carriage

On ng to the I arge physical dinensions of the dynanoneter, there are snall
but inportant elastic deformations of the pipe sting, the struts, and cross support
beam that occur under the application of large |ift forces typical of this experi-
ment . The resultant force neasurenent interaction appears predom nantly as changes
in the drag force.readings due to varying levels of [|ift force. After extensive
calibration, the interaction effect of Iift into drag was found to be conveniently
repeatable and subject to sinple removal from the directly measured val ues. Inter-
action of drag force into the indicated lift was found to be negligibly small as
was the effect of applied nmonent upon drag. Al the final force data presented in
this report have been systematically corrected for dynanoneter interaction

El astic deformation of the sting under |oad al so causes a change in the
effective angle of attack, Ao, neasured at the quarter-chord of the hydrofoil.

Wth the assenbl ed dynanoneter nounted on Carriage 2, a final deformation cali bra-
tion was obtained as angle of attack-change-per-unit lift Ac/L = 0.0005222 .deg/1b
(0.00232 deg/N), with the lift force applied at the quarter-chord position

Measur enment inaccuracies are inherent to the nechanical and electrical systens
enpl oyed. Expect ed nagnitudes of errors for the force neasurenents have been
estimated fromthe maxi num scatter band observed fromrepeated calibration of the
assenbl ed dynanoneter.  For all the basic measurenents, including the forces, the
characteristic accuracies are sumarized in Table 3.

A careful check of the precision of the final machined foil section shape was
nmade using a profile measurenent nmachi ne (Brown and Sharp VALI DATOR) at DTNSRDC.
Chordwi se surveys of the profile were conducted along lines on either side of the
planform centerline, at a distance of 0.4583 (b/2) from the centerline. The re-
sults are shown plotted in Figures 4 and 5 for the starboard and.port sides,
respectively, with the scale for the ordinate (offset ratio, y/c) expanded by a
factor of 10 conpared with the chordwise distance scale for x/c. Conparisons are
di spl ayed between the offsets specified for the NACA 64 A010 profile and those

measured on the hydrofoil as nmachined, for both the top and bottom surfaces. In
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TABLE 3 = EXPECTED MEASUREMENT ERRCR BOUNDS

Measured  Quantity Expected Range of Error

Drag (both gauges) + 2% of neasured value, D< 50 Ib
+ 0.5% of neasured value, D> 50 I b
Lift + 1.5%of measured value, L < 800 |b

+ 1% of neasured value, L > 800 Ib

Speed + 0.01 knot (+ 0.02 ft/sec, + 0.006 ns)
Depth of submergence + 0.01 ft (3 nMM
Angl e of attack + 0.01 deg

general, the deviations of offsets of the machined surface fromthe specified sur-
face are very small, alnost everywhere |less than 0.5% of the maxi mum section of f set
Yiax = 0.8 in. (2.03 cm. On the starboard side, the maximum deviation of any

of fset on the upper surface was found to be 0.0236 ymax near the nose (x/c=0.005),
and on the lower surface, it was measured as 0.012 Ymax at x/c = 0.35. On the port
side, the maxi mum nmeasured deviation on both the top and bottom surfaces anounts to

0.0154 y .. near the nose (x/c=0.005).

PROCEDURE

Overall, the experinent was directed at obtaining the hydrodynamc force
characteristics on the subnerged hydrofoil alone, so that contributions from the
supporting sting had to be collected separately, then subtracted away as tares. A
deep subnergence case of h/c = 4 was chosen to provide reference perfornance | evel s
for the wing that contain only minimal influence of the free surface. This was
especially inportant for establishing certain drag conponents. The operating proce-
dure consisted of nmaking towing carriage runs over the range of test speeds at each
fixed depth of submergence h neasured to the location of the hydrofoil quarter

chord (subnergence of sting-pipe centerline). The first series of tests were run
with the sting alone, and fitted with a faired pl ug having the sane shape as the

slotted nose pieces at the leading end of the sting. These tests covered the

conpl ete speed range and all the submergences h/c = 0.25, 0.5, 1.0, 2.0, and 4.0.
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The second series of tests were run with the sting-plus-foil, at the various w ng
angl es of attack established with the slotted nose pieces O"N =0, 2, 4, 6, and 8
deg, and with zero flap deflection. The third series of tests were run with flap
def | ection angl es Gf = 7.5 and 15 deg at two different nose piece angles of attack
Oy = 4 and 8 deg. 'Table 4 summarizes the nomnal matrix of experiments for the
data presented in this report.

Measured water tenperature was 68°F (20°C); therefore, the density and ki ne-
mati c viscosity values used in the data reduction were p = 1. 9367 slug/ft3 (998. 13
kg/m3) and v = 1.0836 x 107> ftz/sec (1.0067 x 10_6 m2/s), respectively. For the
speed range of U=81to 27.7 ft/sec (2.44 to 8.44 ms), the correspondi ng range
of chord length Reynol ds nunber is Rp. = 0. 984 x 106 to 3.41 x 106; the range of
chord I ength Froude nunber is Fnc = 1.22 to 4.27.
STING TARE FORCES

Results of the Iift and drag neasurenents on the sting al one are displayed in
Figure 6 in terns of lift and drag coefficients CLtare and CDtare based on the
hydrof oi | planform area S, plotted versus speed U or chord | ength Froude nunber F“c'
These tare forces were systematically subtracted fromthe raw force data measured
for the sting-plus-foil in order to obtain the hydrofoil-al one nmeasured data pre-

sented in the tables of Appendices A and B and in the plots of the next section.

EXPERI MENTAL RESULTS
Al the results of this investigation have been reduced to standard coeffi -
cient formusing the famliar aerodynam c and hydrodynam c definitions for lift

coefficient CL and drag coefficient CD given in the notation.

BASI C LI FT AND DRAG PERFORVANCE FOR ZERO FLAP

The basic neasured |ift and drag characteristics of the hydrofoil.with zero
flap deflection are presented in Figures 7 through 16 in groups of three graphs
for each subnergence ratio. Displayed are the lift coefficient CL versus q, the
drag coefficient CD versus CL, and the total lift-to-drag ratio L/D versus o
plotted with contours of constant speed U  Data for the submergence ratios
h/c =4, 2, 1, 0.5, and 0.25 correspond to Figures 7 and 8; 9 and 10; 11 and 12;
13 and 14; and 15 and 16, respectively. Tabul ated val ues of these neasured force

data for zero flap deflection are given in Appendix A Tables A 1 through A.5.
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TABLE 4 = NOM NAL TEST MATRI X FOR LOW FROUDE NUMBER HYDROFO L EXPERI MENTS

Configuration

Par amet er

Range

Sting alone

Hydrofoil mounted on sting
with zero flap angle

Hydrofoil rmounted on sting
with flap deflection

Speed

Chord Froude nunber
Subnergence ratio
Speed

Chord Froude nunber
angle of attack of
nose piece

Flap angle
Subnergence ratio
Speed

Chord Froude nunber
angle of attack of
nose piece

Flap angle

Submergence ratio

C
1l

8 to 27.7 ft/sec
(2.44 to 8.44 nis)

Fp, = 1.22 to 4.23

h/c = 0.25, 0.5, 1, 2, 4

U=8to 27.7 ft/sec
(2.44 to 8.44 nis>
% =0 2 4 6 8 deg

h/c = 0.25 0.5 1, 2, 4

c
I

8 to 24 ft/sec
(2.44 to 7.315 nis>

oy = 4 and 8 deg
8¢ = 7.5 and 15 deg

‘hlc = 0.5 1, 2, 4
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These performance diagrans are classical presentations of the lift and drag
for airfoils. For unbounded flows, the results for a range of speeds typically
col | apse onto single curves in these types of plots. O course, for a near free
surface hydrofoil, this is not the case, and the effects of speed (Froude nunber)
tend to becone nore pronounced as the subrmergence ratio is decreased, especially
for the low range of Froude nunbers of these experinents.

For the deepest submergence case of h/c = 4, the lift-curve CL versus @
in Figure 7a follows a single straight line, indicating essentially wave-free
operati on. What speed variation is present in the drag coefficient for h/c = 4
appears to be due minly to Reynolds nunber variation on friction drag. The foil
lift-to-drag ratios at this deep subrergence reach val ues exceeding 16 at the
highest speeds. It appears then, that the h/c = 4 subnergence provides a reason-
abl e reference performance for the force characteristics of the foil having very

small  free surface effect.

LIFT
Lift-CQurve Sl ope
The linear relationship between CL and a is clearly evident in Figures 7a,

9a, Ila, 13a, and 15a and justifies the usual definition for zero flap lift-curve

sl ope CLa conputed from

. = CLoSa - 0p) (1)
where o = o, is the angle of attack neasured from zero lift. In general, the angle
for.zero lift a, for a hydrofoil is a conplicated function of speed and depth of

subnergence because of the free surface effect. Variation of the inferred values
of lift-curve slope CLa with speed and subnergence ratio is shown in Figures 17 and
18. These plots show nost succinctly the characteristic reduction of lift with
decr easi ng subnergence (at constant g) and the tendency toward a |ocal dip or
mnimumof |ift at depth Froude nunber Fnh = 1.4, in agreenent with the trends
observed in previous |low Froude number results discussed in Reference 5.

From the deepest submergence case of hic = 4, the reference |lift-curve slope

is a constant

(C, ), = 0.06905 deg™" (2)

Lo

12




According to the wusual sinplified wing analysis, the lift-curve slope in unbounded
flow can be estimted from

E. — (1+7)

where a, = effective section value of [lift-curve slope
ES = seniperimeter-to-span ratio (Jones edge correction factor)

T = planform correction factor for lift slope for rectangul ar
wing (dauert)

For the aspect ratio 6 rectangular wng, Equation (3) can be rearranged to give a
consistent value for the section lift slope a,, together wth the appropriate value

of planform correction factor T. Wth the observed value for the aspect ratio 6

wing at deep submergence of (CL )oo= 3-956 radi an-I‘, the section lift-slope is
a .
= L oo=1 -1
a, = 6.118 radian “(0.1068 deg ™)
with T =0.17, so that A/fa, = 0.981. These foil lift slope properties are consis-
tent with the established characteristics of the foil section, Specifically, from
Loftin,lO the conparable section |lift-slope, determined in wnd tunnel tests wth

NACA 6A-Series foils having t/c = 0.1, is a, = 6.13 radian ~L(0.107 deg—l).

Lift Performance wth Flap

Hydrofoil lift performance with flap defl ection nust be anal yzed here with
data taken at two nose piece angles of attack oy = 4 and 8 deg. Plots of neasured
CL versus a for subnergence ratios of h/c =4, 2, 1, and 0.5 are assenbled in
Figures 19 through 22, respectively. Contours of speed (Froude nunber) are given
for the two different flap deflections df = 7.5 and 15 deg, as well as for the zero
flap configuration. This manner of presentation allows for the easy interpolation
of values of C and AC = (CL(Gf) - CL(5f=O)) at any desired angle of attack a.
H gh val ues of CL’ at times exceeding 1.0, were achieved at the largest flap de-
flection angle Gf = 15 deg. As expected, there is a nearly linear increase of flap
lift increnent ACL with flap deflection Gf. Tabul ated values of the neasured |ift
data with flap deflection are given in Appendix B, Tables B.I and B.2.
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Values of flap lift increment AC, derived from Figures 19 through 22, are
shown plotted versus subrmergence ratio in Figure 23 for flap angles df = 7.5 and
15 deg, at selected contours of speed Fnc = 1.22, 1.83, and 2.44. This shows the

distinctive fall-off of flap |ift increment wth decreasing subnergence ratio

Flap  Effectiveness

Flap effectiveness for a finite aspect ratio wing is often discussed in terns
of the ratio of two lift-curve slopes neasured with respect to flap deflection and
angle of attack

do dCL/dGf

de dCL/da

Figure 24 shows the reference values of this flap effectiveness factor plotted
versus speed for the hydrofoil at hic = 4. The ideal value of da/ddf = 0.6 has

been estimated from Hoerner1l for a flapped lifting surface Sf/S = 0. 236.

DRAG
Drag Performance with Flap Deflection

Hydrof oil drag results with flap deflection are presented in Figures 25
through 28 for subnergence ratios h/c =4, 2, 1, and 0.5, respectively. These
pl ots display the neasured drag coefficient CD ver sus az, with contours of speed.
Results are shown for flap deflection angles of Gf = 7.5 and 15 deg, as well as
for zero flap cases at the sane speeds. This presentation is based on the idea
that the expected increments of induced drag and wavemaki ng drag due-to-lift are

proportional to C%, and because the linear relationship between C; and O is well

established, famlies of contours are expected for Cp versus az. LThis type of data
trend has been verified using the flapped hydrofoil results of Jones. 6 Al of the
tabul ated results for the neasured drag data with nonzero flap deflection are given
in Appendix B, Tables B.l through B. 4.

For the cases of h/c = 4 and 0.5, respectively, sanple polar plots of CD
ver sus CL in Figures 29 and 30 illustrate the unified trend of drag data for the

range of unflapped and flapped configurations for this wuncanbered foil
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Analysis and Drag Conponents

The net total drag of a fully subnerged subcavitating hydrofoil with flaps nay
be divided into conponents interpreted as the sum of total parasitic drag (or pro-
file drag) plus the drag-due-to-lift (sum of induced and wavenaking drag); so that,
in coefficient form

C, = (C + AG + AC, *+ AC )+ (C +C (5)
D Dp,min tips Dp Dp, flap D,LroT Wt)
wher e CD N = mnimum wing profile drag, sum of friction drag plus the
P, . . .
form drag that includes effects of foil thickness and
stimulator wre drag
ACD = parasitic drag conponent due to squared-off tips
tips
ACIJD = increnmental profile drag, wthout flap
Ac = incremental profile drag due to flap deflection
Dp,flap
- ' 2 - : :
CD’LTOT = CD,L + Kf(ACL) /mA = total of induced drag plus wavenaki ng

drag-due-to-lift, plus additional induced drag due to partial

span flap arrangenent

K. = induced drag factor for partial span flaps

ACL = incremental lift coefficient due to flap deflection

th = wavenaki ng drag due to displacenent effect of finite thickness
foil

The first group of terns in parentheses in Equation (5) represents all the para-
sitic drag conponents, while the last two terns cover the induced drag plus wave-
meking due to both lift and displacenent effects.

This experiment was designed with the idea of using the results of the deepest
subnergence case in order to deduce the various parasitic conponents that are 'in-

dependent of free surface effects. To renove the drag-due-to-lift conponent, C

DL
1

the lifting line hydrofoil theory of Wu~ has been enployed, using the analytical’
results for hydrofoils with elliptic circulation distributions. From the wing
properties determned fromthe lift slope curve noted earlier, Ala, = 0.981, so
that the G auert correction factor for the induced drag on a rectangul ar planform

wing is 6, = 0.05 (see Martinlz).
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For a hydrofoil wth elliptic circulation distribution, the theoretical re-.

sult for drag-due-to-lift takes the form

C c
D,L 1 W
2 mE (170 (6)
Lo /ELLIP Lo
where A = hydrofoil planform aspect ratio
o, = biplane factor for induced drag (see von Karman and Burgers 13
and Wilsonll‘)
Cy = hydr of oi | wave resi stance coefficient (see Wu'sl result for
¢, = wing reference lift coefficient for the elliptic circulation
® distribution at infinite depth
It should be noted that, in the limts of zero and infinite Froude nunber,
| C.:W - 0 as Fp, —= 0
(7
201 9
Thus, for the rectangul ar planform hydrofoil, the corresponding limts of drag-due-
to-lift ratios are
C 1-c
D,L 1 -
( 2 ) — (1 + <SP) = as FnC 0
L, RECT
(8)
C 1+0,
D,L 1 -
(cz ) R U e
L, /RECT

wher e GP is the Qauert planform shape correction factor for induced drag. From
Martin,12 6P = 0.05 for aspect ratio 6 wings. A internediate Froude nunbers, the

detail ed cal cul ated results for

C ‘ m/2  _2F sec’®
2w = 8 e 'h Ji (-% seczesine) ﬂ%e-' do (9)
cr wA 4, sin“0
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conpi led by Wlson,14 have been used for all the systematic reduction of data from
the hic = 4 neasurements, and in later conparisons. '|n this equation, Fnh =.IJ/(gh§§
is the subnmergence Froude nunber, JlI is the Bessel functionof the first kind, and
B = U%/g(b/2).

Nunerical values for the biplane factor o valid for elliptic circulation
distribution are given in Table C/| of Appendix C

Parasitic Drag Conponents
Al four of the parasitic drag conponents noted in Equation (5) have been
estimated from published work or inferred from the present data

1. The contribution of tip drag attributable to the two squared-off ends of

the hydrofoil can be 'estimated from the enpirical results of Hoerner11
e t ; 311 2.2
ADRAGtipS = BO.IS)(C)tip + (0.37)CL] 7 py ctip (10)
and expressed in coefficient form based on foil planform area, as
AC, = 0.00025 + (0.00617)C: (1)
tips
2. The mininumprofile drag CDp i consists of skin friction drag plus the
form drag of the foil operating at zero lift. An adequate fit is given by
C = 2C.(ITTC) + 0.0025 (12)

Dp, min

wher e Cf(ITTC) denotes the flat plate turbulent friction coefficient determ ned
fromthe 1957 I TTC correl ation curve at chord | ength Reynol ds nunber Rnc.

3. The increnental profile drag contribution ACDp here represents the-addi-~
tional profile drag penaity incurred when the symretric foil operates at nonzero
lift due to angle of attack. This conponent should contain no wng induced drag
and has been estimated here at each speed over a range of |ift coefficients from
the zero flap measured data at h/c = 4 using

= - C ] C
ACDP CDmeas ¢ Dp,min ¥ ACD'[| ps + D,L) (13)

where all the induced drag and wavenaki ng effects are represented in the drag-due-

ci, Fi gures 31a and 31b present the inferred

. . 2
to-lift given by Cpy = (CD,L/CLO)RECT

17




val ues of incremental drag coefficient ratio AC, /C pl otted versus C2 with
Dp Dp,min L
contours of speed.

4. Application of flaps to reach high lift incurs a further incremental pro-

file drag AC . This termcan be deduced in the sane fashion as for AC but
Dp, flap

DP
nust al so account for an additional induced drag factor attributable to the partial
span arrangement of the flap. Thus, from the h/ic = 4 neasured drag data with flaps,

the increnmental profile drag due to flap deflection has been estimated using

(ac,)?
c K ;]. (14)

Ac =C -jC .+ A + AC
Dp,flap Dpeas [ Dp nin CDtips Dp + D,L + f TA

where all the previous conponent definitions apply; CD L is based on the total CL

with flap, and the added drag due to flap lift distribution on partial span flaps
is accounted for using the flap drag factor, Ke = 0. 0429, from Young 15‘ Figure 32

is a plot of the inferred val ues of ACD f1 plotted versus speed, for the flap
ap

P

defl ection angl es <Sf = 7.5 and 15 deg. For purposes of the further data reduction

at the shallower submergences, the constant (nean) values

AC = 0.0033 at 8. = 7.5 de
Dp,flap £ J
AC = 0.011 at 6. = 15 de
Dp,flap £ J
have been used.
Inferred  Hydrofoil Drag-due-to-Lift: Residual Drag

Wth the assunption that the parasitic drag conponents discussed previously
are independent of free surface effects regardl ess of the depth of subnergence,
the measured hydrofoil residual drag coefficient is obtained fromneasured total
drag using

cC.=¢ - (C + AC

+ A +C
r  Dpeas Dp, min Dt i ps c:Dp Dp, f1 ap) (19

where the CDp,f ap term is applied only for the cases with flap deflection. The
resi dual drag C.1Is supposed to be dom nated by the drag-due-to-lift, but mnust
include a smal |l wavenaki ng resi stance due to displacenent effect (foil thickness).

Plots of the residual drag ratio Cr/ci versus speed (Froude nunber) are given
in Figures 33 through 36 for the submergence ratios h/c =2, 1, 0.5, and 0. 25,
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respectively. These graphs summarize the results for both the zero flap and the

flapped configurations (high 1ift). Plotted for conparison are two prediction
curves for drag-due-to-lift ratio CDL/CL: (1) the hydrofoil [lifting line theory
for constant shape elliptic circulation distribution (C /CLQ)ELLIP and (2) an

D,L
estimating formula derived from HANDE by the Boei ng Company.16 The presentation

of the residual drag data in this nmanner puts a severe test on the cases with very
low levels of foil lift, because even snall drag errors or the presence of wave-

maki ng drag due to nonlifting origin are anplified by the factor 1/Cf as CL — + 0.
Data for the snmall nose angle of attack, o

N
problem as they do not fall into trends established by the results for the angles

= 2 deg, seem to suffer from this

of attack ay = 4, 6, and 8 deg. For the data with noderate to high levels of [lift

coefficient, the results at a given subnergence coalesce toward a single curve,
2

p,1/°L, ELLIP"

prediction curve. As discussed in the HANDE nanual,

and are bounded bel ow by the lifting line prediction (C and seem to
be bounded above by the HANDE16
the so-called "wave resistance” contribution has been adjusted enpirically to fit
the low Froude results obtained in the hydrofoil experinents by Wadlin et . In
Figures 33 through 36, the|present experinmental results for Cr/CE, and both the
predi ction curves for CD’L/Ci'converge at the higher Froude nunbers, typically
Fnc > 2.5.

Anot her nethod of data presentation for the residual drag coefficient results
is given in the plots of Cr ver sus CL|CL|sh own in Figures 37 through 42 for chord
Froude nunbers of F“c = 1.22, 1.53, 1.83, 2.44, 3.055 and 3.665, respectively.
Each of these plots shows the resultant experinental Cr val ues, and for reference,

the C fromlifting line theory for four different subrmergence ratios h/c = 0. 25,

D,L
0.5, 1, and 2.

There are two things worth noting in these conparisons. First, the expected
proportionality of C_wth respect to CE is put to a test, and is shown to hold
fairly well for CE < 0.5 and at the larger Froude nunbers. However, for the higher

levels of lift coefficient there is a noticeable but slight nonlinear increase of

Cr Ver sus C2 Part of this could be the result of the nonlinear free surface effect

Le
upon wave drag of the sort predicted fromthe nunerical conputations of Salvesen
and von Kerczek17 for two-dinmensional flow past a subnerged vortex. Unfortunatel y,
it is not known at this tinme what |ift levels CL woul d be required in the case of

finite aspect ratio submerged wings for there to be an observable nonlinear effect.

19



Watever the cause, sinmilar slight nonlinear trends of drag coefficient versus
CLrCLl can be determned, for exanple, fromthe hydrofoil performance results pre-

sented by Dixon et aI.9

at just noderate levels of foil lift coefficient, and in
the higher range of Froude nunbers of those experinents.

The second noteworthy feature in Figures 37 through 42 is that the difference
bet ween t he measured val ues of Cr and the CD L from the lifting line theory at [|ow
to noderate lift |levels appear as snall armounts of additional drag that do not
affect the slope of the curve. The magnitude of the offsets of the Cr curve are
larger at the small Froude nunbers, and at the shallower subnergences. Because
the range of foil depth-to-thickness ratiois h/t = 2.5 to 20, corresponding to
h/c = 0.25t0 2.0, it is plausible that there are contributions to the hydrofoi
residual drag that are attributable to wavemaki ng resi stance due to foil thickness
(nonlifting;'displacement effect), rather than strictly drag-due-to-lift. No
theoretical estimates of the nonlifting wavenmaki ng drag for a subnerged, finite
thi ckness foil were obtained for this work.

Conparisons of the present nmeasured C. values with the two anal ytical predic-
tions of CD’L'variation plotted versus CE are given in Figures 43 through 45 for
subnergences h/c = 0.5 1.0, and 2.0, respectively. In each of these sets of
figures at constant submergence, there are three graphs for three different speeds
correspondi ng to Froude nunbers Fn’ = 1.22, 1.53, and 1.83. The neasured data in-
clude both unflapped and flapped wing results. It appears that, although the [lift-
ing line theory is generally a little too low at the snaller Froude nunbers shown,

t he HANDE16 predi ctions based on

C (16)

p,L = “oracryp ¥ CapRAGyyR

are too high. "~ The differences between them dimnish wth increasing Froude nunber
and the experinmental results are thereby bounded bel ow and above by the two pre-

diction schemes enployed
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CONCLUSI ONS

1. Extensive foil-alone experinental force data a]:{‘-'e presented for the | ow
Froude nunber operation of a large hydrofoil nodel at several submergences.

2. The present results for deep subnergence (reference values) of lift curve
slope and flap effectiveness agree well wth know properties of this foil section.

3. Experinental results for lift increnments and the inferred drag-due-to-lift
with flap deflection provide useful hydrofoil data at relatively high lift coeffi-
cients up to about 1.0.

4, Measured (inferred) values of the residual drag coefficients Cr for the
entire range of lift coefficient, appear likely to contain wavenaki ng resistance
contributions due to foil thickness that are noticeable only at the | owest Froude
nunber s Fnc < 2, and for the shallower subnergences. For the higher Froude nunbers
and deeper subnergences, the Cr val ues appear to be predoninantly drag-due-to-lift.

5. The two prediction schenes for hydrofoi bdrag-due-to-1ift considered here
give results that coal esce and are both relatively accurate for chord Froude num
bers | arger than around Fnc = 3. For | ower Froude nunbers, the lifting Iine
estimate for elliptic circulation distributions gives CD . values too |ow, while
the HANDE prediction fornmula gives values that are too ;11gh. It would be useful to
have readily available for prediction purposes the capability for conplete lifting
[ine conputer calculations of drag-due-to-lift for hydrofoils at arbitrary Froude

number, aspect ratio, planform shape, and flap span configuration.

21




ACKNONLEDGQVENTS
The work of M. Dennis Millinix is gratefully acknow edged. for preparation of
the instrunentation package and conputer progranms for data acquisition. Extensive
calibration work and the experinents thensel ves were conducted with the able par-
ticipation of Mssers Alen Feller, Douglas QGegory, Gabor Karafiath, Pierre.

Lafrance, James Peck, Al an Sobol ewski, and Bernard Young.

22




E——

p-

2
|
{

V s
oy e

o

Figure 1 = Large Hydrofoil Mdel and Its Munting System on
Carriage 2 in the Deep Water Basin

(Foil and sting are shown here just above the water surface)

23



A
N

NN
NN

0.016 inch (0.0406 cm)
DIAMETER TRIP WIRE

Figure 2 - Hydrofoi 1 NACA 64 A010 Section Wth 0.25¢c Plain Flap

BRACKET & TILT TABLE SUPPORT
- 6ft >
(1.829 m)
FORWARD "/éﬂiﬁ
STRUT
1 A~ P e W
1__/\1, T-\F/‘—‘r
FORWARD
LIFT ’ CROSS SUPPORT
GAUGE BEAM
NOSE FAIRING - = === LIFT
e————
PIECE WITH o .. STREAMLINED, 1 cAuGe
ANGLE SLOTS , , —DRAG GAUGE l —
\ : : —+——HINGE i ]
. e . . {>_ .
l 3 ft T /
(0.914 m) ’ PIPE STING TAIL FAIRING
HYDROFOIL (WOOD)

WITH C/4
ON CENTERLINE

Figure 3 = Sketch of Hydrofoil Forward-Leading Sting and Dynanoneter
Support  System

24




"

ylc

ylc

0.05

0.04

0.03

0.02

0.01

0.0

0.01}

0.02

0.03

0.04

0.05

. SPECIFIED OFFSET {NACA)
X MEASURED OFFSET, AS MACHINED

STARBOARD SIDE

= - T T AT
Tt

||||||||| Tt

cheithcs TOP PROFILE

1NN

== = - =c o

ISNESNERE ERNE III[II]II!!I]IILIIIlllll!llll'!! 1} llTIIIIl’!E!

(SCALE OF y/c IS SHOWN AS 10 TIMES THAT FOR x/c)

0.0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.

xc

Figure 4 = Representation of Machined Foil Profile Accuracy--

Starboard Side, Top and Bottom

25




SPECIFIED OFFSET (NACA)
% MEASURED OFFSET, AS MACHINED

PORT SIDE

U
B
MHE ¢
H fpaa
B a1
S s
i 3 ¢
Hio. o FH
O o ¢
i brd Bz

[,

.t

x

-
(7] a8
w rH

=

-

)

-
» i

<

z

(@]

I

[ 7]

«

H L

>

[V

(o)

W

-

g

Q

@
s & 3 8 g 3 =z & 8 § 8
o =3 o o = S o o o o

9/A 9/A-

0.2 0.3 0.4 05 0.8 0.7 08 09 1.0

0.1

0.0

xlc

Profile Accuracy—

Figure 5 -~ Representation of Machined Foil

Top and Bottom

Port Side,

26




Lz

3.5 4.0
0.01 18 PEREL WS AWAR R SRR +
::l - '_ T 1
e [ e e
§ 00 = e
S i eyt
jhiaat; _W .
0.01 S 2
0.0 20 4.0 6.0 8.0 100 120 140 160 180 200 22.0 24.0 26.0 28.0
VELOCITY, U (ft/sec)
0.008 =
0.007
0.006 |—
g
§ o005
%)

0.004

0.003
F o R Cenas R et R e Eee ol NNy Rt et & i

0.002 E: P Tt Yo Tt iy ey i i St B Gomrnog Me i b nfuly e ==
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0

VELOCITY, U (ftisec)

Figure 6 -'Variation of Sting Lift and Drag Tare Coefficients versus
Speed, Contours of Subnergence Ratio



U (fusec) F, hic = 4 (a)
0.8 ¢ df =0
(0] 8 1.22
Q 10 1.53
o 12 1.83
0.6 O 14 2.14
Q] i6 2.44
o 18 2.75
+ 20 3.05
3] 22 3.36
0.4 A 24 3.67
5 A 277 423
0.2
0.0 f
-0.2
-1 0 1 2 3 4 5 6 7 8 9 10
a (deg)
0-05 T T T T T T T -l ll
(b) |
0.04 | -
0.03 | ]
o
Q
0.02 1 -
0.01 r .

0.0 ' - * ' ' :
-0.2 -0.1 0.0 01 02 03 04 05 06 07 08 09

C,

Figure 7 - Measured Hydrofoil Lift and Drag Coefficients for
Subnergence Ratio h/c = 4, Zero Flap, Contours of Speed

28




uo

18 T

hic = 4
18 =0 &
pet-1-4 14
14 B by :-
12
10
8 "
6 U (ftsec) F, U (ftsec) F,_ EEL
© 8 12 & 18 2.75 o
RERR
4 Q@ 10 18 + 20 3.05 5
@ 12 18 @ 22 336
2 O 14 214 A 24 3.67 i
a 16 244 N 277 423 H
0
-2
-4
-8 .
-1 0 1 2 3 4 5 8 8 9 10
a {deg)

Figure 8 = Hydrofoil Lift-to-Drag Ratio versus Angle of Attack for-

Subnergence Ratio hic = 4, Contours of

29

Speed




0.8 T T L T T T T T L
U (fsec) F, hic = 2 (a)
| ° 6 =0 )
o) 8 1.22
© 10 1.53 )
06 0 12 1.83
O 14 2.14
- O 16 244 1
6 18 2.75
0.4¢ + 20 3.05 4
e 22 3.36
o ! o 24 3.67 _
é '
0.2L -
. ) T
0.0
0.2 k o
-1 0 1 2 3 4 5 6 7 8 9 10
a (deg)
005 T T =T T T T T
(b) l
[ )]
0.04} R
o.oaL 4
o° 1
0.02 - N
0.01} > .
o'o — ) 1 1 1 1 1 1
-0.2 -01 0.0 01 0.2 03 04 05 06 07 0.8

C,

Figure 9 - Measured Hydrofoil Lift and Drag Coefficients for Subnergence
Ratio h/ic = 2, Zero Flap, Contours of Speed

30




{14

=

163 .

10
12
14
16
18

1.83 |

214 1

2.44 i

275

336 |

3.67

24

10

a (deg)

Lift-to-Drag Ratio versus Angle of Attack for

Figure 10 - Hydrofoil

Contours of Speed

Subrergence Ratio h/c = 2,

31




0.8 1

U (ftlsec) F, hic = 1 (a)
[
4 =0
0] 8 1.22 J
Q 10 1.53
067 @) 12 1.83 :
) 14 2.14 = |
- ) 16 2.44
o 18 2.75
0.4 + 20 3.05
)| 22 3.36
=] A B
3)
_ A
0.2f ) 1
]
0.0
r ]
0.2 |
1 0 1 2 3 4 5 6 7 8 9 10
a (deg)
0.05
{b)
0.04
0.03
[a]
3)
0.02 f
0.01 f
0.0 L—
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

C,

Figure 11 - Measured Hydrofoil Lift and Drag Coefficients for
Subrergence Ratio h/c =1, Zero Flap, Contours of Speed

32




LD

18

18

14

12

10

Figure 12 = Hydrofoil

T R L R AR R £ T
1. Thic = 11T HA angn g T
T TR O F P ET AT
FHE I dp = 0 L iU [ Sateidanicl

1 RRERS 11 '}T‘Tf; l " AR A H R
_ et
has T !':" i HHE R

£ ;. ,;'Li*' T iR ERRARCHRTE L TERS)

st AR T R e L T T
T TR T T T P L [ e E [
SRR T A HHT TH R R R S TR

Bisni ] Susitiuxl . Ul(fusec) F, It !

- _— .< 145 L ' ¢ LT
T T Y sernsiacllc R 1.22 T TR

LT D TR © 10 163 iy M

F R e “//' T ok E] :i ;?i AR HH
fEgARaRAT FERRS 7 aRdg S L ‘ : 1
ket AN 70102 E £ 2 16 2.44 [E R
T T A T '8 | 18 2,75 HHEHERHH
SRR ERaRRAED /07 b akie : T 4 | 20 3.05 [

T B YT ooEe | 22 336 [HEEEHE

: L L o oA - 24 3.67 GiF e
g LA AR e 277 423 N
fes L L SR A 1
i e R e
- T : L
n SuBEERERLan T 1 » » s

a (deg)

Submergence Ratio h/c

33

Lift-to.-Drag Ratio versus

17

Contours of

Angle of

Speed

Attack

for

10




08

0.6
0.4
-t
o
0.2
0.0
-0.2
o
o

Figure 1.3 - Measured Hydrofoil

U (ftisec) F,

U (ft/secl Fnc (a)

0] 8 1.22 & 18 2.75
i Q 9 1.38 + 20 3.05
] ] 153108 A 0 36733
i O 14 214 A 2717 43 _<«
o) 16 244 /+’
I
10
0.05 T — - r
(b}
0.04 | _ ﬂ
0.03 | E
1
0.02 | .
1
0.01 -
1
'0 n 1 . Il 1 ] L
-0.2-01 00 01 02 03 04 05 06 0.7
cL
Lift and Drag Coefficients for

Subrergence Ratio h/c = 0.5, Zero Fl ap,

34

Contours of Speed




18

14 1] 21
I T T
] .
T e
1 t T
) }
t
. +
+ 1
I
¥ T
I8 K] :
H 1
t
: + t
1 1
1 1
1 1=
N} i} T)a
im t :
T T :
T I
T
3
1
+ :
it
i1
T
i—+
4L :
o
1
) S
1 N
. i
: EEiE
1 ' 1
L I Ty
- 1 1 ¥
H T
t b T
T
- T +
o “
" :
. { :
s H i
T : s
S t T
1] 1 {
SLall T o
1} T I
‘o 1 1
. + > -t
w 1 s
- T s L
: a3 - + =
- T 4 M 3
[ = : i 3 P A
soli'T) + i+
I @ H. nmames
-2 [ NS T T :
L £ s
- ? T T T
— — —t +- 4
DU B 5 t 1
o | I I
.. i n } t
NG
I B By N B ;
: L
T
i 1 T
R S ERRE SRR t
- IDKRRRN RRRRI :
- 1 T
Tt 1 =
s 1 +
s -+
111 117
s it
N < «©
[}

10

a (deg)

Drag Ratio versus Angle of Attack for
Contours of Speed

Lift-to-

Hydr of oi |
Subnergence Ratio h/c = 0.5,

Figure 14 -

35




05 T T T T T T T T
U (fUsec) F,_ hic = 0.25 (a)
(]
df = 0 -1
o} 8 1.22
0.4 Q 10 153 g
@ 12 1.83
%) 14 214
o] 16 2.44
0 18 2.75
0.3 + 20 3.05 .
@ 22 3.36
A 24 3.67
4
o-' 0.2 a
0.1 i
0.0
0.1
-1 0 1 2 3 4 5 6 78 9 10
a (deg)
0.04 T r
{b}
0.03
o 002} 1
0.01 |
0.0 : : —
-0.1 0.0 0.1 0.2 0.3 0.4 05

Figure 15 ~ Measured Hydrofoil Lift and Drag Coefficients for
Subnergence Ratio h/ic = 0.25 Zero Fap, Contours of Speed

36

3




uo

18

18

14

12

10

— T T T T T
T HH'“‘H'“EHl:;,f,*li,‘" EHEIEHE :i:v‘:'r' P 3.'. L
P bt

NEREP

o U (f/sec) Fnc“

Tilo 8 1227

T
e
T

THEIQ 10 183

R e
EN NN

o 12 183 ThT

ELly e 2neiin s
L 6 sl i
e 18 2750 n B daciisess
i—‘ { + 20 3.05:: o / f{“ - S 1+
festl; %m 22 3.36 14 A il " u
LT dRRuaEy 4 i 2 . ’ o [
T A 24 367 :_.,;‘X{ ’{;_"" RESHV” iR nhuh i I IO
=RHISEE F A o e T L RS e T
- 1A 277 4,23&@;‘ % A ] L AN H
e e A :
S R e R i
HEEEHE
1] /{7
4 .41 - l e o
anRal Rafng 4 A ]
HHHHH-HH A /AIfr.,
gl
T —}' +
IRARRESS et i S i TP R TR
M : s i .iul 1:".( lT
N bl ] SEGks SR 11
Ef:: 1 :HM AT

'I_‘
o
—
N
w
E~N
ol
[=2]

Figure 16 - Hydrofoil

a (deg)

Subnergence Ratio h/c = 0.25 Contours of

37

Speed

Lift-to-Drag Ratio versus Angle of Attack for

10




Cy, {deg)

0.08

0.06

0.04

0.02

0.0

T
"~ T -‘.
-
Eaus Sases
J

1
R
hui
T
=
T
gt
e
T 1
- i
o &
)

g Al

h
A
=
1
T
T
1

[
A
T
:
T
—~T
T

T

rr
=
Il
RIS
=
1
R
LI i REEnN
T T
. 3
m
A B RNS

p S L H i |- e e g eqaghas -

L T Ui THTEHETH AT A - S 4

- Tt 11 "" - ‘1H -1t -~1-}4 j
THIE AT P RN H hic :
1 ; a —1; 1 eanias as ”-3

il g 25

EEii i i
aadqintnasunusuual yEngd he Bt 05 a
4 A== 4 p m
nugupney =
T A AT ERARRRaS uplisas
TR H 120
EEL T T Eisghetistsedt

4.0 (C_ = 0.06905 deg)

i

a
]
1.0 HH
- |
H

i FEETY R R

0.0

10 2.0

CHORD FROU

3.0 4.0

DE NUMBER (F, |

Figure 17 -~ Variation of Hydrofoil Lift-Curve Sl ope versus

Chord Froude Nunber,

Cont ours of Subrergence

38

50




C,, (degh)

0.08

T e e T e T T R
- Eduil __ : I “l . . . . T o n
i “',_ LT B e H g T &
0.06 IERREREE j, H i . . - ‘:j_f__ | a ] g ]
N s iR il
O T TR weodeni § s i
PR giduaiaiinly O saguaid
0.04 Bl L ige CEHE I B D TRV
0.02 P F R T
e R jisis
I FHEHT : FH 40 HH
00 i

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 6.0 9.

DEPTH FROUDE NUMBER (Fnh)

Figure 18 = Vvariation of Hydrofoil Lift-Curve Sl ope versus

Dept h Froude Nunber,

Cont ours of Subnergence

39

10.0




T - T ABES
T FEEHH T i
1 T ; T
I N E 1 T
t+
: +
1
T
1
;
: - aym
T Tt
1 1
1
"
i
f ; s
=y + 1.
- {
T 1 1
: T
v 1
;
}
T
1
t T
RN I
BRRS { T
IR {
Hr
s t
T 1 T T
it 11 T
i a3
T N 15 T +
I T T s
i I SN | I T
i RS EEEEN ! T
T b : s t
—— . +
tet S i man & t )
Ny IR NS T T t
I i i "
IR RS 0 T : + :
= = ! 1 +
o T N e
: LSy W I T
13 T T T T
Y N WE EREWE £ H 1
) SN NN ] t
b RS I 1 o o
wn {1 i
: L =
~ EC N H
N E 3
s e o L L]
N .;.to < 1 ! T
: SRS EENEDENE 1 ] i
i - ] r 14 1
il A . 1T 1
: 1 ; :
pomaal S J T ; t =
NS S i t ¥ }
T L I - IR T t — +
o LI T R &
Y EUNRRESE BESYNREE :
— s s o I H : 1 T : +
T ' SRR P 1R EREY T 1
-t 8 Dot I I s
_ e astsEtl 11 A,
2 ] I
(o T ; IR
Tk 1 e Hh
T T T IR Tt
. A -1
KD 1= .t N . T
RN W i
WW T = T
i o t
it = T
t T
]
! T
7 1
1 + )
I It 8 Ban) T T
" T " u ) T
+H T SENE m ;r k_
o o o ﬁ

7.0 8.0 8.0 10.0

6.0

1.0 20 3.0 4.0 5.0

0.0

-1.0

a [deg)

Figure 19 - Effect of Flap Deflection on Lift Coefficient versus Angle of

4

Subnergence Ratio h/c

Attack for

40




1.2

L
PRRY

I s e s statse

H
pa

AT I T F i c e : RgEaase
B ! : 'Jh'jj it T }j‘ ﬁ.",' 11 wndREaE N -
T T U (ft/isec) Fnc E’E‘E-_L HH l —_;— 1A fakes —j;
ags i H 1717 -} 1144 J. HH 1 34 414
- 8 1.22 -:-.L T Jr-x il

10

LW DAY e ¢

Y
X
N
X
Y

=Y
et
3
oY

—PDo D DO
-

08 k. .

B

P T
T

L |

0.8

) S S e R
A =1
i
i

CL
1T

:

1

1

1

l
7—[

rou s BN IA B
N B BE NS RE R
1+ 4

1
T
—

EEAECHEH SRS RAT HERR i oEAER SR Sl il T [ H HHHAE
< ie il TR T e

0.4 PEHEEHE ey {ﬂ

1

R,

-
1 t
IR WEN
Tt
L
u I
EREE
)
s
T T
1
X
N
1
T
I
)]

0.2

pa
RANS BSEN
1
: T BS SWH
: I DY PER s
T .L T
(-
T
)
T
—
T

1
T
T
11
1
I
=
JERS FINCRE RN
-
i
T
I
i
T
L
T

T
|
i
iy
T
T
I
T
Iua
EEwy

)

IRSABANAS SRS NN +
T I HB
R RSN [ SRR RS
- - ., .
i
1
T
N
T
t
1
b
17

Ty
- 1T

NRSN R
+ +
1

t
I

1
T
g
far
1
-
T
S
)
1
T
TT + i
4o i e 1 [
S -
: oo : :
3 BRSNS
RES
i

rREan
T

1
=1
T
—
T
T
N R
™
T 1
T
t
¥
1T
T
{
3
1

-1.0 0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

a (deg)

Figure 20 ~ Effect of Flap Deflection on Lift Coefficient versus Angle of
Attack for Subnergence Ratio h/ic = 2

41




1.0

0.8

0.6

0.4

0.2

0.0

-0.1

Figure 21 -~ Effect of Flap Deflection on Lift Coefficient versus
Angl e of Attack for Subnmergence Ratio h/c =1
IHII(I:.I;III
U (fsec) F,_
o 8 1.22
Q 10 153
D) 12 1.83
dg = 159 LTtk -
ds = 7.5°
HHd =0
-1.0 0.0 4.0 2.0 3.0 4.0 6.0 6.0 7.0 8.0 6.0 10.0
a (deg)

Figure 2la - F, = 1.22, 1.53, and 1.83

C

42




1.2

1.0

0.8

0.6

0.4

0.2

0.0

0.1

Figure 21 (Continued)

[ i

hie =1
U (fsec) F,
O 9. 214
o) 16 244 H
é 18 2.75
+ 20 3.05 :
d¢ = 18°
df=7.5" .
6 =0
-1.0 0.0 1.0 20 3.0 40 6.0 6.0 7.0 8.0 9.0 100
' a (deg)

Figure 21b = Fre = 2.14, 2.44, 2.75 and 3.05

' o

43




1.0

TR i i,l.!|f} TR l Bl Ttr’llmmaw;-;__: T, .
T ;|_4||" Spsagh A i hle = 0.8 H T L T )
B :?_i 2838 lr“. J'J +L*Hr i _: T —E&::i:]jg”‘]: _— T : _ Jr 11
- U (ft/sec) Fn- el T T T R T 1
. (4 AL - shadnagfisn LT 1A 1
NO) 8 1.22 prert il T T T R e BaRSRE
A1 et i i Bl
wg * (11 AT - .. HH .[;_ L '.”.'“;E’ o T.:
: R SHETHE s ] it
0] 12 1.83
HH 0 HHTH Byttt H T .uth?HL: L E
14 2.14 : PR -
11 Zais 1 11111
T o5 LAt Hea ] uulibdbhy
RO 16 244 R T e
06 =6 18 275 Hialadetied e :
" oy ' iz gle gil% g ] N nisy T HL
+ 20 3.05 {1 dgs : CaisnaaEls
e N __1 THFR 1'”84 o1 da0zaciebRiatezn pas e BT R L
L |- H -1 s = )- - SR isealEnEns a = osi? o n t 1 -
EH AT T E TR T E 51 ] 1 r LTl LT 1117 n
; i TR0 e el B A
o g T T s A T T
04 NESREGua 1], [I ‘ nk‘? s~ nfuuga T4
L | "F— Fﬁh H 1 :L[ e affis- gunin - H6s = 0
gessiadhes Sasbantabinedaatinsses HEH A ds = 01
i IR df = 76010 = T
:i”‘— —'—h r—r- ] T o H LT -
0.2 T Seesisie i : :
axgudgn : +__’ ¥ ]
r i
TT11] 1 4
1 i i ; 1]
) 35 ” HHE
0.0 54 ‘ it
THH H
-0.1 85 ] & H 7

-1.0 0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

a (deg)

Figure 22 - Effect.of Flap Deflection on Lift Coefficient versus Angle of
Attack for Subnergence Ratio h/c = 0,5

44




. __.
- . pan T T T S A SN
,|w.1“wwxlalﬂ : T T ' 1 IS EDESEEENEE SEEN

T T T NN AN A R
Jo : 111 3 ﬂ._ « - «ua T TT __h——hm
- == z ; . Cn ™ A
(S ; o b L R S anna
il " " T T e . NI
= & T | fhaws: T 21 3 . passa
i ; | AR 1 — T H
._~ T “ T T m “c 1
: 1 I “_ EEEE
3 B i = ? @ N @I
+ 1 T [ Mo PV S i R Ee
e a1 — o =i
17 PR | PN | T t T
. b ¢ .< _" E “U. 1
T — ﬁ« 3 t r
Lo . L] — t1 IS &1 + T
1 | 3T T I
R i T P53 aa Y I
: n
11T 1
i ﬁ I3 T T T T 1
TIVIT : I 1 (Y T
{1 ] T3 I s T T
1 t -1t
n T T +
15 g g 3 Il L i T
T T bt 1 (31
_, Pt ey = 1T 1 T T
; e - : T T
.a;;!x.! T i i i
. Pid INR] 1 MR
| B [~ T T T3
4 ) 1 T 1T 1 I
i_ - " IS8 A 1 1
" P T I T Lt
T 1 T T
1 T T
hn: T T 1 T
o RS H } b s o, = ]
et Shalie o T 1] T
Anids a_u... Tt T

I —1 : T X - I t

T - ..Mx...‘o. “t k! " L T _ } )]
; ‘.W Tt + : 1 1T T
: A inae: : > ru - :

o * - > v T [}

[ S S e 1) g Sensa sa msam _

. A | S 4 b § 13t "
_,wf.. o A
- 1 1 i :
[~ B " f&. 1 L . T ¥
: T X Iy T T T
- Tk e N — T —t+ + T
—+—r 5 —t g s z : T
[T o " o
PR G T » R rabun n &2 sununas:
— - - — T 1T L
; s =3 } 7|T NS SREEN N -
[ —— - ~ —_ i 1. i R
Il =N =¥ L H“.. (N SRS
f . . - T
[ L o= e ['San 180 BS R 198 SEE K]
. 1 T t
O~ ~+ 0 e
T N ; RN R T
— - ; WA :
io 1T IR I
= : o Lo
= -t + o Tt JEE
1 1 T3 T 111y Ty T M
11 IREI T IR 111 I J
- I - IBB S vt i Iy
o (= =) o [=1 o o

4.0

3.0

20

1.0

0.0

SUBMERGENCE RATIO h/c

I ncrenent versus Subner gence

Figure 23 - Flap Lift Coefficient

Speed

of

Cont our s

Rati o,

45




chlddf

dC, /da

QL

S¢S = 0.236
cic = 0.2
0.7 FErerFerrrTH
HE hic = 4
0.6 = 4° IDEAL
-~- :~ £ g +
0.5 =
a = 8°HH
0.4
0.3
0.2
0.1
©:20- v 6. g. 012 -
VELOCITY, U (fusec)
l
0.0 0.5 1.0 15 20 25 3.0

CHORD FROUDE NUMBER (F, )

Figure 24 - Reference Flap Effectiveness (at Subnergence

h/c

= 4) versus Speed

46




Figure 25 - Effect of Flap Deflection on Drag Coefficient versus
Angle of Attack Squared for Submergence Ratio h/c = 4
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APPEND X A
MEASURED HYDROFO L FCORCE DATA FOR ZERO FLAP  DEFLECTION
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TABLE A1l - LIFT A\D DRAG DATA F(R 6. = 0; hic = 4
Angle of Nominal  Velocity
Attack "u
(63
(deg) (ft/sec) (n/s) Foe CL Ch
a =0
-0.0075 a 2.44 1.22 -0.0219 0.01286
-0.0145 10 3.05 1.53 -0.0268 0.01224
-0.0179 12 3.66 1.83 -0.0229 0.012
-0.03 14 4.27 2.14 -0.0288 0.012
-0.044 16 4.88 2.44 -0.03167 0.0119
-0.071 20 6.1 3.05 -0.033 0.01167
-0.117 24 7.32 3.67 -0. 03783 0.01154
-0. 204 27.6 8.41 4.21 -0. 04966 0.01125
-0.192 27.6 8.41 4.21 -0.04683 0.01137
oy =2
2.04 a 2.44 1.22 0.1195 0.01433
2. 062 10 3.05 1.53 0.1151 0.01428
2.088 12 3. 66 1.83 0.1119 0.01424
2.117 14 4.27 2.14 0.1102 0.0142
2.163 16 4.88 2.44 0.1181 0.0144
2.274 20 6.1 3.05 0.1274 0.01429
2.424 24 7.32 3. 67 0.1368 0.01436
2.635 27.8 a. 47 4.25 0. 1529 0.01442
g =4
4.088 a 2.44 1.22 0. 2556 0. 01806
4.139 10 3.05 1.53 0. 2555 0.01823
4,201 12 3. 66 1.83 0.2571 0.01832
4.281 14 4.27 2.14 0.2627 0.01851
4.367 16 4.88 2.44 0. 2659 0.01902
4.598 20 6.1 3.05 0.2785 0.01984
4.942 24 7.32 3.67 0.3039 0. 02034
5.387 27.6 8.41 4.21 0.3372 0. 02068
5.386 27.6 8.41 4.21 0.3368 0. 02062
N =6
6. 1401 a 2.44 1.22 0.406 0. 02608
6.219 10 3.05 1.53 0.4035 0.02718
6.322 12 3.66 1.83 0.4116 0.02785
6. 443 14 4,27 2.14 0.4164 0.029
6.583 16 4.88 2.44 0.4226 0. 02945
6.96 20 6.1 3.05 0.4479 0. 03077
7.549 24 7.32 3.67 0.5011 0. 03093
O.N = a
8.187 a 2.44 1.22 0.5438 0. 03567
8.298 10 3.05 1.53 0.551 0.0376
a. 425 12 3.66 1.83 0.5441 0. 03956
a. 583 14 4.27 2.14 0. 5482 0.04061
8. 764 16 4.88 2.44 0.5562 0.04182
9.001 18 5.49 2.75 0.5766 0. 04356
9.274 20 6.1 3.05 0.5959 0.043
9.605 22 6.71 3.36 0.6222 0. 04348
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TABLE A 2 - LIFT AND DRAG DATA FCR6f=O; hic = 2
Angle of Nominal  Velocity
Attack U
a
(deg) (ft/sec) (m/s) Fnc CL Ch
% =0
-0.0113 8 2.44 1.22 -0.03288 0.01203
-0.0138 10 3.05 1.53 -0.02537 0. 01215
-0.0144 12 3.66 1.83 -0.01834 0.01194
-0. 0202 14 4,27 2.14 -0.0189 0.01192
-0. 0246 16 4,88 2.44 -0.01781 0.01177
-0. 0366 20 6.1 3.05 -0.01706 0.01169
-0.06 24 7.32 3.67 -0.01934 0.01166
-0. 106 21.6 8.41 4,21 -0. 0256 0. 01151
-0.113 21.6 8.41 4.21 -0. 02747 0.01142
GN =2
2.038 8 2.44 1.22 0.110 0. 01522
2.058 10 3.05 1.53 '0. 1067 0.0146
2.087 12 3.66 1.83 0.1111 0.01438
2.122 14 4,27 2.14 0.1149 0.01438
2.163 16 4.88 2.44 0.1183 0.01433
2.275 20 6.1 3.05 0.1281 0.01417
2. 444 24 7.32 3.67 0.1433 0.0144
2. 669 21.6 8.41 4.21 0.1623 0.0143
2.67 27.6 8.41 4.21 0. 1625 0.0143
%= 4
4.086 8 2.44 1.22 0. 2488 0.01904
4,086 8 2.44 1.22 0.2476 0. 0185
4,084 8 2.44" 1.22 0.2448 0.01871
4.105 9 2.74 1.38 0. 2409 0. 01848
4,13 10 3.05 1.53 0. 2406 0. 01866
4.127 10 3.05 1.53 0. 2338 0.0192
4,187 12 3.66 1.83 0. 2386 0. 01926
4,259 14 4,27 2.14 0.2433 0.01928
4,347 16 4.88 2.44 0.2512 0. 01965
4,596 20 6.1 3.05 0.2773 0.01982
4,95 24 7.32 3.67 0. 3065 0. 02022
5.39 21.6 8.41 4.21 0. 3379 0. 02046
5.39 21.6 8.41 4.21 0. 3387 0.02034
aN =6
6.138 8 2.44 1.22 0.4014 0. 02748
6.21 10 '3.05 1.53 0.3873 0. 02789
6. 303 12 3.66 1.83 0. 3882 0. 02888
6. 422 14 4.27 2.14 0. 3967 0. 02962
6.56 16 4.88 2.44 0. 4065 0.03169
6.914 20 6.1 3.05 0. 4263 0. 03082
7.495 24 7.32 3.67 0. 4835 0. 03124
ay =-8
8.184 8 2.44 1.22 0.5357 0. 03884
8.281 10 3.05 1.53 0.5193 0.04034
8.41 12 3.66 1.83 0. 5246 0. 04226
8. 56 14 4,27 2.14 0.5273 0. 0429
8.728 16 4,88 2.44 0.529%4 0.04321
8. 96 18 5.49 2.75 0.5524 0. 04381
9.22 20 6.1 3.05 0.5693 0.04398
9.544 22 6.71 3.36 0.5974 0. 04383
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TABLE A3 « LIFT AND DRAG DATA FR 6 = d; nfc =

Angle of Nomi nal Vel ocity
Attack U
a
(deg) (ft/sec) (m/s) Fn, C. Cy
oy = 0
-0.009 8 2.44 1.22 -0.02676 0. 01202
-0.01 10 3.05 1.53 -0.0192 0. 01166
-0.009 12 3.66 1.83 -0.01196 0.01161
-0.01 14 4.27 2.14 -0. 00964 0.01169
-0.012 16 4,80 2.44 -0.00858 0. 01166
-0.004 20 6.1 3.05 -0.00192 0.01187
-0.009 24 7.32 3.67 -0. 00292 0. 01166
-0.027 27.7 8. 44 4.23 -0. 00652 0.01135
-0.026 27.7 8. 44 4,23 -0. 00631 0. 01137
ay = 2
2.03 8 2.44 1.22 0.084 0. 01485
2.05 10 3.05 1.53 0. 0926 0. 01401
2.08 12 3.66 1.83 0.1028 0. 01428
2.118 14 4,27 2.14 0.1102 0. 01449
2.163 16 4.88 2.44 0.1183 0.0144
2,281 20 6.1 3.05 0. 1307 0. 01425
2.451 24 7.32 3.67 0. 1452 0. 01422
2. 665 27.6 8.41 4,23 0.1614 0. 01393
2.663 27.6 8. 41 4.23 0.1609 0. 01359
Gy =4
4,067 8 2.44 1.22 0.1937 0.01974
4.085 9 2.74 1.38 0.194 0.01809
4,11 10 3.05 1.53 0.2026 0. 01837
4.11 10 3.05 1.53 0.1989 0.01816
4,166 12 3.66 1.83 0.2127 0. 01851
4.17 12 3.66 1.83 0.2173 0.019
4.24 14 4.27 2.14 0. 2266 0. 01913
4,327 16 4,88 2.44 0.2373 0. 01973
4,556 20 6.1 3.05 0. 2589 0. 02005
4,888 24 7.32 3.67 0. 2865 0. 01998
5.293 27.6 8.41 4.23 0.3139 0.01954
5.295 27.6 8.41 4.23 0.3143 0. 0195
oy = 6
6.108 8 2.44 1.22 0.3136 0. 0293
6.17 10 3.05 1.53 0.314 0. 02736
6. 262 12 3.66 1.83 0.3349 0. 02854
6.376 14 4,27 2.14 0.3529 0. 02943
6.504 16 4.88 2.44 0. 3661 0.03
6. 842 20 6.1 3.05 0.3926 0. 03038
7.36 24 7.32 3.67 0. 4389 0. 03038
aN =8
8.148 8 2. 44 1.22 0.43 0. 04293
8.182 9 2.74 1.38 0.4183 0.03921
8.233 10 3.05 1.53 0.4312 0. 03958
8.352 12 3.66 1.83 0.4508 0. 04135
8.496 14 4,27 2.14 0. 4665 0. 0426
8. 657 16 4,88 2.44 0.477 0. 0422
8.863 18 5. 49 2.75 0.4962 0. 04279
9.114 20 6.1 3.05 0.5197 0. 0432
9.411 22 6.71 3.36 0.5451 0. 04285
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TABLE A4 - LIFT AND DRAG DATA FCR 81= 0; h/c = 0.5
ngl e of Nominal Vel ocity
Attack U
o
(deg) (ft/sec) (m/s) Fnc c. <
oy = 0
-0. 0185 8 2. 44 1.22 -0. 0536 0. 01257
-0. 0167 10 3.05 1.53 -0. 03086 0. 01241
-0. 0144 12 3.66 1.83 -0. 01835 0. 01241
-0. 0137 14 4.27 2.14 -0.01284 0. 01247
-0.015 16 4.88 2. 44 -0. 01076 0.0121
-0. 007 20 6.1 3.05 -0. 00521 0. 01216
-0.014 24 7.32 3.67 -0. 00461 0.01198
-0.033 27.6 8.41 4.21 -0. 00793 0.01171
-0. 035 27.6 8.41 4.21 - 0. 00845 0.01171
xy =2
2.011 8 2. 44 1.22 0. 03196 0. 01515
2.031 10 3.05 1.53 0. 0578 0. 01413
2. 059 12 3.66" 1.83 0. 07557 0. 01439
% = 4
4.041 8 2.44 1.22 0.1177 0. 02043
4.058 9 2.74 1.38 0.1328 0. 01857
4.081 10 3.05 1.53 0.1484 0. 01852
4.079 10 3.05 1.53 0. 1461 0. 01829
4.133 12 3.66 1.83 0. 1698 0.01844
4.2 14 4.27 2.14 0. 1875 0. 01909
4,274 16 4.88 2. 44 0. 1984 0. 01934
4.48 20 6.1 3.05 0. 2215 0. 01918
4.766 24 7.32 3.67 0. 2469 0..01904
5.117 21.7 8. 44 4.23 0. 2709 0. 0186
o = 6
6. 065 8 2. 44 1.22 0.1887 0. 0285
6.067 8 2.44 1.22 0.193 0. 02874
6. 092 9 2.74 1.38 0. 2105 0. 02566
6.124 10 3.05 1.53 0.2284 0. 02512
6.204 12 3.66 1.83 0. 2599 0. 02603
6.3 14 4,27 2.14 0. 2809 0. 02716
6.407 16 4.88 2.44 0. 2955 0. 02755
6.714 20 6.1 3.05 0. 3305 0. 02789
7.146 24 7.32 3.67 0. 3696 0. 02748
x =8
8.097 8 2.44 1.22 0.2819 0. 04023
8.13 9 2.74 1.38 0. 2987 0. 03622
8.172 10 3.05 1.53 0. 3186 0. 03528
8.274 12 3.66 1.83 0. 3502 0. 03634
8.397 14 4,27 2.14 0.3734 0.03741
8. 548 16 4.88 2.44 0. 3976 0. 03820
8.94 20 6.1 3.05 0. 4362 0. 03866
9.489 24 7.32 3.67 0. 4807 0.03782
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TABLE A5 = LIFT AND DRAG DATA FR 6. = 0; h/c = 0.25

1
ngle of Nominal Vel ocity
Attack U
a
(deg) (fr/sec) (m/s) Fac ¢, ¢y
=0
-0.028 8 2.44 1.22 -0. 08064 0.01195
-0.03 10 3.05 1.53 -0. 05506 0.01207
-0.033 12 3.66 1.83 -0.04211 0.01187
-0.039 14 4.21 2. 14 -0.03608 0.01195
+0.046 16 4.88 2.44 -0.03348 0.01184
-0. 062 20 6.1 3.05 -0.0289 0.012
-0.093 24 7.32 3.67 -0.030 0.01173
-0. 152 28.3 8.63 4.32 -0.0353 0.01141
-0.157 28.3 8.63 4.32 -0.03633 0.01142
o = 2
1.994 a 2.44 1.22 -0.01738 0.01348
1.994 8 2. 44 1.22 -0.01762 0.01373
2.0 9 2.74 1.38 -0.00062 0.01273
2.01 10 3.05 1.53 0.0184 0.01274
2.03 12 3.66 1.83 0.039 0.01294
2.053 14 4.27 2.14 0.0498 0.01277
2.08 16 4.88 2.44 0. 05826 0.01265
2.155 20 6.1 3.05 0.0721 0.0127
2.254 24 7.32 3.67 0.08196 0.0126
2. 365 27.7 8. 44 4.23 0.0885 0.01213
oy = 4
4.009 8 2. 44 1.22 0. 0259 0.01714
4.021 9 2.74 1.38 0.04795 0.01543
4.048 10 3.05 1.53 0.08785 0. 01545
4.001 12 3.66 1.83 0.116 0.0161
4.143 14 4.21 2. 14 0.1339 0.01514
4.202 16 4.88 2.44 0. 1461 0.01513
4.368 20 6.1 3.05 0.1709 0.01572
4.592 24 7.32 3.67 0. 1907 0.01558
4. 865 27.7 a. 44 4.23 0.2095 0.01502
4. 865 27.7 a. 44 4.23 0.2096 0.01504
= 6
6.032 8 2.44 1.22 0.09219 0.02162
6. 033 8 2. 44 1.22 0.09532 0. 02165
6. 052 9 2.74 1.38 0.1205 0.01902
6.078 10 3.05 1.53 0. 1429 0.01908
6. 141 12 3.66 1.83 0.1797 0.01998
6.214 14 4.21 2.14 0. 2006 0.01998
6.3 16 4.88 2.44 0.2171 0. 02009
6. 552 20 6.1 3.05 0. 257 0.02132
6. 891 24 7.32 3.67 0.2872 0.0217
3= 8
8.052 8 2. 44 1.22 0. 1496 0.02867
8.077 9 2.74 1.38 0.1766 0.02548
8.11 10 3.05 1.53 0.2028 0.02573
8.195 12 3. 66 1.83 0.249 0.02678
8.295 14 4.21 2.14 0.2767 0. 02804
8.413 16 4.88 2. 44 0.2992 0.02799
a. 748 20 6.1 3.05 0.3484 0. 02925
9.178 24 7.32 3.67 0. 3802 0.02756
9.618 27 a.23 4.12 0.412 0. 02808
9.638 27 8.23 4.12 0.4172 0.02852

w2
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APPENDI X B
MEASURED HYDROFO'L FORCE DATA FOR FLAP DEFLECTION ANGLES

6f=7.5Al\DlS DEGREES

75




TABLE B.l - LIFT AND DUG DATA FR 6 = 7.5 DEGREES, 15 DEGREES, hic = 4
Angle of Flap Nom nal Vel ocity
Atk Defl ection U
(deg) O¢
(deg) (ft/sec) (m/s) Fnc . Cp
G.N =4
4,193 7.5 8 2. 44 1.22 0. 5597 0.03531
4,301 7.5 10 3.05 1.53 0. 5569 0. 0365
4. 436 7.5 12 3. 66 1.83 0. 5583 0.03796
4.6 7.5 14 4,27 2.14 0.5637 0.03909
4,782 7.5 16 4.88 2.44 0. 5682 0.04003
5.004 7.5 18 5.49 2.75 0.5775 0.04093
5.023 7.5 18 5.49 2.75 0. 5887 0.04134
5. 265 7.5 20 6.1 3.05 0.5909 0.04152
5.595 7.5 22 6.71 3.36 0.6177 0.04192
oy = 4
4,276 15 8 2.44 1.22 0.801 0.06389
4,346 15 9 2.74 1.38 0.7971 0.06471
4,429 15 10 3.05 1.53 0.7948 0.06753
4,612 15 12 3.66 1.83 0.7844 0.06883
4.844 15 14 4,27 2.14 0.7952 0.07056
5.119 15 16 4,88 2.44 0. 8145 0.07169
5.423 15 18 5.49 2.75 0.8203 0.07258
5.435 15 18 5.49 2.75 0.8277 0.07216
ay = 8
8. 285 7.5 8 2. 44 1.22 0.8273 0.078
8. 36 7.5 9 2.74 1.38 0.827 0.07828
8. 448 7.5 10 3.05 1.53 0. 8286 0.0787
8. 649 7.5 12 3.66 1.83 0.8316 0.08013
8.906 7.5 14 4,27 2.14 0.8401 0.07567
9.175 7.5 16 4,88 2.44 0. 8552 0.07598
9. 496 7.5 18 5.49 2.75 0.8615 0.07843
Ay = 8
8. 357 15 8 2.44 1.22 1. 0358 0.1331
8. 559 15 10 3.05 1.53 1. 0364 0.1353
8. 808 15 12 3.66 1.83 1.0371 0.1377
9.107 15 14 4,27 2.14 1. 0459 0.1404
9.445 15 16 4,88 2.44 1. 054 0. 1403
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TABLE B.2 - LIFT AND DRAG DATA FR df '= 7.5 DEGREES, 15 DEGREES; hic = 2
Angle of Flap Nom nal  Velocity
Attack Defl ection U
o 8¢
(deg) (deg) (ft/sec) (m/s) Fac CL Cy
oy = 4
4.19 7.5 8 2. 44 1.22 0.5528 0.03891
4.29 7.5 10 3.05 1.53 0.5363 0.0397'9
4,416 7.5 12 3. 66 1.83 0.5329 0. 04075
4,58 7.5 14 4,27 2. 14 0. 5457 0.04164
4. 746 7.5 16 4,88 2. 44 0.5422 0.04179
4.969; 7.5 18 5. 49 2.75 0. 5566 0.04239
4.979 7.5 18 5. 49 2.75 0.5626 0.04221
5.23 7.5 20 6.1 3.05 0.5744 0.04243
5.554 7.5 22 6.71 3.36 0. 6006 0.04191
Oy = 4
4,276 15 8 2. 44 1.22 0.7989 0.06925
4.339 15 9 2.74 1.38 0.7785 0.07016
4,424 15 10 3.05 1.53 0.7834 0.0719
4.422 15 10 3.05 1.53 0.7822 0.07204
4.595 15 12 3. 66 1.83 0.7613 0.07297
4,82 15 14 4,27 2. 14 0.7723 0.07343
5.07 15 16 4,88 2. 44 0.7776 0.07327
5.37 15 18 5. 49 2.75 0.7881 0.07393
ay = 8
8.284 7.5 . 8 2. 44 1.22 0.8233 0.07612
8. 352 7.5 9 2. 74 1.38 0.8094 0.07213
8. 431 7.5 10 3.05 1.53 0.7983 0.07351
8. 62 7.5 12 3. 66 1.83 0.7946 0.07538
8.833 7.5 14 4,27 2.14 0.7846 0.07608
9.105 7.5 16 4,88 2. 44 0. 8047 0.07686
9.092 7.5 16 4,88 2. 44 0.7953 0.07551
9.419 7.5 18 5.49 2.75 0.8178 0.07586
Qy = 8
8. 365 15 8 2.44 1.22 1.059 0.1341
8. 453 15 9 2.74 1.38 1. 043 0.1336
8. 557 15 10 3.05 1.53 1.032 0.131
8.795 15 12 3. 66 1.83 1.019 0.1329
9.08 15 14 4,27 2.14 1.018 0.1301
9.39%4 15 16 4,88 2.44 1.017 0.1337

[




TABLE B.3 - LIFT AND DRAG DATA FR 8. = 7.5 DEGREES, 15 DECREES, h/ic =1
Angle of Flap Nom nal Vel ocity
Attack Defl ection U
o Of
(deg) (deg) (ft/sec) (m/s) Fre L Cp
oy = 4 \
4. 156 7.5 8 2.44 1.22 0.454 0.04314
4.196 7.5 9 2. 74 1.38 0.4513 0. 04066
4.245 7.5 10 3.05 1.53 0. 452 0.04013
4.367 7.5 12 3.66 1.83 0.4688 0.04103
4,521 7.5 14 4,27 2.14 0.4901 0.04163
4.688 7.5 16 4,88 2.44 0.4995 0. 04204
4.891 7.5 18 5.49 2.75 0.5115 0.042
5.423 7.5 22 6.71 3.36 0.5494 0.04219
O T 4
4.231 15 8 2.44 1.22 0.671 0.08124
4.29 15 9 2. 74 1.38 0. 6667 0.07668
4.359 15 10 3.05 1.53 0. 6634 0.07522
4.525 15 12 3.66 1.83 0.6717 0.07517
4.733 15 14 4,217 2.14 0. 689 0.07533
4. 965 15 16 4,88 2.44 0.701 0.07486
5. 266 15 18 5.49 2.75 0.7286 0.07528
5.61 15 20 6.1 3.05 0.7523 0.07348
oy = 8
8.233 7.5 8 2.44 1.22 0.6773 0.08223
8.29 7.5 9 2.74. 1.38 0. 6667 0.07705
8.36 7.5 10 3.05 1.53 0.667 0.07529
8.532 7.5 12 3.66 1.83 0. 6822 0.07598
8.739 7.5 14 4,27 2.14 0.6964 0.0756
8.979 7.5 16 4,88 2.44 0.712 0.07483
9.277 7.5 18 5.49 2.75 0.7347 0.0745
Oy = 8
8. 306 15 8 2.44 1.22 0.8889 0.1299
8.381 15 9 2.74 1.38 0.8768 0.1246
8.478 15 10 3.05 1.53 0.8848 0.1223
8.702 15 12 3.66 1.83 0.8988 0.1205
8.708 15 12 3.66 1.83 0.9058 0.1215
8. 966 15 14 4,27 2.14 0.9099 0.1195
9.226 15 16 4.88 2.44 0.8923 0.1175
9.618 15 18 5.49 2.75 0.9315 0.1175
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TABLE B.4 - LIFT AND DRAG DATA FCR Gf = 7.5 DEGREES, 15 DEGREES, h/ic = 0.5

Angl e of Fl ap Nom nal  Velocity

Attack Deflection U

o 5f

(deg) (deg) (ft/sec) (m/s) Fnc L Ch
ay = 4

4.109 7.5 8 2.44 1.22 0.3171 0.04312
4. 144 7.5 9 2.74 1.38 0.331 0.0384
4.189 7.5 10 3.05 1.53 0.3494 0.03772
4.297 7.5 12 3.66 1.83 0.3797 0.0383
4. 432 7.5 14 4,27 2.14 0.4048 0. 03849
4.582 7.5 16 4.88 2.44 0.4222 0.03894
4.77 7.5 18 5.49 2.75 0.4412 0.03908
4.99 7.5 20 6.1 3.05 0.4588 0.03912
5.247 7.5 22 6.71 3.36 0.4811 0. 03905
5.543 7.5 24 7.32 3.67 0.498 0.0385
Oy = 4

4,174 15 8 2.44 1.22 0.5038 0.078
4.229 15 9 2.74 1.38 0.5265 0.07396
4.295 15 10 3.05 1.53 0. 5458 0.06912
4.446 15 12 3.66 1.83 0.5704 0.07023
4.637 15 14 4.27 2.14 0.5979 0.06951
4. 862 15 16 4.88 2.44 0.6255 0.06941
5.131 15 18 5.49 2.75 0. 6496 0.06877
5. 456 15 20 6.1 3.05 0.679 0.06924
O = 8

8. 157 7.5 8 2.44 1.22 0. 4543 0.07161
8.211 7.5 9 2.74 1.38 0. 4854 0.06915
8. 277 7.5 10 3.05 1.53 0.5105 0.06678
8.425 7.5 12 3.66 1.83 0.5432 0.0676
8.611 7.5 14 4.27 2.14 0.5732 0.06729
8.813 7.5 16 4.88 2.44 0.5899 0. 0657
9.084 7.5 18 5.49 2.75 0.6225 0. 06558
9.402 7.5 20 6.1 3.05 0.6534 0. 06549
o = 8

8.222 15 8 2.44 1.22 0. 6446 0.1211
8. 287 15 9 2.74 1.38 0.6611 0.1141
8. 369 15 10 3.05 1.53 0.6831 0.1109
8. 556 15 12 3.66 1.83 0.7124 0.1073
8.79 15 14 4,27 2.14 0.7429 0. 1058
9.083 15 16 4.88 2.44 0.7871 0.1064
9.415 15 18 5.49 2.75 0.8139 0.1032
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APPENDI X C

BIPLANE FACTCR FOR HYDROFOL |NDUCED DRAG

The bi pl ane factor o, enters the expressions for drag coefficient-due-to-lift
fromlifting line theory given in Equations (6) and (8), and can be seen to account,
partially, for the effect of the nearby image foil for near surface operation. It

is nost wuseful for determining the Iliniting values of C at bot h vani shing and

D,L
infinite Froude nunbers as indicated in Equations (8). The factor o, for elliptic
circulation distribution only depends upon the depth-to-half span ratio h/(b/Z)(

Bi pl ane factor values, applicable to a rectangul ar planform of aspect ratio A = 6,

are presented in Table C 1 as a function of h/c and h/(b/2).

TABLE C| « BIPLANE FACTCRS FOR ELLI PTI CAL
QG ROULATI ON D STRI BUTI ON

h Bi pl ane Factor

hic b/2 oy

0.25 0. 08333 0. 69464

0.5 0. 1667 0.53314

1.0 0.3333 0.34088

2.0 0. 6667 0. 16556

4.0 1.333 0. 058735
A=6
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