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SUMMARY

A theoretical and experimental investigation was made of the
effect of the free-water surface and rigid boundaries on the lift and
drag of an aspect-ratio-1l0 hydrofoil at both subcritical and super-
critical speeds. The experimental investigation was made in Langley
tank no. 1 and Langley tank no. 2 at 0.84 and 3.84 chords submergence
at subcavitation speeds from 5 to 45 feet per second corresponding to
Reynolds numbers from 0.18 x 106 to 1.6L x 106.

Approximate theoretical solutions for the effects of the free-
water surface and rigid boundaries on lift and drag at supereritical
speeds are developed. An approximate theoretical sclution for the
effects of these boundaries on drag at subcritical speeds is also
presented. The agreement between theory and experiment at both super-
critical and subcritical speeds is satisfactory for engineering
calculations of hydrofoil characteristics from aerodynamic data.

The experimental investigation indicated no appreciable effect of
the limiting speed of wave propagation on lift-curve slope or angle of
zero lift. It also showed that the increase in drag as the critical
speed is approached from the supercritical range is gradual. This
result is contrary to the abrupt increase at the critical speed pre-
dicted by theory.

INTRODUCTION

Airfoils. and hydrofoils operate in fluids which differ principally
in density and viscosity, properties that are readily treated by the
concept of Reynolds number. Since such is true, the vast amount of
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aerodynamic data already accumulated becomes available for use in
predicting hydrofoil characteristics. However, the airfoil generally
operates in an essentially infinite medium, whereas hydrofoil applica-
tions usually require operation in a limited medium, that is, in the
proximity of the water surface. Aside. from the effects of cavitation
then, the principal difference between airfoil and hydrofoil applica-
tions is one of boundaries. .

In restricted areas such as shallow harbors, canals, and towing
tanks other boundaries are present besides the water surface, that is,
the bottom and sides. Naturally these boundaries also influence the
characteristics of a hydrofoil and their effects must be evaluated to
use aerodynamic data for the prediction of the characteristics of
hydrofoils under such conditions.

In addition to the reflective influence of the bottom and sides
the finite depth of water limits the speed of propagation of the
transverse waves generated by the hydrofoil. This change in flow
causes the 1ift and drag characteristics to be different at speeds
below this limiting or "critical speed" than they are above it.

In the present paper available aerodynamic and hydrodynamic
theories have been applied to develop an approximate method of eval-
uating the influence of boundaries in order to apply existing aero-
dynamic data to hydrofoils and to correct properly data obtained in.
towing tanks to actual open-water conditions.

Experimental data were obtained in two water depths at two depths
of submergence at both subcritical and supercritical speeds and com-
pared with aerodynamic data corrected for the boundaries. The
boundary-correction methods employed are similar to the general methods
used in wind-tunnel research with the additional congideration that
the limiting speed of wave propagation is taken into account.

SYMBOLS
L  1ift of the hydrofoil, 1b |
L1 1lift at infinite submergence, 1b ,
Lé 1lift at finite submergence, 1b
D , drag, 1b
D, ,drag at infinite submergence, lb

S
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5Cp,

£Cp.

drag at finite submergence, 1b

wave drag, 1lb

1ift coefficient,

asS
Ly
1ift coefficient at infinite submergence, Py
Q
- - Lo
lift coefficient at finite submergence, ag

. D
dr ff t, —
ag coefficient, S

D
drag coefficient at infinite submergence, —é
‘ o D2
drag coefficient at finite submergence, ag
_ . D3
wave drag coefficient, a§

section drag coefficient

induced drag coefficient of a rectangular hydrofoil -
in an infinite fluid

induced drag coefficient due to the trailing-vortex images

.induced drag coefficient due to the:horseshoe-voftex images

area of hydrofoil, sq ft

free-stream dynamic pressure, %_QVE, 1b/sq ft

free-stream velocity, ft/sec

1

limiting speed of wave propagation or

'critical speed,"
ft/sec :

mass density, slugs/cu ft :

kinematic viscosity,'ftz/sec

_acceleration due to gravity, ft/sec2

- i3
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Clo section 1lift coefficient at infinite submergence

cy gsection 1ift coefficient at finite submergence

aol section lift-curve slope at infinite submergence,
deig

| dag
| . L. dcy
| 80p section lift-curve slope at finite submergence, .
o
dCLl
aj slope of 1ift curve at infinite submergence, =
| ClCL2

ao slope of 1ift curve at finite submergence, -——

a angle of attack, deg

ap | section angle of attack, deg

VCCL

I circulation strength of vortex, 5

Pl circulation strength of vortex at infinite submergence

P2 circulation strength of vortex at finite submergence

Wy induced vertical velocity at three-quarter chord due to
bound vortex of hydrofoil (surface boundary only)

Wo . induced vertical velocity at three-quarter chord due to
hydrofoil image bound vortex (surface boundary only)

1 W3 induced vertical velocity at three-quarter chord due to
| two tralllng vortices of hydrofoil (surface boundary
only)

Wy induced vertical velocity at three-quarter chord due to
two hydrofoil-image tralling vortices (surface boundary
only)

W induced vertical velocity at three-quarter chord.due to

> horseshoe vortex of the hydrofoil

- ol
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wg

induced vertical velocity at three-quarter chord due to
hydrofoil-imége horseshoe vortex (surface boundary only)

induced vertical velocity at three-quarter chord due to
hydrofoil-image bound vortices (multiple boundaries)

induced vertical velocity at three-quarter chord due to
hydrofoil-image trailing vortices (multiple boundaries)

chord of hydrofoil, ft
depth of water, ft

depth of quarter chord of hydrofoil below free-water
surface, ft

distance of the bound vortex measured in free-stream
direction from three-quarter chord of the hydrofoil, ft

distance to center of image horseshoe vortex, measured
parallel to the lifting line, from the center of the
hydrofoil, ft ,

distance of image bound vortex, measured normal to the
water surface, from the hydrofoil quarter-chord point, ft

semispan of hydrofoil, ft

geometric aspect ratio, EE

C

plan-form correction factor for rectangular wings
(see ref. 9)

effective edge-velocity correction for 1lift

Reynolds number, Ve

Froude number based on depth of hydrofoil submergence,
ve
gf
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DESCRIPTION OF MODEL

The experimental data were obtained by using an 8-inch-chord
hydrofoil with an aspect ratio of 10 supported by an 8-inch-chord strut
intersecting the upper surface of the hydrofoil without fillets. The
strut was perpendicular to the chord of the hydrofoil. The hydrofoil
and struts were made of stainless steel. They were polished to a
smooth finish consistent with current wind-tunnel practice.

The sections of the hydrofoil and strut were the same as those
used in references 1 and 2. The hydrofoil had an NACA 64,ALl2 section

which differs from the NACA 64 -412 section only by elimination of the

trailing-edge cusp; the section characteristics‘of these two are
essentially the same (see ref. 3). The strut had an NACA 667 -012

section. Table 1 gives the ordinates for the hydrofoil and strut
sections as computed from references 3 and L,

APPARATUS AND PROCEDURE

The tests were made in both Langley tank no. 1 and tank no. 2 to
obtain two water depths. Figure 1 shows a view of the test setup
with the hydrofoil and balance attached to the structure on the
Langley tank no. 2 carriage. The setup in Langley tank no. 1 was
similar except for the method of attachment to the carriage. Figure 2
shows the cross sections of the two tanks. Tank no. 1 has a mean depth
of 10.64 feet; tank no. 2 has a uniform depth of 6.0 feet.

The - hydrofoil was moved vertically by means of a motor-driven
jacking screw which moved the balance and hydrofoil as a unit. Change
in angle of attack was obtained at the plate attaching the strut to
the balance. - ' ‘

Measurements of lift and drag were made by means of electrical
strain gages. The force measurements were made at constant speed,
angle of attack, and depth of submergence. The depth of submergence
is defined as the distance from the undisturbed water surface to the
quarter-chord point on the chord line. This definition differs from
that of references 1 and 2. The numerical difference is approximately
0.7 inch or 0.09 chord greater depth with the present definition than
the previous one. The present definition is more suitable for use in
the theory. Tests were made.at two submergences (0.84 chord and 3.84
chords), over a range of speéds from 5 to 45 feet per second, and a
range of angles of attack from -3.5° to 6.0°. The change in angle of

o —
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attack due to structural deflection caused by the lift and drag forces
on the hydrofoil was obtained during the calibration of the balance
and the test data were adjusted accordingly.

The supporting strut was run alone at the same range of speeds,
depths, and angles as the combination. For these tests the end of the
strut was fitted with a faired cap. The tares thus obtained were
deducted from the test data to give the net forces. The net forces
were converted to the usual aerodynamic 1ift and drag coefficients by
using a measured value of p of 1.966 slugs per cubic foot at the
testing temperatures which were 40° F for the tests at 0.8k-chord sub-
mergence in Langley tank no. 1 and 44O F for all other tests in both
tanks. All coefficients were based on the area of the hydrofoil. The
area of the hydrofoil used in the present tests is L.LL square feet.
The measured kinematic viscosity of the water at the time of the tests
in tank no. 1 at 40° F was 1.85 x 10-D feet squared per second, in tank
no. 1 at 440 F was 1.73 x 10-5 feet squared per second, and in tank no. 2

at U° F was 1.83 x 10~° feet squared per second.
EXPERIMENTAL RESULTS

The basic experimental results corrected for strut deflection and.
drag tares are presented in figure 3 as curves of 1lift and drag for
each water depth and depth of hydrofoil submergence plotted against
angle of attack with speed as the parameter. The data, converted to
coefficients, are presented in figure 4 in the usual form for aero- -
dynamic data. The strut-drag coefficients (based on the area of the
hydrofoil, k.Lk ft2) plotted against speed are shown in figure 5.

, 47
. The lift-curve slopes and angles of zero lift from figure 5 are
plotted against Reynolds number in figure 6. Also included in this
figure are the corresponding aerodynamic data for the NACA 653-&18

section. These data were taken from reference 5 and the lift-curve
slopes were corrected to aspect ratio 10 by the equation
Aaol

ay = : (1)
. AEe + 21#; aOl .

from reference 6 where Ee 18 an effective-edge-velocity correction

from reference 7. The hydrofoil data show no significant effect of

tank depth at either depth of submergence. It is of particular interest
to note that, where this effect would be expected to be most pronounced,
that is, in the region between the dashed vertical lines of figure 6
where the speed in tank no. 1 is subcritical while that in tank no. 2
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is supercritical, the lift-curve slope and angle of zero 1lift for a
given Reynolds number are essentially the same for both tanks. In the
region below the critical speeds the trends are not too apparent. The
lift-curve slopes decrease and the angles of zero lift increase with
decreasing Reynolds number, particularly at the shallower depth of
submergence. Such a tendency is indicated by the corresponding low
Reynolds number aerodynamic data for the NACA 65;-418 section. The
reason for the variation of this tendency with depth of submergence

is not fully understood; however, changes in pressure distribution due
to changes in submergence would influence the Reynolds number effect.
It appears therefore that if the lift-curve slopes and angles of zero
1ift are influenced by the critical speed the influence indicated by
these tests is so small as to be masked by Reynolds number effects
encountered in the tests and by the effects of submergence.

The variation of drag coefficient with speed for the 10.64 feet
and the 6.0 feet water depths at lift coefficients of 0.4 and 0.6 and
depths of submergence of 0.84 and 3.84 chords and aerodynamic section
drag data at the same 1lift coefficients for the NACA 653-h18 airfoil

section from reference 5 are shown in figure 7. A comparison of the
drag coefficients for the two water depths at both 1lift coefficients
and both depths of submergence shows that, with reducing speed, when
the critical speed in the greater water depth (tank no. 1, 15.98 chords)
was approached, a drag rise occurred whereas the drag in the shallower
water depth (tank no. 2, 9 chords) did not rise until its lower critical
speed was approached. It can be seen that the drag rise increases with
lift coefficient and decreases with depth of submergence as is pre-
dicted by the theory that will be discussed later. The trends at the
low subcritical speeds are not too clear since they are masked by
Reynolds number effects. An indication of the possible Reynolds number
effects can be obtained from the aerodynamic data presented.

P

| THEORETICAL BOUNDARY CORRECTIONS‘- SUPERCRITICAL

General

In order to use aerodynamic data for an airfoil in an infinite
medium to predict the characteristics of a hydrofoil in the proximity’
of the water surface and perhaps also rigid boundaries as would be
encountered in shallow water, canals, or towing tanks, the influence
of these boundaries must be evaluated. The boundary condition to be
satisfied at the free surface is that of constant pressure along the
surface streamlines. The boundary condition to be satisfied at the
rigid boundaries is zero normal velocity.

S
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Free-Surface Boundary

As a first approximation to the three-dimensional problem super-
critical conditions are assumed, however with only the free-water-surface
boundary present. The constant-pressure boundary at the free surface
can be satisfied by the introduction of a horseshoe vortex above the
surface which has the same direction of rotation as the one which
represents the loading on the hydrofoil (fig. 8).

The presence of the image bound vortex does not change the

" direction of the flow relative to the hydrofoil chord line in the
vicinity of the center of pressure, but it does tend to curve the
streamlines relative to the hydrofoil chord line. The curvature effect
is equivalent to introducing camber of the hydrofoil in such a manner
as to produce a negative lift increment. It would seem therefore

that a reasonably close approximation to the effect of the free surface
could be obtained by simply evaluating the effect of streamline curvature,
in addition to the induced-angle effect of the trailing vortices, by
applying a technique frequently used in approximate solutions of aero-
dynamic problems (see ref. 8). This technique involves determination
of the circulation I required to produce a downward velocity w5 + w6

at the three-quarter-chord location which when combined with the free-
stream velocity V produces a flow tangent to the mean camber line of

the hydrofoil. Thus, if geometric camber is neglected, the hydrofoil angle
of attack a 1is equal to the sum of the angles at the three-quarter-chord
point induced by the hydrofoil vortices and their images located at a
distance directly above the hydrofoil equal to twice the depth of
submergence.

By use of the Biot-Savart law and the notations defined in figure 8
the following expressions for the separate contributions at the line
of symmetry to the vertical component of the induced velocity at the
three-quarter chord were obtained:

(2)

(3)
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due to the image bound vortex,

due to the two trailing vortices of the hydrofoil,

r'b c

s 2nE)2 + (2f):_2] 'Q\I@)e - (»glf)e

due to the two image trailing vortices, ¢

_rIj2 ‘c 2 2 1 :

due to the horseshoe.vortex of the hydrofoil and

_ T c | b .
w6-— +

b (%)2 v (26)° {(g_)e . (26)° 4 b7

2b c
1+ 4 (7)

(2£)2 + v° 2‘/@)2 + (2£)° & b2

due to the image horseshoe vortex.

By means of equations (6) and (7) a computation of the angle of
attack a can be made. ’

Effect on 1lift.- In order to estimate the effect of depth of
submergence on 1lift the ratio of the hydrofoil circulation in an
infinite fluid to that of a hydrofoil at a finite depth of submergence
for a given angle of attack is obtained. That is:

r Weg + W W '
Fl— = —5———6— = l + ._.6.. (8)
2 . W5v Vg '
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Therefore (for small angles),

(3 e
-

" “be 1 1 b
+ +
r, EJ(E)Q s (202 4 07|97 + (20)®  (20)® + 7| (2r)? + 22
f—=l+< — >
2 2
2 c\2 1
L : ~/
where
o VcCL
2
and
, C -
e Lo 8
= =
1 Cupo8y
when this equation is divided through by c to get f in terms of c
and with '
2b
A==
1
f@ = : . (9)
;+u(£>2+if;+u<£>2 £+u<£>2 BEY LA
L c by c i c A )
1l + T
2
K(ﬂAQ +1+ 1>
L A

which is the ratio of lift-curve slope at finite depth to that at

infinite depth when only the free surface is considered.
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For the two-dimensional case (see ref. 1) the ratio of the lift-
curve slope at finite depth to.that at infinite depth for a given angle

of attack is
£\2
Qo, §§l _ ("E) v 1
—_— - 2
av’ ¢ é39 + 2

Cc

Effect on drag.- In order to estimate the effect of depth of
submergence on the drag of a finite-span rectangular hydrofoil the drag
induced by the hydrofoil images at a given angle of attack is obtained

W
£Cp, - Cr, 76(1 +0) ‘ (10)

This relation is not rigorous since it gives an induced drag in
two-dimensional flow due to the influence of the bound vortex at the
three-quarter chord. However, for the aspect ratios under consideration
when the drag correction is determined in the usual manner, that is by
evaluating the downwash at the quarter-chord, the drag predicted is too
low. This condition is true even when the spanwise distribution of
downwash is considered.

From equation (7)

W
_é - _EL.K /
\ Loty
where
c b 2b [
K = 5 5 = + 1 +
(%) + bt J<£> N N 2\[(%)2 + UP2 4 p°
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The drag coefficient of a rectangular hydrofoil in an infinite fluid is

CL12
CDl=Cd+_ﬂZ\—(l+0)

The total drag coefficient of a rectangular hydrofoil at a given depth
of submergence and angle of attack, therefore, is

1 K
CD = c3q + CL22<K;T- + §%>(l + U) . (ll)

Restricted Area

In order to estimate the effect of depth of submergence on the
1ift and drag of a hydrofoil in a restricted area such as a shallow
harbor, a canal, or towing tank, a system of images (fig. 9) that
satisfied the boundary conditions of constant pressure at the free-
water surface and zero normal velocity at the rigid boundaries is
required. The boundary-induced vertical velocities at the three-quarter
chord are obtained by computing the combined effect of sufficient images
to give the desired accuracy. " An infinite array of images is, of course,
required to give an exact value. Sufficient accuracy, however, can be
obtained with a finite array of images. For example, if another row
of images were added to the top and bottom and another column of images
to each side of the horseshoe vortex arrangement shown in figure 9
(A = 10, tank no. 2, submergence = 0.84 chord) the additional images
would cause a change of “less than 1 percent in the total induced
vertical velocity at the three-quarter chord of the hydrofoil. The
general equation for this velocity for each image vortex (see ref. 9) is:

W, = L{__% L y +b - s =
T yn|x? + Zgl!;E + 22 + (y + b)° J;E + 22 + (y - b)°
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due to the image bound vortex and

- ) y +b N X
[ + -
8" )22 + (y + ©)2 V;E + 22 + (y + b)2
Ly b : X ,
- S+ (13)
z< + (y - b) dxe +2° + (y - b)2

due to two image trailing vortices where x, y, and z define the
location of the image with respect to the intersection of the quarter-
chord line and the line of symmetry of the hydrofoil (see fig. 8).

a g . .
The ratio Eg and the drag coefficient Cp are obtained as
1

previously discussed by éﬁbstituting (W7 +_W8) for Wg in equations (8)
and (10). o :

Some results calculated by applying the foregoing theoretical
method to these tanks for estimating the effect of submergence on lift-
curve slope are shown in figure 10 for three aspect ratios.

Comparison of Theory and Experiment .

Lift.- The theoretical results presented in figure 10 are.compared
in figure 11 with the present experimental results for a.hydrofoil of
aspect ratio 10 and with experimental results given in references 1, 2,
and 10 for hydrofoils of aspect ratio 10, 4, and 6, respectively. The

a
ratio E% for the experimental lift-curve slopes for hydrofoils of aspect
ratios 6 and 10 is the ratio of.the lift-curve slope obtained at a
given depth of submergence to the lift-curve slope (corrected for aspect
ratio by equation (1)) as obtained from airfoil data (see refs. 11
a .

and 12). The ratio Eg for the experimental lift-curve slopes for the

_ 1
aspect-ratio-4 hydrofoil is the ratio of the lift-curve slope obtained
at a given depth of submergence to the lift-curve slope at the greatest
depth of submergence. This ratio was chosen in the case of the aspect-
ratio-4 hydrofoil because the experimental lift-curve slope at the
greatest depth of submergence was higher than the lift-curve slope
(corrected for aspect ratio by equation (1)) given by airfoil data. If
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the method used for the hydrofoils of aspect ratios 6 and 10 had been
used the ratios would be greater than 1.0. The difference in lift-
curve slope causing this is about five percent.

The agreement of the experimental results with results given by
the theoretical method is generally good.

Drag.- Results calculated by the restricted-area theoretical method
for estimating the effect of depth of submergence: on the drag coefficient
are shown in figure 12 for hydrofoils of aspect ratio 10, 6 and L.

The magnitude of the increments indicates that a correctlon to airfoil
drag coefficients must be made to predict hydrof01l characteristics at
supercritical speeds.

Results calculated by the restricted-area method for both tank no. 1
and tank no. 2 are compared in figure 13 with the present experimental
results for a hydrofoil of aspect ratio 10 and in figures 1k4, 15, and 16
with the experimental results given in references 1, 10, and 2 for
hydrofoils of aspect ratios 10, 6, and 4, respectively. The agreement
of the experimental results with results given by the theoretical
method is in most cases good.

THEORETICAL BOUNDARY CORRECTIONS - SUBCRITICAL

General

The speed of propagation of transverse waves generated by the
bound vortex of the hydrofoil is limited to a speed which is a function

of water depth. This speed is defined by VEE_ where g 1is the
gravitational constant and h 1is the - water depth. When the hydrofoil
operates below this limiting or "critical speed" the transverse waves
travel along with the hydrofoil whereas above this speed the transverse
waves no longer accompany the hydrofoil. It follows, therefore, that
the induced effects on 1ift and drag due to these waves are present
below critical speeds but not above. The diverging waves due to the
trailing vortices are not subject to this limitation and their effect
is present at both subcritical and supercritical speeds. The effect
then, of the trailing vortices, may be computed to a first approximation
in the same manner at subcritical and supercritical speeds. The effect
of the bound vortex at subcritical speeds, however, is not the same as
at supercritical speeds.

Figure 6 indicates that the expected effect of the critical speed

on lift was either not present or so small as to be masked by the
Reynolds number effects encountered in the tests and by the effects of
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submergence. It may therefore be assumed that to a first approximation
the influence of the boundaries on 1ift will be the same as for the super-
critical case and that only the influence on drag need be considered.

Since the condition generally encountered in actual applications
is that of great water depth most of the theoretical work has considered
only this case. Mathematical investigations of the wave drag of a
submerged body were made by Lamb, who studied the motion of a circular
cylinder and a spherical body. More exact solutions of these problems
were given by Havelock, who solved further problems, for instance, that
of the motion of a submerged ellipsoid. L. N. Sretensky (ref. 13)
approached the problem of the submerged cylinder for both infinite and
finite water depths by assuming the existence of circulation. Kotchin
(ref. 14) gave general formulas for the hydrodynamic forces acting on
profiles of arbitrary shape in water of infinite depth. Keldish and
Lavrentiev (ref. 15) considered the case of a two-dimensional "thin"
airfoil in water of infinite depth. Vladimirov (ref. 16) considered
the case of a three-dimensional hydrofeoil in water of infinite depth.
Recent work by Meyer (reference 17) considered a two-dimensional
hydrofoil in both infinite and finite water depths and in reference 18
the case of a three-dimensional hydrofoil ‘in water of infinite depth.

Drag
In order to estimate the effect of depth of submergence on drag
the induced drag due to the hydrofoil trailing-vortex images and wave

. drag must be added to the drag in an infinite fluid.

The boundary-induced drag coefficient due to the image trailing
vortices is '

Wu ’
From equation (5)

Wy
v

K
by L
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where

Kl:

2b [_ c
b2 + (2f)2 lfJbg + (2r)?

+
N
<D

no

for a free surface, and from equation (13)

_ Yy +0b X !
Kl = 1 + =

22 + (y + b)? i V22‘+ 22 + (y + b)?J

- b
7 1+ z (15)

z2 + (y - b)° \/xe-+ 52

+
B

]
o

for a restricted area (tank no. 1 and tank no. 2).

The wave drag coefficient for a hydrofoil at a given depth of
submergence and speed is (refs. 14, 17, and 18)

C; 2
) Ly , (16)
D3 T 2 ¥
ol
gc
where
2
V=eTF (17)

for a two-dimensional hydrofoil in water of infinite depth

(refs. 14 and 17) and
2 f
sink [(1 - -};)uo

V= - (18)
cosh® Uy - g
ve
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o tanh U
the parameter U, is obtained from the relations i
g Uo

for a two-dimensional hydrofoil in water of finite depth (ref. 17) and

b 20
f f
ve A
v = 5 dA, w2<F, arc tan —-)da; (19)
__b __2b
A2— f Al— f

and

F

l e ¥ F )
Vo (F,0) = <1 + cos 9>1H <F -+ e) )

: 2
(2 cos 8 + F cos 6 cos 29)Hl(l 2 _ cos” 0 cos 26
F cos 6 b

where Ho(l) and Hl(l) are Hankel functions and

6 = arc ta LA
2f

for a three-dimensional hydrofoil in water of infinite depth (ref. 18).

The drag coefficient of a rectangular hydrofoil in an infinite
fluid is

C 2
Lo

(1 + o) (20)
T

CDl = Cd +

Therefore, the drag coefficient of a rectangular hydrofoil at a
given depth of submergence, angle of attack, and speed is

o 2llro  Kie( + o) !
L A B V2

D

CD=Cd+

v (21)
gc
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Comparison of Theory and Experiment

Figures 17 and 18 compare the present experimental results for a
hydrofoil of aspect ratio 10 with the results calculated from
equation (21). The theoretical results were obtained by estimating the
section drag cq, and adding the calculated induced drag coefficient
of a rectangular hydrofoil in an infinite fluid CDi’ the boundary

induced drag 8Cp , and the wave drag coefficient CD3‘
i ,

The drag coefficient cq at low Reynolds number was estimated by
extending the section drag data of the NACA 6k4;-412 airfoil by comparison
(fig. 19) with low Reynolds number data for the NACA 653-hl8 airfoil

section. The boundary-induced drag coefficient &Cp, (equation (1k4))
i

was obtained by calculating Ky for tank no. 1 and Kl for tank no. 2

from equation (15). The wave drag coefficient was computed from .
equation (16), where the values for V¥ were calculated from equation (17)
(infinite water depth, two-dimensional hydrofoil), equation (18) (finite
water depth, two-dimensional hydrofoil), and equation (19) (infinite
water depth, three-dimensional hydrofoil). The,values for V¥ obtained
from equations (17), (18),.and (19) are compared in figure 20.

Figures 17 and 18 indicate that the wave drag coefficient for
water of infinite depth (two-dimensional hydrofoil) added to
CDl + SCDi (where CDl =cq + CDi) gives a better approximation of the

experimental drag coefficient of a hydrofoil at a given depth of sub-
mergence and speed than when wave drag is calculated for water of
finite depth (two-dimensional hydrofoil) or for water of infinite depth
(three-dimensional hydrofoil).

This result may be due to the fact that the wave-drag theories do
.not consider both the effect of water depth and the three-dimensional
case simultaneously whereas the experimental values were at a finite
water depth for an aspect-ratio-10 hydrofoil. Suitable experimental
data for other aspect ratios and water depths are not presently avail-
able to aid in clarifying the discrepancy. The difference in the
theoretical and experimental results at 5 feet per second could be an
additional section drag increment since the section drag coefficient
was estimated by an arbitrary method.
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CONCLUSIONS

The results of the tank tests of the aspect-ratio-10 hydrofoil
and the results calculated by theory and compared to experiment may
be summarized as follows:

1. A method has been developed which makes it possible to calculate
at subcavitation speeds, to engineering accuracy, the 1lift and drag
characteristics of a hydrofoil from aerodynamic data. The method
accounts for the effects of submergence of the hydrofoil below the
free-water surface, the proximity of fixed boundaries, and the limiting
speed of wave propagation due to limited water depth.

2. There was no appreciable effect of the limiting speed of wave
propagation on lift-curve slope or angle of zero lift at the two depths
of submergence investigated.

3. The increase in drag as the critical speed is approached from
the supercritical range is gradual. This result is contrary to the
abrupt increase at the critical speed predicted by theory.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.

,
o
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Towing carris

Balance sprir

Figure 1.- Test setup showing aspect-ratio-10 hydrofoil and balance
attached to towing carriage.

wonA,
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Figure 5.- Variation of strut drag coefficient with speed and depth
of hydrofoil submergence,
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Figure 7.- Variation of drag coefficient with speed for constant 1lift.
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Figure 8.- Horseshoe-vortex arrangement that satisfies the free-surface
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Figure 18.- Comparison of experimental and theoretical drag coefficients
for aspect-ratio-10 hydrofoil. Water depth, 6.0 feet (tank no. 2).
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