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Purpose of Study

The purpose of this experimental study is to determine the con=~

- tour of the distorted water surface behind a hydrofoil operat;ing at
shallow depths of submergence. The effects of foil depth, Froude
Number, and the angle of attack were investigated for a non-cavitating
hydrofoil without any flap deflections. The characteristics of the
.surface depression behind a foil are important when considering the
applications of canard or tandem foil systems. A theoretical analysis
of the same phenomena is being made by Daniel Al and a comparison
between theory and experiment will be made in the near future.

- Equipment and Personnel

The investigation was made in the Free-Surface Water Tunnel of
the Hydrodynamics Laboratory at the California Institute‘of Technology.
The operator and investigator was J. Brentjes who was assisted by
Carl Eastvedt in the photographic studies.

For this study, the Task Mark II Balance was replaced by a physi~-
cally similar dummy balance to act as a support for. the angle-changing
mechanism and model. The live balance was not used because of the
desire to protect it from possible wetting or overload damage. The
dummy balance was mounted on the existing elevating mechanism which
allowed the model to be raised and lowered to within T 0.001 ft. from
the reference depth (Fig. 1). In order to provide the model with as
much clearance from this superstructure as possible, the dummy bal-
ance was rotated 180° from its usual position, By having the dummy |
balance point downstream in this manner, readings of the surface con-
tour could be taken as close to the model as was desired.

To measure the surface wake profile, a Lory Type A depth pointer
gage was mounted on a traversing mechanism which spanned the test
section (Fig. 1). The mechanism could be positioned a maximum dis=-
tance of four feet behind the model to within I .005 of a foot. The
depth gage could be read to within T.001 feet while the traversing me-

chanism could be set to within f .002 feet from the centerline.



Descriptio‘n of the Model

The model used in this investigation was an NACA 16~206 non-
cavitating hydrofoil mounted on an NACA 16-006 strut. The co-
ordinates for both the foil and the strut are presented in Table I.

The rectangular foil has a chord of three inches and an aspect ratio

of 1.33. The strut has a chord of 2.25 inches and a length of approxi-
mately ten inches. It was mounted with its leading edge coincident with
the leading edge of the foil and with a positive rake angle of ten‘degrees
with respect to the foil chord line. The foil tips were cut off square
and had no fillets at the foil-strut intersection. The model was made

. of 17-4 Armco stainless steel. It is owned by the Boeing Airplane
Company which cooperatéd in ar'ld sponsored the earlier force investi-
gation program on this model. I The photographs of the test condi~
tions {Fig. 2 and 3) were taken during that program.

Experimental Procedure

The model with its angle of attack adjustment bracket was mounted
on the dummy balance (turned end-for-énd, as described earlier).

Thus, as shown in Figure 1, the model was supported well aft of the
elevating mechanism. By measuring the distance from the tunnel wall

to the leading and trailing edges of the foil, the model was adjusted for
zero yaw as accurately as possible. The roll angle was reduced to zero
by bringing the trailing edge slightly above the water surface and rotating
the dummy balance until the foil tips were the same distance from the
water surface.

The transverse pbsition of the centerline of the model was deter-
mined with the traversing mechanism, using the tips of the foil as re-
ference points. With this centerline as the new reference line, the de-
sired positions of the Lory pointer gage were marked off, It was decided
that data points would be taken at 0.05, 0.1, 0.2, 0.3, 0.4, and 0. 6

feet transversely from the centerline. \

* Numbers refer to references at end of report



With the foil set at eight degrees angle of attack, the longitudinal
positions of the pointer gage were determined for distances of £ = 0.5,
1.0, 1.5, 2.0, and 2.5 feet. This was done by aligning a scribed
mark on the supporting U-frame of the pointer gage with a flexible scale
taped to the top of the upper working section box frame. Since the foil
leading edge position varied with angle of attack, the marks for the lon-
-gitudinal distance, ¢, had to be changed for each angle. The angles
of attack used in this experiment were: 8, 4, 2, and -4 degrees.

Because the effect of Froude Number on the wake profile was to be
determined, four velocities were chosen which were within the practical
-~ operating range of the tunnel; namely, 10, 15, 20 and 24.5 fps. At
each of these velocities thé surface contour without the model was de-
termined as a referénce waterline for both the foil depth and the wake
survey. The reference reading for the foil depth counter was found by
lowering the model until the trailing edge of the foil barely touched the
water surface and then by making the proper correction to transfer
this reading to that for the leading edge. Thus the zero depth reading
of the foil was determined and the settings for the three 'desired depths
could be calculated { h/c = 1.0, 0.5, and 0.25). This procedure had
to be repeated for each angle of attack.

Finally, with all the desired data points selected and marked off,
the surface contour was surveyed, repeating the entire procedure for
each velocity. _

A first impression was that the strut seemed to deflect the water
surface in the proximity of the model for the greater foil depths. To
check this, the strut was run with the model removed. It was found,
however, that the spray and surface distortion were small in comparison
with that of the foil and were therefore neglected.

| Duringv the experiment it was observed that the maximum wake-
depth and its position behind the model were direct functions of velocity
and angle of attack. Consequently, additional measurements of this
maximum wake depth were made for several mére foil depths, including

some points where the foil was planing.



Observations

Photographs which are directly applicable to this test were taken
'during the force measurement program. Figures 2 and 3 show the
effects of depth and angle of attack at the highest velocity (24.5 fps).
No photographs were taken at the lower velocities.

Because of the boundary layer and the buildup of water along the
tunnel walls, the actual water surface is not very clear in these photo-
graphs. The bottom of the wake profile, however, can be seen quite
well and should give a physical feeling of the maximum surface distor-
tion.

For the case of -4 degrees angle of attack, it was observed that
when the model was extremely close to the surface, a different type
of upwash would occur. The foil would actually scoop up the water
‘and throw it up into a rooster tail while underneath the foil some suc-
‘tion effects were observed. This total effect caused the high peak of

the surface distortion in Figure 10,

Analysis of Data:

The only data reduction which was performed was the calculation

of the actual wake depth with respect to the reference water line. This
| was done and the results were plotted to show the wake contours as
affected by the various parameters. The data is presented in dimension-
less form in order to make it directly applicable to othéer systems.

. Figure 4 shows the effect of foil depth on the longitudinal profile
at the centerline, and the transverse profile at the location of maximum
wake depth ( £/c = 6.0). All of these profiles are shown to scale.
Figure 5 is a similar drawing showing the effect of angle of attack.

The effect of Froude Number and angle of attack on the longitudinal
wake profiles is presented for a depth of h/c = 0,25 in Figure 6. For
this same depth and Froude Numbers, Figure 7 shows the transverse
wake profiles. These transverse profiles were taken at various distances
behind the leading edge of the foil as shown in the previous figure.

Figure 8 shows the transverse profiles at a full depth of half a chord.



The maximum wake depth, df, was obtained for various velocities,
depths and angles of attack, Figure 9 shows this maximum wake depth
as a function of foil depth for three velocities. Likewise, Figure 10
shows the effect of angle of attack. For constant'foil depths it was
found that the variations of d! were practically linear with Froude Num-
ber and angle of attack (Fig. 11). The longitudinal location of the maxi~
mum wake depth, 2, was found tovvary linearly with Froude Number,

but to be unaffected by foil depth or angle of attack.
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Measurements of the Free Watér Surface Displacements

Caused by a Hydrofoil of Moderate Aspect Ratio

Internal Memorandum No. E-110.3M
September 1, 1961

"Run Summary Sheet

Exp. Run No. Angle of Velocity Foil Depth Page No.
Attack "h/c
1 8° 10 fps 1.0, 0.5, 0.25 8, 9
2 g° 15 fps 1.0, 0.5, 0.25 10,11
%@ 3 8° 20 fps 1.0, 0.5, 0.25 12,13
e 4 8° 24.5fps 1.0, 0.5, 0.25 14,15
§§ 5 42 24.5 fps 1.0, 0.5, 0.25 16,17
2 6 4 15 fps 1.0, 0.5, 0.25 18,19
@ 7 2° 15 fps 1.0, 0.5, 0.25 20, 21
P 8 8: 10 fps 2.0 to -.1 (14 points) 22
g@ 9 8 20 fps 2.0 to ~.096 (12 points) 22
E:g 10 8° 15 fps 1.0 to -.092 (11 points) 23
24 11 2° 15 fps 2.0 to 0 (11 points) 23
g 12 4° 15 fps 2.0 to -.02 (11 points) 23
= 13 - 4° 15 fps 2.0 to 0 (12 points) 24
25, 26, 27

" Data Reduction Sheets
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HYDROFOIL AND STRUT COORDINATES

Table 1

T

NACA 16-206

T
NACA 16-006

NACA 16-206 NACA 16-006
HYDROUFOIL S TR UT

Xu Yu , X1 Yl . X : Yu, Y1

0. 0. 0. S0, 0. . 0.

0.0362 0.0225 0.0383 " | 0.01611 0.0281 0.0145
0.0734 0.0326 0.0766 - | 0.0215 0.0563 0.0203
0.1482 0.0467 0.1518 |, 0.0286 - |- 0.1125 0.0282
0.2232 0.0582 | 0.2268 | 0.0327 0.1683 0.0341
0.2920 0.0674 0.3018 . | 0,0363 0.2250 0.0389
0.4483 0.0822 0.4517 i|i 0,0418 0.3375 0.0465
0, 5984 0.0938 0.6016 | 0.0461 0.4500 - | 0,0535
0.8989 0.1104 0.9011 | 0.0521 0.6750 | 0.0610
1.1994 0.1199 1,2006 | 0,0557 0. 5000 - 0.0659
1. 5000 10,1231 1. 5000 ; 0.0569 '1.1250 | 0.,0675
1. 8006 10.1196 1.7994 .!' 0.0554 1.3500 - 0,0656
2.1010 10,1082 2,0990 .} 0.0499 1.5750 0.0593
2.4014 0.0868 2.3986 | 0,0391 1. 8000 ' 0.0472
2.7013 0.0532 2.6587 il 0.0222 2.0250 |.0.0283
2.8510 0.0307 2.8499. f 0.0117 2,1375 1 0.0159
3,000 0. 3,0000. | 0. ' 2.2500 ©0,0014

L.E. RADIUS = 0.00176" ¢
SLOPE OF RADIUS THROUGH L.E.=.0824

| L .E.RADIUS =.00396"




-1 Hydrofoil - Strut Model

2 Model Support and Foil
Depth Indicator

3 Depth Gage and Travers-
ing Mechanism

4 YVelocity Indicator

Figure 1 -- Free-Surface Water Tunnel Working Section

Conditions as shown: Velocity = 20 fps

Angle of Attack = 8°
Foil Depth, h/c = .25

29



30

Angle of Attack = 0°

-

o

Angle of Attack = 4

Angle of Attack = 8°

Velocity = 24.5 fps. h/c = .236

Figure 2. Effect of Angle of Attack on the Water Surface Distortion



h/c = .98

Velocity = 24. 5 fps. Angle of Attack = 8°

Figure 3. Effect of Foil Depth on the Water Surface Distortion
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NACA 16-206 HYDROFOIL WAKE PROFILE

EFFECT OF ANGLE OF ATTACK
FROUDE NUMBER, Fr = 4.60 FOIL DEPTH-CHORD RATIO, 1, = 0.50

% = 8°

TRANSVERSE PROFILE
AT & = 6.0

Figurs 5
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LONGITUDINAL. WAKE PROFILES

EFFEGT OF FROUDE NUMBER AND ANGLE OF ATTACK

|
£ - 1?.0 8.0 6.0 4.0 2.0 FOIL L.E.

c | ‘
! ‘ L _ ' Fr=4.60 _
. ____&__’ = — =

Figure 6
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TRANSVERSE WAKE PROQFILES

EFFECT OF

FROUDE NUMBER

DISTANCE

" FROM L.E.

Z/c = 2.0

4.0
6.0

TUNNEL
WALL

8.0

/o SPAN OF
HYDROFOIL

10.0

%, -

4
4
4
4
-
=
1

AANMN
Pp

10.0

Figure 7

MODEL &
TUNNEL

| CENTER LINE

(%)
[S3]



TRANSVERSE WAKE PROFILES
EFFECT OF FROUDE NUMBER

a=8° DISTANGE b, =0.50
FROM LE. -

%.=2.0
4.0 )
MODEL &
2—.‘—. P e e W ——— TUNNE L
TUNNEL 6.0 ~
WALL CENTER LINE
80
10.0

|/2 SPAN OF%

HYDROFOIL ‘

9¢



MAXIMUM WAKE DEPTH, «

EFFECT OF FROUDE NUMBER, Fr

ANGLE OF ATTACK =8°

7 /’Tl

A / | \ “ =9.0v

5 Aggf{ \'\ —o—o- 3.07

4 | \ = 4.60

3 [[ fﬁ )\-L\'l \\[ T el

, !f ’l\ N /

| ! | \\

-2 0 2 4 6 .8 10 12 14 16 18
h/c

LE



MAXIMUM WAKE DEPTH, «

%

EFFECT OF ANGLE OF ATTACK,

FROUDE NUMBER = 4.6

<

\ 4% =6.0

;2 A '
A .
].I i W‘\ I |
[ —— %
Zjlju 4 Gh/c L I;\§TE*‘TE:~T; .8 2.0
24 . .<";”#£———l—f . . . . 20
= ) | — li
-2
_3 fé ANGLE OF ATTACK
ﬂ4‘ e 4 »
% —O—0— 2 »
e O -4

Figure 10
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