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SUMMARY

An investigation has been conducted to determine the hydrodynamic
forces and moments acting on modified rectangular flat plates with aspect

ratios of 1.00 and 0.25 mounted on a single strut and operating at several -

depths of submersion. A simple method has been developed by modification
of Falkner's vortex-lattice theory which enables the prediction of the
1lift characteristics in unseparated flow at large depths. This method
shows very good agreement with experimental data from the present tests
and with aerodynamic data.

The experimental investigation indicated that decreasing the aspect
ratio or depth of submersion caused a decrease in the 1ift coefficient,
drag coefficient, and lift-drag ratio. The center of pressure moved for-
ward with decreas1ng depth of submersion and aft with decreasing aspect
ratio.

Two types of leading-edge separation at high angles were encountered.
One type, called "white water" and found only for the aspect-ratio-1.00
surface, caused a slight decrease in the 1lift and moment coefficients
and a slight increase in the drag coefficient. The other type, called
the "planing bubble" and found for both surfaces, caused a sharp drop in
the 1ift, drag, and moment characteristics of the order of that to be
expected in the transition from the submerged to the planing condition.

INTRODUCTION

Interest has recently been shown in obtaining information on the
force and moment characteristics of low-aspect-ratio lifting surfaces
operating beneath the free water surface. In this connection, theo-
retical and experimental investigations have been undertaken by the
National Advisory Committee for Aeronautics to determine methods of pre-
dicting the hydrodynamic characteristics of such surfaces and the effect
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produced on these characteristics by the proximity of the free water
surface.

The problem resolves itself into two parts: first, the determina-
tion of the characteristics at depths great enough so that effects of
the free surface may be neglected, and second, the determination of the
changes in the characteristics which occur as the free surface is
approached.

The first part is essentially the same as the determination of the
aerodynamic characteristics of a wing in an infinite incompressible
medium. Therefore, with proper consideration of the Reynolds number,
the large amount of aerodynamic theory and experimental data available
for low-aspect-ratio lifting surfaces should be applicable in this case.
Some of the aerodynamic theories and experimental data relating to low-
aspect-ratio wings have been summarized in reference 1. In addition,
the NACA has recently conducted investigations of a rectangular flat-
plate wing of aspect ratio 0.25 (ref. 2) and of rectangular symmetrical
wings of aspect ratios 1.0, 2.0, and 3.0 (ref. 3).

The second part of the problem, which is the determination of the
effects of the proximity of the free water surface, represents the dif-
ference between the hydrodynamic and aerodynamic cases. In a confined
space such as a towing tank, two additional effects must be considered,
namely, the effect of the finite depth (which limits the speed of wave
propagation) and the effect of the rigid side walls and bottom.

The purpose of this paper is to present the hydrodynamic character-
istics of some low-aspect-ratio surfaces. Experimental data have been
obtained in Langley tank no. 2 by using modified flat-plate surfaces with
aspect ratios of 1.00 and 0.25 mounted on a single strut and operating
at various depths of submersion. A simple modification introducing non-
linearity to existing aerodynamic theory has been developed in an attempt
to provide a theory which will give reasonable agreement with the 1ift
at great depths and also be amenable to possible modification with the
method of images in order to include the effects of the free water surface.
Comparisons between the experimental data at the large depths and this
modified theory as well as comparisons with other existing aerodynamic
theories are presented.

A description of several flow phenomena peculiar to this investiga-
tion is also presented together with the effects of these flow changes
on the hydrodynamic characteristics. The comparison with the theory men-
tioned previously is not valid where the flow changes occurred and
therefore is not made for these regions.
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SYMBOLS
aspect ratio
an
n unknown coefficients in vorticity-distribution series
span of lifting surface, ft
. . Drag
drag coefficient,
Loves
2
. Lift
1ift coefficient,
L a2s
2
Moment
pitching-moment coefficient about trailing edge, ————
%pN2Sc

chord of lifting surface, ft

position factor relating downwash control point to
vortex, re-t

nondimensional position factor relating downwash control
point to vortex, Fc

area of lifting surface, sq ft

forward velocity, ft/sec

downwash velocity, ft/sec

coordinates along the lifting surface, ft

coordinates of downwash control point relative to
vortex, ft

angle of attack, deg

circulation, ft2/sec
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4 vorticity, ft/sec

n dimensionless lateral coordinate, Ey/b e
0 dimensionless longitudinal coordinate, cos=1 2x

0 density, slugs/cu £t |

The subscript 6 denotes a depth of submersion of 6 inches.
MODELS, APPARATUS, AND PROCEDURE

The models used were modified rectangular flat-plate surfaces with
aspect ratios of 1.00 and 0.25 mounted on a single strut. In order to
keep the effects of the finite thickness as small as possible, the
leading edges of the plates were rounded to a 2:1 ellipse and the after-
portions.of the plates were symmetrically beveled so that the included
angle at the trailing edge was 10°. A drawing of the models is shown
in figure 1.

The strut, which can also be seen in figure 1, had an NACA 66,-012

airfoil section. The strut was mounted perpendicular to the plates and -
intersected the upper surfaces without fillets. Both the plates and the
strut were made of stainless steel and were polished to & smooth finish.

Tests were made by using the Langley tank no. 2 carriage and
existing strain-gage balances which independently measured the 1ift,
drag, and moment. The moment was measured about an arbitrary point
above the model and the data thus obtained were used to calculate the
moments about the trailing edge at the center line. The positive direc-
tions of forces, angles, and moments used in presenting the force data
are shown in figure 2.

All tests were run with a wind screen which reduced aerodynamic
tares and aerodynamic effects on flow patterns to negligible values.
Before each run measurements were taken in the "at rest" condition with
the model submerged and the values obtained were subtracted from all
other data; thus, model buoyancy and strut buoyancy were not included in
the data.

The force measurements were made at constant speeds for fixed angles
of attack and depths of submersion. The depth of submersion is defined
as the distance from the undisturbed water surface to the point on the
model closest to the surface. -

/
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Tests were run at four depths of submersion (O. 5 inch, 1.0 inch,
3.0 1nches, and 6.0 inches) over a range of angles of attack from Oo
to 20°. The range of speeds covered at each angle of attack and depth
of submersion was limited by the capacities of the balances.

The change in angle of attack due to structural deflection caused
by the 1lift and drag forces on the model was obtained during the cali-
bration of the balances and the test data were adjusted accordingly.
This change did not exceed O. 2° for most conditions although in a few
cases changes up to 0.6° occurred. The depth of submersion was ad justed
during each run to keep the change in this parameter to a minimum. The
estimated accuracy of the measurements 1s as follows:

Angle of attack, deg .. « « & « o a o« o o ¢ s o o + o « o o s « + o *F0.1
Depth of submersion, in. e e s e s s s s s e s s s e e o s o . o 0,05
Speed, TE/SEC & v v v bt e e e e e e e e e e e e e e e e e e .. *0.1
Lifh, 1D . ¢ o ¢ v 4 v 4 6 v o o o o s o s s o o s s s e s s .. . 2025
Drag, ID . ¢« ¢ ¢ o ¢« ¢ o v o 6 ¢ o v s o s e s e s s s s s s . . . %010
Moment, £ft-1b .« ¢« & ¢ ¢« v ¢ ¢ 4 4t 6 4 v 4 b e e e e e e ... . *0.5

The forces and moments were converted to the usual aerodynamic coef-
ficient form by using a measured value of the density of 1.970 slugs/cu ft.

The kinematic viscosity measured during the tests was 1.62 x 107D ftg/sec.

EXPERIMENTATL. RESULTS

General Force Data

The data obtained are presented in figures 3 to 8 as plots of 1lift,
drag, and moment about the trailing edge as functions of the angle of
attack with speed as a parameter. The data are presented for both aspect
ratios at each of the four depths investigated.

The discontinuities in the drag curves at the low angles shown in
figures 3 to 8 are due to changes in the flow which are invisible whereas
the discontinuities in all the curves at the high angles are caused by
flow changes which are visible. The visible flow changes and their effects
on the characteristics are discussed later.

Results Outside the Range of Visible Flow Changes
Figure 9 shows the effect of aspect ratio on the 1ift and drag char-

acteristics at a depth of 6.0 inches. At this depth, preliminary compu-
tations indicated that the effect of the free surface would be small.
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The curves of 1lift coefficient against angle of attack show the nonline-
arity common to low-aspect-ratio surfaces. This nonlinearity increased
for a decrease in aspect ratio from 1.00 to 0.25. As would be expected,
the 1lift coefficient decreased with the decrease in aspect ratio.

The curves of drag coefficient against 1lift coefficient indicate a
slight decrease in drag coefficient for a given 1ift coefficient with
increasing speed (Reynolds number) and a much greater decrease with the
increase in aspect ratio. At a low value of 1ift coefficient for the
aspect-ratio-0.25 surface, a change in the curve can be seen which corre-
sponds to the discontinuity in the drag data for low angles of attack
previously noted in figure 7. Because of the scale used, no such change is
noticeable on this plot for the aspect-ratio-l1.00 surface despite the
fact that a discontinuity in the drag data occurred for this surface
also (fig. 4). The change in the drag coefficient for the aspect-
ratio-0.25 surface was sufficient to bring it below that for the aspect-
ratio-1.00 surface at the low lift coefficients. Over most of the range
of 1lift coefficients, however, the drag coefficient for the lower aspect
ratio was the greater of the two. In this range the lift-drag ratios
for given values of either 1lift cocefficient or angle of attack were
greater for the surface with the greater aspect ratio.

The effect of changing the depth of submersion on lift coefficient
for both aspect ratios is shown in figure 10. Figure 10(a) presents
values of the ratio of the 1ift coefficient at a given depth to the 1lift
coefficient at a depth of 6 inches CL/CL6 plotted against angle of attack

with depth of submersion as the parameter. The same ratio is plotted
against depth of submersion with angle of attack as the parameter in
figure 10(b). The 1ift coefficient decreased as the model approached

the water surface, the decrease being greater for the higher aspect

ratio. A change in the decrement with angle of attack may be noted, the
minimum decrease occurring at about 12°. The decrement increased con-
siderably as the angle of attack was reduced to 2° but only slightly as

it was increased to 20°. A large part of the change at the lower angles
of attack may be explained by recalling that the depth of submersion was
measured near the leading edge. Thus, as the angle of attack was decreased
for a given depth of submersion, the average depth of the plate decreased.

The effect of changing the depth of submersion on the drag coefficient
is shown in figure 11 to be similar to the effect on the 1ift coefficient.
Like the lift coefficient, the drag. coefficient decreased as the model
approached the water surface as would be expected because the induced drag
coefficient, which is especially important at these low aspect ratios, is
a function of the 1ift coefficient. The decrease again was greater for
the higher aspect ratio and lower angles of attack the minimum decre-
ment occurring at about 12°
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Since the decrease in drag coefficient was less than the decrease
in 1ift coefficient, the lift-drag ratio also decreased as the model
approached the free water surface.

The curves of both lift- and drag-coefficient ratios against depth
seem to approach the value at a depth of 6.0 inches asymptotically; this
fact indicates that at the 6.0-inch depth the surface effect was negligible.

The location of the center of pressure as a function of the angle
of attack with depth of submersion as a parameter is shown in figure 12
for both surfaces. In general, the center of pressure moved forward
with decreasing angle of attack, decreasing depth of submersion, and
increasing aspect ratio. The depth of submersion had a much greater
effect at the lower angles of attack, the apparent center of pressure
even occurring forward of the leading edge at the lowest angles of
attack at 0.5- and 1.0-inch depths. These effects indicate an increase
in negative pressure on the upper surface near the leading edge as the
water surface is approached or the presence of a suction force over the
aft portion of the bottom of the model at low angles of attack or both.

At the higher angles of attack for both models the center of pressure
seems to be asymptotically approaching a point about 5/8 chord forward
of the trailing edge. For the aspect-ratio-1.00 model, rearward movement
of the center of pressure occurred at the low angles for depths of 3.0
and 6.0 inches.

Visible Flow Changes and Their Effects

Cavitation.~ As was expected, cavitation at the leading edge occurred
at high speeds for both aspect ratios for all depths. Sequence photo-
graphs of a typical run showing the formation of cavitation are presented
in figure 13. At 30 feet per second no cavitation has occurred and the
bright area at the leading edge in this instance is merely a reflection
due to the lighting used. Although it cannot readily be seen in this
figure, a slight widening of the bright area at 40 feet per second indi-
cated the beginning of cavitation. The bright area is noticeably wider
at 54 feet per second; at 62 feet per second, an area becomes evident at
the ends of the leading edge where the cavitation is not so strong as in
the middle portion of the cavitation region. This indicates that the low
pressure in this area has been relieved somewhat. This area of pressure
relief is still more in evidence at 70 feet per second. The area of
pressure relief may have existed from the start of the cavitation but
was so small as to be unnoticeable before 62 feet per second.

The angle of attack designated in this figure and all other sequence-~
photograph figures to follow is the angle of attack for the model at rest.
Since the angle of attack changes with speed because of structural deflec=
tions, the photographs do not correspond exactly to a constant angle of
attack,
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The high speeds necessary for the inception of cavitation were
reached only at very low angles of attack; therefore, the results of
cavitation are not plainly evident in the data plots of figures 3 to 8. K

Figure 14 shows a plot of lift coefficient Cy, drag coefficient Cp,

and moment coefficient C, against speed at the same conditions shown in

figure 13. The 1lift coefficient and drag coefficient remain constant up
to the speed of cavitation after which the 1lift coefficient gradually
decreases with increasing speed while the drag coefficient increases.,
(The fact that the 1ift coefficient and drag coefficient coincide at
speeds before the inception of cavitation is a coincidence peculiar only
to the angle of attack illustrated.) The moment coefficient increases
slightly up to cavitation speed but falls off at higher speeds.

Ventilation.- For both models at the higher angles of attack and the
shallower depths, alr was observed to enter the trailing vortices aft of
the model. As the speed was increased the entrained air proceeded for-
ward along a helical path inside the vortices until it reached the model
when separation took place. The process is shown schematically in fig-
ure 15 in which the operation tekes the form of a 'planing bubble," an
air bubble surrounded by a thin film of water in such a manner that no
water touches the upper surface of the model.

For the aspect-ratio~1l.00 model at a depth of 1 inch, the same pro- -
cess resulted in the formation of "white water," a foamy mixture of air
and water which completely covered the upper surface of the model. This
effect may be seen in the sequence photographs of figure 16. The helical
airstream within the vortices is visible in the photograph taken at
10 feet per second whereas the white water is visible at 12.5 feet
per second. When the speed was increased sufficiently, the white water
changed to the planing bubble.

The effect of the formation of the white water on the force and
mément charascteristics is shown in figure 17. The 1ift coefficient
increased until the formation of the white water, after which it
decreased slightly and then leveled off. At angles of attack for which
no white water formed, the 1lift coefficient increased up to approximately
the speed at which the formation of the white water occurred at the
higher angles of attack and then leveled off. Therefore, the principal
change in 1ift coefficient introduced by the formation of the white water
is the slight decrease after its formation., The drag coefficient remained
more or less constant at the lower speeds, increased with the formation
of the white water, and remained constant thereafter. At angles for
which no white water occurred, no such drag rise was encountered. The
moment coefficient -increased at the lower speeds, decreased sharply with
the formation of the white water, and then began to increase again. No
sharp decrease was. encountered at angles where no white water occurred.
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For the aspect-ratio-1.00 model at 0.5-inch depth, the separation
took either of the two forms: +the white water described previously or
the planing bubble which is shown in figure 18. The helical entrained
airstream may be seen advancing within the vortices at 12 and 13 feet
per second whereas at 15 feet per second the planing bubble has been
formed. The model is, in effect, planing under the bubble since no
water touches -the upper surface. The corresponding force and moment
characteristics are shown in figure 19. All three coefficients increase
at the low speeds and then decrease sharply with the formstion of the
planing bubble, primarily because of the loss of all upper-surface 1lift.
The decrease in 1ift coefficient is of the order of that to be expected
for the transition from the submerged to the planing stage.

The ventilation boundaries for the aspect-ratio-l.00 surface at
0.5-inch depth are presented in figure 20 as a plot of angle of attack
against speed. The present tests were run at constant angles of attack
while increasing the speed; this.procedure corresponds to moving from left
to right along horizontal lines in this figure. Below 11.5° no separa-
tion was found. Along the line of planing-bubble inception designated A,
the planing bubble was the only type of separation encountered. At
angles above 12° the line of white-water inception was first encountered
but as the speed was further increased the type of separation changed -
from the white water to the planing bubble as the line of secondary
planing-bubble inception designated B was reached. The same type of
planing bubble was obtained by crossing either line A or B. The dif-
ference in designation was adopted to indicate that in the case of
line B the planing bubble was preceded by white water.

The tests indicated that, after the bubble was established, its
persistence was very strong. Even 1n the case of the planing bubble
Tollowing the white water, there was no tendency for the bubble to
collapse or revert to the white water as the speed was decreased almost
to standstill. If the speed were held constant and the angle of attack
increased, which corresponds to proceeding upward along vertical lines
in the figures, white water would occur only at speeds below sbout
13 feet per second when the white-water inception line was crossed.

At speeds gbove 13 feet per second the planing bubble would occur as
soon as the planing-bubble inception line A was crossed and would not
change to white water with further increase in the angle of attack.

For the aspect-ratio-0.25 model, the white-water stage was not
found for any combination of speed and angle tested. Instead, the
separation always took the form of the planing bubble as shown in fig-
ure 21, The helical entrained airstream in the vortices can be seen
at 10 feet per second, whereas at 15 feet per second the planing bubble
has been formed. The boundary for the unventilated flow at a depth of
submersion of 0.5 inch is shown in figure 22 and is similar to that
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shown in figure 20 for the aspect-ratio-1.00 surface although displaced
to higher speeds and higher angles.

From figure 23 it can be seen that, as the bubble forms, the 1ift,
drag, and moment coefficients undergo a sharp decrease similar to the
case for the aspect-ratio-1.00 model, However, all three coefficients
decreased up to the speed where the planing bubble formed in contrast
to the increase found for the aspect-ratio-l.00 model.

THEORY AND COMPARISON WITH EXPERIMENT

General

A theory was desired which would enable the determination of the
1ift at large depths and which would be amenable to possible modifi-
cation by the method of images to account for the effects of the free
water surface.

Bollay (ref. 4) and Weinig (ref. 5) have developed aerodynamic
theories to apply to low-aspect-ratio surfaces. Flax and Lawrence
(ref. l), in addition to reviewing these and other low-aspect-ratio
theories, have presented a semiempirical approach of their own.
These theories, however, do not offer themselves readily to modifi-
cation by the method of images so that an attempt was made to derive
a more easily adaptable theory.

The method of Falkner (ref. 6), which is based on linear potential-
flow theory, has been found to apply to a wide range of plan forms at
high aspect ratio. The lifting surface in this method is replaced by
a system of horseshoe vortices distributed both spanwise and chordwise
and the method would lend itself to application of the method of images.
Falkner's method was therefore modified to apply to low-aspect-ratio
surfaces by introducing nonlinearity and some simplifications were
introduced which apply to the present case. This modification is pre-
sented in the appendix of this paper.

Corrections to Experimental Data

In order to obtain an exact comparison between the data obtained
in the present tests and the theories mentioned in the previous sec-
tion, the tares and interferences would have to be eliminated. Their
effect on the 1lift was expected to be small, however, so that compari-
sons with the data as obtained were deemed to be valid.
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The finite water depth has an effect on the 1lift coefficient since
it imposes a limitation on the speed of wave propagation. Previous
experience indicates that the corrections necessary to account for this
effect for the low aspect ratios under consideration may be assumed to
be negligible. Computations were made to determine the effects of the
s0lid boundaries by using an appropriate array of images. This method
is a standard technique used in wind-tunnel work. (For example, see.
ref. 7.) Because of the small size of the models relative to the tank
dimensions, these computations indicate that the effects of the solid
boundaries may also be considered negligible.

Comparison With Experiment

The experimental results given in the present paper are compared
with wind-tunnel test data and the theories mentioned in the preceding
section in figures 24 and 25. Results of Falkner's linear theory
(ref. 6) obtained by using two vortices spanwise and three vortices
chordwise for the half-wing are also included.

Figure 2L shows the comparison for the aspect-ratio-0.25 surface.
The experimental results given in reference 2 are generally lower than
those of the present tests but agreement is still reasonable. The pre-
dictions of. Falkner's linear theory are much lower than the experimental
results at all angles but are nevertheless fair approximations for small
angles. The theory of Bollay does not seem to have the general character-
istics indicated by the data and predicts too high a 1ift coefficient for
most of the range of angles covered. Weinig's method predicts values
that are generally lower than the test points whereas the best agreement
is provided by the theory of Flax and Lawrence and the method given in
the present paper.

The comparison for the aspect-ratio-l1.00 surface is presented in
figure 25. The present data show excellent agreement with the experi-
‘mental results of reference 3. The linear theory is again too low
although agreement is better than for the lower aspect ratio. Bollaey's
theory, on the other hand, shows very poor correlation with the data.
The theory of Flax and Lawrence gives good agreement at the lower angles
but gives results which are considerably higher than the dats at the
higher angles. The theories of Weinig and the present paper show excel-
lent agreement with the data, the theory of the present paper being
slightly superior at the higher angles.

On an overall basis, then, the comparison indicates that the Bollay
theory is not very accurate for either aspect ratio 1.00 or 0.25 although
it begins to approach reasonable accuracy as the aspect ratio is reduced.
On the other hand, the linear theory is also inaccurate for both aspect
ratios but becomes better as the aspect ratic ls increased. The theories
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of Flax and Lawrence, Weinig, and the present paper show reasonable
agreement for both aspect ratios, the present theory being slightly
more accurate on an overall basis. The Flax and Lawrence theory gives
only fair agreement at the higher angles for the aspect-ratio-1.00 sur-
face whereas the Weinig theory gives only fair agreement at the higher
angles for the aspect-ratio-0.25 surface. The present theory appears
to offer possibilities of modification to include the effects of
proximity of the free water surface by the method of images. Both the
Weinig and the Flax and Lawrence theories would be difficult to modify
in this manner.

CONCLUSIONS

A simple method has been developed by modification of Falkner's
vortex~lattice theory to predict the 1ift characteristics for unsepa-
rated flow at large -depths. This method shows good agreement with
data from tank tests and wind-tunnel tests for aspect ratios of 1.00
and 0.25.

An experimental investigation of the hydrodynamic forces and moments
‘acting on aspect-ratio-l.00 and aspect-ratio-0.25 modified rectangular
flat plates mounted on a single strut and operating at several depths
of submersion indicated that:

Decreasing the aspect ratio for a given angle of attack and depth
of submersion decreased the 1ift coefficient, the drag coefficient, and
the lift-drag ratio and caused a rearward movement of the center of
pressure.

Decreasing the depth of submersion for a given aspect ratio and
angle of attack decreased the 1ift coefficient, drag coefficient, and
lift-drag ratio and caused a forward movement of the center of pressure.

A high-angle type of separation at the leading edge called "white
water" and found only for the aspect-ratio-1.00 surface caused a slight
decrease in lift coefficient and moment coefficient and a slight increase
in the drag coefficient.

Another high-angle type of separation at the leading edge called
the "planing bubble" and found for both aspect ratios caused a sharp
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decrease in 1ift, drag, and moment coefficients of the order of that

to be expected in the transition from the submerged to the planing
conditions.

Langley Aeronauticél Laboratory,
National. Advisory Committee for Aeronautics,
Langley Field, Va., January 19, 1954,
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APPENDIX
MODIFICATION OF FALKNER'S THEORY

The vorticity distribution in the Falkner method is expressed by the
double series

4BV tan a | 0
= V . 2 2 ‘
Y = — 1 -~ 7~ |cot E(ao +ajn+ axnT + . . .) + sin G(bo + by +

b2n2+...)+sin26(co+cln+c2n2+...)+...] (1)

where the variables are defined in the following sketch:

For the symmetrical case such as the present one, the odd powers
of 7 wvanish. The circulation is expressed by

T =‘jp:;z vy dx
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which now becomes

4oV tan o c/2
I' s ———m——\1 - n2 (ao + a2n2 + . .)\/P cot % dx +
¢ -c/2
c/2
(bo + b2n2 + . . .) JF sin 6 dx +
-c/2
c/2
o .
(CO +con® + . . .)\jp sin 26 dx + . . . (2)
. ) —c/2
But
x cos O
c T2
so that
d<§)=_lsinede
c 2
and
0 1+ cosbe
cot — = m——
2 sin 6
Therefore,

c/2 1/2
fc/2 cot & ax = cfl/E cot % d(’g)
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Similarly,

and

where n > 1. Therefore,

I'= kbv \’l - ftan @E(&O + a2n2 + .. ) + %(bo + b2n2 + .

Now,

and

Hence,

C =

b/2
Lift = f o/

b/2  ovr

o}
-b/2 £ V7S

1
b 2 1t f2)
CL=-\7§j:llLbV\jl—ntanon[:é-(ao+a2n +)

-E(bo + b + . EI an

2 1
2b=x
S tana,f \Jl-nEKeno+
-1

oVI' dy

by
2

NACA TN 3079
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2 2 T b b
CL=bS:t tan“KaO+"29) +%(a2+—2—2->+—g-(a4+—;-> + .. jl (k)

The evaluation of the unknowns ay, by, and so forth is accomplished
as follows:

(1) The vorticity is concentrated into an appropriste number of
horseshoe vortices distributed chordwise and spanwise and expressed in
terms of equation (1).

(2) At a number of control points, the downwash due to all the vor-
tices as found from the Biot-Savart law is surmed.

(3) The downwash angle thus determined at each control point is
equated to the local slope of the wing at that control point.

(h) The resulting equations are solved simultaneously for an, bp,
and so forth.

The results obtalned by the methods used thus far are spplicable to
any wing shape or aspect ratio by choosing the proper vortex-lattice dis-
tribution. Because of the particular models being considered in the
present paper, several simplifying assumptions were introduced.

Because of the low aspect ratios under investigation, the assumption
is made that the vortices are concentrated so that spanwise only one
vortex occurs whose center is at the plane of symmetry. The use of a
single vortex means that the terms representing the spanwise distribution
may be reduced to one at each chordwise location. This assumption reduces
equation (1) to

4V tan OL\Jl 2 cot ° + b sin 6 + in 20 + (5)
T ———————— - a O — Sln C Sln ° . .
7 c N i 0 5" Po 0

The cot % term applies for the straight-line airfoil and the

sin n® terms are in effect corrective terms for deviations from the
straight line. In order to simplify the equation further, the surfaces
8
2
means that the surfaces are now represented by one horseshoe vortex. The
final equation for the vorticity therefore is

YbV tan o 5 0
= —— 1 - t 2 6
4 - \l " 8g cot 3 (6)

are assumed to be represented by the cot term only; this assumption
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In a manner similar to that used in obtaining equation (3), the
circulation is obtained as

LBV tan a ¢
I = -——-:r——-ql - n2 aQ %;

or

' = 2ﬁbVaO\|l - 7 tan o (1)

According to Glauert (ref. 8), the downwash produced by a simple
horseshoe vortex may be expressed by

T

where F 1s a position factor which is governed by the relative location
of the horseshoe vortex and the point at which the downwash is computed.
Combining equations (7) and (8) and setting 1 = O, since the vortex is
centered at the plane of symmetry, gives

v  anbF tan o
V=———O = (9)

Equating this relation to the local slope of the plate, which is
tan o, yields

or in nondimensional form

(10)

&
hdll
7|

where

Fe
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and

A:E
c

By applying the methods used in obtaining equation (4), the follow1ng
equation results:

b
Cr, = ~ Ira

Substituting equation (7) into this equation yields

1

2rb2

CL = 5 89 tan ak/P vl - nzdn
-1

or

_ 2n°p?

ag tan a (11)

Substituting equation (10) into equation (11) and using the rela-
tion S = be yilelds

2
o = 2n~tan o (12)
FC

Thus, the only unknown necessary to determine the 1ift coefficient
as & function of the angle of attack is the position factor Fa-

From reference 8, F is given as

(X')2 + (21)2 L4(}{')2 + (21)2 + (yl + %)2 Q(Xl)2 + (Z')2 + (yv - %)2
Y- %- I.+ X | +

(292 + (y' - %)2

(D2 + (2024 (v - B

pr— ——

x!
1+

_ (13)
(z')2 + (y' + P>2 B \l(x')2 + (292 + (y' + 2)2
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where the variables are defined by the following sketch:

»O/q/
) : —_ —
‘o Lifting surface
~£_ g
~
Trailing vortices
Bound vortex,
2 e
8
Downwash
control point,
2c
L
From the assumptions made previously, y' = 0. The single horseshoe

vortex is considered to operate at the 5/8—chord point (Which is the
center of pressure at high angles for both surfaces tested) and the down-
wash is summed at the 5/4—chord point. The nonlinearity is now introduced
by considering the displacements produced by changing the angle of attack.

Substituting

1

Cc
X =-§—-COSCL
8
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into equation (13) yields

3c
== cos a
F=05¢ ° + ° > 14 S (1)
3e |\(2e)® 4 22 (22)2-2@+h_ 3c\2 , b2
= (8) + ) sin ” (8> + 2
Expressing all measurements in chords and using the fact that A = %
gives
2 cos
8A cos a A 8 «
Fc= + 5 1+
2>2 A2 (2 1 )+A_2_ (2)2 A2
NE + & (Feme) +4 8 "%
Clearing of fractions gives
F, - 6L4A cos o N 6hA | 4 2. ©0s o (15)
5\]9 + 16A° 9 sin®g + 1642 \19 + 16a2

Solving equation (15) and entering the value of F, for any par-

ticular case into equation (12) now enables the determination of the 1ift
coefficient. These expressions are used in making the computations, the
results of which are shown in figures 2L and 25.



22

NACA TN 3079
REFERENCES

Flax, A. H., and Lawrence, H. R.: The Aerodynamics of Low-Aspect-Ratio
Wings and Wing-Body Combinations. Rep. No. CAL-37, Cornell Aero.
Lab., Inc., Sept. 1951.

Michael, William H., Jr.: Flow Studies in the Vieinity of a Modified
Flat-Plate Rectangular Wing of Aspect Ratio 0.25. NACA TN 2790, 1952.

. Jones, George W., Jr.: Investigation of the Effects of Variations in

the Reynolds Number Between 0.l x 106 and 3.0 x 100 on the Low-Speed
Aerodynamic Characteristics of Three Low-Aspect-Ratio Symmetrical
Wings With Rectangular Plan Forms. NACA RM L52G18, 1952.

. Bollay, William: A Non-Linear Wing Theory and Its Application to

Rectangular Wings of Small Aspect Ratio. Z.f.a.M.M., Bd. 19, Nr. 1,
Feb. 19%9, pp. 21-35.

. Weinig, F.: Lift and Drag of Wings With Small Span. NACA T™ 1151,

1947.

. Falkner, V. M.: The Calculation of Aerodynamic Loading on Surfaces

of Any Shape. R. & M. No. 1910, British A.R.C., 1943.

Theodorsen, Theodore: The Theory of Wind-Tunnel Wall Interference.
NACA Rep. 410, 1931.

. Glauvert, H.: The Elements of Aerofoil and Airscrew Theory. Cambridge

Univ. Press, 1926, p. 158.



NACA TN 3079

Distance from plate tralling edge
45 percent of plate length

25

—2 .so—-|

]
1.182f—

/\\/
////“\\V////’///———NACA 66,-012 sectlon

)
@
- .
° 10° 10¢ 2:1 elll
: pses
R \ / J
— - - Y
T / / Side view
14,14
= 7.07 -
"i_ll' """"""""""""""""" ':
1 1
1 |
1 1
i |
T T
| I
| {
- l !
0 |
2 _ Q : — E— _ : —
© L t
- ! |
| |
l |
1 i
I {
I |
| f
i {
| 1
O O o USSP A
Top view
C--TTII - ugubnisnugn

Front view

Figure 1l.- Details of the models. (Dimensions are in inches.)

Drag

Lifrt
Moment -~

Angle of attack

—_——

"

Direction of motion

Figure 2.- System of axes. (Arrows indicate positive directions of
forces, moments, and angles.)



2k

Figure 3.~ Lift on the aspect-ratio-l.00 flat plate

0
L g
B

A e

Lifs, 1b .

HMMMMMMMHW
H IR

Ll il ﬁ’*i“i'il‘i'giﬁ!iigi
-10 i e

]
R A A
Fm?wmmwzm%%%ﬁm5'

Angle of attack, deg

(a) Depth of submersion, 0.5 inch.

single strut.

NACA TN 3079

UN<IpSODTIZBOLO

mounted on a

@



25

NACA TN 3079

tZ

i1
+
Hy
H
i

22

qt ‘3JTI

deg

b

Angle of attack

(b) Depth of submersion, 1.0 inch.

Figure 3.- Continued.



NACA TN 3079

35

25

20

Lift, Iv
-
@

=
le]

=1C

-15

: | ! K :
. Speed, fps it
S / 5
] P11l Zag,
B N
i o
IR il : g it
’f / II '/ /4: B 5 0 i
- A 50 [
‘I i / / / | 54 v i
% "‘l / B
| [ 1] I /
IRTAT
I /,
{ : ] 4
I flnd F 1
T P /
AN X /] /
| SR
1 1] IR /!
i 5 / yi 4
REEEE [N Ti
i HIATAN /
L iy / : /
| ] / A
T / B /
! L L1 /
' AT / A 7
INHFANIR Vi K
IR e
& I / Vi s
1] / /| Wi
! I/.J /‘ L7
ST /A i -
/ / ol
5 AV : A
kil i Z [
L7
[ /
i/ 4
HIN LA
A5 -
/A 1 A L]
O s
/e : _’__,_,’-’" v
LA , O T
£_c)_,,_ i
)
i
©
i |
-2 0 2 4 6 8 10 12 14 16 18

Angle of attack, deg.

(c) Depth of submersion, 3.0 inches.

Figure 3.~ Continued.



NACA TN 2079

50

S

S
= Speed, fps =

a5

40 F=

o e B P
<
n
[¢)
booDprpbOono

35

30—

N e oot s s O
Rt
N

e
el

25 fi

20 f-t

=1
Pl

™

iy

[
o
B |
]

Lift, 1b

[
o]

H B i
: e |
X

ENANSNEESS
\
s
M(
\

-5

Y '
O ) 2 4 5 8 10 12 - 14 16 18 20 22

Angle of attack, deg

(d) Depth of submersion, 6.0 inches.

Figure 3.~ Concluded.



NACA TN 3079

28

z = iR e :

o i i M ; £
S s T SRS seE Han s
M%% : e ﬁ. : 283 Rants ,m.w.ur E_ __ : i ZEs T _

HHE

PR R s eetirch tist ieest ikled facki e SO
oodod44aaoccaphh ©
H
-0
o
‘O n < (2] [aH] - o o] W o~ O w0 < (2] o = o
— — — —~ o~ ful i
qQr ‘Ssaqg

Angle of attack, deg
gle strut.

(2) Depth of submersion, 0.5 inch.
sin

Figure 4.- Drag on the aspect-ratio-1.00 flat plate mounted on a



NACA TN 3079 29

16

8peed, fps

Yoo ppr oo

=
%
HE T B
; : i A in:
g 1 : ! 111
9 ¥ i Hit i e e
; ki i A i
;ﬂ = it T : i i Hi
g ° i A
A e }1:’ R H
HH E
. . = |
m i o e
A Tl
6 q : H i i
AT i

-2 [o] - -2- ..4” - 6A 8 10 12 14 16 18 20 22
‘ Angle of attack, deg

(b) Depth of submersion, 1.0 inch.

Figure 4.~ Continued.



30

NACA TN 3079

16 ——
5 - ] |
N
~ Speed, fps
15 5 o)
, 10 O ek
: 5 O
BEEREEDERSE B T
e 3 D B
j 1T 35 0 b .
; 40 o
l L - gg g v -
BT 56 V
% Cd
i _ - s
: I H
12 T { - ¢
!
+- I T /
11 -
Lo i
_ /
10 /
9 / : i
' 1 # G
A InnE N T
© 8 | / / =R
g i _ AT
. M : i
5 A [ Ll /l / e
|1 i /
7
B _ 4 /
| S S /_ / T /
6 / / /
i |~ /|
A ) 4
i Ia / / i
5 {1 { F) i
nyi
al | / / /
4 ¢ -1/ /
InNYan L1/ A
el IS / }
=
,{, i A
8 T AT p;
Neee kN1 / ]
‘ A pd R
2 4 v
i S 4 D LA
_' S Ay iq T =
A1 9| 11 g
1 =] ot I gl - - ol
[ - ! //[-3/'/1 ,r/—/\} =]
L 11 1—’ = D —
)——:e-(.)” _b
0 . ; ‘ _
-2 0 2 4 6 8 10 12 14 16 18 20 22

Angle of attack, deg

(c) Depth of submersion, 3.0 inches.

Figure 4.- Continued.



NACA TN 3079

31
16
Pl L _
IR
Speed, fps
15 5 o
10 o
15 o
20 ﬁ -
25
14 30 D
35 a
40 o n
45 0 R
13 50 o &
- i z
/
12 7
e /
11 /
/ - 1
10 4 / -
/
A —
9 /
7 i
pa
A 4 /
& 8 4
2 i /
v ;
7’ = S 7
A / /
- -
6 ' o o A /|
A / - _ K
: / /
5 1 A /
/ |
_ </ /
O . /
4 T R
o5 1/
/ e /
A LA 1 .
3 S ’ - ;
N TK i I
: ; / : i
A x5 R N po
2 passss d 2] ¢ : < — A
; {f" '/f( N el
ol 1 AENER : [T .,,w13/f' ‘ O -
. anSnNk ] B =l IR I W
. il e Lo ] NN
: O P ] e i N ; L -
L . ke gy P O ] ] R -
o b g a T P [ T T ; E
-2 0 2 4 6 e 10 12 14 15 18 20 22

An;gle of attack, deg

(d) Depth of submersion, 6.0 inches.

Figure 4.~ Concluded.



NACA TN 3079

32

2

1

(o]

1

8

I

A

-2

65

(-3

40: .

ze
O

(el

0 .
qQr-%J3 “ Jucmoy

0
«Q

203
15—~
10

-5 b

Angle of attack, deg

(a) Depth of submersion, 0.5 inch.

Figure 5.~ Moment on the aspect-ratio-1.00 flat plate mounted on a

single strut.



33

NACA TN 3079

jiid

|

T

FHHHT

20

HiH

H

B
ikt

=

i

P

B

- : H i i g‘

FH T

16

i

H T

R
S

14

:
i
it

il

12

TR R

T

tisind

10

i
i

8

s
i

R

Angle of attack, deg.

fi

H

i
!
i

50 g

45&7"1%%

40k

35§
e i S

15 B

(b) Depth of submersion, 1.0 inch.

Figure 5.- Continued.



NACA TN 3079

3k

R 3
o
EEEE @ mr X zsrissazezaace: T azzsans: T T o
 ifassdinitot “ i T c5
‘ il i EEEEE 2 e S
o i 5
Bt 44004
4 i \
o H i i3 i i)
o B
B £
i I
5 : ©
T -
d "
4y
o
-1
o
=K
+
+
<
oy
@ ]
]
5

el
“ag-33 *quemon

Figure 5.- Continued.

(c) Depth of submersion, 3.0 inches.



35

NACA TN 3079

22

=t

i

it

i

i ]

as2tl

B

T

Elf b

10

0 ' [ @

qT-37 “quemoy

g

" attack, de

“Angle o

Figure 5.~ Concluded.

(d) Depth of submersion, 6.0 inches.



36

 Lift, 1b

HHRA e

'“!:. ﬁgﬁgﬁﬁix

e
it B

HiiEkiiE
ﬂ!!ﬁ!ﬁﬁgﬂﬁﬂiﬁi'!!!ﬁ!’!!'ﬂ:
’:hgiiﬁﬂﬂhi“ﬂ

-5 ¥4

<15 B
il

S
=i§iﬂiz‘Js!’!iiligl‘i‘!llﬂglliﬂﬁ!x

" L
alllﬂlﬂ!lllﬂlllllll!IHIIIIIIHIIl!ll!!iilil!ﬂ!llﬂiﬂﬂﬂi il
ii';m'ﬂh A
ﬁiﬂﬁ‘ﬁlﬂﬁﬂlﬂﬂlaﬂlim LT
RIS AN i
ﬁ!!'i,i!!mil?’gll“h%s

4 6 8 10 12 14 16
Angle of attack, deg

(a) Depth of submersion, 0.5 inch.

NACA TN 3079

Figure 6.- Lift on the aspect-ratio-0.25 flat plate mounted on a

single strut.



NACA TN 3079

- i
”l 15
3
- ¥
&
e
10
i
5
]
o]
i
-5
i if:
-10 phi
: il
: i
. i
«15 p T
i
Bl
Ehet: Epbitist
-20_2 0

1 il
| Y T
+ T g i
5} i ! |
H HittH 1 ; |
4 1 |
|
£ T
i
t +
|
BRI
i i
i
i
t
i I i L
i i i itk
B i
f
H 1]
i i i
i i il Hi
+ i Hii fifit ik
1 H T i
il i i
Hitiiiin } B i
it L il ik
il s Hiljisd i
i il
5 s -
it B i
4 6 8 10 12

Angle of attack, deg’

(b) Depth of submersion, 1.0 inch.

Figure 6.- Continued.

22

37



NACA TN 3079

38

22

+
i

|

¥

2

I

T

Angle of attack, deg

n jel . ['2] o
Lal . -
ar ‘3JT1

30
25 i
20
-5
-10

(c) Depth of submersion, 3.0 inches.

Figure 6.~ Continued.



NACA TN 3079

B0E T
~% Speed, fps
bf e}
i 10 =]
45 .15 < i
1 20. A &
Hif 25 N
i 30 . D :
i 35 [a i
i 40 (o4
40k 45 %
i 50 o S
v Gt
v
24
g
22 i i .. T
i i it T
BE i = i HHES e
+ + =5 i i
: g i i i i
Seii 1 Sttt i i
& 4 i sl
i : e : >
5360 ik
; £ £ i i
A = - :
T T & T T H | i
15 Erieninty T = j : i ,‘F’%i i
a ik = i
- Al !
i I i i Hisl
Ity ! £ i
[ i :
-l
q 1]
10 2 =
3 | == i
o :
5 .
i
Ops
-5 fit g
T Ea

2 4 . 6 8 10 12
Angle of attack, deg

(d) Depth of submersion, 6.0 inches.

Figure 6.- Concluded.



Drag, 1b

4o NACA TN 3079

°0agwd boopp P SO0

? o 7]
e
i i
12 e hE
s

1 gnyufi -

N
e

S THHITHIH

b

: %ﬁﬂ%

-

et

i ]
it 7

=
1
EEE

=
=R

AAAAAAAAA i e’!- i |
ks :
; e e R | *
i s HHEh i ﬁ%ﬁr&‘# T i Y i
: iz : HEHT HUTIH figtes
0 Hi W hid st e LA —
-2

4 6 8 10 12 14 16 18 - . 20 22
Angle of attack, deg ) :

(a) Depth of submersion, 0.5 inch.

Figure T.- Drag on the aspect-ratio-0.25 flat plate mounted on a
single strut.



NACA TN 3079 k3

)
4]

ot
IS
reveTo— !“%E: E; *@E%
i} =i-,

11

Y .

16 r':m%: IR m i i gl B s
Eﬁm EEE f T “"”“nm?"‘ H it ¥ H
= e | spoea, i ’@ i

b
Elw T

i,

2

i

==
==

HEH
e
e

% s
=

B e MEH it o eceaetiti [
B

[+.]
[4)]
i 0aUNDooDprbOno D i

T

rem———

©

i

=

fi_f it
.

i
:ﬁﬁi%

e
B
e

i

{abtsniztif

i

'S
i
G
E
b
Ea % e
S

HE i 14 1 )
| ik i i T i
i 2 ¥ 1|
28 i 1 I ’gb_ i i
S T i i é' B e il
] H Ji ¢t -1 i : . il % il H
i e R ;
7 358 ixpnaen EEEE i, : R HHH Y
i:-ﬂ- it HE .ill.i bbb IR
4

6 8 10 12 14 16 18 20
Angle of attack, deg

(b) Depth of submersion, 1.0 inch.

Figure T7.- Continued.



Lo NACA TN 3079

AQNdDoopprbOao

i
i

i HH I
e
I T T Ei 4
10 fare GBI i :
bt 5" H
HEEI ] i S i "
: ‘ i HE B
9F ;
] h
; = i HHHE
ﬂ ,‘:7 i f £ 7?¢ £ AiR T i
bBB aLEL ‘fﬁ i
g i £ it
a t i £ I -
. 5 e o

i

i

il il

L : A it
R AR T Hi
- B A I 1 _Ha&%’@ i
Y : i | 1i

_4 i H 1 i 1

i T i i

' : i %
iR 4 ;; 'T-- i el

N
o

1.6 ) 1'84 :éz '
Angle of sttack, deg - .
(c) Depth of submersion, 3.0 inches.

Figure T7.- Continued.



NACA TN 3079 43

Hi

i

62 i E
66 o ;

HHa Qudpoo bprbOno Y
T -
i
s

et
S

pr il
E%ggz i

e
-
s
S
i

1ngE

e

10E i g

i
HY
)
m- i HE
HH %&E%&#ﬁ%
ol e i

i

Drag, 1b
e
i

EEE

-3
g i
3
THE R
L

e

e S
s ek ; i
4 6 8 "10 12

Angle of attack, deg

gazan;

mﬁﬁﬁngﬁﬁg'

18 20 22

=gt

i i
=]

o

' °¥§f¥§;f

(d4) Depth of submersion, 6.0 inches.

Figure T7.- Concluded.



Moment, ft-1b

Ll NACA TN 3079

&5

A R g , e _
L i - | | ser, e

sl
£

Ige!

i
i

i
3]
ot
H 6 aQIDooDD P DOO0

40 : : b sl mm

:35»’ il Eﬁ i o & ﬁg % %ﬁ

g
Rt
% o
EEE

i

.

-5 Hi = m i EE ek cRil iERE2 - ExAg Rl indd FRHELHEEE : i i
8 10 12 14 16. 8 C
Angle of attack, deg ’ X 20 22]

(a) Depth of submersion, 0.5 inch.

Figure 8.- Moment on the aspect-ratio-0.25 flat plate mounted on a
single strut.



NACA TN 3079

k5

8 10
Angle of attack, deg

(b) Depth of submersion, 1.0 inch.

Figure 8.- Continued.

55 T T ; TR
;f ! Speed, fps
il E 5 O
: i it { :llg 0 i
b S i : R =
. R e Tt 28 [
i 7 .30 [
T 2 35 (o]
i 40° Qo .
: 45 Q0
_ e 50 -0
i 1 5] 54 v
3 : 58 Vv
it 82 ¥
5 66 @)
40 70 O &a
35 i
£
2
isog £
FEIRNNE i5 &
Gy X
B
T |
q k&
]
‘§‘25
204
15§t
51 s i
i
?gg : asitobrr £
0 s
£ A
-5 2 O ey 4 6 I 12 14 J.slllillillliliii 18 20 22



NACA TN 3079

L6

t * 1 4
&
iTsEiagases S2SEiA T
e % H
mﬁmn T
i o
Er i 2
i it e
Saaeas X [+
e~
i S .
it o
g 3
2 i ©
H = "
+ 11“
o
e
E -3
L
%
o
2

(<]

b

Jiixeat

T

55

qt-3J ‘guemoR

(c) Depth of submersion, 3.0 inches.

Figure 8.~ Continued.



k7

NACA TN 3079

il : e e I S :

; i i : t I o

L e L [}
i = e Hif

i A44a0<AaB>ADD ; ~ :
A ; _ P @
i
#l oWwotn A
5 RADY : GEir

b " i
et + T
b o i i H ©
it : EH -t
it : : SEE i
il SR
i r B A : :
= o : e .
: = : L 5 T —
B i : e R I »
g : HHE e T -
oo i et ety 0
1 : s, i m &
i B IR <
- E |
i ! o
: i i 3
HEEE it 7 PN i O_t
FHETH R % F T it o' 1
“ t T I i »: HH] i ,f
: i il : ; bl -
e i3 tht : HH <t T
: = : ! t ¥ i @
= , - g
i i : e ; : St I

Figure 8.- Concluded.

(d) Depth of submersion, 6.0 inches.



8

o5

Cr, 4

o2

«32 -
Aapect ratlo, 0.25
— — — — Aspect ratio, 1,00 /,
/ /
/ ‘%
/ 7y
/ %
/ 24 /,
/
/
/
/
/
/
/
/
/
/ Cp o
Y, D <16
/
/
/
/
/
/
/
/
/
// .08
/
7/
/
7/
1 1 ] 1 ] 1 1 ]
4 8 12 16 20 0 % 2 .3 4 o5 o6 7 .8
Angle of attack, deg Cr,

Figure 9.~ The 1ift and drag characteristics for the aspect-ratio-1.00
and aspect-ratio-0.25 flat plates at a depth of 6.0 inches.

8h

6,0¢ NI VOVN



Z
NACA TN 3079

Depth of submersion,

T P

Aspect ratilo

0.25

] ] ] ] l ] | J
0 2 4 5 8 10 2 14 16 18 20
Angle of attack, dsg

. (a) Effect of angle of attack.

Cy
©
Lg

|

| | ]
0 1 g z 4
Depth of asvbweprsion, in.

it
@«

(b) Effect of depth of submersion.

Figure 10.~ The variation of the 1ift characteristics with angle
attack and depth of submersion.

in.

6.0

of

k9



50 NACA TN 3079

Depth of submersion, in.
1.0 —~ 6.0 -

————————— — - — 0e 0

6

Aspect ratilo
0.25

| ] L ] ] | ] ] }
0 2 4 6 8 10 12 14 16 18 20 .

Ang.t.e of attack, deg

(a) Effect of angle of attack.

o6

| _ l :
0 1 2 3 4 5 6 N

Depth of submersion, in.

(b) Effect of depth of submersion.

Figure 11l.- The variation of the.drag characteristics with angle of
attack and depth of submersion.



NACA TN 3079 51

120

Depth of submersion, in.

=

[o]

[s]
T

[o]
Q
T

Center-of-pressure location,
percent chord forward of trailing edge
> I
) =3
T 1]

20 F
H 1 1 ] ]
¢ 4 8 12 16 20
Angle of attack, deg
(a) Aspect ratio 1.00.
120
Depth of submersion, in.
o 100
b0
=1
o
-8
g5
ol e
¥E 80
o &
o L
~
oy
® O
Lo
3 g
25
o & 60
Mo
o o
(=]
o
o o
)
s O
£
= 40
o 2
o g
[
o
E
[
(=3
20 |-
] 1 1 ] 1

0 4 8 12 16 20
Angle of attack, deg’ :

(b) Aspect ratio 0.25.

Figure 12.-~ The location of the center of pressure as a function of the
angle of attack and the depth of submersion.
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Figure 13.- Sequence photographs of a typical run showing the formation
of cavitation for the aspect-ratio-0.25 flat plate. (Angle of attack, 20;
depth of submersion, 0.5 inch.)
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Figure 1k.- Effect of the formation of cavitation on the force and moment
characteristics for the aspect-ratio-0.25 flat plate. (Angle of .
attack, 2°; depth of submersion, 0.5 inch.)
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5l NACA TN 3079
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Figure 15.- Schematic drawing depicting development of ventilation.
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Figure 16.- Sequence photographs, of a typical run showing the.formation
cof "white wgater" for the aspect~-ratio-1.00 flat plate. (Angle of
attack, 167; depth of submersion, 1.0 inch.)
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56 NACA TN 3079
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Figure 17.- Effect of the formation of "white water" on the force and
moment characgeristics of the aspect-ratio-1.00 flat plate. (Angle
of attack, 16 ; depth of submersion, 1.0 inch.)
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Figure 18.~ Sequence photographs of a typical run showing the formation

of the "planing bubble" for the aspect-ratio-1.00 flat plate.
of attack, 12°; depth of submersion, 0.5 inch.)
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58 NACA TN 3079
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Figure 19.- Effect of the formation of the "planing bubble" on the force

and moment characteristics of the aspect-ratio-1.00 flat plate.
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Figure 20.- Ventilation boundaries for the aspect-ratio-1.00 plate at a

depth of submersion of 0.5 inch.
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Filgure 21.- Sequence photographs of a typical run showing the formation
of the "planing bubble" for the aspect-ratio-0.25 flat plate. (Angle
of attack, 16°; depth of submersion, 0.5 inch.)
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Figure 22.- Ventilation boundaries for the aspect-ratio-0.25 plate at
a depth of submersion of 0.5 inch.
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62 NACA TN 3079
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Figure 23.- Effect of the formation of the "planing bubble" on the force
and moment characteristics for the aspect-ratio-0.25 flat plate.
(Angle of attack, 16°; depth of submersion, 0.5 inch.)
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6 8 10 12
Angle of attack, deg

ficients for aspect-ratio-0.25 surface.

6L0¢ NI VOVN

€9



0001 - ¥$-92-¢ - £o18ueT-VOVN

1.0

o8

4

79

Present tests O
Jones (ref. 3) O

Present paper //./
Falkner (ref, 6) = = ——=————— |

Flax and Lawrence (ref. 1) — - ///’/,

Bollay (ref. L)
Weinig (ref. 5)

2 Lo 6 8 10 12 1 16 18 20
Angle of attack, deg

_ Figure 25.- Comparison between experimental and theoretical 1ift coef-
ficients for aspect-ratio-1.00 surface.
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