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THE HYDRODYNAMIC CHARACTIIRJSTICS OF MODIFIED RECTANGULAR FLAT PLATES HAVING
ASPECT RATIOS OF 1.00,0.25, AND 0.125 AND OPERATING NEAR A FREE WATER SURFACE 1

By KDmmH L. WADLIN, JOHN A. RAMSEN,and VICTOP.L. VAUGHAN,Jm

SUMMARY

An invedigatiun km been conducted to determine the hydro-
dynamicjorcea and moments acting on modifiedrectangularjai
p?.atcewith aspect ratws of 1.00, 0..%5,and 0.1,??6mountd on a
single 8hw.t and operating at seve?d depths of &ubmer&bn. A
simple mdhod hm been devdoped by modijcatbn of RMner’s
vortex-lattice theory which enablis the prediction of the lift
churactari.siimin unseparated jlaw at large deptlw. This
method 8hows good agreementwith tzzperimentd datajiwn the
prewnt tes.%and with aerodynamic data at all angles invati-
gatedfor a.$pectraii08 of 1.00 and 036 and at angk%up to 16°
jor a-spectratw 0.12?6. Above 16° for aspect ratio 0.126, the
predicted lift proved too high.

The tzzperimentalinveatigatbn indicuted that dezremi~ the
aspect rakk or depth of swbmereioncameo?a decreae in the lift
coej%ient, drag coejici.ent, and li&img ratw. The center of
pressure moved afi with cLzrea-siw cwpezt ratw and fomcurd
with okcreati~ depth of submersion ezceptfor the mpect-miio-
0.126 plute at angkx of at.tuckaboae 8°. For these angles of
attack, the center of pressure moved aft with decrewing depth
of cubmersiun.

Cavitation at tlw leading edge cawwd a graduul decrease in
lijt coe.ficimt and a gradual incwz-se in drq coejlci.ent u&%
little chunge in moment coejlhi.ent.

Two typa of leading+dge sepamtion at high anglix of atiuck
were encountered. One type, cd?.ed “white water” and found
only for the a.spect-ratw-l.00 mxface, cauiwda slight decrease
in the lift and moment coe$?&nt8 and a 81ightinmxme in the
drag coejicient. 17w other type, called the “plu.mi~ bubble”
and found for IZUthree su?fmxx, cm+wd a slump drop in the
lift, drag, and moment coefficientsprimarily became of the i%ss
of upper surface lift. The ventilatti boundati d.q$mingthe
sturt of the high-angle 8eparation moved i%higher 8pee& and
higher angles a-stlw aspect ratw w decrmed.

INTRODUC’ITON

Interest has recently been shown in obtaining information
on the force and moment characteristic of low-aspect-ratio
lifting surfacca operating beneath the free -watersurface. In
this connection, theoretical and experimental investigations

have been undertaken by the National Advisory Committee
for Aeronautics to determine methods of predicting the
hydrodynamic characteristics of such surfaces and the effect
produced on these characteristic by the proximity of the
free water surface.

The problem resolves itself into two parts: first, the
determination of the characteristics at depths great enough
so that effects of the free surface may be neglected, and
second, the determination of the changea in the characteris-
tics 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 incom-
pressible medium. Therefore, with proper consideration of
the Reynolds number, the large amount of aerodynamic
theory and experimented data available for low-aspect-ratio
lifting surfacea should be applicable in this case. Some of
the aerodynamic theories and experimental data relating to
Iow-aepect%ratiowings have been summarized in reference 1.
In addition, the NACA has recently conducted investiga-
tions of a rectangular flat-plate wing of aspect ratio 0.25
(ref. 2) and of rectangular aynuneticsl 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 eilects of the
proximity of the free water surface, repre9entathe difference
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 report is to present the hydrodynamic
charaoteristka of some low-aapect+ratio surfaces. Experi-
mental data have been obtained in Langley tank no. 2 by
using modiiied fla&plate surfaces with aspect ratios of 1.00,
0.25, and 0.125 mounted on a single strut and operating at
various depths of submersion. A simple modification
introducing nordineari~ to existing aerodynamic theory has
been developed in an attempt to provide a theory -whichwill
give reasonable agreement with the lift 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.

! SnperwleINAOATN W, 1964,by KmmetbL. Wadlh,JohrIA. RarmeD,andViotorL. Vaugimm,Jr.,andTN 3249,1’2S4,by JohnA. EarnsenandViutorL VanghQJr.
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Comparisons between the experimental data at the large
depths and this modified theory as well as Comparisonswith
other existing aerodymunic theories are presented.

A description of several flow phenomena peculiar to this
investigation is also presentid together with the effects of
these flow chaqyx on the hydrod~amic characteristics.
The comparison with the theory mentioned previously is not
valid where the flow cha~~es occurred and therefore is not
made for these regions. -

SYMBOLS

A aspect ratio
@% . . .G
bo,b,, . . .

1
b. *own coefficients

@, Cl, . ..cn tion serie9
in vorticity distribu-

b-

c.

c.

c.

>
3’

Fe

L
lM
s
~7

w
% Y
x’, y’, d

spire of lifting surface, ft

lift coefficient, ~
L

ij Pv=s

pitching-moment coefficient about trailing edge,
M

; pvsc

chord of lifting surface, ft
drag, lb
position factor relating dowmvash control point

to vortex, ft-l
nondimensional position factor relating down-

wash control point to vortex, Fc
lift,lb
pitching moment about the hailing edge, fklb
arm of lifting surface, Sq ft
forward speed, ft/sec
dowmvash velocity, ft/sec
coordinates along the lifting surface, ft
coordinates of dowmvash control point relative

to vortex, ft

a angle of attack, deg
r circmlatioq ft2/sec
‘r vorticity, ft/sec
T dimensionlw lateral coordinate, 2y/b

9“
2$

dimensionlesslongitudinal coordinate, cog-l ~

P denaiw, slugs/cu ft
The subscript 6 denotes a depth of submersion of 6 inches.

*
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FIQUEE l.—Detik of the models. (Dimensions are in inohes.)
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MODELS, APPARATUS, AND PROCEDURE

The models used were modified rectangular flakplate
surfaces with aspect ratios of 1.00, 0.25, and 0.125 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
wore rounded to a 2:1 ellipso and the afterportions 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
ATACA66+312 airfoil section and was mounted so that the
stution 1.182 inches back of the leading edge of the strut
wns a distance equivalent to 45 percent of the lifting surface
Iongth forward of the trailing edge of the surface. The
strut was mounted perpendicular to the plates and inter-
sected the upper surfaces without fillets. Both the plates
and tho strut were made of stainless steel and were polished
to a smooth tinish.

Tests were mado by using the Langley tmk no. 2 carriage
nnd strain-gage balancea which independently measured the
lift, drag, and pitching moment. The pitching moment was
measured about an wbitmu-y point above the model and the
data thus obtained were used to calculate the moments
nbout the trailing edge at the centerline.

AU tests were run with a wind screen which reduced aero- I
dynamic tams and aerod~amic effects on flow patterns to
negligible values. Before each run measurements were
taken in the “at rest” condition with the model submerged
and the valuea obtained were subtracted horn the data
obtained during the run; thus, the model buoyancy and
strut buoyancy were not included in the data. The drag
of the model included the hydrodynamic drag of the strut.

The. force mensurementawere 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.

Tests were run at four deptha of submersion (0.5 inch, 1.0
inch, 3.0 inches, and 6.0 inches) over a range of angle of

attack from 0° to 20°. The range of speed covered at each
angle of attack and depth of submersion was determined by
the capacities of the balancw.

The change in angle of attack due to structural deflection
caused by the forces on the model was obtained during the
calibration of the balances and the test data were adjusted
accordin~y. The depth of submersion was adjusted during
each run to keep variations in this parameter to a minimum.
The estimated accuracy of the measurements is as follows:
Angle of attack, deg------------------------------------- +CL 1
Depth of submemion, h--------------------------------- +0. 05
Speed, ft/seo -------------------------------------------- +0. 2
Lift, lb------------------------------------------------ +0.25
Drag, 1b----------------------------------------------- +0. 10
Pitohing moment, f&lb ---------------------------------- +cO.5

The forces and moments were converted to the usual aero-
dynamic coefficient form by using measured values of the
density. For the tests of the surfaces having aspect ratios
of 1.00 and 0.25 the measured density was 1.970 slugs per
cubic foot. For the aspec&ratic-O.125 tests the measured
density was 1.968 slugs per cubic foot. The corresponding
kinematic viscosities were 1.62X 10-6 ft’/sec and 1.42X10-5
ft’/sec, respectively.

EXPERIMENTAL RESULTS

QEN1311AIIFOBCEDATA

The data obtained are prwented in fgures 2 to 10 as plots
of lift, drag, and pitching moment about the trailing edge
as functions of the angle of attack with speed M a parameter.
The data are presented for all three aspect ratios at each of
the four depths investigated.

Discontinuities in the drag curves at low angles of attack
may be seen for all three aspect ratios at all four depths.
The flow changes which cause these discontinuities were not
visible during the running of the tests. At the high angles
of attack and shallow depths, the discontirmitiesin lift, drag,
and pitching-moment curves are due to the presence of
leading-edge separation. These effects are discussed in the
following section.
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(u) Depth of submersion, 3.0 inches.
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FmunE Il.-Sequence photographs of a typical run showing the formation of cavitation for the aspectiratio-O.25 flat plate. (Anglo of nttnck,

2°; depth of submemion, 0.5 inch.)

VISIBLEFLOTVCEANGE9ANDTHEIREFFECTS

Cavitation.-Cavitation at the leading edge occurred at
high speeds for all three aspect ratios for all depths. Se-
quence photographs of a typical run showing the formation
of cavitation are presented in figure 11. At a speed of 30
feet per second no cavitation has occurred and the bright
area at the leading edge in this instance is merely a reflec-
tion caused by the lighting used. Although it cannot readily
be seen in this figure, a slight widening of the bright area at
40 feet per second indicatid 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 result in-
dicates that the low pressure in this area has been relieved
somewhat. This area of pressure relief is still more in evi-
dence 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 a speed of 62 feet per
second was reached.

The angIe of attack designated in this figure and in all
other sequence photographs to follow is the angle of attack
for the model at rest. Since the angle of attack changes
with speed because of structural deflections, the photographs
do not correspond exactly b a constant angle of attack.

The high speeds necessary for the inception of cavitation
were reached ordy at very low angles of attack; therefore,
the rw.dts of cavitation are not readiIy evident in the data
plots.

F~e 12 shows a plot of lift coe5cient C~,drag coefficient
CD, and pitching-moment coefficient Cmagainst speed nLtho
same condition shown in figure 11. The coefiicionts soomcd
to be at a fairly constant value when the cavitation started,
As the speed increased the cavitation became mom SOVIXW
and caused the lift coefficient to decrease and tho drag co-
efficient to increase. (The fact that the lift coefficient and

.012r

I I I I 1 I I
o 10

1
20 30

Speed, f$!’
50 60 70

l?rcumm 12.—EEect of the formation of cavitation on the force and
moment characteristics for the twpect-ratio-O.26 flat plnte. (Angle
of attaok, 2°; depth of submetion, 0.5 inoh.)
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drag coei%cient coincide at speeds before the inception of
cavitation is a coincidence peculiar only to the angle of at+
trick illustratcd.) The pitching-moment coefficient showed
only a slight change with increasing speed after the start of
cavitation. The effects of cavitation were similar for all
three aspect ratios.

Ventilation.—For all three models at the higher anglw of
attack and the shallower depths, air was observed to enter
the trailing vortices aft of the model. Aa the speed was in-
creased the rmtrninedair proceeded forward along a helical
path inside the vortices until it reached the model when
scpnration took place. The process is shown schematically
in figure 13 in which the operation takes 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-l .00 model at a depth of 1 inch, the
snmo process resulted in the formation of “white water,” a
foamy mixture of air and water which completely covered
(ho upper surface of the model. This effect may be seen in
the sequence photographs of figure 14. The helical air-
strcam within the vortices is visible in the photograph taken
at 10 feet per second whereas the white water is visible at
12.6 feet per second. When the speed was increased sufli-
cicntly, the white water changed to the planing bubble.

The effect of tho formation of the white water on the force
and moment characteristics is shown in figure M. The lift
codlicient increased until the formation of the white water,
aftcw whioh it decreased slightly and then leveled off. At
angles of attack for which no white water formed, the lift
codlicicnt increased up to appro.simately the speed at which
the. formation of the white water occurred at the higher
angles of fittack and then leveled off. Therefore, the prin-
cipal change in lift coefficient introduced by the formation
of tho white water is the s~~ht decrease after its formation.

V=e fps
Fraum 14.-Sequence photographs of a typic
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FIGURE 13.-Schematic drawing depicting development of ventilation.
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d run sho~ing the formation of white water for the aspeobratio-1.00 flat plate. (Angle of attack,

16°; depth of submersion, 1.0 inch.)
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Fmmm 15.—Effect of the formation of white water on the force and
moment charaoteristks of the aspec&rati_l.00 flat plate. (Angle
of attack, 16°; depth of submetion, 1.0 inch.)

The drag coefficient remained more or less constant at the
lower speeds, increased tith the formation of the =ivhite

water, and remained constant thereafter. At angles of at.
tack for which no white water occurred, no such drag ris~
was encountered. The pitching-moment coefficient in-
creased at the 10WX speeds, decreased sharply with tho for.
mation of the white water, and then began to increase again,
No sharp decrease was encountered at angles where no white
water occurred.

For the aspect-ratio-l .00 model at 0.6-inch depth, tlm
separation took either of the two forms: the white watar de-
scribed previously or the planing bubble which is shown in
figure 16. The helical entrained airstreams may bo seen
advancing within the vortices at speeds of 12 and 13 fee~ pm
second whereas at a speed of 15 feet per seconcl the phuiing
bubble has been formed. The model is, in effect, planing
under the bubble since no water touches the upper surface.
The corresponding force and pitching-moment characteris-
tics are shown in figure 17. AU thqee coefficients increase at
the low speeds and then decrease sharply with the formation
of the planing bubble, primarily because of the loss of all
upper-surface lift. The decrease in lift coefficient is of the
order of that to be expected for the trrmsition from the sub-
merged to the planing stage.

The ventilation boundaries for the aspect-rmtio-l,00 sur-
face at 0.5-inch depth are presented in figure 18 as u plot of
an~e of attack against speed. The present tests were run
at ~onstant WIglm-of atti-ck while increasing the speed; this
procedure corresponds to moving from left to right along
horizontal lines in this figure. Below 11.5° no sepamtion
was found. Along the line of planing-bubble inception cles-
ignated 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

V=5 fps

—

“y=l(l fps

V=13@s—— —.. . —. _ V=15 fps

—.

—.

-.

Fmmm 16.+Sequence photographs of a typical run showing the formation of the planing bubble for the e.apeo&ratio-l.00 flat plate. (Anglo of
attaok, 12°; depth of submersion, 0.5 inch.)
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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 difference 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 in the case of the
planing bubble following the white water, there was no
tendency for the bubble to collapse or revert to the white
water as the speed was decrensed 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 figwresjwhite water would occur only at speeds below
about 13 feet per second when the white-water inception line
was crossed. At speeds above 13 feet per second the planing

flh+’””’ng’ub’’ef~s
.//q

I

I

I Q
cm

I

I I I

10 20 30
Speed, fps

l?mmm 17.—EtFect of the formation of the planing bubble on the foroe
and moment ohamcterietios of the aapeot-ratio-l.00 flat plate. (Angle
of attaalq 12°; depth of submersion, 0.5 inoh-)
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~IOUEE 18.—Ventilation boundaries for the aspeot-ratiol.00 plate at
Q depth of submemion of 0.5 inuk
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FIQUR~19.—Ventilation boundaries for the Iow-aspeot-ratio flat plates
at a depth of 0.5 inch.

bubble would occur as soon as the planing-bubble inception
line A was crowd and would not change to white water with
further increase in the angIe of attack.

For the plates having aspect ratios of 0.25 and 0.125 the
coefficients decreased gradually with increasing speed until
theventilation occurred, in contrast to the increase found for
the aspect-ratio-l .00 plate. The white-water @pe of separa-
tion which occurred for the aspect-ratio-l .00 plate did not
occur for either of the plates having lower aspect ratios for
any combination of speed and angle tested. hstead the
separation always took the form of a planing bubble with the
eilects on the characteristics being similar to those described
previously for the aspect-ratio-l .00 surface.

The ventilation boundaries for the three surfaces at a
depth of 0.5 inch are compared in figure 19. The boundaries
are similar in shape but are displaced to higher speeds and
higher angles of attack with decreasing aspect ratio.

EFFECTSOFASPECTRATIOANDDBPTEOF8UBhIERS10NIN THRREGION
OF UNDISTURBEDFLOW

The effect of aspect ratio on the lift and drag character-
istic at a depth of 6.0 inches is shown in figure 20. At this
depth, prelimirwy computations indicated that the eflect of

] the free surface would be small. The curves of lift coefficient
against angle of attack show the nonlinti~ common to
low-aspect-ratio surfaces. This nonlinearity increased and
the lift coficient for a given angle of attack decreased with
decreasing aspect ratio.

The curves of drag coefficient against lift coe.fiicientindi-
cate a slight decrease in drag coefficient for a given lift co-
efficient with increasing speed (Reynolds number) and a
much greater decrease with the increase in aspect ratio.
The lift-drag polars for the surfaces having aspect ratios of
1.00 and 0.125 are presented only for a speed of 10 feet per
second since the trends with aspect ratio are the same at
other speeds. The lift-drag ratios increase with increasing
aspect ratio except for the very low lift-coeilicient range
where the drag discontinuity noted on the data plots ap-
parently has a greater effect for the surfaces having aspect
ratios of 0.25 and 0.125; thus, the lift-drag ratios for these
surfacea become greater than those for the aspect-ratio-l .00
surface.

The eilect of changing the depth of submersion on lift
coeilicient for the three aspect ratios is shown in *e 21.
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FIGURE20.—The lift and drag charaoteristim of the Iow-aspeotiratio flat plates at a depth af 6.0 inches.

Values of the ratio of the lift coeilicient at a given depth to
the lift coei%cient at a depth of 6 inches Ck/C~ are plotted
against angle of attack with depth of submersion as the
parameter in figure 21 (Q) and against depth of submersion
for an rmgle of attack of 12° in iigu.re21 (b). The lift co-
efficient decreased M the free surface was approached, the
decrement in lift coefficient becoming less as the =pect
ratio was reduced. The reduction in the decrement of lift
coefficient in a change horn an aspect ratio of 0.25 to an
aspect ratio of 0.125 was considerably greater than that
found in a change horn an aspect ratio of 1.00 to an aspect
ratio of 0.25. The loss in lift was greatwt at the lower anglw
of attack for all three aspect ratios at all depths. The decr~
ment in lift coefficient was considerably reduced as the angle
of attack was increased to 12°, at which point it reached
a minimum value and changed only slightly with further
increase in the angle of attack. A large part of the change
at the lower mglas 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 submemion on the
drag coefficient is shown in figure 22 to be similar to the
effect on the lift coefficient. Like the lift eoeflicient, the
drag coefficient deerewxl as the model approached the

water surface as would .be expected because the induced
drag ccmflicient,which is especially important rbtthese low
aspect ratios, is rLfunction of the lift coefficient. The reduc-
tion in decrement in drag coefficient in a change from aspect
ratio 0.25 to aspect ratio 0.125 was about the same as that
obtained in a change from ~pect ratio 1.00 to aspect
ratio 0.25.

Since the decrease in &W coefficient was less than Lho
decrease in lift coefficient, the lift-drag ratios for all tlmm
aspect ratios decreased as the models approached the freo
water surface. At the depths investigated, the strut drag
w-assmall in relation to the total drag. It might be well to
point out, however, that, as the depth increases, the strut
drag naturally increases also; thus, at some depth, the lift-
dcag ratio wiUstart to decrease with incrtig depth.

The curves of both lift- and drag-coefficient ratios agninst
depth seem to approach the value at Q depth of 6.0 inches
more or less asymptotically; this fact indicates that at the
6.O-inchdepth the surface effect maybe considered negligible,

The location of the center of pressure as a function of the
angle of attack with depth of submemion as a parameter
is shown in figure 23 for all three surfaces. In general, the
cater of presmrremoved forward with decreasing anglo of
attack and increasing aspect ratio for all three aspect ratios.
Changing the angle of attack had a much granter effect at
the Iower angb of attack, the apparent center of pressure
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FIQURD21.—The varintion of the lift characteristics due to changing
depth of submemion.

even occurring forward of the leading edge at the lowest
ungles of attack at 0.5- and 1.O-inch depths. This effect
indicates rmincrease in negative pressureon the upper surface
near the Ierding 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 Iow angles of attack or both.

For tho surfaces having aspect ratios of 1.00 and 0.25, the
center of pressure moved forwiwd with decreasing depth of
submersion for all rmgles of attack. For the aspec&ratio-
0.125 model this trend held true only at angles below 8°;
above 8°) the center of pressure moved aft with decreasing
depth of submersion.

At the higher angles of attack for all three models the
center of pressure seems to be approaching a point about
% chord forward of the tiding edge. For the aspect-ratio-
1.00 model, rearward movement of the center of pressure
occurred at the low nngIesfor depths of 3.0 and 6.0 inches.

Oqth of dxnerdcnj In

]:__ --— ---- —- ——— —-— ---.-.-— —— ——_
G*
-/

------- ———— -—- —___
-— -_

‘“:> -::=–––—-–-z:--

‘///-
–-J

-0.5—— —-—-—.

,’:/’
/

/

Asp2ct mtio

— Q125
— .25
— I.CKI

(a)
1 I I I I I

o 4 8 12 [6 20
Angle of atiock, a, deg

.6 -

24

.2 -

(b)
1 ! I I I

o I 2
;.

4 5 6
Oepth of sutm.srslq ia.

(a) Effect of angle of attack.

(b) Effect of depth of submersion. Angle of attack, 12°. .

FIQmm 22.—The variation of the drag characteristics due to chnnging
depth of submersion.

THEORY AND COMPARISON WITH EXPERIMENT

GENERAL

A theory m- desired which Would provide for the deter-
mination of the lift at large depths and would be amennble
to possible motivation by the method of imoges to twcount
for the effects of the free Water surface.

Bollay (ref. 4) and Weinig (ref. 5) have developed aero-
dynamic theories to apply to lovwspect-ratio surfaces.
Flax and Lawrence (ref. 1), in addition to reviewing these

and other low-asp ec&atio theories, have presented rLsemi-
empi.ricnl approati of their own. These theories, however,
do not offer themselves readily to mo~cation by the
method of images so an analysis was made to devise o more
easily adaptable theory.

The method of Falkner (ref. 6), which is based on linenr
potential-flow- theory,” has been found to apply to o tide
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FIGURE 23.—The location of the center of p~ as a function of the
angle of attack and the depth of submersion.

range of plan forms at high aspect ratio. The lifting surface
in this method is replaced by a system of horseshoe vortices
distributed both spamvise and chordwise and the method
would lend itself to application of the method of images.
Ii’alkuer’s method was therefore modi.iied to apply to low-
aspecbrrttio surfwes by introducing nonlinearity and some
simpMications were introduced which appIy to the present
case. This modification is presented in the appendix of
this report.

CORRB(XIONS TO ~ERJMEN TALDATA

In order to obtain an exact comparison between the data
obtained in the present tests and the theories mentioned in
the previous section, the tares and interferences would have
to be eliminated. Their eilect on the lift was expected to be
small,however, so that comparisonswith the data as obtained
were deemed to be valid.

The finite water depth has an effect on the lift coefficient
since it imposes a Iirnitation on the speed of wave propaga-
tion. Previous experience indicates that the corrections

necessmy to account for this effect for the Iow aspect mtios
under consideration may be assumed to be negligible. Com-
putations were made to determine the effects of the solid
boundaries by using an appropriate army 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 bo
considered negligible.

COMPARISON WITH EXPERIMENT

As pointed out in the previous sections, the free bounclrwy
eilects of the water surface were negligible at a depth of 6.0
inches For this reason, a comparison of the lift charocter-
isticaat a depth of 6.0 inches from the present test with wincl-
tunnel data and theoretical results from references 1 to 6 is
presented in figure 24. The results of Falkner’s linear theory
(ref. 6) were obtained by using two vortices spmmise and
three vortices chordwise for the hrdf-wing.

The comparison for the. aspect-ratio-l .00 surface is pre-
se@ed in figure 24 (a).The present data show excelhmt
agreement with the experimental results of reference 3. Tho
values predicted by the linear theory of I?alkner are lower
than the data but show reasonable agreement nt tho low
angles. Bollay’s theory (ref. 4), on the other hancl, predicts
values much higher than the data for all angles, The
theory of Fl= and Lawrence (ref. 1) gives good agreament
at the lower angles but gives results which are consir_lw-
ably higher than the data at the higher angles. The theorios
of Weinig (ref. 5) and the present report show excdent agree-
ment with the data, the theory of the present report bdng
slightly superior at the higher anglw. Figure 24 (b) shows
the comparison for the sspect-rotio-O.25 surface. The mTeri-
mental remdts given in reference 2 am generally lower than
those of the present tests but agreement is still reasonable.
The predictions of Faber’s linear theory are much lower
than the experimentalresults at all anglesbut are nevmtholess
fair approximations for small angles. The theory of Bollay
does not seem to have the general characteristics indicated
by the data and predicts too high a Iift 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 agre~ent is provided by the theory of J?lw t-ml
Lawrence and the method given in the present reperk Figuro
24 (c) shows the comparison for the sspcct-ratio-0,125 sur-
face. Comparable wind-tunnel data for tb.isaspect rfitio wore
not available so that only comparisons with theory am pre-
sented. The values predictq.1by I?allmer’s lirwr theory me
much Iower than the experimental valuea for all angles of
attack and represant only a fair approximation even for the
very low angle9. The nonlinem theories of Weinig and Flax
and Lawrence predict valuea which are also low when com-
pared with the data but they represent a considerably bett or
approximation than the linear theory. The method given
in the present report is in somewhat closer agreement with
the data of this investigation except at the very high angles
where this method predicts values considerably in cmceasof
those actually achieved. The theory of Bollay (ref. 4) shows
ecmelIentagreement over the entire range of angles of attaok
of these *ts.
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l?IOTJItE2.4.-Comparison between experimental and theoretical lift
coeffloients.

On an overall basis, then, the comparison indicates that
the Bonny theory while very accurate for aspect ratio 0.125
dopnrts more and more horn the data as the aspect ratio is
increased, On the other hand, the linear theory which is
inaccurate for all three aspect ratios approwlm the data
more closely as the aspect ratio is increased. The theories of
INax rmd Lawrence, Weinig, and the present report show
reasonable ngreement for all three aspect ratios, the present
t,heorybeing slightly more accumte on an overall basis. The
Flax and Lnwrence theory gives only fair agreement at the
higher angles of attack for the aspeckratio-1.00 surface while
the Weinig theory gives only fair agreement at the higher
cbnghxof attack for the aspec&ratio-O.25 smface ~d bo~
give only fair agreement for the aspect-ratio-O.125 surface.
The present theory gives excellent agreement for aspect

ratios of 1.00 and 0.25 for the entire range of angle of attack
investigated and reasonable agreement for an aspect ratio of
0.125 up to an angle of attack of 16°. The present theory
appeam &o to offer possibilities of modification to include
the sfFects of proximity of the free water surface by the
method of images.

CONCLUSIONS

A simple method has been developed by modiikation of
I?allmer’s vortex-lattice theory to predict the lift character-
istics for unseparated 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 at all angles
invwtigated and for wpect ratio 0.125 at EU@esbelow 16°.
At angles above 16° for the plate of aspect ratio 0.125, the
predicted lift was higher than the experimental lift.

An experimental investigation of the hydrodynamic forces
and moments acting on modified rectangular flat plates
having aspect ratios of 1.00, 0.25, and 0.125 mounted on a
singIe strut and operatirg at several depths of submemion
indicated that:

Decreasing the aspect ratio for a given angle of attack
and depth of submemion decreased the lift coefficient, the
drag coeflicisnt, and the lift-drag ratio and caused a rear-
ward movement of the center of pressure.

Decreasing the depth of submersion for a given aspect
ratio and angle of attack decreased the lift coefficient, drag
coefficient, and lift-drag ratio. The center of pressure
moved forward with decreasing depth of submersion for all
angles of attack for the plates haxing aspect ratios of 1.00
and 0.25 and for angles of attack below 8° for the aspect-
ratio-O.125plate. For angles of attack above 8°, the center
of pressure for the aspect-ratio-O.125 plate moved aft with
decreasing depth of submersion.

Cavitation at the leading edge caused a gradual decrease
in lift coefficient, a gradual increase in drag coefficient, and
little change in pitchin~moment coefficient.

A type of separation at the leading edge at high angles of
attack called “white water” and found only for the aspecb
ratio-1 .00 surface caused a alight decrease in lift coefficient
and pitching-moment coef%cient and a slight increase in the
drag coefficient.

Another type of separation at the leading edge at high
angles of attack called the ‘@laning bubble” and fonnd for
all three aspect ratios caused a sharp decrease in lift, drag,
and pitching-moment coefEcients primarily because of loss
of upper-surface lift.

The ventilation boundaries defining the start of the separa-
tion occurring at high angles of attack moved to higher
speeds and higher angles of attack as the aspeet ratio was
decreased.

LANGLDY AerOnaUtiC LABORATORY,

NATIONAL ADVMORY COMMITIIQE FOR AERONAUTICS,

LANGLEY FIDLD, VA., January 19,1964.
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APPENDIX

MODD?ICATION OF FALKNER’S THEORY

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

~=4bV tan a

[
~ H cot; (G+ulT+a2T’+ . . .)+h 0(60+

h~+h’+ . . .)+sin Wco+clq+m’+ . . .)+ . ..] (1)

where

~=5J

Coso=~C]2

The variables appearing in equation (1) are defined in figure
25.

FIGURE25.—Defititions of variables used in equation (l).

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

J
cl’

r= Ydz
-C12

which now becomes

[
r=4*v ‘an alm (G+uw?+ . ..) J:: cot ; fix+

c

(b,+ b,q’+ “ . .)J:: sin o dz+

(Co+cwl’+ . . .)s::s~~dz+... 1
But

so that

and

x Cos6.—
c 2

~t e_l+cos e
r sine

(2)

I’herefore,

%nilarly,

md

J; 0 (l+COS 0) de=—-
r

Tc.—
2

J
e/2 ‘lrC

sin e dx=~
- et’

J
cl’

sin n8 dx=O
—C12

where n> 1. Therefore,

r=4bv~ tan a
[

; (a”+w?+ . . .)+: (b”+ b,?l’+ . . “)]

(3)

h~o-iv,

J

bJ2

L= pVr dy
–b12

The evaluation of the *OWUS % h) ~n~ so forthis
accomplished as follows:

(1) The vorticity is concentrated into an appropriate
number of horseshoe vortices distributed chordwise and
spanwk.e and expressed in terms of equation (l).

(2) At a number of control points, the dow-nwashdue to
all the vortices as found from the Biot.+avaxt law is summed.

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

(4) The resulting equations me solved simultaneously for
an, 6., and so fofi.

The results obtained by the methods used thus far aro
applicable to any wing shape or aspect ratio by choosing the
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proper vortex-lattice distribution. Because of the particular
models being considereci in the present report, several
simplifying assumptions were introduced.

Becnuse of the low aspect ratios under investigation, the
assumption is made that the vortices me 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 maybe reduced
to one at each chordwise location. This assumption reduces
equation (1) to

~_4b Vt ana—
c [

~~ @cot& osine+tish12e+ -.. 1 (5)

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

sin d terms we in effect corrective terms for deviations from
tho straight,line. In order to simplify the equation further,

the surfaces are assumed to be represented by the cot ~ term

only; this assumption means that the surfacea are now repre-
sented by one horseshoe vortex. The iinal equation for the
vorticity therefore is

~=4b Vtan a
, 4i=7mot; (6)

In a manner similar to that used in obtaining equation (3),
the circulation is obtained as

~=4bvp “~ ~:

or
I’=2~bV@~ t~ ~ (7)

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

‘F
‘=47r

(8)

where 1’ is a position factor which is governed by the relative
location of the horseshoe vortes and the point at -whichthe
dowmvash is computed. Combining equation (7) and (8)

and setting ~=0, since the vortex is centered at the plane of
symme@y, give9

w aou’tful(2
—=

V2
(9)

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

Q

or in nondimensional form

(lo)

where
F,=Fc

and

A=:

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

s1

C.=VL8 _, r d~

Substituting equation (7) into this equation yields

Substituting equation (10) into equation (11) and using
the relation S’=bc yields

27 tan a
c.= p= (12)

Thus, the only unknown necessary to determine the lift
coticient as a function of the angle of attack is the position
factor F,.

From reference 8,

[

Y’+:

F=(ti)’?(z’)’
1J=WJ=%TY-

F is given as

Yl_;

[ “l+(’)$wr++l ’13(2’)’+(+ l+J(d)’+(2;+(&2)
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FIcwrm 26.—Deiinitions of variabkx used in equation (13).

where the variables are defined in &ure 26.

From the assumptions made previously, Y’=0. The single
horseshoe vortex is considered to operate at the %-chord
point (which is the center of pressure at high anglca for all
three surfaces tested) and the dowmvash is summed at the
%-chord point. The nonlineari~ is now introduced by con-
sidering the displacements produced by changing the angle
of attack.

Substituting

y’=o

into equation (13) yields

Expressing all measurements in chords nnd using the fact

that A.=: gives

Clearing of iiactions gives

~_64Acosa+ 64A ( 3 C05 a

c—3J~ 9 fig a+16A2 )l+J= 00

Solving equation (15) and entering the value of F, for any
particular case into equation (12) now enables the determi-
nation of the lift coeiiicient. These expressions are used in
making the computations, the results of which me shown
in iigure 24.
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