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NATIONAL ADVISORY CCMMITTEE FOR AE ONAd&!éF“W 5;7

AN INVESTIGATION OF EYDROFOILS IN THE.NACA TANE ~
I'- EFFECT OF DIHEDRAL AND DEPTHOF SUBMERSLON

‘By James M. Benson and Norman S..land
- SUMMARY

Efforta to employ hydrofoils on aeaplanee and surface
boats’ have freguently been handicapoed by the lack 6f in-
formation on the cuaracterletics.of the hydrofoila when '
near the surface of the water or when bregking the surface.
in" the present teste a. series.of- hydrofoils, each supportod
by two struts, was towed ati varlous depths. rarging from
partial submersions to a depth of 5 chord lengths.: Eesulta
are presented ahowing the 1lift and drag of hydrofoils hav-
ing'a chord of - inchea6 & span of 30 iackes,.and for .
angles of dinedral of O :10°, 20°, amna 30°. The teste._
-included speeds up to 9c feet per second and 1ift forces
up to avout 2500 pounds. The hydrofolls tested included
two sections, the KNACA 16-509 airfoll euction ‘and a .section
“derived from the 15~509 by -sherpening the leading edge. g

At desths greater than 4 or 5 chords the nresence of
the fred water surface appeared not to a*fect the 1ift anﬂ;
drag. As the hydrofoil approached the surface, the 1ift
and draz decreased and the speed at which cavitation first
appeared on the hydrofoil was increased. In the range of
very shallow immersions (les& ‘than,. say, 1/2 .chord) abrupt
changes in lift and drag occurred when the flow of water
over the upper surface separated from the aydrofoil. For
: applications requiring that the hydrofoll emerge from the
- yator, the.larger angles of dihedral (20° and 30°) appeared
desiraole because they produced lese‘abrupﬁ changes in ~

-1ift:and drag.-

Two maJor effects of speed ware noted. first; a lim-
jtatien of the total hydrofoil loading ooaslole (about 2200
1b/8q. £t for the depths tested) under conditions of com-
vlete upper—surface cavitation; and secoad, a loss of lift
at. high speeda and low angles of attaclk, probably due to
“lower-surface cavitation.. ' '
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‘INTRODUCTION

To Aate,.the 118&.of hydrofoil's on surfhce. erafi and
seaplanes has been mostly experimental. Although some
of the vrojects making use.of .hydrofoils may.have. coniin-
ued for a considerable time, they appear to have achleved
no practical applications that-are. .in werwice:today. One
difficulty undoubtedly encountered in ths efforts to make
use of hydrofoils has been the lack of svailable informa-
tion on their fundamental charactéeristics,

Teats have beon made at the NACA tank that answered,
in. part, ‘thie neod for preliminary: information. . The first

‘NACA” report  on hydrofoils .(referenca 1) contained data on
8ix .zero-diheédral hydrofoils of. differeunt. sections. - Those

datagave .Lift ‘and ‘drag coefficlents of each .section as.

- affected by angle of attack, spped, and depth below the

surface, :Speeds at which cavitation first avpeared were

.xIao -gdven.

The: purpoae ‘of the teats described herein is - to sup-
plement the information given.in the. f1irst report and.to
‘oextend:it to irclude the effacts. of: dihedral, of partial
submersion, and of sharpening .the leadiug edge.r Data are

‘presented to show the-effect of these variablas upon-the
-11ft, the drag, -and the" cavitation speed. The hydrofoils

with sharp leading edges were tested in the belief that,
st partial suomersions, less upray and . consequently leas
drag might resuls.’ “than from the NAOA 16-509 section ’
hydrofoila.'i -

DESCRIPTION OF HYDROFOGILS TESTED o

‘The NACA 16-509 airfoil section is one of. a series

designed for use at high speeds at which it is.sdvantagédous

to have a pressure distridbution as nearly uniform as pos-.
sible. The section is designed to have optimum .character-
istics st a 1lift coefficient 0f 0.5 and when used as a
hydrofoil, because of its preasure distribution. -would be
expected to have ‘about az high & cavitation speed as 15
possible for that particular value of the 1lift toefficient.
The tests of reference i showad "the NACA 16-509 section
‘would be of some advantage in ‘maintaining satisfactory val-
ues of ithe lift-drag ratio at speeds well beyond thome at.
which cavitation on the more conventional airfoils wounld



cause a large increase  in drag.. Consequently it secemed
desirable to employ this section in the present tests of
hydrofoile with dihedral. Three hydrofoils of: this sec-
tion having dihedral angles of 10°, 20°, and 30° were
conatructed. In addition, three hydrofoila with the. same
- dikedral angles but with the section modified to give a
sharp leading edge were .constructed. Sections of these
hydrofoils, normal to the chord plane,.are shown in fig-
ure 1. The NACA 16~509 section hydrofoil with gero di-
hedral, :which was used. in the previous tcsts, vwvas retested
to form a check bectween the two programs. - All thesc hy-
drofoils had tho samc projocted arca, that is, 30-inch
svan and 5~inch chord. Thoy wore roctangular in plan form
with squarc tips aand were machined from hard brass and
higbly polished. .

‘Each hydrofoil was supportcd by two struts. Each
strut was spaced 8{% inches from the center section of the
hydrofoil. The struts are bliconvex in section, approxi-
mately 28 inches long, and tapered toward the hydrofoil.

At the point of attachment to the upper surface of the hy-
_drofoil, the .struts have a chord of 2.9 inches .and a thick-
ness of 3/8 inch; at the top, the chord of .the strut is 4
inches and the thicknese 1s.3/4 inch. The center.line of
the strut intersects the upper surface at the half-chord
point. With the strute vertical, the angle of attack .of
. the hydrofo1l is 6°. This arrangement (hydrofoil. eupported'
-from its upper surface by rather large struts) is not -ideal
from considerations of poesible ‘Interforceace effocts. This
_arrangement, however, appears to be necessary in applica-
tions employing hydrofoils 40 1ift a surface boat or a
eeaplane..

TOWING APPARATUS .

. A description of the NACA tank, towing cerriasge, and
the method of measuring carriage speed is given in refer—
ence 2. "

The special dynamometer used in measuring the 1lift
and drag forces is shown diagrammatically in figure 2. .
It i8s of massive construction, because of ths large forces
to be measured, and is supported by tho main struetural
members of the carriage. This dynamomcter set-up is, in.
general, the samo as :that used for the carlicr tests de-
scribed in reference 1. Changes were made, however,. that
improved the accuracy.of setting the depth and angle of



attack, reliminating &ny.changefinﬁdmpih;aa_the engle-of
attack was :shifted. ‘Improved: spring.and dashpot unite
werg constructed aleo.

‘The ‘assenbly-of. ‘hydrofolil and dupporting struts is
bolted to.a. ' rigid fleating frame.in" which .there ‘s . provi-
.sion for . cortindously vary&ng~tha-angle ‘0f attack and-.the
depth of " tke hydrofoil within -a wide rx¥ange. Phis-floating
frame is. suspendéd :by.linkdges from two heavyncantilevef
springs, tho deflections<of which- are; measured bw.dlal :
gages. - Drag forces are “belanged--by " a combinatidﬁ ¢f vdead
weightsa and dpring “restraint, .the: apring oeing ‘that “of the,
“regular ‘towing..dynamometer as desoribed tunireferende 2,
Counterbalances are nrovided to minimize .the - effect of ver- -

.tical .and horizontal accelerations. Guide. rollefs restrain-t

the floating frame againat side motion.
. PROCEDURE

Tho force measurcments were .made Bt -constant épsed,
angle of -attatk, .and depth of auﬁméfefon.*Jmherfangévof'
speeds: in most cases extendéed well Beéeyond the speed - at
'which cavitation.started. At low angles of attack, the
range of ‘speede extendéd to the maximum- ‘donstdered -pidacti-
cable ‘with the ‘apparatus. ” The depths 'tanged from 5 chords-
‘below:the -surface (measured from theé- quarter-chord point
of ‘the ‘dentér seation) to partial submereions-with half or -
mor¥e of the- hydrofoil area out of .the-water.  -As. the- angle
of ‘attack was changed, the depth of the quarter~chord: point
at the center section was held constant. Thers.is then a
slight error in referring to the depthse of tips as constant.

his error is less than the systéematic errors. involved in
meaeuring the depth. The angle of attack was-varied from
-4° to 12° for moast of the tests but was varied over a.
~smaller range for tests at -partial 'submerséions. iThe -speed
>a%which cavitation firset appeared-on tae upuerfcnrfsce at
each angle of attack wasg noted.

.+ ‘The- aupporting strute .were towed alone: St differenn‘
depths and the.-resulting measurements of drag wote gub-
'tracted ‘from the measurements of drag obtained with ¢om-
plete ‘assemblies of aty¥uts and- hydrofoilsaf ‘The-14ift .
‘tares:of the 'struts ‘alone, measured :id thé same-= manner.
proved to Ve negligidblé, for all conditions ‘included™in *
‘the toxti: Tho drag-tarass of ‘tho -struts (fig. 3) were-
.deductod . to facilivete wsc.of the data in designing -
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assembliees employing struts of lower drag than the bicon-
vex strute. The procedure used in determining tares makes
no allowance for interference effects. In most practical
applications, howaver, the same type and the cams order of
magnitude of interference will most likely be present.

ACCURACY

”he acouracy of the basic measurements is believed to
be within the following limits:

Bpeed, feet per second .- . . . . s ¢ s e . . . . . 0.2
Cavitation speed, percent. . . . . . . .7 v e 2
Depth of immersion (below free water aurface). i
Inches . . o . ¢ ¢ i e e s s e e e e s o &« 4 o-. 0,2
Angle of attack, d6greesd . . . + « o o + o + ¢« & » o 2.1
Drag, pounds « . +» .+ « + .+ +x1.0 bolow cavitation speed
: *5.0 with heavy cavitation
Lift, pounds . . . . ... ., ., *10.0 below cavitation speed
20,0 with heavy cavitation

A8 the amount of cavitation increased, the accompany-
ing vibration caused the force measurements to be less
accurate.

EXPERIMENTAL RESULTS

- The éxperimental results of tests of hydrofoils with
the NACA 16-509 section are presented ss curves of 1ift and
drag coefficlents plotted againat speed in figures 4 to 15,
Similar results obtained for the hydrofoils with the modi-
fied section are not given in their entirety but are dis-
cussed later in this report. Dach figure shows the varia-
tions of the coefficients with change in speed for constant
veluee of the angle of attack and a constant d¢epth below
the undisturbed water surfece. The lowest snaed at which
cavitation was observed on the upper surface of the hydro-
foil, for a given angle of attack, is indicated on the
corresponding curve by a small arrow. With the test set-
uwp used, it was impracticabdle to determine the speed at
which cavitation occurred on the lower surface.

Curves have not boen faired through overy set of points
at constant angle of attack with tho hydrofoil partly subd-
merged, because the grouping of points representing gap



various angles of attack is rather close for some.cases of
partial submersions and ‘the accuracy. of the measurements
was not great enough to warrant expanding the ordinate

scalses.
*y

The observed forces are reduced to coefficlents anal-
ogous to the usual merodynamic form:

L
L psvﬁj

¢ dra coofficlent
D € (\ pSVi)
where.

L 1ift, pounds

C;, 1ift coefficlent

. D .drag, .pounds

] mass dgnslty-bt water, 1.968 slugs per cubic foot
for these tests

‘v  speed, feet per second

3] projected area 6:'hydrofoil.:l.04a equare feat for
these tests o

The Reynolds numpef (R = pVi/n) for any of the data
may be computed by using the values

g average absolute’viqgoaityio: tank water, 2.25 X 107%
alugs per foot per second for thﬁse teste

1 characteristic length, or. chord, of hydro¥oil,

. 0.417 foot ' .

R = 86 600 V
The £ollow1ng additional aymbola are used:

< geometric angle of attack.of ‘hydrofoil measured be-
tween chord line at center section and free water
surface

¢  chord of hydrofoil

Ve speed ‘at which cavitation was first ‘observed on the
upver surface, feet per, second



DISCUSSION

Effect of Depth

The effect of depth on lift coefficient for the NACA
16-609 section ie shown in figure 16 for angles of attack
of 09 2° 4% and 6° and dihedral angles of 09, 109, 2009,
and 30°. This figure presonts curvcs faired through
poirts taken from. the faired curvces of figures 4 to 15.
Points are also shown rocpresenting the faircd data fér the o
secction having a sharp leading edge.

The flow of water over a hydrofoil at depths greater
than 4 or 5 chords is apparently not influenced by the
surface of tne water, and ccnditions similar to those for
an airfoil prevail. ) ’ ’

At lesser depths (for example, 1/2 to 4 or 5 chords),
the infiuence of the surface of the water 1s evident from
the decrease in lift and the increase in cavitation speeds.
As the hydrofoil, while moving with a constant forward ve-
locity, epproaches the surface, there -ls a reduction in
tne mass of water flowing above the hydrofeil. This.change
cauvses & reduction in the absolute value of the megative
oressures on the upper surface of the hydrofoll and results
in a reduction in l1ift. The reduction in the absolute val-
ue. of the ncgative pressure rcquires that, for cavitation
to eppear, the speed must be greater for the lesser depth.
(See fig. 17.) The method of computing cavitation speeds
given in reference 1 mskes no allowance for this effect
of decreasing depth. ’ '

At very shallow depths (about 1/2 chord), a more or-
less sudden oreakdown of the .flow over thec upper surfaco
oceurs. For tho NACA 16~509, or the modifiecd sharp-nosc,
section at an angle of attack above 4%, the breakdown of
flow occurs near the leading edge, the water separating
almost completely from the upper surface, leaving nearly
the whole chord ventilated. At low angles of attack, the
breakdown of flow is . less sudden and occurs at a lesser
depth. The brcakdown of flow wmay occur incompletely and
unsycmetrically spanwise, its spanwise extent apparently
‘depernding on the angle of dihedral and on the roughness
of the surface of the water. Either smooth\flow or sepa-
rated flow over the upper surface may occur at a given  op-
erating condition, and sltermation between the two types
of flow may occur. (See figs. &, 9, 13, and '14.) When
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separation of the flow from the .upper surface is defin{tely

_ostablished, the changes .of 1ift and drag with change in

angle of attack arp very.small in comparison with the
changes that occur when the flow is smooth over the upper
surface. (Ses fig. 18.)_ When the hydrofoil approaches
the:-free surface, the-use of low.angles of attack appears

- desirable in order to reduce the .severity of the transi-
- tion to .planing. ’ )

. Total projected areas were used in computing.the coef-
ficients to facilitate use of the data in design. . .The
abrupt change in the slope of the curves (fig.. 16) 'as the
tips emerge therefore represents an abrupt change iw total

.1ift and .not necessarily an abrupt change in:secticn char-

acteristics.- Figure.16(c) shows one plot of cvefficients
based on projected area of the submerged portion of the
hydrofoil. ' .

Comparison of Tank and Wind-Tunnel Tests

Fiéure 19 shows a comparison of test results.on the
NACA-16-509 section from.tests in the NACA tank amnd tho
24~3inch high-spead tunncl. The results of "tcsts. in the
wind tunnel as given in reference 3 were convertcd to an
aspcct ratio of six for this comparison. The drag. coef-
ficients mcasured in the tank and given in refercnce 1
intluded strut drags; conseguently, the strut tares werse
deductcd from-the published values for the purvose of mak-
ing this comparison. ' The date from the present tests.were
for the zero-dihedral hydrofoil at 40 feset per second.

The agreement between the two series of tank tests is
good. Agreement between tank and wind-tunnel tests 1is.
reasonably good except for lift at high angles of attaclk.
Oneé reason for the discrepancy in the 1ift rcurves is un-
doubtedly the presence of the relatively large siruts used
in the tank tests. The agreement is, on the whole, good

-enough to support the belief that for preliminary design

involving hydrofoils operating at depths greater than 4 or
5 chords, and at:low speeds, wind+-tunmel data may bte used.

Effset of Dihedral
The effect of dihedral is shown in figure 16. The

highest dihedral angle used, 30°, gave tho highest 1lift
forces. at partial submersions for a givon cmersion. of the



tips. This.result ie dndoubtedly due.tp the greater im-
mersed area and the greaier averagse depth of that: arek

for a. hydrofoil with high d4ihedral opergting at: the same
L1ip- émerbdion-as a hydrofosdl with. low. dinhedral.. The chenge
in-1if% from- completa immersion to.zero 1mmersion iw’ more
gradial for the hydrofoil with: high dihedral than for a
hydrofoil-with low dihedrel. If the iden is to secure a
relatively. gradual drop in lift as e hydrofoxl omerges
fror the:-water, as in a flying-bsat spolication,. as high

a dihedral as 1s consistent with other requiramenta.appears
desirable. '

In ‘figure 16 the points plotted at zero.lift coef-
ficient for each angle of dihedral werse not obtained exper-
ihentally but were odbtained by assuming that the lift would
be rzero when the quarter-chord point of the center. seotion
i8 at the free surface of the water. It ls probable that
gome planing 1ift 18 obtained from the lower surface at
this location of the hydrofoil but it would be negligibla.
"k summary of the effects of dihedral 15 shown in f£igutse 20.

Effect of Shape of YNose

- fhe effect upon Lift and drag of snarpening the lead~
ing edge, as shown in figure 21, varies with ‘spead - and
'angle of attack in such a way that neither section appears.
fn-general, to be definitely superior to the ‘other. ‘Con-
siderably more data were obtained than are included In
this-report. Those in figure 21 appear to be typical of
all the data obtained and a morc thorough analysis of the
effect appears unjustified except for applications some-
what more specific than may be assumed at present.

The effect of sharpening the leading sedge upon the

- wolume and trajectory of the spray for partial submersions
was not determined quantitatively. During repeated obser-
vations of the spray thrown by the two sections, no signif-
icant differences appearsed.

Effect of Bpesd
-The offect of speed on the character*stica of a2 16-509
Lydrofoil 1is shown in figures 4 through 15. Two principal
affects of speed may de noticéd: first, there 1is a limit
4o the maximum hydrofoil losding that can be developed at
the higher angles of attack; and second, a complete losa of
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11ft at low angles of attack (below 4°) may be experienced
at high speeds with this-gection. .o

The limitation on the maximum 1ift is a result of com-
pléte upper-surface cavitation. (See:-fig: 9.) .This re-
sult verifiea the results indicated in figure 3(d) of refer-
ence 1. At the depths used in the "tests, tnis meximum is
approximately 2200 pounds per square foot; that is, apdproxi-
mateoly equal to the sum of the atmospheric pressure and tke
static-pressure head of water above the hydrofoii. (Lower
surface lift may continue to increase with apeed.)

Loss of 1lift at low aangles . may be -due-%o cavitation
on the lower surface of the hydrofoil... The speed at which
cavitation first sppeared on the lower surface coul? not
be determined because tke lower surface could not b2 seen.
The presence of low—preesure nreas on the under surface of
the hydrofoil was indicuated hy faint stroamers of .cavita-
tion budbbles, whizh could %e eseen l2aving the lower surface
at the trailins edge during .tests at . high spceds .and low
angles of attnck. If a 16~-509 section hydrofoil 1s used
on a high-speud gnrfacs craii, 1t may De necessary to avoild
the use of arg.cs of atisck ives than about 4°. Thie ef-
fect of speed upoan the "ift at low angles of attack appears
more striking when tke total 1ift 4in pounds (for the m&&el)
rather than the 1ift coefficient. 18 nlotted, as in.the
dasned curvae c{ figure 2. If tho loss of 1lift at high
specde and low sungles o¥ attnck 18 raused largely by cavi-
tation on the lower surface, s section having less camber
than the 16-509 sectlcn- may nrove to be much better for
some anpllcatione.

;he blconvcx sectionu ased for struts in the present
tests, while requiring relatively simple machianing for
manufacture, evidentl; are not the best scctlons for use
in supporting hydrofoils below a seaplane or surface boat.

A better form such as the 16~009 section (symmetrical. 9
percent thick) designed to have a nearly flat pressure dis-
tribution at zero 1ift would be better. Also, the form of
intersection of strut and hydrofoil used in the tesis may

be improved upon. Observations of the cavitation that ap-
peared during the tosts at high specds and low angles of
attack were of considerable interest in showing the exces-
sive drag contributed by the struts and by interference.
Cavitetion firet appeared in the region of iuterference be-
tween strutse aad hydrofoil, next oun the struts, and lastly
on the hydrofoil itself.  In the develovment of man efficient
assenbly of hydrofoil and supporting struts, observationa of
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the cavitation at high speeds should prove very valuable
in rapidly locating the regions in which modificatione
wonld te desirable.

CONCLUSIONS

The conclusions listed below are based .on tests of
ar assently. approximating an arrangement for use.under a
seaplane or a surface bvoat.

1. At denths greater than 4 or 5 chords, the influ-
ence of the surface of the water is small and a hydrofoil
operating at low speeds will have characteristics similar
to those of an airfoil of tho samz saction. Preliminary
design estimates, inzluding estimates of cavitation speeds,
may be made on.this besis. In the range of depths between
about 4 or 5 chords and - annroximataly 1/2 chord.rlift and
drag forces decr—ase and cavitation epeeds increase as the
surface is avproached. In the region of very shallow im-
merstons (less than 1/5 chord), sudden changes in lift are
likely,to occur and. the exact conditions undeér which ths
abrupt change will occur cannot be safely predicted.

2. For applications,- such as a Bseaplane, in vhichuthe
hydrofoil must emerge. from the.water, it appears that large
angles of dihedral (20°) and low angles of attack will be
desirable, as they afford smoother change from complete
submersion to zero submersion. .

£

3. If a sharp leading edge seems desiratle for some
reason, no great penzlty in 1lift or drag is necessarily
paid for a slight modification of a section such as the

16-509.
4. Two major effects of speed may be noted:

(a) A limitation of to%al hydrofoil loading
under conditions of gomplete upper-
surface cavitatioan. This 1limit is ap-~
proxlmatcly 2200 pounds pcr squarc foot
for depths tested (25 in. aand less).

(bp) Loss of 1ift on the 13-50% section at high
speeds if low angles of attack (below 4°)
are used, rrobably due to lower-surface
cavitation.
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5. Additicnal tests ‘would be desirable to 1nvest1gate
the characteristics of hydrofoila at. - higher speeds and
71ith lower cambers and to investigate the effect of modify-
inz the section of the struts and the form of the inter-
section between a hydrofoil and:1ite supporting struts.

Langley Memorial. Aeronautical Laboratory, .
National Adv1aory Committee for Leronaut1cs.
Langley Field, Va._
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