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EXPERIMENTAL STUDY oF THE EFFECT8 OF GWEEP
ON HYDROFOIL LOADING AND CAVI TATI ON

Peter Crimie#
Rochsnter Applied Science Associates, |nc.

Rochest er,

Abstract

An experinental program was conduct ed
to investigate the relationship of sweep
angle to cavitation inception on hydro-
fols and to deterioration of hydrofoil
performance due to cavitation. Teats were
carried out in a water tunnel on a geries
of four conntant-chord ® emimpan hydr of oi |
nodel s with mweep anglem of 0, 15, 3¢ and
4 5 degrees, rempectively. Measurement 8
lift and drag were made, varying incidence
and cavitation number for each nodel.

The results obtained show a consider-
able increase i n the npeed for cavitation
inception with increasing sweep angle.
Alma, the peed for gffectively subcavi~
tated operation, am meamured ‘by perform-
ance, wag found to increase |1grn1ficant1y
W t h increaming mweep angl e. he latter
(t;_ams were in _evidence from a determina-
ion of the variation with forward @ pined
of maxi mum lift-drag ratioand of drag at
constant |ift.

Nonmencl at ur e

foil area, f¢?

drag coefficient = €, = D/{(1/2pV2A)

A

¢ D
c,, lit coefficient - ¢, = L/.(1/2pV2A)
(o] l[ift coefficient atg w 1 when |ift
is held conmtant

drag, Ib

lift, Ib

vapor premmure of water, paf

free-stream static prenzure, paf
free-etremm speed, ft/sec
foil angle of attack, deg
sweep angle, deg
0 free-stremm mass density, ®  lugn/LtS
0 cavitation number = '

o u(p, = pc)/u/zovl)

| ntroduction

A major factqr in the ‘design of hydro-
foil boats i the limitation in perform-
ance imoosed hLv cavitation. The presence
fThis reseatch was carried out under the

Naval Bhip Systems Command Genersl HyAro-
mechanics Research Program, Subproject
s8R 009 01 01, ® 4mlinimterod by tha Naval
ship Research and Development Center.

**Senior Ressarch Engineer.

New Yor k

of a cavity of vapor, canged by the lower-
ing in presure on the suction aide of the
forl down to the vapor pressure of the
water, causes averylarge reduction in

lift and a large increase in drag. In addi-

tion, the lifting surfaces can bé seriously
eroded by cavitation when operated at or
near cavitation inception. Thus, the de-
signer is faced with 'the choice of either
limting the speed of the craft to avoid
cavitation or accepting large losses in
efficiency and penalties in power required.

It can be shown through a straightfor-
ward analymim t hat t he maxi mum speed f or
mubcavitatfng flight can be increased gub-
mantially by utilizing sweepback. This
effect derivém from the sane Iprl nciple as
the one manifented in forestalling of com
pressibility effects on swept aircraft
wings. That 1S, theloading on a given
Wi ng section 4isnearly independent of the
apanwi se conponent of the flow so the speed
for cavitation inception I'S only determined
by the f1 ow component normal tothe | eading
edge. If the foilisswept, the forward
mpeed oft he craft atwhich cavitation
occurs mumt then increase. This effect can
be put on a quantitative basis by analyzing
an infinite vyawed foil, as outlined in the
Appendix. The @  tudy reported here was di-
rected to determining ex_f)erl nental |y
whether, for a hydrofoil of finite span,
the npeed at which cavitati on occurscanbe
increamed @ ignificantly, to give corres-
ponding gains in performance, by enploying
mweep.

Sweeping of the foil undoubtedly ham
detrimental @ ffectm on some aspects of per-
f ormance . There 4is a loss inlift effec-
tivenems with increasing ® weep angle. The
boundary layer may build up near the tips,
mm it does on swept aircraft wings, gliving
rise to unfavorabio stall characteristics
and_attendant difficulties in taking off.
ventilation of mtrutm (struts ~hould also
be swept, of course) may be difficult to
prevent at f)w?; higher speeds. Also, the
distributionlLX’ loading may® dvermely
e ffeat stability and control. Some of the
disudvantages may be countered, however, by
employing variable e wuap, whichismore
® amily implemented on a hydrofoil craft
than on an aircraft.

The specific objective of thim study was
to determine whether a foil of finite as=
pect ratio, with spanwise loading varia-
tions, cavitates ct a speed determine4 pri-
marily from tha echordwise flow componant.
Teats were aonduoted i n the 12-4nch wat er
tunnel at ths Ordnance Rsssarch Laboratory,
Pennsylvania State University, on a series
of four oonmtmnt-chord, semispan hydrofoil

At RS AT e

A IR NG

¥

N S v Yo A e D e R a5 Y VAL s B SN X

Ti-, srn‘



model s.  The nodel s had sweep angles of 0,
15, 30, and 45 degrees. Measurements were
taken of the [ift and drag as a function

of i ncidence and cavitation number. The
test facility, models, and mounting and
measuring apparatus are described next.
The results of the tests arethen dis-
cussed.

Test Facility, Models and Test Apparatus

Test Facility

The tests were ¢« lucted i N the closed-
circuit water tupnel having a 1l2-inch Cir -
cular test section at the Ordnance Research
Laboratory, Pennsylvania State University.
The tunnel provides a wide range of cavita-
tion numbers. Flows of up to 80 feet per
second with testsection static resaures
from 3 to 60 psia can be obtained.

The upper leg of the water tunnel, in-
cluding tetest "section with the mounting
apparatus of the subject tests installed,
is shown inFigure 1, Further details of
the facility are available in a report
{jlescri(bli)ng the tunnel and its capabili-

ies.

Hydrof oi | Mbdel s

A series of four constant-chord, semi-
span hydrofoil nodels were tested, wth
sweep angles of 0, 15, 30, and 45 degrees,
respectively. Alnmodels had the same area
and the sanme chord and foil section taken
normal to the leading edge.

. The model planforms are as indicated in
Figure 2. The basic zero-sweep model has
a_span of 6 inches and a chord of 2 inches,
giving an aspect ratio of six for full-
sPan flow, as approxfmated through the use
of a splitter plate. The span was chosen
to avoid wall interference in the 12-inch
test section of tns water tunnel. The
chord was selected to give as high an as-
pect ratio as possible without i mposi ng
severe structural requirenments. The tang
for each nmodel is the same, and is designed
to fit a common clamping device attache
to the measuring apparatus.

The foil section normal to the leading
edge has the NACA designation of 16-309.
A sketch of the 16- 309 section and a 1list-
inqg_of offsets is. given in Pigure 3. This
section has a maximum thickness of nine
ercent of chord. fThe maximum thicknemm 4is
ocated mix tenthm of the chord from the
leading edge. The 16-309 mectton is well
suited (O ubcavitating operation because
it ham A relatively low @ uction peak at its
demfgn 14ft coefficient of 0.30. It ham
been utilized puvioun‘! is\at least two
experimental programs ’ and on the
u. lgt. Navy’s PC (B) "High-point® hydrofoil
craft.

Each model, with integral tang, was cut
from a mingle workpiece of heat-trertod
416 ® tainlomm gteel. The use of excep~-
tionally rtrong material and, the avoidance

of weldod construction were dictated by the

high bendi ng stresses anticipated at the
root at |ow cavitation nunbers.

Mounting and Measuring Apparatus

The mounting and measuring apparatus

which was fabricated is shown schematically
in Figure 4. Photographs of the various

components of the apparatus are shown in 3

Figure 5a and the conplete assenbly is shown
in Figure 5h.

Ascan be seen from the figures, the ap-
par at us consists basically of a_ water-filled
cylinder mounted on a plate which mates with
an opening in the circular test section of
the water tunnel. Fastened to the end plate
of the cylinder aretwo elements for measur- }
ing forces nornmal and tangent to the foil ]
chord, respectively. These elenents take up i
the force conponent to be measured through !
tension nenbers. The unit has high natural ‘
frequency and gi ves force readings which
are mni rrallﬁl affected by applied torque.

The clamp whi ch holds the models bolts to a
flange on the outer force-neasuring elenment.
The nodel projects through a slot 1n a cir-

cul ar

insert in arectangular splitter
pl ate.

The splitter plate is screwed to the
tunnel wall. " Foil incidence is changed by

loose. 'ng six bolts and rotating the cylin-

der through the desired angle, i ndi"cat ed

by)a scal e attached to the unita(see Figure

5b) .

Di scussion of Results

Basic Data « Characterization of Flows

The tests were generally conducted on
each nodel in the followi ng" manner. First,
foil incidence was selected and the tunnel
was brought up to speed. The free-stream
speed was made as hi gh as possibl e, without
grving excessive |oads, in order to main-
tain a high Reynolds number and to provide
good_force ~readings. Once tunnel speed was
stabilized, test-section static pressure
was lowered i n steps from a val ue somewhat
above atmospheric pressure. Force r eadi ngs,
tunnel static and dynamic pressures and
water temperature were recorded after each
change in @ tatic  pressure.  The  character
an extent of cavitation, if any, was ob-
served and recorded.

~ When sufficient data war obtained at a
given incidence, tunnel pressure was re-
turned to above atmospheric, tunnel speed
was lowared, foil incidence wa‘ changed and
the test procedure repoated. ..ns were nade
for angles of attack from -4 degrees to 10
degrees in 2-degree increments.

The basic data was derived from thesae
runs, with the variation of lift coeffi~
cient <, and drag coefficient Sp determined

am a function of cavitation number g for a
given angle of attack o« <sH2 @ weep angle a.
The force coefficients and cavitation num-
ber are defined by




CL & #
1/20V3A

CD " - D -
1/20V2A
p. = Pc

o] .- h—
1/2p0V2

where L and D are conponents of hydrody-
nam c force nornmal and parallel, respec-
tively, to the free stream Vis free-
stream speed: o is water density; Ais foil
area (12 square inches for all nodels); p_

is free-stream stutic pressure and pc is

t he vapor pressure of the water. The maxi-
mum errors incurred through'recording and
reducing the data are estimated to be, in
general, from 1y to2% in CL' from2s to 4%

in cy,and fromiy to 2¢ino. A complete

tabulation Of the data obtained is given
in Reference 4.

A representative variation of the force
coefficients with cavitation numberis
illustrated by the curves of Figurer 6, 7,
and 8. In those figures, CL, CD, and L/D,

respectively, are plotted againmt ¢ for

a = 8%, for both A 'w 0*and h = 4%°, The
identifying labels appearing with certain
of the points aethe figure numberm of
photographs taken of the model when the
data for t hose poi nts were recorded. Thus,
the photographs of the zero--weep model are
shown in Pigures 9a through 94 and thome of
the model with 45-degree sweep are given in
Figures 10a through 104.

Fol | owi ng t he curves from the araa of
fully wetted Slow in the direction of de-
creasing a, the Sirot noticeable change is
a rise in the CL-curvu (Figure 6), be-

gi nning at about o = 2.6 for A » 0® and at
about ¢ = 1.9 for h = 45°, It was found
through analyria of photographs and notes
made while data was being taken that the
paint at which <, begins to increase gen=

® rslly marks the inception of cavitation.
At about the same value of a, or slightly
less, the Cp-curves also begin toO rise.

Upen continuing into the region of par-
tially cavitated flow, A maximum in the
C -curve is noted, at o w 1.1 for A= y*

And At o ® 0.67 for A = 45, The maximum
in CL was Sound to occur, generally, when

tho foil WAS abouut %508 cavitated, for

h # 0°, There was some increase | n the
extent of cavitation &t the point of maxi-
mum C, W th increasing A, there generally

being from 70 to 738 of thd foil e ree
cavitated with A = 45°,

Next, there are maximums in t he cD-
curves (Yigure 6) which ocour At & still

| ower cavitation nunber. The peak for
A =0° {ig at a = .8 and, for A = 45°, it is
at ¢ = .6. The maximumin C, appears to

correspond, for all sweep angles, to the
cavitation nunber at which the foil is just

fully cavitated.

Note thatt he curves of L/D versusag
(Figure 7) do not have maxima or mining, but
instead decrease nonotonically wth decreas-
ing c. Apparently the maximumin cLi s just

sufficiently separated from the peak in cg
to nake their ratio vary nonotonically.

A ?ood qualitative indication of the
effects of sweep on cavitation can be ob-
tained from a conparison of the photographs
in Figurer 9 and 10. Note, first, that
both the tip and rootsecti ons renain wetted

when the unswept foil {s partially cavitated.

The swept foil, on the other hand, can be
seen to experience cavitationover the tip,
And A good deal more of the root section is
wetted, under comparable conditions.

Rather more by good fortune than intent,
the photographs Of Pigures8 and 9 were
taken, for each model, At nwirly the mane
cavitation numbers. That is, the fl ows
pictured by FPigures B8a and 9a are at nearly
the same cavitation number, 8b and 9b corre-
Sr)ond to about the same value of o, etc.

Al though thelift coefficients for A = 45°
are considerably smaller than thoae for

h « 0%, due to the loos in lift effective-
ness, the aaaea for the two sweep anglem are
still comparable, mince the L/D-curvem are
not nearly so widely ® eparAted. -The differ-
ence in the L/D-curves is probably due to
the lower aspect ratio of the ® wept nodel.
Not e that the extent of cavitation of the
swept model is considerably less than on tne
unswept one, at All four cavitation numberm.
The effect is evident xOOO @  atimatem which
were made of the Areas cavitated in the
photographs and tre listed below.

Estimated
Cavita- Percent
Pigure tion No. Area
A-deg. No. ©_a Cavitated
9a 1.794 14.9
0 9 1.693 55.6
9c 0.817 96.0
9d 0.612 ~100.0
104 1.681 3.3
45 10b 1.046 31.9
100 0.771 45.3
104 0.594 85.0

gffect Of Bweep on Cavitation Inception

The relationship between foil sweep Angle

and the speed at wlich cavitation first
occurs to any noticeable degres is of

A r—————— A o -+



particular interestin relation to the
probl em of cavitation damage. The deter-
mnation of the cavitation number at which
cavitation first appears was found diffi-
cult to nmeke with any precision by observ-
ing the flow However, as was noted pre-
viously, inception seens generally to
occur at the cavitation nunber at” which
the lift coefficient begins to increase..

~ For the purposes of this report, then,
inception is defined as that point on the
CL wversu= ¢ curveat which CL begins to

rise. In order 1 determne the variation
of cavitation number for inception, work-
ing plots of the lift coefficient asa
function of ¢ for each angle of attack and
sweep angle, simlar tothose of Figure 6,
were first constructed, The point of in-
ception was then determ ned according to
the above definition. A pigt was then con-
structed of the cavitation number at in-
ception as a function of [ift coefficient,
for each of the four sweepangles. Those
cuves are shown In Figure 11

As canbe seen from Figure 11, the ef-
fect of sweep on cavitation is clearly
noticeable. For A = 45°, the nininum
value for ¢ at inception is 0.22, and for
A =W, that mininmum point is 0.35 giving
a ratio of free-stream speeds of 1.26.

That the benefit of sweep is not as notice-
able as mght bve expected for A = 15° and

A = 30° nust be due toeffects of finite
aspect ratio. The value of o at inception
is proportional to cos?p in the two-

di nensional came (See the Ap%endix), which
variation would give considerably more
spreadt 0 the curves inthe regi'on ofthe
mnim, for the three lowest sweep angl es.

Ef f ect of Sneep on Performance

Two aspects of the relationship of cavi-
tation to ‘the performance of swept foils
were investigated. Specifically, the data
was anal yzod™ to extract operating effi-
ci ency, ~ as measured by the maximum 1ift-
drag ratioas afunction of cavitation
nunber, and by the power required for a
specific desi gn, asreflected by the varia-
tron of drag 'wi th forward speed for con-
stant |ift.

The variation of the maximum in L/D with
cavitation number was determined in the.
following_ way, Pirst, wor ki ng plot8 of
L/ D versus o were constructed for sach
val ue of ¢ and A. Then, cross plot8 warm.
generated of L/D versus a With o asa
paramater, 0O o aoh sweep angle. The maxi-
mum Wwasthen read off ® aah cross piot, to
form the curves shown in pigure 12. Thr

absci ssa ofthosepl ots is-o~'/?, which is

¥Bome caviiail on generally ocourred at the
intersection of theroot with the splitter
late at somewhat higher cavitation num-~

res. However, premature oavitrtion in
thin region oould presumably be ® liminatad
by more careful design.

proportional to forward speed when water
ten%erature and static pressure are held
fixed.

From Figure 12, it can be seen that sweep-
ing of the foil increases the speed at which
cavitation cases a deterioration in perfor-
mance. The maximum L/p begins to drop off

rapidly at about o~'/% m 1.3 for A = 0°,
while, "for A = 45°, the drop-off point is

at 0~1/2 w 2.0. The decrease in maxinum
L/D with sweep angle forthe funywetted
foils is due primarily to the decrease in
asEeCt rati o withincreasing sweep angle
(the zero-sweep model has a-full-span-aspect
ratio of six, while that of the nodel with
A= 45° is three) and so is recoverable.

v explanation can be offered for the sone-
what anomal ous behavior of the nodel wth
15 degrees of sweep, other than to note
that the larger L/D is due to a decrease in
drag, rather than an increase in |lift, as A
is changed from O degrees to 15 degrees.

The variation of drag with forward speed
for constant lift (i.a., for a given ship)
was derived asfollows. From working plots
of ¢, and ¢, versus 0, cross-plots “of the

lift and drag coefficients as a function of
angle of attack a, with o as the paraneter,
were generated. It was then hypothesized
that the lift, L, is a constant. But the
lift coefficient, CL'. must.still vary with

forward speed V, as must the cavitation

nunber. It 1s readily shown that Q. nust
be proportional too if L iS constant:
CL u CL1°

wher e CL is the val ue och at o w 1. Thus,

some value, say0.4, wouldfirst be selected
for Cy Then, the val ue ofC, atappre-

riate valuesofo woul d be calculated from
he above relation, The crors-plot of ¢

yersus O was t hen consulted to determins
the value of a for each <, val ue which was

calculated. Gven a the drag coefficient
could be taken off the plot of C, versus o

and the ratio Cy/Cp ® DL computad. The

ratio D/L is plotted against™'0 ‘-l/zi n pPig-
ures 13, 14 and 15, for values of CL, of

0.2, 0.4 and 0.6, respsctively.

Tha glou of Pigures 13 through 15 can be
rzntdo as showing the  variation, in non-
dimensional -terms, of drag with forward
speed. The plot8ean be nbon toshow a
ol{:“ performance advantage for swept f 0i | s.
The sharp risein draz as speed is increased
can be attributed to gavitation, The point5
of oavitrtion lnception, obtained from Fig-
ure 11, which are indicated by a small arrow
on ® aoh gurve, afeHeen to ogeur at a 'T‘“
in the vicinity of the sharp d4rag rise in
rigures 13 and 14. | n Prigure 15, with
ch ® 0.6, the hi gh loading causes
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cavitation to occur at all speeds except
fora small region near the mninum for

= 0°, It can still be inferred, however,
that the drag rise isdue to cavitation in
this came as wel |

. The shift to higher speed with increas-
ing sweep angle of the drag rise due to
cavitation can be seen for all three val-
uesof C, . The largest gain appears to

L,
be for C = 04 (Figure 14), where the

curve for A = 45° is shifted by anincre-

ment of about 0.43 in o~ 172 uith respect
tothe curve for A = Q°®, This increnent
represents an increase in speed of about
12.0 knots for p, = P, * 15 psi .

Concl usi ons

The resuts obtained indicate that there
are clear advantages to be obtained from
sweeping a hydrofoil. The speed at which
cavitation inception occurs Is increased
with increasing sweep angle, so sweep
shoul d alleviate the problem of erosion
due to cavitation. The speed for effec-
tively subcavitated operation, as measured
by performance, is increased by sweepi ng
the foil, as was seen fromplots agai nst
forward speed of maximum lift-drag ratio
and ofdrag at constant |ift with sweep
angl e as paraneter.

The effects of aspect ratio were clearly
evident in the data This would indicate
that the influence of foil planform and
ot her paraneters, such as built-in twst
and proximty to a free surface, should be
taken into account if sweep is being con-
sidered for a specific application.

Appendi x

Two- di mensi onal Analysis of the
Effect Of Sweep on Cavitation
Tnception

Consider an infinite yawed cylinder in
an inconpressible, inviscid flow of magni -
tude V, as represented in Figure 16. The
flow must be independent of n and is
assuned to be irrotational, so the flow
conponent in the n-direction rmust be con-
stant and of magnitude V sin A Further,
let £(g,n) denote the mmgnitude ofthe
radi ent of the velocity potential ofthe
wo- di mensi onal flow about a section of
the cylinder taken normal to the n-axis,
for a free stream of unit magnitude. Then
the magnitude of the conponent in the g=g
plane i's £v cos A. "From Bernoulli's equa
tion, the static pressure p at any point is
then given hy:

P =p, = 30VZ(£2 - 1)cos? A (1)

where p is the free-stream static pressure
and p is the fluid density. Thus, if pg

is the vapor pressure and ) is the maxi mum
val ue of £, the inception of cavitation

occurs at a speed Vs where, from Eq. (1),

1 [-/(-P.'P' )
v

o a—
c CO'A P (Xz-'l)

Thus, the speed for cavitation inception on
an infinite yawed foil varies inversely as
the cosine of the sweep angle. If, for
example, ) = 1.188, which is representative
of subcavitating sections, then increasing
» Momzero to 45 degrees increases Vc from

about 43 knots to 60 knots.

(2)
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Figure 1. ‘Water tunnel _upper leg with
model mounting apparat us _
installed im the test section.
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=
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Four Modeds: Z7Z el &“
A * 0, 15%, 30°, 43° - \]\
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Figure 2. Model planforms. splitter piate — Mode)

Figure 4. Schematic of nounting and
measuri ng appar at us.
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2.382 | 1628 2618 | 1070
4.668 | 2.351 5.132 | 1.403
7.364 | 2.906 7.636 | 1634
9.864 | 3.365 0.14 | 1813
14.87 |4.108 1513 | 2.088
19.88 |4.690 2012 | 2.302
29.92 |5.520 30.08 | 2.604
39.96 |5.998 40.04 | 2.784
50.00 | 6.158 50.00 | 2.845
60.04 |5.983 59.95 | 2.769 {
tone | 5.409 69.92 | 2.493
80.10 | 4.341 79.90 | 1.953 5
90.10 | 2661 89.90 | 1109 .
95.08 | 1532 94.93 | .58¢
100.00 | .09¢ 100.00 | .090

Figure 3. The NACA 16-309 foil section
and listing of offsets

Figure 5. Test apparatus conmponents
and assenbly.
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