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Experimental Study of the Effects of Sweep on
Hydrofoil Loading and Cavitation

PETER CRIMI*
Avco Systems Division, Wilmington, Mass.

An experimental program was conducted to investigate the relationship of sweep angle
to cavitation inception on hydrofoils and to deterioration of hydrofoil performance due to
cavitation. Tests were carried out in a water tunnel on four constant-chord semispan hydro-
foil models with sweep angles of 0°, 15°, 30°, and 45°, respectively. Measurements of lift and
drag were made, varying incidence and cavitation number for each model. The results ob-
tained show a considerable increase in the speed for cavitation inception with increasing sweep
angle. Also, the speed for effectively subcavitated operation, as measured by performance,
increased significantly with increasing sweep angle. The latter gains were in evidence from
a determination of the variation with forward speed of maximum lift-drag ratio and of drag
at constant lift.

Nomenclature

A = foil area, f t 2

CD = drag coefficient, CD = D/(ip72A)
CL = lift coefficient, CL = L/(1PVZA)
CLI = lift coefficient at a = 1 when lift is held constant
D = drag, Ib
L = lift, Ib
pc — vapor pressure of water, psf
pco = freestream static pressure, psf
V = freestream speed, fps
a — foil angle of attack, deg
A = sweep angle, deg
p = freestream mass density, slugs /ft3

a- = cavitation number, a = (/?«, — pc)/(IpF2)

Introduction

A MAJOR factor in the design of hydrofoil boats is the
limitation in performance imposed by cavitation. The

presence of a cavity of vapor, caused by the lowering in
pressure on the suction side of the foil down to the vapor
pressure of the. water, causes a very large reduction in lift
and a large increase in drag. In addition, the lifting sur-
faces can be seriously eroded by cavitation when operated
at or near cavitation inception. Thus, the designer is faced
with the choice of either limiting 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 straightforward analysis that
the maximum speed for subcavitating flight can be increased
substantially by utilizing sweepback. This effect derives
from the same principle as the one manifested in forestalling
of compressibility effects on swept aircraft wings. That
is, the loading on a given wing section is nearly independent
of the spanwisex component of the flow so the speed for cavi-
tation inception is only determined by the flow component
normal to the leading edge. If the foil is swept, the forward
speed of the craft at which cavitation occurs must then in-
crease. This effect can be put on a quantitative basis by
analyzing an infinite yawed foil, as outlined in the Appendix.
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The study reported here was directed to determining ex-
perimentally whether, for a hydrofoil of finite span, the speed
at which cavitation occurs can be increased significantly, to
give corresponding gains in performance, by employ ing
sweep.

Sweeping of the foil undoubtedly has detrimental effects
on some aspects of performance. There is a loss in lift ef-
fectiveness with increasing sweep angle. The boundary layer
may build up near the tips, as it does on swept aircraft
wings, giving rise to unfavorable stall characteristics and
attendant difficulties in taking off. Ventilation of struts
(struts should also be swept, of course) may be difficult to
prevent at the higher speeds. Also, the distribution of
loading may adversely affect stability and control. Some
of the disadvantages may be countered, however, by em-
ploying variable sweep, which is more easily implemented
on a hydrofoil craft than on an aircraft.

The specific objective of this study was to experimentally
determine whether a foil of finite aspect ratio, with spanwise
loading variations, cavitates at a speed determined primarily
from the chordwise flow component. Tests were conducted in
the 12-in. water tunnel at the Ordnance Research Labora-
tory, Pennsylvania State University, on a series of four con-
stant-chord, semispan hydrofoil models. The models had
sweep angles of 0°, 15°, 30°, and 45°, respectively. Measure-
ments were taken of the lift and drag as a function of incidence
and cavitation number. The test facility, models, and
mounting and measuring apparatus are described next. The
results of the tests are then discussed.

Test Facility, Models, and Test Apparatus

Test Facility

The tests were conducted in the closed-circuit water tunnel
having a 12-in. circular test section at the Ordnance Research
Laboratory, Pennsylvania State University. The tunnel
provides a wide range of cavitation numbers. Flows of up
to 80 fps with test-section static pressures from 3 to 60 psia
can be obtained.

The upper leg of the water tunnel, including the test section
with the mounting apparatus of the subject tests installed, is
shown in Fig. 1. Further details of the facility are available
in a report describing the tunnel and its capabilities.1

Hydrofoil Models

A series of four constant-chord, semispan hydrofoil models
were tested, with sweep angles of 0°, 15°, 30°, and 45°, re-
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Fig. 1 Water tunnel upper leg with model mounting ap-
paratus installed in the test section.

spectively. All models had the same area and the same chord
and foil section taken normal to the leading edge.

The model planforms are as indicated in Fig. 2. The
basic zero-sweep model has a span of 6 in. and a chord of 2 in.,
giving an aspect ratio of six for full-span flow, as approxi-
mated through the use of a splitter plate. The span was
chosen to avoid wall interference in the 12-in. test section
of the water tunnel. The chord was selected to give as high
an aspect ratio as possible without imposing severe struc-
tural requirements. The tang for each model is the same,
and is designed to fit a common clamping device attached 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
listing of offsets is given in Fig. 3. This section has a maxi-
mum thickness of nine percent of chord. The maximum
thickness is located six tenths of the chord from the leading
edge. The 16-309 section is well suited to subcavitating
operation because it has a relatively low suction peak at its
design lift coefficient of 0.30. It has been utilized previously
in at least two experimental programs2-3 and on the U.S.
Navy's PC (H) "high-point" hydrofoil craft.

Each model, with integral tang, was cut from a single
workpiece of heat-treated 416 stainless steel. The use of
exceptionally strong material and the avoidance of welded
construction were dictated by the high bending stresses
anticipated at the root at low cavitation numbers.

Four Models1

A = 0, 15°, 30°, 45°
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Fig. 3 The NACA
16-309 foil section
and listing of off-

sets.

Mounting and Measuring Apparatus

The mounting and measuring apparatus that was fabri-
cated is shown schematically in Fig. 4. Photographs of the
various components of the apparatus are shown in Fig. 5a
and the complete assembly is shown in Fig. 5b.

As can be seen from the figures, the apparatus 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 are two
elements for measuring forces normal and tangent to the foil
chord, respectively. These elements take up the force
component to be measured through tension members. The
unit has high natural frequency and gives force readings
which are minimally affected by applied torque. The clamp
that holds the models bolts to a flange on the outer force-
measuring element. The model projects through a slot in
a circular insert in a rectangular splitter plate. The splitter
plate is screwed to the tunnel wall. Foil incidence is changed
by loosening six bolts and rotating the cylinder through the
desired angle, as indicated by a scale attached to the unit
(see Fig. 5b).

Discussion of Results

Basic Data—Characterization of Flows

The tests were generally conducted on each model in the
following manner. First, foil incidence was selected and the
tunnel was brought up to speed. The freestream speed was
made as high as possible, without giving excessive loads, in
order to maintain a high Reynolds number and to provide
good force readings. Once tunnel speed was stabilized, test-

Fig. 2 Model planforms.

Fig. 4 Schematic
of mounting and
measuring ap-

paratus.
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Fig. 5 Test apparatus; a) components and b) complete
assembly.

section static pressure was lowered in steps from a value
somewhat above atmospheric pressure. Force readings,
tunnel static and dynamic pressures and water temperature
were recorded after each change in static pressure. The
character and extent of cavitation, if any, was observed and
recorded.

When sufficient data was obtained at a given incidence,
tunnel pressure was returned to above atmospheric, tunnel
speed was lowered, foil incidence was changed and the test
procedure repeated. Runs were made for angles of attack
from -4° to 10° in 2° increments.

4.0

Fig. 6 Variation of CL with a at a = 8° for A = 0° and
A = 45°.
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Fig. 7 Variation of CD with a at a = 8° for A = 0° and
A = 45°.

The basic data was derived from these runs, with the vari-
ation of lift coefficient CL and drag coefficient CD determined
as a function of cavitation number a for a given angle of
attack a and sweep angle A. The force coefficients and
cavitation number are defined by

CL = L/(±pV>A), CD = Z)/(ipF2A), a- = (pm - pc)/(ipF2)
where L and D are components of hydrodynamic force normal
and parallel, respectively, to the freestream; V is freestream
speed; p is water density; A is foil area (12 in.2 for all
models); pm is freestream static pressure and pc is the vapor
pressure of the water. The maximum errors incurred through
recording and reducing the data are estimated to be, in
general, from 1% to 2% in CL, from 2% to 4% in CD, and
from 1% to 2% in a. A complete tabulation of the data
obtained is given in Ref. 4.

A representative variation of the force coefficients with
cavitation number is illustrated by the curves of Figs. 6, 7,
and 8. In those figures, CL, CD, and L/D, respectively, are
plotted against a for a = 8°, for both A = 0° and A - 45°.
The identifying labels appearing with certain of the points
are the figure numbers of photographs taken of the model
when the data for those points were recorded. Thus, the
photographs of the zero-sweep model are shown in Figs. 9a-
9d and those of the model with 45-degree sweep are given in
Figs. lOa-lOd.

Following the curves from the area of fully wetted flow
in the direction of decreasing a, the first noticeable change
is a rise in the CL curves (Fig. 6), beginning at about & =
2.6 for A = 0° and at about a = 1.9 for A = 45°. It was
found through analysis of photographs and notes made
while data was being taken that the point at which CL begins
to increase generally marks the inception of cavitation. At
about the same value of a, or slightly less, the CD curves also
begin to rise.

Upon continuing into the region of partially cavitated
flow, a maximum in the CL curve is noted, at a = 1.1 for
A = 0° and at a = 0.67 for A = 45°. The maximum in CL
was found to occur, generally, when the foil was about 50%
cavitated, for A = 0°. There was some increase in the ex-
tent of cavitation at the point of maximum CL with increas-
ing A, there generally being from 70 to 75% of the foil area
cavitated with A = 45°.

3.0 4.0

Fig. 8 Variation of L/D with <r at a = 8° for A = 0° and
A = 45°.
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a) a- = 1.794 c) a- = 0.837

b) o- = 1.093

d) o- = 0.612

Fig. 9 Extent of cavitation at four different cavitation numbers for a = 8°, A = 0° (see Figs. 6, 7, and 8).

Next, there are maximums in the CD curves (Fig. 6) which
occur at a still lower cavitation number. The peak for A =
0° is at a- = 0.8 and, for A - 45°, it is at a = 0.6. The
maximum in CD appears to correspond, for all sweep angles,
to the cavitation number at which the foil is just fully
cavitated.

Note that the curves of L/D vs a (Fig. 7) do not have
maxima or minima, but instead decrease monotonically with
decreasing a. Apparently the maximum in CL is just
sufficiently separated from the peak in CD to make their
ratio vary monotonically.

A good qualitative indication of the effects of sweep on
cavitation can be obtained from a comparison of the photo-
graphs in Figs. 9 and 10. Note, first, that both the tip and
root sections remain wetted when the unswept foil is par-
tially cavitated. The swept foil, on the other hand, can be
seen to experience cavitation over the tip, and a good deal
more of the root section is wetted, under comparable condi-
tions.

Rather more by good fortune than intent, the photo-
graphs of Figs. 9 and 10 were taken, for each model, at nearly
the same cavitation numbers. That is, the flows pictured
by Figs. 9a and lOa are at nearly the same cavitation number,
9b and lOb correspond to about the same value of a, etc.
Although the lift coefficients for A = 45° are considerably
smaller than those for A = 0°, because of the loss in lift
effectiveness, the cases for the two sweep angles are still
comparable, since the L/D curves are not nearly so widely
separated. The difference in the L/D curves is probably
due to the lower aspect ratio of the swept model. Note that

the extent of cavitation of the swept model is considerably
less than on the unswept one, at all four cavitation numbers.
The effect is evident from estimates that were made of the
areas cavitated in the photographs and are listed in Table 1.

Effect of Sweep on Cavitation Inception

The relationship between foil sweep angle and the speed
at which cavitation first occurs to any noticeable degree is
of particular interest in relation to the problem of cavita-
tion damage. The determination of the cavitation number
at which cavitation first appears was found difficult to make
with any precision by observing the flow. However, as was
noted previously, inception seems generally to occur at the
cavitation number at which the lift coefficient begins to
increase, f

For the purposes of this study, then, inception is defined
as that point on the CL vs a curve at which CL begins to rise.
In order to determine the variation of cavitation number for
inception, working plots of the lift coefficient as a function
of a for each angle of attack and sweep angle, similar to those
of Fig. 6, were first constructed. The point of inception was
then determined according to the aforementioned definition.
A plot was then constructed of the cavitation number at
inception as a function of lift coefficient, for each of the four
sweep angles. Those curves are shown in Fig. 11.

f Some cavitation generally occurred at the intersection of the
root with the splitter plate at somewhat higher cavitation
numbers. However, premature cavitation in this region could
presumably be eliminated by more careful design.
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b) « = 1.046 d) <r = 0.594

Fig. 10 Extent of cavitation at four different cavitation numbers for a = 8°, A = 45° (see Figs. 6, 7, and 8).

As can be seen from Fig. 11, the effect of sweep on cavita-
tion is clearly noticeable. For A = 45°, the minimum value
for cr at inception is 0.22, and for A = 0°, that minimum
point is 0.35, giving a ratio of freestream speeds of 1.26.
That the benefit of sweep is not as noticeable as might be
expected for A = 15° and A = 30° must be due to effects
of finite aspect ratio. The value of a at inception is propor-
tional to cos2A in the two-dimensional case (see the Appendix),
which variation would give considerably more spread to the
curves in the region of the minima, for the three lowest sweep
angles.

Effect of Sweep on Performance

Two aspects of the relationship of cavitation to the per-
formance of swept foils were investigated. Specifically, the
data was analyzed to extract operating efficiency, as mea-
sured by the maximum lift-drag ratio as a function of cavi-
tation number, and by the power required for a specific
design, as reflected by the variation of drag with forward
speed for constant lift.

The variation of the maximum in L/D with cavitation
number was determined in the following way. First, work-

Table 1 Comparison of areas cavitated at two
different sweep angles

A, Figure
deg No.

9a
0 9b
U 9c

9d

lOa
45 10b
40 lOc

lOd

Cavita-
tion

No. <r

1.794
1.093
0.837
0.612

1.681
1.046
0.771
0.594

Estimated
percent area

cavitated

14.9
55.6
96.0

100.0

3.3
31.9
45.3
85.0

ing plots of L/D vs a were constructed for each value of a.
and A. Then, cross plots were generated of L/D vs a with
a as a parameter, for each sweep angle. The maximum was
then read off each cross plot, to form the curves shown in
Fig. 12. The abscissa of those plots is or~112, which is propor-
tional to forward speed when water temperature and static
pressure are held fixed.

From Fig. 12, it can be seen that sweeping of the foil in-
creases the speed at which cavitation causes a deterioration in
performance. The maximum L/D begins to drop off rap-
idly at about o-112 = 1.3 for A - 0°, while, for A - 45°
the drop-off point is at a'11'2 = 2.0. The decrease in maxi-
mum L/D with sweep angle for the fully wetted foils is due
primarily to the decrease in aspect ratio with increasing-
sweep angle (the zero-sweep model has a full-span aspect
ratio of six, while that of the model with A = 45° is three)
and so is recoverable. No explanation can be offered for
the somewhat anomalous behavior of the model with 15°
of sweep, other than to note that the larger L/D is due to a

Fig. 11 Cavitation
number at inception
as a function of lift

coefficient.
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Fig. 12 Maximum
L/D vs o--V2.

decrease in drag, rather than an increase in lift, as A is changed
from 0° to 15°.

The variation of drag with forward speed for constant lift
(i.e., for a given ship) was derived as follows. From work-
ing plots of CL and CD vs cr, cross-plots of the lift and drag
coefficients as a function of angle of attack a, with a as the
parameter, 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 number.
It is readily shown that CL must be proportional to a if L

0.20

0.15

0.10

0.05

A =

Fig. 13 D/L at con-
stant lift vs ff~ l/z for

CLl = 0.2.

2.5

is constant;

CL = C L

where CL\ is the value of CL at a- = 1. Thus, some value,
say 0.4, would first be selected for CLl. Then, the value of
CL at appropriate values of a would be calculated from the
preceding relation. The cross plot of CL vs a was then con-
sulted to determine the value of a for each CL value that was
calculated. Given a, the drag coefficient could be taken off

0.20

Fig. 14 D/L at con-
stant lift vs 0--V2 for

CL, = 0.4.

0.20 -

*. 0.15 v

0.10 t

0.05

Fig. 15 D/L at con-
stant lift vs <r-V2 for

CLl = 0.6.

the plot of CD vs a and the ratio CD/CL = D/L computed.
The ratio D/L is plotted against o-~1/2 in Figs. 13, 14, and
15 for values of CLl of 0.2, 0.4, and 0.6, respectively.

The plots of Figs. 13-15 can be regarded as showing the
variation, in nondimensional terms, of drag with forward
speed. The plots can be seen to show a clear performance
advantage for swept foils. The sharp rise in drag as speed
is increased can be attributed to cavitation. The points of
cavitation inception, obtained from Fig. 11, that are indi-
cated by a small arrow on each curve, are seen to occur at a
speed in the vicinity of the sharp drag rise in Figs. 13 and
14. In Fig. 15, with CLI = 0.6, the high loading causes
cavitation to occur at all speeds except for a small region
near the minimum for A = 0°. It can still be inferred,
however, that the drag rise is due to cavitation in this case
as well.

The shift to higher speed with increasing sweep angle of
the drag rise due to cavitation can be seen for all three values
of CLI- The largest gain appears to be for CLI = 0.4 (Fig.
14), where the curve for A = 45° is shifted by an increment
of about 0.43 in a~112 with respect to the curve for A = 0°.
This increment represents an increase in speed of about 12.0
knots for p^ — pc = 15 psi.

Conclusions

The results obtained indicate that there are clear ad-
vantages to be obtained from sweeping a hydrofoil. The
speed at which cavitation inception occurs is increased with
increasing sweep angle, so sweep should alleviate the problem
of erosion due to cavitation. The speed for effectively sub-
cavitated operation, as measured by performance, is in-
creased by sweeping the foil, as was seen from plots against
forward speed of maximum lift-drag ratio and of drag at
constant lift with sweep angle as parameter.

The effects of aspect ratio were clearly evident in the data.
This would indicate that the influence of foil planform and

2.5

Fig. 16 Coordi-
nates for an infi-
nite yawed cylin-

der.
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other parameters, such as built-in twist and proximity to a
free surface, should be taken into account if sweep is being
considered for a specific application.

Appendix: Two-dimensional Analysis of the
Effect of Sweep on Cavitation Inception

Consider an infinite yawed cylinder in an incompressible,
inviscid flow of magnitude F, as represented in Fig. 16. The
flow must be independent of rj and is assumed to be irrota-
tional, so the flow component in the 77 direction must be
constant and of magnitude FsinA. Further, let /(£,f) de-
note the magnitude of the gradient of the velocity potential
of the two-dimensional flow about a section of the cylinder
taken normal to the 77 axis, for a free stream of unit magni-
tude. Then the magnitude of the component in the £—f
plane is /FcosA. From Bernoulli's equation, the static
pressure p at any point is then given by

p = pm — ^pV2(f2 — 1) cos2A (Al)

where pm is the freestream static pressure and p is the fluid
density. Thus, if pc is the vapor pressure and X is the maxi-
mum value of /, the inception of cavitation occurs at a

speed Fc, where, from Eq. (1),

1Vc =
cosA P(X2 ~ 1)

(A2)

Thus, the speed for cavitation inception on an infinite yawed
foil varies inversely as the cosine of the sweep angle. If,
for example, X = 1.188, which is representative of subcavi-
tating sections, then increasing A from zero to 45° increases
Vc from about 43 knots to 60 knots.
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