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FOREWORD

The Research and Underwater Ordnance Departments
of the U. S. Naval Ordnance Test Station have been engaged
in an experimental and theoretical investigation of vented
hydrofoils. This report gives results of water-tunnel tests
on a base-vented hydrofoil having a cambered parabolic
cross section, conducted in November and December 1958.

The test work was conducted under an extension of
California Institute of Technology Task Assignment
NOrd 16200. Data analysis and presentation were con-
ducted under Bureau of Ordnance Task Assignment NO-
404-664/41001/01060.

This report was reviewed for technical accuracy by
Henry Yerby and Howard Kelly of this Station.

WM. B. MC LEAN
Technical Director
and Acting Head,
Research Department
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ABSTRACT

Results of water-tunnel tests on a base-vented
hydrofoil having a cambered parabolic cross section
show lift-to-drag ratios of 24 for an infinite aspect

" ratio and 8.5 for an aspect ratio of 1. 44 at the mini-

mum ventilation numbers attained.

The drag coefficients measured are in good
agreement with linearized cavity theory. The meas-
ured lift and moment coefficients are in agreement
with wind-tunnel tests of airfoils with streamlined
cross sections having the same camber line.

The air cavity produced behind the base does not
spring forward to the leading edge unless the hydro-
foil has stalled or excessive cavitation occurs behind
the leading edge.
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NOMENCLATURE
Fraction of chord, from leading edge of hydrofoil, over
which design load is uniform
Planform area of hydrofoil {bc), £t2
Base area of hydrofoil (bt), ft2
Area of chordwise cross section of hydrofoil model, ft2
Effective cross-sectional area of rectangular working
section of water tunnel (exclusive of boundary layer) at
static-pressure tap, ft
Effective cross-sectional area of rectangular working
section of water tunnel (exclusive of boundary layer) at
spindle axis, ft
Effective cross-sectional area of circular-segment
working section of water tunnel gexclusive of boundary

layer) at static-pressure tap, ft

Aspect ratio of hydrofoil when cantilevered from one
wall (2b/c)

Span of hydrofoil, ft

Horizontal static-pressure gradient in rectangular
working section of water tunnel, ft-1

Horizontal static-pressure gradient in circular-segment
working section of water tunnel, ft-1

Chord of hydrofoil, ft
Drag coefficient (D/qooA)

Average value of (CpD - minimum Cp) over various K
Valges with finite &R

Pressure drag coefficient produced by cavity or sepa-
rated wake
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Frictional drag coefficient

Induced drag coefficient

Separation drag coefficient
Separation drag coefficient at Cy, = 0
Hydrofoil-tip drag coefficient

Lift coefficient (L/qA)

Design lift coefficient

Lift coefficient at a = 0°, infinite aspect ratio
Lift coefficient at a = 0°, finite aspect ratio

Lift coefficient derivative, infinite aspect ratio, per
radian

Lift coefficient derivative, finite aspect ratio, per
radian

Pitching-moment coefficient (about quarter-chord
point) (M/qAc)

Pitching-moment coefficient at a = 0°
Pitching-moment coefficient derivative, per radian
Local pressure coefficient (P - Poo)/qoo

Drag, 1b

Drag coefficient (D/qooAb)

Height of water-tunnel working section, ft

Height of equivalent rectangular water-tunnel working
section, ft

Ventilation number (P, - P, )/qoo
Lift, 1b
Lift-to-drag ratio

Pitching moment about quarter-chord point, ft-1b

vii
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P1

P3

viii

Perimeter of rectangular tunnel cross section at spindle
axis, ft

Perimeter of circular-segment tunnel cross section at
spindle axis, ft

Local static pressure on surface of hydrofoil, lb/ft2
Base or cavity pressure, lb/ft2
Pressure in high-pressure air-supply line, ’lb/ft2

Minimum pressure on surface of hydrofoil, lb/ftz

Standard pressure for air-flow meter calibration,
2,120 1b/ft2

Vapor pressure of water, 1b/ft?

Free-stream static pressure, ].b/ftz

Static pressure at static-pressure tap in rectangular
working section, 1b/ft%

Static pressure at spindle axis in rectangular working
section of tunnel, lb/ft‘2

Free-stream dynamic pressure (%pvci), 1b/ft2

Dynamic pressure at static-pressure tap in rectangular
working section of tunnel, lb/ft

Dynamic pressure at spindle axis in rectangular work-
ing section of tunnel, lb/ft2

Air-flow rate at free-stream static pressure

P P . :
- ,?_f \/FS- as derived in Appendix C , ft3/sec
o JJ

Air-flow-rate coefficient (Q/Vy Ay

Air-flow rate in high-pressure supply line, ft3/sec
Air-flow meter reading, ft3/sec

Ratio of leading-edge radius to chord length
Reynolds number (Vooc/v)

Base thickness of hydrofoil, ft
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24

ACy,

Maximum thickness of cavity, ft
Flow velocity on hydrofoil surface, ft/sec

Increment of flow velocity on hydrofoil due to camber,
ft/sec

Maximum flow velocity at some point on hydrofoil
surface, ft/sec

Flow velocity on uncambered hydrofoil at zero angle
of attack for a given thickness distribution, ft/sec

Free-stream velocity, ft/sec

Tunnel velocity at static-pressure tap in rectangular
working section, ft/sec

Tunnel velocity at axis of spindle in rectangular
working section, ft/sec

Increment of flow velocity on hydrofoil due to angle of
attack

Distance from leading edge along chord of hydrofoil, ft;
(in Appendix B, distance along tunnel center line, ft)

x/c

Distance along tunnel center line from static-pressure
tap to spindle axis

Distance perpendicular to chord of hydrofoil, ft

Angle of attack, radians, unless otherwise stated

Design angle of attack, radians, unless otherwise
stated

Angle of attack at which drag coefficient is a minimum,
radians :

- CL d (similarly for other

CLfree stream
coefficients)

measure

Displacement thickness of boundary layer, ft

ix
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v  Kinematic viscosity of water, ftz/sec
p Mass density of water, slug/ft3
¢ Free-stream cavitation number (P - P,)/aw

o; Incipient cavitation number, value of ¢ at which
hydrofoil begins to cavitate

T tfe
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INTRODUCTION

The purpose of this experimental study was to investigate a
new type of hydrofoil cross section that might be useful for pro-
pellers, pumps, and the lifting surfaces of hydrofoil-supported
craft.

Until recently, the commonly used hydrofoils had stream-
lined cross sections, and operated fully wetted. The efficiency
of streamlined hydrofoils is high until they begin to cavitate. As
cavitation increases, their surfaces become pitted, noise is gen-
erated, and, most important, drag increases, and lift becomes
unsteady and eventually begins to decrease.

Supercavitating hydrofoils have recently been developed by
the Navy at the David Taylor Model Basin (Ref. 1). The cross
section of these hydrofoils consists of a thin, sharp leading edge,
a thick, blunt trailing edge, and usually a concave lower surface.
In operation, a cavity springs rearward from the leading edge on
the upper side and collapses behind the trailing edge. The ef-
ficiency of supercavitating hydrofoils is lower than that of fully
wetted hydrofoils, but the lift force is steady at all speeds. By
introducing gas into the cavity it can be maintained at low speeds
and the cavitation noise reduced. This modification is sometimes
called a superventilating hydrofoil.

The hydrofoil tested in this experimental program had a
parabolic cross-sectional thickness distribution with a blunt
base, and was cambered using the NACA a = 1.0 camber line,.
The parabolic thickness distribution was selected because the
speed at which vapor cavitation begins is not a function of thick-
ness, as in the streamlined cross sections, but of the angle of
attack and the camber. The drag of this hydrofoil can be con-
siderably reduced by introducing gas behind the base, making it
a '"base-vented' hydrofoil. The resulting drag is slightly greater
than that of a streamlined hydrofoil and increases with increasing
base thickness. The advantage of this cross section is that it is
less susceptible to vapor cavitation than streamlined cross sec-
tions and has greater strength than other high-speed hydrofoils,
with an efficiency lying between those of the streamlined hydro-
foils and the superventilating hydrofoils. A discussion of base-
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vented hydrofoils, including a description of a typical family and
estimates of their efficiency and cavitation resistance, is pre-
sented in Ref. 2.

The experiments reported here were performed in the
autumn of 1958 in the High-Speed Water Tunnel at the California
Institute of Technology (CIT). They followed a series of similar
experiments on streamlined hydrofoils that were vented by forcing
air through ports in their surfaces (Ref, 3). The measurements
include lift, drag, moment, base-cavity pressure, air-flow rate,
and incipient cavitation number. The independent variables were
tunnel velocity and static pressure, angle of attack, and air-flow
rate. The aspect ratios R for the model were o and 1. 44,

EXPERIMENTAL APPARATUS AND
PROCEDURE

The CIT High-Speed Water Tunnel is described in detail in
Ref. 4. Parallel vertical plates were installed in the original
circular working section to form a two-dimensional channel
(Ref. 5). For the finite aspect ratio tests one side plate was re-
moved. The hydrofoil model was attached to a rigid, hollow
spindle connected to the water-tunnel force balance. The hydro-~
foil end-gap at the spindle was eliminated by attaching the hydro-
foil to the spindle through a 5.00-inch-diameter disk set flush
with the channel wall (as seen in Fig. 12). The hydrofoil-disk-
spindle assembly was rotated manually to vary the angle of attack.
Tubing for measuring the cavity pressure and for ducting air was
introduced to the model through the hollow spindle. The rate of
air flow to the model was varied manually by means of a pressure
regulator in the high-pressure air line at CIT. Figure 1 shows
the hydrofoil model and the air-flow and pressure instrumentation.

DESCRIPTION OF THE MODEL

The hydrofoil model used for this experiment had a parabolic
thickness distribution, cambered to a design lift coefficient of
0.4, with the NACA a =1, 0 (uniform-load) camber line described
in Ref., 6. It had a 4-inch chord, a 2.95-inch span, and a thickness-
to-chord ratio of 0. 15. The hydrofoil is shown in Fig. 2 and 3
and its ordinates are given in Appendix A. There were two holes
in the base, one near the spindle end for ventilating the base, the
other at midspan for measuring the cavity pressure.
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FIG. 2. Cross Section of Hydrofoil Model.

INSTRUMENTATION

Lift, drag, and moment were measured on the force balance
described in Ref. 4 and 7. Theforces were indicated on dial pres-
sure gages and readout counters, calibrated to indicate directly
pounds of lift and drag and inch-pounds of moment. The readings
from the dial pressure gages were found to be sufficiently ac-
curate for this experiment (+0. 5% or better).

Air-cavity pressures were measured by an air - water ma-
nometer. The line from the model tap was purged of water with
a blast of air before a reading was made. The same manometer
was used to measure the base pressure in fully wetted flow; the
bottom of the manometer was connected to the model tap and the
top was left open to the atmosphere. These measurements were
accurate within 0. 01 foot of water.

The static pressure in the working section was measured
with a mercury barometer; the pressure tap was located in the
working-section wall, 5 inches upstream from the midchord point
of the model. The dynamic-pressure measurement was obtained
by measuring the static-pressure difference across the nozzle,
using a differential water - mercury manometer. These meas-
urements should be accurate within 0.01 foot of mercury.

The air-flow rate was measured with a float-type flowmeter,
and the air pressure with a precision dial gage. The accuracy of
the air-flow-rate measurement should be within 5%.

To supplement these measurements, simultaneous top~view
and side-view still photographs were taken at most of the data
points, using electrically operated 35-mm microfilm cameras
with an exposure time of approximately 10 microseconds.
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TEST PROCEDURE

During each run, the velocity, static pressure, and angle of
attack were held constant while the air-flow rate was varied in
steps. First the forces were recorded without air flow; then the
air-flow rate was gradually increased until no further decrease
was noted in the drag reading. After the forces and the cavity
pressure had been recorded, the air-flow rate was decreased by
steps and the forces and the cavity pressure were recorded at
each step. These data were recorded manually from the gages
and manometers. Whenever there were large oscillations in a
force or pressure, the average value as well as the upper and
lower limits were recorded. '

The runs were made at tunnel velocities of 20, 30, and
40 ft/sec, with the tunnel static pressure varying from 2, 090 to
3, 820 1b/ft2, Most‘og the data were obtained at pressures of
2, 287 and 2,090 1b/ft* and at velocities of 30 and 20 ft/sec.

During most of the tests the stream velocity was automatically
maintained. In some runs, however, the air exhausted into the
tunnel reduced the efficiency in the diffuser section of the tunnel,
making manual velocity control necessary. In these cases the
dynamic-pressure measurement was used to compute the velocity.

DATA REDUCTION

The data were reduced to dimensionless coefficients as
follows:

: Lift
Lift coefficient Cy, =—
Qoo
Drag
Drag coefficients Cp =
QoA
Drag
D! =
qooth
Pitching moment
" Pitching moment coefficient CmMm =
(about quarter-chord point) qoAC
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Py - Pc
Ventilation number K=
doo
Q
Air-flow-rate coefficient Q= —
Pp- P,
Free-stream cavitation number o = —
90
Lift-to-drag ratio L/D

In calculating the force, ventilation, and cavitation coeffi-
cients, corrections were applied for spindle-disk tare forces
and tunnel-wall interference effects.

The spindle-disk tare corrections were obtained from Ref.5,
where the drag tare was found to be the only significant correc-
tion. The tares were measured by mounting the hydrofoil on the
wall opposite the spindle and repeating typical force runs. Al-
though the hydrofoil used in Ref. 5 had a different cross section,
the drag-tare correction is considered valid for the parabolic
hydrofoil, since the small difference in cross section would not
materially change the wetted area of the 5-inch-diameter spindle
disk used for both tests. The drag-coefficient correction, based
on the planform area A, varied with a between 0. 0035 and 0. 0053.
However, Ref, 5 did not furnish the effects on disk drag of the air
cavity, end-gap clearance, and wall-hydrofoil boundary-layer
interference. Because of this, and because there is no valid
reason for a variation of disk drag with a, a constant spindle-disk
drag correction of ACp = 0.0045, or oAD' = 0. 030, was used.

The force and pressure data were corrected for solid and
wake blockage, lift effect, and working-section horizontal-
pressure gradient, using the standard wind-tunnel techniques of
Ref. 8. The corrections calculated for a fully wetted hydrofoil
were applied to both the fully wetted and base-vented cases.
Tunnel corrections were applied to the data points of all the fig-
ures in this report, except Fig. 25 and 26, in which the magni-
tudes of the various corrections are shown.

A full description of tunnel-interference corrections is given
in Appendix B. The method of reducing the air-flow-rate data is
given in Appendix C.
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RESULTS AND ANALYSIS

DESCRIPTION OF FLOW

When the hydrofoil model was fully wetted and the static
pressure in the tunnel reduced, the vortices behind the blunt base
were visible wherever their centers cavitated (Fig. 4). Additional
cavitation was seen near the leading edge when the angle of attack
was increased. These phenomena are normal and can be expected
to occur as the static pressure drops.

When the static pressure was normal and a small amount of
air was ducted through the port in the model base, the vortices
were filled with air, and again became visible (Fig. 5). An in-
crease in the air-flow rate produced a short, frothy cavity (Fig. 6);
a further increase formed a full, smooth cavity that extended sev-
eral chord-lengths downstream (Fig. 7).

An interesting and important aspect of these tests is that the
air did not spring forward to the leading edge unless the angle of
attack was increased to about 13°; at this angle the fully wetted
hydrofoil normally stalled (Fig. 8). Alternatively, if the static
pressure was sufficiently low, a patch of vapor cavitation extended
rearward from the leading edge and eventually combined with the
air cavity at the base. Figure 9 shows the hydrofoil with vapor
cavitation at the leading edge and a full air cavity at the base; no
photographs are available showing the union of these two cavities.
Occasionally, a thin wisp of ventilation was seen on the upper
surface in the region just ahead of the base (Fig. 10), but it was
found to have only a small effect on the lift and drag. This phe-
nomenon is believed to have been caused by ventilation of a thin
layer of separated boundary-layer water on the upper surface
near the base. Futher evidence of upper-surface separation is
shown in Fig. 11, where patches of air are seen behind the base
and above the trailing air cavity, indicating that air has ventilated
from the cavity into the vortices of the separated flow. Another
interesting flow phenomenon occurred in the tests of the model
having an aspect ratio of 1. 44. Figure 12 shows this model with
fully developed base ventilation; note the three-dimensional pat-
tern behind the base at the outer tip (clearly visible in the upper
picture) caused by ventilation of the tip vortex. Also of interest
is the fact, revealed by these photographs, that the hydrofoil tip
did not ventilate forward of the base, :

As the air-flow rate was decreased from a large value, the
cavity remained smooth and long, but became more and more un-
stable, until finally any slight change in the air-flow rate (increase



FIG. 4. Vapor Cavitation at Base of Hydrofoil.
2. 30, photograph taken at o
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FIG. 5. A Very Small Air-Flow Rate. Q' =0.004, o = 4°, R
K, not measured, is between 0. 3 and 0. 5.
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FIG. 6. A Short Cavity. Q' =0.024, a =49, R =», K, not measured,
is between 0. 3 and 0. 5.
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FIG. 7. A Full Cavity. K=0.139, Q' =0.076,a = -29, R =,
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FIG. 9. Vapor Cavitation at Leading Edge.

K =0.261, &

=0.082, a =10° o = 2.55.
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FIG. 10. Ventilation of Boundary Layer at Trailing Edge.
K =0.146, Q' =0.095, a =29, R =x,
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FIG. 11. Ventilation of Separated Region Above Cavity.
K=0.146, Q' =0.089, a =49, R =«

F8GL 1L YOdHY SAEMAVN



FIG, 12. A Full Cavity With a Finite Aspect Ratio.

K =0.100, Q' =0.071, a

89, R = 1,44,

P8GL LYOdHTY SAIMAVN



NAVWEPS REPORT 7584

or decrease) caused the sudden collapse of the cavity back to the
‘short, frothy type. Thus, at an intermediate air-flow rate, the
cavity can be of either type. In the upper photograph of Fig. 13
the cavity is long and smooth; a very slight decrease in air-flow
rate changes it to the frothy type shown in the lower photograph.
This sudden change in the cavity occurred only with the finite-
aspect-ratio hydrofoil, In the infinite-aspect-ratio tests the
cavity became gradually shorter and more frothy as the air-flow
rate decreased. ,

BASE PRESSURE

The pressure in the region behind the base of the hydrofoil is
important in determining the drag. It was found to be a function
of the rate of air flow into this region and designated by a con-

venient nondimensional pressure coefficient, the ventilation num-
ber K.

Poo"Pc
K= ——
o0

where Po and qo are the static pressure and dynamic pressure
upstream of the model, and P¢ is the base (or cavity) pressure.
A nondimensional air-flow-rate coefficient Q' is defined as
Q
Q=

bt Ve

where Q = air-flow rate, b = hydrofoil span, and t = hydrofoil
base thickness.

When the hydrofoil with infinite aspect ratio is fully wetted,
K = 0.50 (Fig. 14). As air is injected into the base region, K
decreases rapidly with increasing Q', and approaches an asymp-
totic value of 0.13 as Q' reaches 0.07. An increase in Q' beyond
0. 07 produces no significant change in K. In previous experi-
ments on streamlined hydrofoils with ventilation through the sur-
face (Ref. 3), it was found that the forces and the ventilation
number began to level off at the same value, Q' = 0. 07. (In these
experiments, t was defined as the height of the projection, in the
free-stream direction, of the air-covered surface of the hydro-
foil.) Therefore, this value of Q' = 0. 07 appears to be general
since it remains essentially unchanged with respect to model
shape and angle of attack. Both series of tests were conducted
in the High-Speed Water Tunnel at CIT, however, and the wall-
interference effects may have influenced this value. The asymp-
totic minimum value of K = 0. 13 is definitely due to tunnel-wall

18
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FIG. 13,

The Two Types of Cavity Possible at an Intermediate Air- Flow Rate.
photograph: long, smooth cavity, Q' =0.035, K =0.064, a = 2°, Lower photograph:
short, frothy cavity, Q' =0.033, K=0.196, a = 2°. AR = 1.44 in both photographs.

Upper
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interference; and it is in fair agreement with the theoretical
value of Kmin = 0. 16 calculated in Appendix B,using the tunnel-
blockage theory.

One side-plate in the tunnel was removed to reduce the hydro-
foil aspect ratio to 1. 44. Figure 15 shows that for this model
K = 0. 36 in fully wetted flow, and that it approaches an asymptotic
minimum of K = 0. 06 as the air-flow rate Q' is increased. As in
the infinite aspect ratio case, a critical air-flow rate of Q' £ 0. 07
was observed. The minimum value of K = 0, 06 is lower than that
for the infinite-aspect-ratio model because of the reduction in
tunnel blockage caused by removing one side-plate. This mini-
mum value is in fair agreement with the theoretical value Kmin
= 0. 08 calculated in Appendix B. Most of the data in Fig. 15 were
taken as Q' was decreased. In the intermediate range of air-flow
rates, 0.03 < Q' <0, 08, the jump in cavity pressures is a result
of the sudden change from a long, smooth cavity to a short, frothy
cavity.

LIFT COEFFICIENT

The model used for this experiment has an NACA a = 1.0
camber line which is designed for a lift coefficient C1,; = 0. 40
(= CLo) at a = 09, when R = The experimental lif(% data are
plotted in Fig. 16, showing (for R = @wand a = 0°) that CL, = 0. 25,
fully wetted, and C1,, = 0. 20, base vented. The experimental
values of CL, are thus only 50 to 60% of the theoretical value; the
experimental lift coefficient derivative CL,, is only 5. 50, instead
of the theoretical value 6. 28. A lower lift coefficient than the
theoretical one has been observed before in wind-tunnel tests of
airfoils having the same NACA a = 1. 0 camber line. Reference 6
reports that airfoils having this camber line and a theoretical
Cl,, = 0.40, show an experimental C1L, between 0. 25 and 0. 33
and a CL,, between 5. 7 and 6. 8. The experimental results for
other types of camber lines, such as the circular arc, agree
more closely with theory. The experimental lift coefficient of
the cambered parabola is thus in fair agreement with those of
streamlined airfoils having the same camber line.

The a = 1.0 camber line theoretically provides a uniform
chordwise loading which, by definition, has a pressure discon-
tinuity at the leading and trailing edges. Physically this pressure
change must be distributed over a finite distance. At the base,
for instance, the static pressures on the upper and lower surfaces
must both be equal to the cavity pressure; therefore, the pressure
on these surfaces near the base must be altered from theory. Such
pressure alteration would probably tend to change the pressure

20
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distribution near the base to something more similar to that of
the NACA a = 0.8 or a = 0. 9 camber lines and near the leading
edge to something more like the 16-series airfoils. If the pres-
sure gradient on the upper surface near the base is unfavorable
(i. e., pressure increases in the direction of flow), the boundary
layer will tend to separate. Remembering that the theoretical
pressure coefficient on the upper surface of the model is

(C1q/2) =-0.20, the boundary layer can separate when the
vent11at1on number K is less than 0. 20. Evidence of boundary-
layer separation is seen in Fig. 10 and 11 where the air has
ventilated into the separated-flow region. The sudden appear-
ance of this separation and its effect on the lift is seen in Fig. 17,
where C], is plotted as a function of K for various angles of at-
tack. CJ, remains nearly constant as K decreases from the
fully wetted value of 0.5 toward 0. 20, and then Cyp, drops by 0. 03
to 0.11. In general, this change in Cg, is relatively small, but
significant.

- n
T i ' f TA4 T T 1
0.6 |- a=4° -
Shaded symbol = fully wetted
Clear symbol = vented
o
Single flag = air pockets above
cavity as in Fig. 11
0.5 |- .
Double flag = ventilation of
boundary layt.r on hydrofoil
as in Fig. 10
£ A —aA
0.4 |- i T .
a =22
LA
|
a !
(§]
0.3 | &-' -
o>
= 0
0.2 b a =0 1
0.1 - —
a=-2°
° 1 1 | 1 Il 1 1
(] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

K

FIG. 17. Cp, Versus K With R

0
&

The experimental results plotted in Fig. 16, for R = 1.44,
show a value of CLo = 0.10, fully wetted, and 0. 09, base vented.
The lift coefficient derivatives are both 2. 25. A theory for
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low-aspect-ratio wings developed by H. B. Helmbold and reported
in Ref, 9 shows that

' CL,
C]_,‘1 =
CLo. 4
—_—t 1 +t—
TR K2

Using the equation

and assuming C1,, = 0. 40, it is seen that, in theory,

t .
CL, =0.13and C'y, = 2.07 for R = 1,44 + 0.04 = 1. 48

where 0. 04 is a correction for the square tip of the hydrofoil
(Ref. 10). As in the case of the infinite aspect ratio, the experi-
mental lift coefficient is lower than the theoretical value. The
experimental lift coefficient derivative, however, is about 104
higher than in theory, whereas in the test with R = « the CLg
was about 12% lower.

The curve of C1, versus a in Fig. 16 shows that the lift coef-
ficient is linear from a = -49 to a = +10° for both aspect ratios,
The upper stall occurs at 12 to 13°. A peculiar slope change
appears in the C1,.curve for R = ©wat a = -40 that may be due to
laminar separation on the lower surface near the leading edge.
The negative stall angle is about -10°. A velocity scaling effect
is noticeable at angles of attack greater than a = 2°; when Vg
% 20 ft/sec, the lift curve is lower than when Vo T 30 ft/sec, for
both the fully wetted and the base-vented cases. No scaling effect
is noticeable around a = 0° or at the negative angles of attack.

Johnson and Rosnick (Ref. 11) present results of recent NASA
experiments, in the Langley Towing Tank, with a cambered hydro-
foil having a parabolic thickness distribution. The NASA hydro-
foil model had an aspect ratio of 1. 0 and was tested at speeds in
the range of 100 knots. The hydrofoil was cambered to a design
lift coefficient of 0. 28, using the NACA a = 1. 0 camber line. Re-
sults of the NASA tests showed that C'L, = 0.04 and C'f, = 1.8,
These results are in fair agreement Wit?n the experiméh%al data
reported here since this value of C'Lo was about 40% less than
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the theoretical value of 0. 067 and C'La was 20% greater than the
theoretical value of 1.5, as obtained from the theory of H, B,
Helmbold.

MOMENT COEFFICIENT

The moment coefficient is plotted as a function of a for R
=oand R =1,44 in Fig. 18 and 19, respectively. The moment
coefficient CM, for R = wis -0.080 when fully wetted and -0. 065
when base vented at minimum K. The experimental values of
CM,, for airfoils having the a = 1. 0 camber line, R =, and a
theoretical CL, = 0. 40 are shown by Ref. 6 to lie between -0. 067
and -0.082, (The theoretical values of CM, for the NACA a = 1.0
and a = 0. 8 camber lines are -0.10 and -0. 08, respectively. )
When AR =1, 44, the experimental values of CM, are -0, 060 and
-0.055 for the wetted and vented cases, respectively., The mo-
ment coefficient derivatives CM, are -0. 14 and -0. 02 for aspect
ratios of ®and 1. 44, indicating that the hydrodynamic center
(center of pressure of the force resulting from changes in a) is
at the 27. 5% and 264, chord-points, respectively, aft of the lead-
ing edge. These results are in fair agreement with the theoreti-
cal values, for a fully wetted flat plate, of 25 for AR = o and
20% for R = 1.44,

DRAG COEFFICIENT

The drag of a base-vented hydrofoil is composed of frictional
drag, cavity drag, separation drag, and, for finite aspect ratios,
induced drag and tip drag. These components are expressed in
the following equation:

Drag

CD=CpDst+ CD, + CDg + CD; + CDy¢ =
oA

The frictional drag coefficient is a function of Reynolds num-
ber R, cross-sectional shape, and angle of attack, since they
all influence the state of the boundary layer. The boundary-layer
state was not determined in these experiments, but it was believed
to be turbulent because of the relatively high turbulence level in
the water of the tunnel. If the boundary layer were entirely tur-
bulent, Cps would be about 0. 0090, corresponding to R, = 9 X 103
at Voo = 30 ft/sec.

The cavity drag is a function of the hydrofoil cross-sectional
shape and the ventilation number of the cavity, or wake, formed
behind the base. Theoretically, the cavity drag of an uncambered

25



NAVWEPS REPORT 7584

T T T T— 01 T T T T T T
Cm
;\ L ; I o 1 i L i i
-10 -8 -4 14
r— -
Symbol V,,, ft/sec
o 30 ~
A 20 ~dA
— -0.24 [n] 40 "
Shaded symbol = fully wetted, KT 0,5
Clear symbol = vented, KT0, 14
Vertical line in symbol = vented, K >0.14
! L L .0.3 1 L i ! ! |
FIG. 18. Cp (About Quarter Chord) Versus a With R = o,
T 1 T 0.1 T T I —T T
Vo = 30 ft/sec
CMm Shaded symbol = fully wetted, K ¥ 0. 35
Clear symbol = vented, K £ 0,07
I [ L L /] i L 1 (]
T T T T 0 T T T 1 T
-10 -8 -6 -4 -2 0 2 4 6 8 10 12
‘ a, deg
= -0.14- Vented -
Fully wetted
] 1 1 l_.o0.2 ] | | ! ]

FIG. 19. CM (About Quarter Chord) Versus a With R = 1, 44.

26



NAVWEPS REPORT 7584

or a cambered parabolic cross section having a base-thickness-
to-chord ratio T, is

™
CD¢ =— T2 + £(K)

8
where
Py - Pc
K = ———— = ventilation number
3 PY

The relatively complex term f(K) is defined as zero when K = 0.
Methods for evaluating CD, are presented by Wu (Ref. 12), Tulin
(Ref. 13), and Fabula (Ref. 14). By definition, K = 0 when P, =
Pw = static depth pressure, and K > 0 when Pc < Poo. Therefore,
as K increases, the pressure behind the base decreases and con-
sequently the cavity drag increases.

The separation drag is caused by pressure drag on the hydro-
foil, resulting from boundary-layer separation on the upper or
lower surface ahead of the base. The separation drag is defined
as the increase beyond the minimum drag for R = ®, resulting
from changes in angle of attack. It is a relatively complex func-
tion of airfoil shape, surface smoothness, Reynolds number,
tunnel turbulence, and (a - apy,), where am is the angle of attack
at which the minimum drag is measured. Theoretically, a,, is
equal to the design angle of attack ag at which the design pressure
distribution occurs. In practice this is generally not true since
am is affected by surface roughness and Reynolds number. For
very smooth airfoils, having a turbulent boundary layer and a
thickness-to-chord ratio of 154 (NACA 2415 and 4415), Ref. 6
shows that the value of CDg is close to zero for a in the range of
am+5° and increases rapidly as a leaves this range. The drag
data obtained from the experiments reported here for R = ©®are
plotted in Fig. 20 and show essentially the same trend. The mini-
mum drag coefficient occurs around a = 1. 3° = a,. This result
is in fair agreement with airfoil data reported in Ref. 6 where

. ap, varied from 0.3 to 1.0°,

The induced drag exists only on hydrofoils having a finite
aspect ratio, and it is caused by the downwash induced by lift,
For an elliptical planform the theoretical induced drag is

Cp; = CL/m M. The induced drag is a few percent higher for

a rectangular planform. Figure 21 shows CD versus a for R

= 1. 44, plotted for three different experimental values of K, The
curves look similar to those for R = 0 except that they exhibit a
much larger dependence on a, particularly at the lower angles of
attack. This increased dependence is caused by the induced drag.
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If it is assumed that the separation drag remains constant and
independent of aspect ratio, and that the frictional drag, cavity
drag, tip drag, and tunnel-interference effects are independent
of a for small values of a, it is possible to obtain the experi-
mental induced drag from Fig. 20 and 21. To do this, the curves
of CD versus a in Fig. 20 for R = ®wand in Fig. 21 for R = 1,44
are shifted downward until they are tangent to the Cp = 0 line.
(This eliminates frictional drag, tip drag, and cavity drag.)
Then an average curve is drawn for each aspect ratio, and is re-
plotted versus CJ, (Fig. 22). The curve for R = ©is the separa-
tion drag CDg. The dashed line is the curve for R = 1. 44, CD.

It should be noted that some separation drag already exists at the
minimum point on the CB curve; this curve therefore represents
the induced drag CDj for AR = 1. 44, plus the separation drag CDg,
minus the separation drag at C1, = 0, CDS(O). The value of the
induced drag Cpj is obtained from these two curves and is also
plotted in Fig. 22, ' ‘

The resulting experimental induced drag is

2
CL

1.2 —for C1,> 0
TR

cf,
2,4 — for C1,< 0
TR

~
=

CDi(exp)

mn

CDj (exp)

Experimental
induced drag

CDa
Experimental
separation drag

FIG. 22. Experimental Separation Drag and Induced Drag.
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The induced drag coefficient for C1, > 0 is in fairly good agree-
ment with theory. The large disagreement with theory when
CL, < 0 may be due to the fact that an interaction occurs between
the induced and separation drags, so they cannot be subtracted
algebraically. Since the separation drag was near zero for

CL > 0, there was no such interaction in that range.

The drag due to the blunt tip of the finite-aspect-ratio hydro-
foil has been estimated using an empirical equation from Hoerner
(Ref. 10):

£\ 2
Cp; =0.104 (—) =0.0023
c

Although Hoerner derived his equation from data on square-
tipped wings with streamlined cross sections, it is assumed to
be approximately correct for the cross section tested here.

The effect of ventilation number K on drag is seen in Fig. 23
and 24. Although the experimental data are somewhat scattered,
they show that the drag coefficient D' = Drag/qwAp is directly
proportional to K at all angles of attack for both R = ®and R =
1.44. This result indicates that those portions of drag that are
due to changes in angle of attack, such as the separation drag and
the induced drag, remain constant and independent of ventilation
number and hence of cavity drag.

Figure 25 shows D' plotted as a function of K for a = 0° with’
M = This graph also includes the tunnel-wall-interference
corrections which were applied to the drag data, and two theoreti-
cal curves of D' versus K. The corrections in drag due to the
spindle disk, tunnel blockage, and horizontal buoyancy are small
but significant. These corrections are discussed in Appendix B.
As mentioned previously, D' varies directly as K. The dimen-
sional drag D therefore increases directly as the base pressure
decreases. This trend agrees in general with that predicted by
the linearized cavity theories (Ref. 12 and 14). The theoretical
curves shown in Fig. 25 were taken from Ref. 14. They show .
cavity drag coefficient versus K for the closed-cavity model and
for the open-cavity model, in which the cavity is followed by a
.wake of maximum thickness., Partly closed cavities, with wake
thicknesses lower than that of the open-cavity model, would give
drag values lying between these two curves. The open-~cavity
drag curve quickly approaches the line D' = K, its asymptote for
large K. The difference between the corrected experimental drag
curve and the theoretical drag curves presumably represents the
frictional drag, since the induced and separation drags are zero
at a = 0°, The difference is AD' = 0. 016 for the open-cavity curve

30



NAVWEPS REPORT 7584

D!

0.8

0.6

0.1

| | { | ! |
a, deg Symbol
/ —6 D
— L + O
7/
’
4 -4
Y o
//
-2
— . \ 0 O
+2 A
Vo = 30 ft/sec
Shaded symbol = fully wetted
| Clear symbol = vented |
Data points have been corrected for
tunnel effects
B Dashed line is used when there are only 7]
two points on a curve
] ] i ] i 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
K

FIG. 23. D' Versus K for Various a Values With R = o,

31



NAVWEPS REPORT 7584

| | ] | | |
0.9
0.8 |—
0.7 -
(o)
(a]
0.6 v
1o
A
(o)
-
0.5 o
a]
0.4 |~
0.3 -
Voo = 30 ft/sec
0.2 |~
Shaded symbol = fully
wetted .
Clear symbol = vented
Data points have been
corrected for tunnel
0.1 ~ effects :
Dashed line is used when
there are only two points
on a curve
0 1 ] | ] | |

0.0 0.1 0.2 0.3 0.4 0.5 0.6
K

FIG. 24. D' Versus K for Various a Values With /R = 1. 44,

32



NAVWEPS REPORT 7584

and AD' = 0.056 (average) for the closed-cavity curve. These
values of AD' lie between the theoretical laminar friction drag,
Df = 0.016 (Cps = 0.0024), and the theoretical turbulent friction
drag, D = 0. 060 (CDg = 0.0090). Therefore it may be concluded
that the experimental results are in good agreement with theory.

The most interesting and useful operating condition of a
base-vented hydrofoil is the region around K = 0 where the cavity
drag is lowest. Unfortunately the experimental results show that
tunnel-blockage effects restrict the test range of K to K> 0. 14
for R =oand K> 0.06 for R =1.44., These minimum values of
K are in agreement with the tunnel-blockage theory discussed in
Appendix B.

Figure 26 shows D' versus K for a = 0° with R = 1.44. In
this case one side-wall was removed to provide a finite model
span; this reduced the tunnel blockage and the ventilation number
could be decreased to 0.06. When K is in this region, the slope
of the curve D' versus K should theoretically begin to change,
but it does not. For this reason, and to verify the critical air-
flow rate, it is planned to test models under different tunnel-
blockage conditions to obtain data nearer K = 0. The corrections
shown in Fig. 26 are for tunnel-interference effects and for in-
duced drag and tip drag. The latter two corrections were made
to permit comparison of the data with the two theoretical cavity-
drag curves from Ref. 14, As in Fig. 25, the difference between
the corrected experimental drag curve and the theoretical cavity
drag curves is presumably the frictional drag. The difference
between the experimental curve and the open-cavity drag curve
is AD' = 0.045 (average) and the difference between the experi-
mental curve and the closed-cavity drag curve is AD' = 0. 080
(average). These values disagree somewhat with the frictional
drag from Fig. 25, but still lie in the laminar and turbulent range.
The disagreement may be due to errors in measurement, in the
tunnel corrections, or in the boundary conditions of the linearized
theory, in which tunnel-wall effects were not included.

LIFT-TO-DRAG RATIO

Perhaps the most important characteristic of lift-producing
hydrofoils is their lift-to-drag ratio L/D, which is indicative of
their efficiency. The experimental values of L/D for the case
where R = ©are plotted in Fig. 27 as a function of a. The maxi-
mum L/D ratio is 24 at a = 4. 5°, when K had the minimum value
of 0.14. If lower values of K could have been experimentally
attained, higher values of L/D would have been measured. When
the model was fully wetted, K was 0.50, and the maximum L/D
was 11 at a = 89,
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The experimental values of L/D versus a when R = 1. 44 are
plotted in Fig. 28. Due to the very low aspect ratio, the maxi-
mum L/D measured was 8.5 at a = 4° when K was 0.06. When
fully wetted, K was 0. 36 and the maximum L/D was 4.0 in the
range of a from 6 to 10°,

Theoretical estirnates of the L/D ratio of different types of
base-vented hydrofoils are made in Ref. 2. The L/D ratios of
other types of base-vented hydrofoils are estimated to be higher
than those of the cambered parabola, when no cavitation occurs.
However, for hydrofoils traveling at high speed near the water
surface (i.e., ¢ < 0. 28 in one comparison) the base-vented cam-
bered parabola is shown to have higher efficiency and structural
strength than either the more conventional fully wetted stream-
lined hydrofoils or the supercavitating hydrofoils.

It is interesting to compare the experi:sental values of L/D
with theoretical ones and to extrapolate the results to K = 0, in
order to estimate the potential improvement. In Fig. 29 theoreti-
cal values of L/D atre plotted as a function of a under the follow-
ing assumptions:

1. The design lift coefficient CLy = 0.40 and ag = 0° when
AR =
2. The lift coefficient derivative is
2r R

NRZ +4 + 2

3. The design lift coefficient for R # 0 is

C'La=

C'La

C'Ld = ch
2w

4. The induced drag is Cq; = CLZ/n}R

5. The cavity drag is that predicted by the linearized closed-
cavity theory

6. The separation drag is that obtained experimentally in
this study (Fig. 22)

7. The tip drag is Cp, = 0. 104 (t/c)?
8. The frictional drag Cp¢ = 0.0090.
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The results of Fig., 29 show that, when K = 0, the maximum
theoretical L/D for R = © is 35.5 at a = 3,5°, When K = 0. 14,
the maximum L/D is 25.5 at a = 4°, and when K = 0,50 it is 10.9
at a = 52, The experimental maximum values of L/D were 24 at
a =5° for K=0.14 and 11 at a = 8° for K = 0.50. Thus the ex-
perimental and theoretical values are in close agreement. The
differences may be attributed to the fact that the design lift co-
efficient was not obtained in the experimental tests because of
~ deviations in pressure from the pressure distribution of the NACA

a = 1,0 camber line. Also plotted in Fig. 29 are the theoretical
values of L/D for R = 1. 446 showing that when K = 0 the maxi-
mum L/D = 10.6 at a = 8,5°, when K=0.07 L/D=9.9 ata = 9°,
and when K = 0.36 L/D= 6 at a = 10°, These results are in fair
agreement with the experimental results of L/D = 8.5 at a = 4°
for K=0.07 and /D = 4,0 at a = 6° to 10° for K = 0. 36.

INCIPIENT CAVITATION NUMBER

The incipient cavitation number ¢j of a hydrofoil is defined
as the value of the free-stream cavitation number at which the
hydrofoil begins to cavitate. ¢j is approximately equal to the
negative value of the minimum pressure coefficient:

P ~ Pmin

oi = -Cpmin =
Qoo

and by Bernoulli's equation (Py + 9 = Pryin + Qmax):

. 2
— 9max - 9« Vmax

G = = -1
qoo Voo

where V. is the maximum flow velocity at some point on the
surface of the hydrofoil.

According to Ref. 15, the flow velocity on the surface of an
uncambered hydrofoil having a parabolic cross section, at zero

angle of attack, is
. X'
V¢= Voo [ —e
x'+r'/2
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where r' and x' are the ratios to chord-length of the leading-edge
radius and distance from the leading edge, respectively. For an
accurately shaped parabolic cross section r' = T4/8 where 7 is
the ratio of base thickness to chord.

The added velocity Vg caused by a small deviation a - ag of
the angle of attack from the design angle ad is

a - ad
Va =% Vg —_—
Nx' +r'/2

waere a and ad are measured in radians and (+) and (-) refer to
the upper and lower surfaces, respectively (Ref. 16).

If the parabola is cambered using the NACA a = 1.0 camber
line, a further velocity increment V. is added (Ref. 6).

CLd

Ve =2 Voo

4

where (+) and (-) refer to the upper and lower surfaces, respec-
tively.

Summing the velocities, V = V. + V4 + V¢, the incipient cavi-
tation number of a cambered parabola at an angle of attack ais

2 2
v x! (a - ag) CLg
oi = | — -1 = * + -1
Voo max - x'+rt/2 Nx!' + r'/2 4 max

Upon setting d/dx (V/V) = 0, the chordwise location of the
maximum velocity is found to be

! r|2
x'max = ————— orx'=1
4(a -~ aq)?

Substituting,

- 2 - 2
- 2(a - aqg) CLd\/Z(a ad) .1 ( (+) a>0, upper surface

g; = +
i (~) a<0, lower surface

r! 2 r!

or ¢i = +2(a - ag) + CLq/2 (for x' = 1.0, upper surface) whichever
is larger. .
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The experimental data points of incipient cavitation number
oj are plotted in Fig. 30 as a function of angle of attack for R =,
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FIG. 30. o Versus a' With R = 0, Experiment and Theory.

The theoretical values of ¢j are plotted as lines in Fig. 30, show-
ing the incipient cavitation numbers of cambered parabolas whose
leading edge radii are 0.0028c and 0.0070c. The design angle of
attack a4, was equated to zero in this graph, as it theoretically
should be for the a = 1.0 camber line. In reality, due to the
pressure deviation from theory, the design angle is probably be-
tween 0 and 1°; hence the theoretical curve of ¢j versus a should
be shifted to the right. The theoretical leading-edge radinus of an
accurately formed parabola having a base-thickness-to-chord
ratio 7 = 0.15 is 0.0028c. The measured leading-edge radius of
the model varied along the span from 0.0030c to 0.0070c¢; a radius
of 0.0070c would correspond to 7 = 0. 24. In general, fair agree-
ment is found between experiment and theory.
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CONCLUSIONS

1. Results of water-tunnel tests on a base-vented hydrofoil,
having a cambered parabolic cross section, show that the experi-
mental values of lift, drag, moment, and incipient cavitation
number are in agreement with experimental results for stream-
lined cross sections having the same camber line. The discrep-
ancies between these and the theoretical values can be attributed
to pressure deviations on the upper and lower surfaces that are
believed to be caused by failure to attain the theoretical pressure
discontinuities of the NACA a = 1.0 (uniform load) camber line.

2, The air cavity produced behind the base did not spring
forward to the leading edge unless the hydrofoil stalled or exten-
sive vapor cavitation occurred behind the leading edge. When K
was less than 0. 20, a thin, wispy type of ventilation occasionally
appeared for about 1/8 chord-length on the upper surface ahead
of the base, producing a small change in lift. This ventilation
was believed to have been caused by local boundary-layer separa-
tion that occurred whenever the pressure gradient was unfavorable
in this region.

3. A maximum lift/drag ratio of 24 was measured with &
= ©at a = 4, 5%, when the ventilation number of the cavity was
K = 0. 14. Higher lift/drag ratios would have been obtained if K
could have becun lowered, but this was prevented by tunnel-
blockage effects. A maximum lift/drag ratio of 8.5 was meas-
ured with AR = 1.44. In the latter case it was possible to reduce
K to 0.06 because of decreased tunnel blockage. It is planned to
conduct tests in the future under different conditions of tunnel
blockage to obtain data nearer to K = 0.

4. The results of these tests tend to verify the potentially

high efficiency and cavitation resistance of base-vented hydro-
foils pointed out in Ref. 2,
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COORDINATES OF HYDROFOIL CROSS SECTION

Parabolic Thickness Distribution, 15% Thickness Ratio
CLd = 0.40, NACA a = 1.0 Camber Line

Appendix A

x/c y/c(Upper) vy/c(Lower)
0.0000 0.0000 0.0000
0.0050 0.0063 0.0043
0.0075 0.0079 0.0051
0.0125 0.0105 0.0062
0.025 0.0156 0.0081
0.050 0.0231 0.0105
0.075 0.0290 0.0121
0.10 0.0340 0.0134
0.15 0.0425 0.0156
0.20 0.0495 0.0176
0.25 0.0554 0.0196
0.30 0.0605 0.0216
0.35 0.0649 0.0237
0.40 0.0689 0.0260
0.45 0.0722 0.0284
0.50 0.0751 0.0309
0.55 0.0775 0.0337
0.60 0.0795 0.0366
0.65 0.0811 0.0399
0.70 0.0822 0.0433
0.75 0.0828 0.0470
0.80 0.0830 0.0512
0.85 0.0826 0.0557
0.90 0.0815 0.0609
0.95 0.0794 0.0668
1.00 0.0750 0.0750
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Appendix B

CORRECTIONS FOR TUNNEL-INTERFERENCE EFFECTS

The flow pattern around a hydrofoil model in an enclosed
water tunnel differs from that around a hydrofoil in a free fluid.
The effects of boundary constraint are complex. The interfer-
ence is usually divided into several components whose effects are
assumed to be additive: solid blockage, wake blockage, lift effect,
and horizontal static-pressure gradient (horizontal buoyancy).

The equations for these corrections were obtained from Pankhurst
and Holder (Ref. 8); the effect of the boundary layer on the tunnel
walls upon the lift of the hydrofoil has been found to be negligible.

The corrections given in Ref. 8 apply to fully wetted models
only. There are no equations available as yet for estimating the
tunnel-interference effects in cavitating flow. In the present
case, however, the fully wetted and base-vented flow patterns
are similar, since in fully wetted flow there is a wake behind the
blunt base which closely resembles the shape of the cavity.
Therefore the correction formulas were assumed to be equally
valid for both fully wetted and base-vented flow.

The infinite-aspect-ratio tests were made in a nearly rec-
tangular, closed working section, formed by placing two parallel
vertical plates into the original circular working section of the
water tunnel. For the finite-aspect-ratio tests, one of these side
plates was removed, making the tunnel cross section a circular
segment,

The corrections given here are in the form:

al )= )free stream - ( )measured

The coefficients used in the equations are the measured
values.

BLOCKAGE AND LIFT EFFECTS

The solid and wake blockage corrections are for the increase
in axial velocity past the hydrofoil and its wake, due to the partial
blocking of the flow. The lift effect is due to the constraint of the
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tunnel walls on the curved streamlines, which effectively changes
the hydrofoil camber and angle of attack.

Infinite Aspect Ratio

The important parameters of the rectangular working section,
and of the model, are

h = height of working section = 14 in.

¢ = model chord length = 4 in.

b = span of working section and model = 3 in.
t = maximum (base) thickness of model = 0. 6 in.

inn

The correction for solid and wake blockage is

AC1, ACD c\/t 2 1¢
—_—=— =-20.41|1+~-}|[~-] +—-=CD

CL Cbp t/]\h/ 4nh

n

= -2% to -3%

The corrections for the lift effect are
)Z (CL + 2Cpm)

CL

’

ACL, xé[c
, =0.0308 < ACT, <+0.0273,

AC1,~-0.0023 at a =0°

— = -5% to +3%

ACM ﬂZ(C)Z CL
CmMm

2 (CL + 4CMm)CL

CD 96

ACD gy [ c
N =-0.2% to +1. 2%

h Cp

(not applied to data)

Finite Aspect Ratio

The corrections for the circular-segment working section
have been estimated using an equivalent rectangular working
section of span b = 3 inches and height he such that the areas of
the circular segment and equivalent rectangle are equal:
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Let
bhe = area of circular segment = 97. 8 in2
97. 8
hg =—— = 32.62 in.
3

It is then assumed that the infinite aspect ratio correction
formulas apply, if h is replaced by hg.

The magnitudes of the finite aspect ratio corrections are

Solid and wake blockage

ACL ACD
= =0.39tol.19

CL Cp
Lift effect

-0.0030 < ACy, £+0. 0024 (not applied to data)

ACp

= -0.03% to +0, 07% (not applied to data)
Cp
ACM :

= -0. 9% to +0. 4% (not applied to data)
CmMm

HORIZONTAL BUOYANCY EFFECTS

The horizontal static-pressure gradient (horizontal buoyancy)
is caused by the thickening of the boundary layer on the tunnel
walls; the model is thus being tested in a tunnel whose walls seem
to be converging. The gradient could be eliminated if the tunnel
walls were designed to diverge an amount equal to the thickening
of their boundary layers.

Infinite Aspect Ratio

The horizontal static-pressure gradient in the empty rec-
tangular working section is (from Ref.5)

d (Poo

dx

= -0.056 ft~!

Qo0

47



NAVWEPS REPORT 7584

The midchord point of the model was 5 inches downstream of the
static-pressure tap.

The drag correction due to horizontal buoyancy is

Ay d PQo
aACp=(1+1 21)— —| —|=-0.0022

C dx qoo
ACD

'=-1% to -7%
Cp

where .

T = base-thickness-to~chord ratio = 0.15
A, = chordwise cross-sectional area of model = 1. 61 inz'

The lift and moment are not affected.

The effects of horizontal buoyancy are more complex for
vented models than for fully wetted models. The influence of the
"converging tunnel walls' on the cavity pressure and drag has not
been investigated. Therefore, the above drag correction has been
used for the vented cases,also.

The measured cavity pressure, and hence the measured.
ventilation number K, is based upon the static pressure 5 inches
upstream of the model midchord. K has been corrected to the
local static pressure at the leading edge of the cavity, 7 inches
downstream of the pressure tap, as follows:

P_-P.| 4P, 7

AK = A —= ‘= = — (-0.056) = -0. 0326
. 900 12
‘aK
—_— =-19,2%
Kmin

This correction is open to question, since the exact location at
which the static pressure should be measured to determine K is

unknown.
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Finite Aspect Ratio

The horizontal static-pressure gradient in the circular-
segment working section can be estimated. The first step is to
calculate the rate of increase, with distance, of the displacement
thickness of the boundary layer on the walls of the rectangular
working section, in terms of the tunnel dimensions and measured
static-pressure gradient.

The following nomenclature is used:

A = effective area of cross section of tunnel (exclusive
of boundary layer)

p = perimeter of cross section of tunnel

P = tunnel static pressure

q = tunnel dynamic pressure

V = tunnel velocity

The following subscripts indicate where the above values
are measured:

0 = at static-pressure tap in rectangular section
1 = at axis of spindle in rectangular section
2 = at static-pressure tap in circular-segment section
3 = at axis of spindle in circular-segment section
and :
d | Py
Bg =— | —— | = horizontal static-pressure gradient in
dx Yoo /o rectangular working section
d [ Py
B, =—| ——| = horizontal static-pressure gradient in
dx \ qeo circular-segment working section
® = displacement thickness of the boundary layer
de
— = rate of change of © on walls of rectangular working
dx section
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dé
—) rate of change of 6 on walls of circular-segment
dx |/ , working section

distance along tunnel center line from pressure tap to
spindle axis

Xe =

By the equation of continuity,

AoVo = A1V)
hence

Al vi q

al v

By Bernoulli's equation,

PO+qO=P1+ql

Using these relations,
2
d | Foo ~FP1-Po 95-q q1 Aq
Boxy = — | ——| . %% = =lee—=1 - —
2
dx | q do do 9% Al
hence
Ay . 1
— =NT = Byx; =1 - — Box;
A 2

1

Considering the growth of the boundary layer,

de
Ay = Ag - P\ —
o

dx
hence
A, A, 1 _ xtpl( de )
— = = = l + R
Ay de x¢p) [ d© Ay \dx o
Ag - xpy| — 1 - —_—
dx o Ao \dx/
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therefore

1-—Boxt-;1+

1 X,Pq ( de)

or

This expression may now be used in determining the approxi-
mate horizontal pressure gradient in the circular-segment work-
ing section.

By the same reasoning as above,

doé 1 Ay
—_— ':—.".._.BZ_._.
2

dx 2 P3

It is now assumed that

=), (%)

Then
A p-
BZ :__9__3. BO
Az Py
Since _
Py = 34 in.
Py = 39 in,
A, = 42 in?
Ay = 97. 8 in®
we have

B, = 0.493 By = (0. 493) (-0.056) = -0.028 ft~!

Using this value for horizontal static-pressure gradient, and
the correction equations given for infinite aspect ratio, -
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ACD =-0.0011
_AEC%D. = -14 to -6%
AK = -0.016

AK
o -22. 5%

MINIMUM VENTILATION NUMBER

For a given tunnel and model, there is a minimum ventilation
number Kmin which is reached when the cavity extends infinitely
far downstream. In this case the tunnel is said to be ''choked."
Further increases in air-flow rate will not decrease K below
Kmin. If horizontal buoyancy effects are neglected, the value of
Kmin may be estimated using the following equation from Ref. 17:

A 2
o) coer————
Cp (at Ky =T[Vl * Kmin -1]

Using theorefical values of Cp versus K from Fig. 24, it is found
that

K in = 0. 16 for infinite aspect ratio

Kmin = 0. 08 for finite aspect ratio

The experimental values of Kmin were 0. 13 and 0, 06 for infinite
and finite aspect ratios, respectively.

CORRECTIONS TO INCIPIENT
CAVITATION NUMBER

The measured incipient cavitation number was based upon
static and dynamic pressures measured 3 inches upstream of the
model's leading edge. The free-stream incipient cavitation num-
ber will be determined by the local tunnel conditions at the leading
edge. The pressures at the leading edge are affected by solid and
wake blockage and by horizontal buoyancy. The method of cor-
recting ¢; is as follows:
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Let
P, -P, P
i = = (measured)
dm 9dm
P -P P
o = o Tz (corrected)
90 Qoo

where Py, qm are values 3 inches upstream of the model and
F 19, arevalues at the model leading edge.

Bernoulli's equation states

Fot a5 Pm t dm

Hence
- Pco Pm am Pm |am 9dm
0 =— = + -1 = +—_— =1
doo 900 9oo 9m \ 90: 90
or

~ ( 9m\| 9m .
o oy [ —|t—~
o 9o/ Yoo
qm/qooia evaluated as follows: if we let
Aq=q_ - qm
then |
q, Aq

= "

9m 9dm

Now, with ""h. b." indicating horizontal buoyancy and ''block.’” in-
dicating blockage,

Aq | Aq Ag |\
-—-—.:(-———— +(—.—.
Im  Vm/y 4

Im / block.
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where
Aq P -P 3 in.
(__) S . = -(-0. 056) =0.014
Im/ oy, 9m h. b. 12 in.
and
—— = c— —— = + — ———
Im Ip1ock, '9m/ V900! p1ock. Im [\ Qoo [10ck.
(Aq ) ( Aq Aq
. E _-._) 2L
oo/ plock. Im/y b VM Tg0ek
( Aq ) _(8ala paek, [ * (Aalam)y 4]
Am | plock l- (Aq/qoo)block.
but
Aq ACL -
(—.— S o [ — '—'0.0234 ((1=0°)
9. /block, C1, !block.
SO
Aq
(_ ) = 0,0243
9m block.
and
q Aq Aq )
.-i‘-°-=1+(_) +(—) =1+0.014+0.0243 = 1. 038
9m Im /4y, 9m [ p10ck.
Finally,
q 1
__!_11 = = 0. 963
oo 1.038
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and
0f =0of - (0.963) +0.963 -1

or

oj = 0.963 oy, - 0.037
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Appendix C

AIR-FLOW DATA REDUCTION

The air flowmeter is calibrated to measure the air-flow
rate at standard room temperature and standard pressure Pg.
Since the air passing through the meter is at the supply-line
pressure Py, the meter reading Qu, must be corrected. The
meter reading Qm is proportional to the air-flow velocity enter-
ing the meter and the square root of the air density. Since the
supply-line air is at room temperature, its density will be pro-
portional to its pressure Py, hence:

Py Pg
Om = Q[ — or Q¢ = Om S
Pg Py

The air-flow rate Q based on the free-stream static pres-
sure Py, is Q = Qy(Py/P,). It is assumed that the air lines from
the flowmeter to the working section are sufficiently long that
the flow is isothermal. Hence, the air-flow rate at a pressure
Py is

Py Py | Pg
Q=Q —=Qm—_| —
Poo P,V Py

The dimensionless air~-flow rate is defined as:

Q

VoAb

Q =

The actual cavity pressure P, is slightly different from
the free-stream static pressure P,,, but since the difference is
small, the actual air-flow rate is approximately equal to Q.
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