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ABSTRACT. Results of water-tunnel tests on the base-
vented hydrofoil model show that the lift and moment
coefficients and the lift coefficient derivative are all
essentially independent of ventilation number and are
approximately equal to coefficients of uncambered air-
foils having the same aspect ratio.

The drag coefficient agreed only partially with two-
dimensional cavity drag theory. The maximum lift-to-
drag ratio was 6.5 when fully vented and 2.4 when fully
wetted.

Due to the reduced blockage of the Free Surface Water
Tunnel at the California Institute of Technology, the
minimum ventilation number (K) was 0. 02 and the
minimum air-flow rate coefficient (Q'.,) providing full
ventilation was 0. 026 (rate increasing) and 0. 013 (rate
decreasing),
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FOREWORD

This report is part of a series on vented hydrofoils
published by the Naval Ordnance Test Station (NOTS).
These studies concerning the exhaust of gas through hydro-
foil surfaces provide information leading to new torpedo
propeller designs and new methods of torpedo control.

An experimental study on a base-vented hydrofoil of
parabolic cross-section was conducted in the Free Surface
Water Tunnel at the California Institute of Technology from
March through May 1961. The results and analysis, together
with previous NOTS reports on vented hydrofoils, contribute
toward the design of base-vented propeller blades having
reduced susceptibility to cavitation.

The work was performed under Bureau of Naval Weapons
Task Assignment RUTO-3E-000/216-1/009-01-003, problem
assignment 401. Review for technical adequacy was per-
formed by Henry Yerby and John Brooks of this Station.
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NOMENCLATURE '

Planform area of hydrofoil (bc), ft“2
Base area of hydrdfoil (bt), ft?
Aspect rafio of hydrofoil (b/c)

Span of hydrofoil, ft

Chord of hydrofoil, ft

Drag coefficient (D/quA)

The portion of CD.tha.t varies with a: Cq = Cp - CD(CL = 0)
Measured drag coefficient, parallel to tunnel center line
Air jet drag coefficient

Strut drag coefficient

Lift coéfficient (L/qguA)

Measured lift coefficient, perpendicular to tunnel center line

Lift coefficient derivative (dC1,/da), per radian
Pitching-moment coefficient (about quarter-chord point)(M/q Ac)
Pitching-moment coefficient-derivative (dCp/da), per radian
Depth of model center line below undisturbed free surface, ft
Drag, 1b '

Drag coefficient (D/q Ap)

Ventilation number (P - Pc)/q

Lift, 1b

Lift-to-drag ratio
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Pressure in high-pressure air-supply line, 1b/ft?

Cavity or base pressure, 1b/ft?

Standard pressure for air-flow meter calibration, 2,120 1b/ft2
Free-stream static pressure, 1b/ft?

Free-stream dynamic pressure (I/vaog), 1b/ft2

P P
Air-flow rate at free-stream static pressure (Qm -4 / —:2
as derived in Appendix B, ft3/sec FoN Py

“Air-flow rate coefficient (Q/V Ap)

Value of Q' at which model first becomes fully vented
Air-flow rate in high-pressure air-supply line, ft3/sec
Air-flow meter reading, ft3/sec

Base thickness of ﬁydrofoil, ft

Velocity -

Free-stream velocity, ft/sec

Distance from leading edge along chord of hydrofoil, ft

Distance perpendicular to chord of hydrofoil, ft

Corrected angle of attack, radians, unless otherwise stated
(@ = apeas = %o)

Angle of attack (uncorrected) at which the lift coefficient (cor-
rected for tares and buoyancy) was zero, radians

Measured angle of attack (angle between model center line and
tunnel center line), radians

Mass density of water, slug/ft3

Angle between free-stream flow direction and tunnel center line,
radians ‘ ' :
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INTRODUCTION

~ The purpose of this experimental program was to investigate
further a relatively new type of hydrofoil--the base-vented hydrofoil
(Ref. 1), Base-vented hydrofoils might be used as stabilizing and con-
trol surfaces, or as the blades of propellers and pumps, or as the
lifting surfaces of hydrofoil-supported craft. An earlier series of
experiments on vented hydrofoils (Ref. 2 and 3) was conducted by the
Naval Ordnance Test Station during 1958 and 1959 in the High-Speed
Water Tunnel (HSWT) at the California Institute of Technology (CIT).
Although the force measurements were in fair agreement with the
recent theory of Ref. 4 and 5, various types of tunnel-wall interference
prevented complete agreement. The cavity shape was distorted by
blockage effects, and the cavity pressure could not be increased suf-
ficiently close to the tunnel static pressure. Also, it was not known
whether the wall interference affected the minimum value of the air-
flow rate required to first create a long steady air cavity.

The new test series was conducted to investigate more fully the
gas ventilation rate, the effects of tunnel wall and strut interference,
and'to obtain new data on a slightly different hydrofoil shape. This
series of'tests was conducted in the Free Surface Water Tunnel (FSWT)
at CIT where the wall interference effects are theoretically very small.

EXPERIMENTAL APPARATUS AND PROCEDURE

DESCRIPTION OF THE MODEL

The hydrofoil used for this experiment was uncambered and had a
parabolic cross section with a thickness-to-chord ratio of 0. 15, a
4-inch chord, and a 4-inch span (Fig. 1 and 2). The model was vented
by exhausting air through the base of the model. The cavity pressure

was measured at the single hole in the center of the base.

WATER TUNNEL

These experiments were carried out in the FSWT at CIT (Ref. 6).
The tunnel is of the closed-circuit type and is capable of velocities up
to 26 ft/sec. The working section is 7.5 feet long with a rectangular
cross section of 1, 6-foot width and a nominal water depth of 1. 65 feet.
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-0.1%

FIG. 1. Cross Section of Parabolic Hydrofoil.

Venting ports

FIG. 2. Model Showing Venting Ports and Pressure Tap.
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INSTRUMENTATION

Two force-balance and strut combinations were used for this ex-
periment. The first combination consisted of the CIT three-component
mechanical force balance (Ref. 7), and a shielded strut. Figures 3 and
4 show the strut mounted on the balance, with and without the shield.
The strut shield had a streamlined cross section (Convair shape No.
E451402, Rev. 1) with a 4-inch chord and 0.81-inch maximum thick-
ness. The exposed (lower) part of the strut that supported the model
had a biconvex cross section with a 1.75-inch chord, a thickness of
0. 210 inch, and a height of approximately 1. 75 inches. This strut was
pivoted to an internal brace at a point 2. 4 inches above the model
center line to permit changes in the angle of attack. Polyethylene
tubing was used to duct the air through the strut shield to the support
strut. A duct through the support strut intersected a manifold inside
the model that led to the four exhaust ports. A similar duct and tubing
connected the base pressure tap to the manometer. Figure 5 is a sche-
matic of the air-flow and cavity-pressure instrumentation for the
shielded strut.

The second force-balance and strut combination consisted of a six-
component strain-gage force-balancel and a streamlined unshielded
strut? (Fig. 6). The strut had an NACA 16-006 cross section (Ref. 8)
with a chord of 2. 25 inches. It was swept back 9 degrees from the
vertical when the model angle of attack was zero. A pivot at the upper
end of the strut permitted changes in the angle of attack of the model.
It was not possible to supply air to the model through the thin unshielded
strut. A separate strut downstream of the model (Fig. 7) supported an
air-supply tube and a cavity-pressure probe, both of which projected
forward into the downstream end of the cavity. With the separate air
supply, it was not possible to obtain cavities at low air-flow rates.

The downstream pressure tap did not permit the measurement of base
pressures when the model was fully wetted. Figure 8 is a schematic
of the air-flow and cavity-pressure instrumentation for the unshielded
strut.

Air-ca.vity pressures were measured by a water manometer open
to the atmosphere at the top. The line from the manometer to the pres-
sure tap at the bottom of the model was kept clear of water by con-
tinuously bleeding a small amount of air through it. This measurement
is accurate to within +0.01 foot of water. The water velocity was ob-
tained from the total head pressure in the tunnel upstream of the con-
traction nozzle. The accuracy was +0.15 ft/sec. The air-flow rate

! Mark II model, manufactured by the Task Corp., Anaheim, Calif.

2 The unshielded strut and the readout equipment for the strain-
gage balance were loaned to NOTS by the Aero-Space Division of the
Boeing Airplane Co.
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FIG. 3. Three-Component Mechanical Balance With
Shielded Strut.

FIG. 4. Three-Component Mechanical Balance and
Strut With Shield Removed.



Air-exhaust rate

Air bleed Pressure Air-bleed
ON-OFF regulator rate

Manometer

= o
1 ! o e 1
| Open to atmosphere

{

Water
manometer

Air-pressure Air-flow meter

Bage
© High-pressure

air supply

ON-OFF

Air
ON-OFF

]

i O v SF S S S SN S S SN SN A AN SNT SNT SN SNV AN SV AN AN SRV SNY AN 4

\Fnrce balance

Strut

|+———Shield

/W

Water flow

Air exhaust

‘Air cavity
(-

Cavity-pressure tap

FIG. 5. Test Setup; Shielded Strut
Support.

FIG. 6. Strain Gage Balance, Unshielded Strut
and Model Mounted in Tunnel.

026, 1L90dTY SAAMAVN



FIG. 7. Model With Unshielded Strut Mounted in Tunnel With Air-
Supply Sting Positioned Behind.
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was measured with a float-type flowmeter and the air pressure with a
precision dial gage. The accuracy of these measurements is within 5%.

‘Photographs were taken of side and bottom views of the model at
typical data points. ''Streak''photographs were obtained by using an
0. 5-second exposure time with photo-flood lamps; ''flash' photographs
were obtained by high-speed flash lamps with a duration of 10 micro-
seconds.

- TEST PROCEDURE

Force-balance zeroes were obtained with the model set at the de-
sired angle of attack and placed above the water surface. The tunnel
was then brought up to speed and the model lowered to the test depth.
The air-flow rate was adjusted by either increasing or decreasing the
flow rate, depending upon the test. After reading the forces, .velocity,
air-flow rate, air pressure and cavity pressure, the air-flow rate was
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changed and new readings were taken. At the end of a sequence of data
points, the model was raised from the water and the zeroes were read.
The process was repeated for other angles of attack. '

Runs were made with the shielded strut at a water velocity of
20 ft/sec and a model depth of two chords. Runs with the strain-gage
balance were made at 20 ft/sec with model depths of two chords and -
one quarter chord, and at 25 ft/sec with a model depth of one chord.

DATA REDUCTION

The data were reduced to the following dimensionless coefficients:

. . . lift
Lift coefficient . . . . . . . . Cy, =
. L™ et
Drag coefficients . . . . . . . CD=-(1?-ig
oot
D' = drag
b
Pitching moment coefficient Cay, = oment
(about quarter-chord point) M dooA ¢
Po- P
Ventilation number . . . . . . K = X" ¢
' ' i )
Air-flow rate coefficient . . . . Q' = air-flow rate
VooAb
Lift-to-drag ratio . . . . . . . L/D

The force data were reduced as a function of system geometry,
and corrected (Appendix A) for buoyancy effects and for all the strut
tare effects except pressure interference,

All the lift curve data were shifted so that the lift was zero at zero

angle of attack. The drag and moment data were plotted, using the

shifted angle of attack. The shift in angle of attack for zero lift was
 believed to be due primarily to strut pressure interference, and sec-
ondarily to tunnel water-flow deviation and to change in zero-lift angle
caused by the nearness of the water surface. The measured angle of
zero lift was -1. 5 degrees at a depth of two chords for the fully wetted
model with the shielded strut, and -0.65, -0.40, and 0.0 degrees with -
the unshielded strut at respective depths of two, one, and one quarter
chords. The contribution to these values of tunnel water-flow deviation
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was found to be 0. 25 degree at a depth of two chords, then tapering to
zero at the surface.

The moment data measured with the mechanical balance is not
accurate since the data reduction process involves the difference of
two large numbers, including the correction of moment due to drag

" force. No moment data were measured with the strain-gage balance.

STRUT PRESSURE INTERFERENCE

The presence of the support struts significantly influenced the
hydrodynamic forces exerted on the model. This influence resulted
from a deviation in pressure distribution and flow direction near the
model. The thick shielded strut produced a much greater interference
than the thin unshielded strut.

After the test program was completed, a special study to measure
the strut-pressure interference was conducted by CIT.4# The model was
mounted from the mechanical balance using the thin unshielded strut.
The force readings duplicated the previous measurements that were
obtained with the strain-gage balance. A thick strut, similar in size
to the shield used with the shielded strut, was then placed near the
model but offset slightly outboard of the center line. The resulting
change in the model forces was almost identical to the differences in
the force measurements previously obtained between the two struts.

No tares were taken to correct the data for strut-pressure interference.
If such a tare .correction were obtained by mounting an image strut
under the model, it would not be sufficiently accurate since the image
system would not duplicate the influence of the water surface.

The effect on lift of the strut interference was accounted for by
the arbitrary shift in zero-lift angle to zero degrees. Little effect of
strut interference is expected on Cr,, or C)M, since it is not likely to
be significantly changed by small variations in angle of attack.

Although the model drag was greatly affected by the shielded strut,
it was not measurably affected by the unshielded strut because any
change in model drag due to pressure interference would have been
canceled by an equal and opposite change in strut drag. Consequently,
the major tare corrections for the unshielded strut are frictional drag
and buoyancy. ' '

The data in this report are labeled to distinguish between those
taken using the shielded strut and those taken using the unshielded

3 Measured by T. Kiceniuk at CIT.
4 Unpublished internal CIT report, Experimental Memo E-118. 2,
by J. Brentjes. ' )
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strut. The only data with the shielded strut that have not been cor-
rected are the drag data. It is believed that the data using the un-
shielded strut have been corrected for all major tares. The arbitrary
shift in zero-lift angle to correct for pressure interference prevents
analysis of the effect of the water surface on lift.

RESULTS AND ANALYSIS

The results are plotted in Fig, 17 through 26, and a summary of
the results is presented in Table 1,

DESCRIPTION OF THE FLOW

The vortex pattern in the wake behind the.blunt-based model is
shown id Fig., 9. A small amount of air was exhausted through the
trailing edge of the model to permit the vortices to be seen. The vor-
tex pattern (Fig. 9) suddenly disappeared when the air-flow rate was
increased to a certain critical value, Q'cy. At this time, the hydro-
foil was called fully vented since the cavity became a single clearly
defined shape (Fig.10), and remained so as the air-flow rate was
further increased. Some hysteresis (Ref. 2 and 3) was again noticed,
since the cavity retained its singular shape and did not return to the
vortex pattern until the air-flow rate was reduced to a value less than
Q'cr. The upper trail of bubbles seen in these photographs has no re-
lationship to the venting of the model; it is merely air that has been
drawn down from the water surface through the inside of the strut
shield and is escaping through the lower end.

In Fig. 11, where the angle of attack is 7.5 degrees, the air cavity
behind the model consists of three parts: the central cavity and the
two tip-vortex cavities. At zero angle of attack, only a single indi-
vidual cavity is seen. At an angle of attack of -4.5 degrees (Fig. 12
and 13), the tip vortices are reversed and appear on the lower side of
the central cavity., The bottom view (Fig. 13) shows that the central
cavity and the tip vortex cavities terminate at different downstream
locations. '

It is important to note that the air cavity did not spring ahead of
the trailing edge unless debris. collected at the leading edge (Fig. 14).
Except for this phenomenon, the Kutta condition at the trailing edge
was apparently satisfied throughout the entire test range. Cavitation
did not occur at any time during this test series,

The unshielded strut and model, together with the air-supply sting;
are shown in Fig. 15. The subcritical air-flow rates that correSpond
to the tra111ng vortex type of air cavity could not be maintained using
the sting air supply. Consequently, all data obtained uSmg the unshielded

10
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TABLE 1.

Results of Tests in Free Surface Water Tunnel

All results refer to tests of the uncambered base-vented hydrofoil model having a parabohc cross
section with a thickness-to-chord of 0. 15 and an aspect ratio of 1. 0.

Fig.
. Item Strut®!  value No. Comments
Lift Coefficient
CLQ (d = 2¢, fully wetted) S 1.64 17 Theory = 1. 48 (d = »)
Cp, (d=2c fully vented) S 1.70 17 Theory = 1.48 (d = «)
CL (d = 2¢, fully wetted or vented) U 1.75 18 Theory = 1,48 (d = x)
CL (d = lc, fully wetted or vented) u 1.68 18
CL. (d = 1/4c, fully wetted) U 1. 25 18
Drag Coefficient
C4 (a = 0° K = 0.23, fully wetted) S 0.0470 | 20 Theory = 0. 035 {cav. drag)
Cqla= 0°, K=o0.23, fully wetted) u 0. 0515 19 Theory = 0. 035 (cav, drag)
Cq (a = 0°, K = 0.025, fully vented) 5 0. 0045 20 Theory = 0. 0096 (cav. drag) -
Cq (a = 0°, K =0.025, fully vented) U 0.0140 19 Theory = 0,0096 (cav, drag)
dD'/dK {a ¥ 0°, K> 0,02) S 1.35 22 Theory = 1.0 for K> 0. 15
and 0.5 for K = 0,04
dD'/dK (a = 0°, K > 0, 02) U 1.26 21 HSWTDP (exper.) = 1,08 for K> 0,06
TR Cd/Ci, (0.23 < K <0, 35, fully S 2.50 20 K increases as /a/>0
wetted)
TR Cd/CL {0.23 < K < 0. 35, fully U 2.86 19 K increases as /a/>0
wetted)
w R Cq/CL (K T0.03, fully vented) s 1.92 20 Theoretical induced drag = 1.0
T R Cd/Ci (K T 0.03, fully vented) U 1.37 19 Theoretical induced drag =1.0
) ' Moment Coefficient
CM (a =0, 0,02 <K<O0,20 fully S -0.010 to ] 23 Theory = 0. 00
vented) +0, 002
CP (vented) s 0.20 23 Theory = 0, 17
CP (fully wetted, a < 1.59) S 0. 20 23 Theory = 0.17
CP ([ully' wetted, a > 1.59) S 0.29 23 Theory = 0.17
Air-Flow Rate
Q'cr (a = 0°, air flow increasing) S 0.026 24 HSWTP = 0.07 (R =1,.44 and R = w)
Q'er (a = 0°, air flow reducing) s 0.013 24 HSWT = 0,03 (R = 1.44)
dK/dQ' (-4.5 < a < 7,5%, fully vented) S -07 067 24 HSWT = -0.016 (R = )
Q'min (ventilation by aux. sting, flow u 0,.0i0 to | 24
reducing) . 0.020
Ventilation' Number
Kmin (0° < a <2.5%9 0,10 < Q'< 0, 20) ] 0.020 to | 24 HSWT = 0,15 (R = «)
0.025 =0.06 (R =1.44)
Kmin (-2° < a < 4%, 0.10 < Q' <0.20) U 0.020 to | 24
0,025
dCy /dK (-4.5%< a <7,5°) s =0 26 HSWT = 0 (R = )
dCm/dK (-4.5°< a < 7.5°) S =0 23 HSWT = -0.06 (R =) =~0 (R = |, 44)
Lift-to-Drag Ratio
(L/D)max{(® =1,0, d =2c, a =79, u 2.4 27 HSWT = 4.0 (MR = 1, 44)
fully wetted) .
U 6.5 217 HSWT = 8.5 (R = 1, 44)

(L/D)max (R = 1.0, d = 2c, a =6°,
fully vented) .

b

lift coefficient at a = 0° (C‘d) = 0,40, t/c =0.15, and R =

8 5 refers to shielded strut support and U to unshielded strut support.
All HSWT data were taken on a cambered parabolic hydrofoil with design

1. 44 and infinity (Ref, 3).

11
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FIG. 9. Model With Shielded Strut, Subcritical Air-Flow Rate.

FIG. 10. Model Fully Vented, Q' = 0.12, a = 7.5 deg.

12
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= 0.12, a = 7.5 deg.

Closeup of Model, Q'

FIG. 11.

13
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FIG. 13. Bottom View of Fully Vented Model, Q' = 0.12
a=-4.5 deg.

14
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FIG. 14. Effect of Debris at Leading Edge on Cavity Shape;
Model Fully Vented.

FIG. 15. Unshielded Strut and Model, Low Air-Flow Rate,
a = 0 deg.

15
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strut pertain to the fully vented condition. The flow phenomena appear-
ing in Fig. 16 are essentially the same as for the shielded strut.

LIFT

, The experimental lift-curve slopes C1,,, obtained from Fig.17 and
listed in Table 1, lie between 1, 64 and 1. 75 for all flow conditions '
tested. These values are in fair agreement with a theoretical value of
1.48 for R = 1.0 obtained from Ref, 8. The earlier tests reported in

Ref. 3 showed no significant difference in Cr, when the model was
wetted or vented, :

Table 1 lists C1,, as a function of depth, showing that it remains
unaffected by depths of one chord or greater.

The experimental zero-lift angles of attack tabulated in Fig. 17
and 18 indicate a strong interference effect of the support strut on the
effective angle of attack of the model. At a depth of two chords, the
effective angle of attack was shifted by +1. 25 degrees with the unshielded
strut and by +0. 40 degree with the shielded strut. The curves of Fig. 17
and 18 were shifted before plotting so that zero lift (when fully wetted)
occurs at zero angle of attack, as expected for an uncambered model,

DRAG

The curves of the drag coefficient Cp.versus angle of attack a
(Fig. 19 and 20) show that the hydrofoil drag was strongly influenced
by the shielded strut of Fig, 20.

The values of CD at a = 0 degrees with the shielded strut are lower
than those with the unshielded strut by 0. 0035 in fully wetted flow, and
by 0.0095 in fully vented flow. The interference of the shielded strut
was so great that the drag coefficient in fully vented flow of cavity and
frictional drag is less than half thé theoretical cavity drag of Ref. 4.
Apparently, the presence of the thick shielded strut reduced the static
pressure over the upper and lower surfaces of the parabolic model,
thereby reducing its measured drag. This interference effect of a
strut shield on the drag of a model should be considered seriously in
planning future test programs, particularly if the model thlckness in-
creases progressively up to the trailing edge

Figures 21 and 22 show the experimental drag coefficient D' plotted
as a function of K for the unshielded and shielded struts, respectively.
An experimental curve from Ref. 3 and the linearized theory of Ref.
and 9 are also included. The more accurate (unshielded) data of F1g 21
do not substantiate the reduction in slope of D' versus K predicted by
theory for K < 0.10; the disagreement may be due either to the fact that
the theory is two-dimensional or that errors occurred in measuring K.
It is interesting to note that the slopes of D' versus K also vary from

16
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Unshielded Strut and Model, Q' = 0.09, a = 6. 6 deg.

FIG. 16.

17
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the theoretical open-cavity slope of 1.00, The slope‘s obtained from
Fig. 21 and 22 are 1. 26, 1,35, and 1. 08, respectively, for the current
unshielded and shielded model tests and the HSWT tests of Ref. 3.

The effect of a on model drag can be studied by analyzing the un-
shielded strut data of Fig.19. The shielded strut data are not used in
this analysis because of the potentially large strut interference. In
general, the variation of Cp with a for low-aspect-ratio hydrofoils is
most likely due not only to the induced drag but also to changes with
a of separation drag, cavity drag, and frictignal drag. Theoretically,

the induced drag is approximately equal to Cp,/wAR. When analyzing
the var1at10n of Cp with a, it is convenient to study the drag factor,

TR CD /Ci The difference between the experimental drag factor and
the theoretical induced drag factor of 1.0 represents the approximate
contributions of separation drag, cavity drag, and frictional drag. The
total experimental drag factor was 1,37 for fully vented flow, and 2.86
for fully wetted flow. .

In considering the cavity drag first, Fig. 19 shows that the ventila-
tion number K remained constant and independent of o when the model
was fully vented. When the model was fully wetted, K varied from
0.23 to' 0.35. Combining the experimental variation of drag with K
(Fig. 21) and the variation of K with a, the contribution of cavity drag
to the drag factor can be calculated. This contribution is about 1. 77
for the unshielded strut in fully wetted flow. The contribution is zero
in fully vented flow. The remamlng portion of the drag factor is 0.09
in fylly wetted flow and 0,37 in fully vented flow. ' This portion is
probably gaused by changes in separation and frictional drag resulting
from changes in pressure distribution and boundary layer state. The
pressure distribution changes differently in fully wetted and fully
vented flow because the cavity pressure changes differently with a.
The drag factor for the model is divided as follows: :

Drag Factor Fullir Wetted Fully Vented

Total . . . . . . 2. 86 1.37
Induced . . . . . 1.00 1.00
Cavity . . . . . 1. 77 0.00
Separation and

skin friction . . 0.09 0. 37

MOMENT COEFFICIENT

The only moment data taken were on the model supported by the
shielded strut. Although many of these data were undoubtedly affected
by strut interference, it is believed that the effect of K on C)f remained
relatively small. The data plotted in Fig. 23 show considerable scatter
but indicate that Cy; was essentially independent of the ventilation
number K, as rnig?:/I be expected from theory.
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FIG. 23. C)p Versus a and K; Shielded Strut
. Support,

The moment coefficient at a = 0 degrees varied between -0, 010 to
+0, 002. Since the model was uncambered, this value should be zero.
The center of pressure can be calculated from the variation of C)f and
C1, with a. The experimental results show that the center of pressure
-lies’at the 20 to 297 chord point when fully wetted, The difference
between these and the theoretical value of 17% is explained by the in-
accuracy of the Cpf data and strut interference.

AIR-FLOW RATE

The curves of K versus Q' and a are plotted in Fig. 24. In Fig. 25
results of earlier tests conducted in the HSWT are reproduced from
Ref. 3 for comparison. )

The most significant difference in results between the two tunnels
is the change in the critical air-flow rate coefficient, Q'cy. This co-
efficient represents the minimum air-flow rate required to first fully
ventilate the hydrofoil. The difference in blockage between the two
- water tunnels seems to be responsible for. the reduction in Q'cy from
0.07 in the enclosed HSWT to 0. 026 in the FSWT. This indicates that
much less gas is required to ventilate prototype configurations than
was previously believed. The effect of hysteresis is the same in both
tunnels in the sense that the air-flow rate could be reduced to about
half the value of Q'c, before the fully vented cavity shape changed back
into the partially vented vortex-type cavity shape.
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The data in Fig. 24 show that the results of the shielded and un-
shielded struts were essentially the same. No data could be taken in
the partially vented range with the unshielded strut because of the air-
exhaust method used.

VENTILATION NUMBER

‘It is desirable in practice to obtain as low a ventilation number as
possible, since the drag reduces as K reduces. The test results in
Ref. 3 showed that K could not be reduced below 0. 15 in the two-
dimensional tunnel section, or below 0. 06 in the three-dimensional
tunnel section of the HSWT. One of the reasons for conducting the cur-
rent tests was to obtain new data on minimum K in a tunnel that is
essentially unaffected by wall interference and therefore more repre- .
sentative of open-water prototype operation.

The minimum value of K measured in the current series was 0. 02.
No interference by the strut shield was noticed. Once the hydrofoil
was fully vented, the value of K reduced only slightly with large in-
creases in air-flow rate. It would not be worth while from a power or
efficiency viewpoint to attempt to reduce K below 0. 02 by increasing
the air-flow rate. It is probable that the minimum value of K obtained
in the FSWT is representative of the minimum obtainable in open-water
operation,

The ventilation number is shown in Fig. 26 to have no effect on lift
coefficient. Essentially the same result was observed in Ref. 3, except
for a small deviation in the range where K < 0. 20. This small deviation
(Ref. 3) was believed to be due to the model camber, which caused the
flow to separate from the upper surface near its trailing edge when
K < 0. 20,

LIFT-TO-DRAG RATIO

The maximum lift-to-drag ratio L/D (Fig. 27) is 2.4 when fully
wetted and 6. 5 when fully vented (model R = 1.0 and unshielded strut).
These values compare favorably with the corresponding values of 4.0
and 8.5 (Ref. 3) for a cambered model with R = 1, 44 tested in the
HSWT. These results demonstrate the advantages of increased aspect
ratio, of camber, and of reduced ventilation number. Even higher
values of L/D could be obtained if the ventilation number K were re-
duced to zero.
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CONCLUSIONS

The following conclusions are drawn from this study.-

l. The minimum air-flow rate coefficient Q'.,. required to first
form a fully vented cavity behind the blunt trailing edge of the model
was 0.026 (air-flow rate increasing); hysteresis occurred since Q'cy
was 0.013 (air-flow rate decreasing). Considerable tunnel-wall
blockage must have occurred in the earlier test work (Ref. 3) that
was conducted in the enclosed HSWT at CIT, since the values of Q'
were 0.07 and 0. 03, respectively.

"~ 2. Once the cavity was fully vented, the cavity pressure could not
' be significantly changed, even with a large increase in air-flow rate,

3. The air cavity produced behind the base of the model did not
spring ahead of the base at any angle of attack throughout the test range
of +7.5 degrees down to -4, 5 degrees, except when debris stuck to the
leading edge.

4. Because of reduced tunnel blockage in the FSWT, the minimum
ventilation number K.,jn, was found to be 0.02. This value is probably
more representative of open-water prototype conditions than the value
of K \in = 0. 06 (Ref. 3) for the HSWT.

5. The maximum lift-to-drag ratio /D was 2. 4 when fully wetted
and 6.5 when fully vented. These values are typical for uncambered
hydrofoils of R = 1. Higher values of L/D would result if the aspect
ratio were increased and camber were used (Ref. 3).

6. The values of Cp,, CL,s and CM were essentially independent
of K and did not vary apprec1ab1y whether the model was fully wetted
or fully vented. This result agrees with the theory of Ref. 5, page 14,

7. The value of CL, was independent of depth.for depths greater
than one chord.

8. The drag coefficient only partially agreed with two-dimensional
cavity theory. No change in slope was observed in the experimental
graph of D' versus K as K approached zero, as predicted by theory.
Also, the slope of D'/K at higher values of K was 25 to 35% greater
than the theoretical value of 1.0,

9. Considerably more increase in drag with angle of attack a was
noticed when the model was fully wetted than when it was fully vented.
This was due to a greater increase in cavity (or wake) drag produced
by a large change in K with a when the model was fully wetted. There
was essentially no change of K with a when the model was fully vented.

10, From a test-method viewpoint it was found that much less in-
terference occurred when the model was supported by an unshielded
strut than when it was supported by a shielded strut. In the latter case,
the interference can be so large that the model drag, for example, can
be changed by a factor of two or three.
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Appendix A

CORRECTIONS APPLIED TO THE FORCE DATA

STRUT TARE FORCES

The shielded strut tare forces were measured with the model
mounted at a depth of two chords on an image strut projecting upward
from the tunnel floor.. The shielded strut was then lowered until there
was a very small gap between it and the model. The forces were
measured at three angles of attack (0°, +6°, and -6°), in fully wetted
flow only. The strut tare drag, moment, and lift coefficients, based
on planform area, are shown in Fig. 28. The tare drag and moment
coefficients appear reasonable, but the lift coefficient is slightly nega-
tive. It is possible that the negative lift was caused by reduced pres-
sure in the gap between the strut and the model. Since this correction
was small and possibly meaningless, it was not applied.

The unshielded strut tare forces were measured without the model.
The model was removed from the strut and the lower end of the strut
was faired to a streamlined shape with wax. Runs were made at the
angle of attack where the lower end of the strut was horizontal. Data
were taken at velocities of 20 and 25 ft/sec and at several submergence
values, The drag coefficient of the strut, based on the model planform
area, is plotted in Fig. 29 versus submergence. The lift coefficient of
the strut was rather scattered. The correction to the model lift coef-
ficient was obtained by adding the calculated buoyancy of the model, in
coefficient form, to the measured.strut lift coefficients and fairing a
curve through the resulting points. The correction curves for veloci-
ties of 20 and 25 ft/sec are shown in Fig. 30. Also shown are lift
measurements made at zero velocity for various model depths, which
are about equal to the buoyancy of the model and strut, but do not in-
clude the hydrodynamic lift of the strut. It is noted that a fixed amount
of buoyancy produces a lift coefficient that depends upon the reference
velocity.

Another correction applied to the unshielded strut data is due to
the thrust of the air jet on the model. This correction is plotted in
Fig. 31. The coefficient is based upon a reference velocity of 20 ft/sec.

A final correction to the force coefficients is needed since the
tunnel-flow direction was not parallel to the drag axis. The true lift
and drag forces should be normal to, and parallel to, the stream direc-
tion (Fig. 32). The relation between the measurcd and true forces was
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calculated by assuming"tha.tkb = -qg (where ag is the valﬁe of the experi-
mental a at which CL, = 0, after being corrected for tares and buoyancy).

CL = CLpeas €08 a0 + CDpmeas 8in ag
Cp = CDmea.s cos ag - CLmea.s sin ag

The correction to CJ, was negligible, but the correction to Cp was
significant at higher angles of attack.
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Appendix B

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 Qm must be corrected. Since the supply-line air is at room

temperature, its density will be proportional to its pressure Py, hence:

P, Ps
OQm =Q [— or Q =Qm [——
Pg P,

The air-flow rate Q based on the freestream static pressure Pwis
Q = Q (Pg/Pw). It is assumed that the air lines from the flowmeter to

the working section are long enough to .cause the flow to become jiso-

thermal. Hence, the air-flow rate at a pressure F, is

P, P, [Ps
Q=Q — =Qm— [—
Poo P Py

The dimensionless air-flow-rate coefficient is defined as:
Q
VoAt
‘The actual pressure in the cavity is slightly different from the

freestream static pressure, but sirice the difference is small the
actual air-flow rate is approximately equal to Q.

Q' =
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