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An experimental investigation is reported of the unsteady forces due to heaving motion of
fully wetted hydrofoils of unity aspect ratio and also in two-dimensional flow. The tests
covered a broad range of reduced frequency and determined the effects of variation in

submergence depth, angle of attack, oscillation amplitude, and flow velocity.

In general,

the findings agree well with available theoretical calculations, but some unexpected varia-
tions were found for the case of a wedge-shaped foil and for changes in angle of attack.

Introduction

K~owLEDGE of the unsteady forces acting on an
oscillating hydrofoil travelling beneath a free surface is
necessary for the analysis of hydroelastic instability,
such as flutter and divergence, and for dynamie response
calculations. Extensive summaries of previous work
in these fields are available elsewhere [1, 2, 3]° and need
not be repeated here, but it is evident that many aspects
of the unsteady hydrofoil problem still await successful
consideration.

The separate effects of submergence depth, Froude
number, and finite aspect ratio all contribute to the
complexity of the theoretical solutions, and in many cases
where a problem has in prineiple been solved, the compila-
tion of numerical results has been discouraged by the
prohibitive computational effort required. The extent
of the experimental work published so far is also limited;
for example, only one set of tests [4, 5] has been reported
for the case of a hydrofoil oscillating under a free surface.

The objective of the present work was the experimental
determination of the unsteady forces in heaving motion
acting on a hydrofoil with unity aspect ratio and in two-
dimensional flow over a broad range of reduced fre-
quencies with various values of submergence depth, angle
of attack, oscillation amplitude, and flow velocity.

Test Equipment and Procedure

Water Tunnel

The experiments were carried out in the Free Surface
Water Tunnel of the Hydrodynamics Laboratory at the
California Institute of Technology, a detailed description
of which is given in [6]. The working section is 20 in.
wide and 8 ft long; the normal depth of water is 20 in.,
with the free surface open to the atmosphere. A’ skim-
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View of working section and test equipment

Fig. 1

mer located at the entrance to the working section re-
moves the boundary layer built up along the top wall of
the tunnel circuit, so the flow velocity in the working
section is uniform right up to the free surface. The maxi-
mum flow velocity is about 27 fps. A pair of working
section inserts was fabricated which split the flow into
three streams, allowing the simulation of two-dimen-
sional flow past the hydrofoils in the center stream. A
view of the working section during a test run with the
inserts installed is shown in Fig. 1.

Hydraulic Oscillator

The hy drofoil models are driven by a hydraulic
oscillator, Fig. 2, which consists of a double-acting hy-
draulic piston with the admission of fluid regulated by an
electronically controlled servovalve. The usable force
output capability of the oscillator is about 300 1b at a
supply pressure of 5000 psi. With a set of mounting
adapters, the oscillator can be mounted so as to place the
hydrofoil submergence at any desired value.
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Fig. 2 Cross-section drawing of hydraulic oscillator. showing tunnel mounting, strut dynamometer, and hydrofoil

Supporting Strut and Hydrofoil Models; Dynamometer

The supporting strut is a symmetrical streamline sec-
tion of NACA 0010 contour with 4-in. chord, and is
attached to the piston rod of the hydraulic oscﬂlator Itis
designed to maintain fully wetted flow at all times, so
that ventilation from the free surface will not occur along
its trailing edge. The hydrofoils are mounted to the
bottom of the strut, the strut-foil combination thus form-
ing an upside-down “T”. The foils all have a 6-in.
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chord and 6.10-in. span, giving an aspect ratio of essen-
tially unity. Foils were made with several cross-sectional
shapes, including an 8-deg apex-angle wedge, a ‘“flat
plate” model of !4-in. thickness with the leading and
trailing edges smoothly tapered to a sharp edge (both
these having square side edges), and a ‘“rounded flat
plate” which is 14-in. thick like the “flat plate” but has
the side edges rounded to a semicircle and the leading
edge tapered down to a 1{g-in. radius; the trailing edge
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Fig. 3 Strut dynamometer before affixing strain gages

of this model is sharp like the “flat plate.” Provision is
made for mounting the foils at various static angles of
attack.

The foree dynamometer is constructed as part of the
supporting strut, immediately above the hydrofoil.
The general layout of the dynamometer can be seen in
I"ig. 3, which shows the flexures and the stressed elements
before affixing the strain gages. There are three active
elements, two in the lift direction and one in drag;
the total lift force is obtained by adding the output of the
two lift elements. Thin steel sheets are fitted in the re-
cesses on each side of the dynamometer, and since it has
to operate submerged, the entire section is waterproofed
by cementing thin rubber sheet around the exterior.
The completed dynamometer is very stiff in deflection
and has no natural frequencies below 200 Hz.

Instrumentation

The motion of the hydraulic oscillator is controlled by
a servovalve, the electrical signals for which are generated
by a servocontroller. The servocontroller incorporates
a feedback loop which compares the output of a displace-
ment or a veloeity transducer to the command signal, thus
foreing the hydrofoil to perform the desired motions.
In practice, only sinusoidal excitations have been used.
The command signal is generated by a low-frequency
oscillator; this waveform also serves as the frequeney and
phase reference for the analysis of the output signals from
the dynamometer and the transducers, which is per-
formed by the Return Signal Analyzer.* This unit
carries out a Fourier analysis of the signal returning from
the system under test and resolves it into an in-phase and
a quadrature phase (90 deg) component relative to the
reference signal.  Only that part of the signal which is of
the same frequency as the reference waveform is de-
tected; all other frequencies, and noise, are eliminated
with a rejection specified at 40 db. Since the funda-

* Boonshaft and Fuchs, Inec., Hatboro, Pa,
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Fig. 4 Diagram of electronic equipment for hydraulic oscillator
and data acquisition

mental frequency component of the signal is of primary
interest, the loss, with the present apparatus, of all in-
formation about harmonics and other frequencies is not
an important drawback. The rms amplitudes of the
in-phase and quadrature components are given by the
Return Signal Analyzer as dec outputs; these are read on a
time-averaging digital voltmeter.

Calibrations

Accurate measurement of the oscillation amplitude is
essential for determination of the dynamic forces in ex-
periments such as the present ones. The hydraulic
oscillator incorporates both a position and a velocity
transducer. The position transducer was calibrated
statically by measuring displacement with a travelling
microscope. Two different means were used to calibrate
the veloeity transducer. Its output was recorded on an
oscillograph together with that of the calibrated position
transducer to establish the velocity ealibration. The
same signals were also processed through the Return
Signal Analyzer, thus verifying the calibration of that
instrument. A somewhat different way of calibrating
the velocity transducer is simply to compare the funda-
mental components of the two transducer outputs, as
measured by the Return Signal Analyvzer. In either case,
the effects of imperfections in the output waveform of the
hydraulie oscillator on these calibrations are avoided.
Separate measurements of the total harmonic distortion
in the osecillation veloeity waveform showed this to be
below five percent in all cases, most of which was third
harmonie.

To ascertain proper functioning of the strut dyna-
mometer, the output of each of the force elements was
measured statically for various combinations of lift, pitch-
ing moment, and drag. Lift output was free of interac-
tions from pitching moment, drag, and roll moment, and
an equivalent result was found for pitching moment.
Drag, however, showed an unacceptable output due to roll
moment and was not recorded in the present experiments.
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For the actual data runs, dvnamic calibrations using a
known mass were performed and repeatedly checked.

Test Parameters

As it was not possible to carry out tests with every
model over the whole matrix of variables desired, a scheme
was evolved of essentially picking one configuration as a
standard and varying one parameter at a time. The
oscillation frequencies selected were 3, 5, 8, 10, 15,
20, 30, and 40 eps; this gave reduced frequencies ranging
from 0.43 to 5.17 at the normal flow veloeity of 11 fps and
from 0.29 to 3.81 at 16.5 fps. The investigation of even
lower values of reduced frequency was prevented by the
low-frequency limitations of the Return Signal Analyzer
used on the one hand and mechanical damage to the
waterproofing at higher flow velocities on the other.
Submergences with the aspect-ratio-one foils were 0.23,
0.5, and 1.7 times the hydrofoil chord (6 in.), and 1.2
chords for two-dimensional flow using the test section
inserts. The static angle of attack could be varied from
—12 deg to +12 deg. The oscillating angle of attack
due to the hydrofoil motion was nominally 4 deg at most
frequencies, and some runs were made with 50 percent
and 150 percent of this amplitude.

Data Reduction

The measured quadrature lift forces were corrected
for the inertial force due to the strut and hydrofoil mass;
this was calculated for each data point using the meas-
ured oscillation amplitude.  Caleulation was considered
both more straightforward and reliable than the method
sometimes used of injecting a signal proportional to the
correction term into the electrical signal generated by
the force dynamometer.

The contribution to the measured lift of the foreces on
the small section of strut between the force dynamometer
and the hydrofoil is judged to be negligible, and thus no
attempt at a correction was made. The effect of the dis-
turbance to the flow about the hydrofoil ecaused by the
presence of the strut could only be measured by devising
an entirely different mounting and oscillating system,
which was not feasible here; sinee in fact hydrofoils
are frequently supported by just such a strut, the present
measurements are quite pertinent, and in any event the
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quency for several aspect-ratio-one foils in fully wetted flow at
1.7 chords submergence

effect should not be large. Also, no corrections have
been made for tunnel interference or blockage, which are
expected to be small in these free-surface flows.

Discussion of Results

Aspect Ratio One

Representative Resulls. Some introductory results,
along with points calculated from Laidlaw’s theory (7],

Nomenclature
A = foil planform area D = submergence depth in terms of St = Strouhal number = fuw/U
AR = aspect ratio, = s/¢ hydrofoil chord U = tunnel velocity
b = foil semichord F = Froude number based on semi- Ve = transverse velocity amplitude due
¢ = foil chord U to heaving oscillation
Lift chord = —— — o
e & /by w = base height of wedge
72 5
(2pU%) A aoe o _ f = frequency, cps, = w/2r ay = stationary angle of attack
('Lar = in-phase lift coeflicient; in phase L 1 ‘xt.i h dL:le P - VU
with oscillation velocity §= PR & ki gy =
(' Lai = quadrature lift coefficient; leads k = reduced frequency = "ﬂ’ - “""‘ p = density of water ' '
R T . U 2U ¢ = phase angle, tan Y Cra:/C Lar)
o 1Y 2 s = hydrofoll span » = frequency, radians per second
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Fig. 6 Magnitude-and-phase plot of Fig. 5 data

are presented in Figs. 5 and 6. These theoretical points
are for infinite submergence, but comparing them with the
experimental values taken at 1.7 chord lengths sub-
mergence should be reasonable since the surface effect is
expected to have greatly diminished at this depth [12].

While the flat-plate theory is only available for reduced
frequencies up to 0.5, it is evident that the calculated
quadrature lift is a little higher than the experimental
values, due to a somewhat larger lift phase angle; on the
whole, the agreement is remarkably good. The
“rounded flat plate’” has generally slightly lower values of
in-phase lift coeflicient than the “flat plate,”” which is
reasonable since the rounded side edges give this model a
slightly lower effective aspect ratio than the square-edged
flat plate foil.

The values of the in-phase lift coefficient for the wedge
foil are consistently larger than for the flat plate. This
finding was unexpected, since the wedge is essentially just
a flat plate with the thickness uniformly increasing
toward the trailing edge. Unfortunately neithertheoret-
ical nor other experimental results are available for
such a shape. In steady flow, airfoil theory predicts lift
increasing with thickness [S], but in free-surface flows
there is an appreciable decrease of lift due to thickness
[9]. Yor unsteady flow, Wood’s theory [10] gives a small
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Fig. 7 Variation of unsteady lift coefficients with reduced fre-
quency for several aspect-ratio-one foils in fully wetted flow and
for the wedge with base-vented flow at 0.5 chords submergence

decrease in the in-phase lift coefficient due to thickness
when viscosity is neglected. However, all these theories
assume an airfoil-shaped section with a sharp trailing
edge and are thus not really applicable to the wedge foil,
so that the high in-phase lift of the wedge remains un-
explained at present.

Results corresponding to I'ig. 5 are shown for the other
values of submergence in Figs. 7 and 8. Comparison of
these curves shows that, although the numerical values of
the lift coefficients change with submergence, the shapes
of the trajectories for the various foils are notably similar
at each depth.

The most striking feature of the graphs is the be-
havior for the wedge foil at a reduced frequeney of about
4.5. This “knee” in the curve has good reproducibility,
Fig. 10, and appears to be a real physical effect, as will be
discussed shortly.

Submergence Effect. The effect of varying submer-
gence on the measured unsteady lift is shown in Fig. 9 for
the flat-plate foil and in Fig. 10 for the wedge. Both the
in-phase and the quadrature lift coefficient decrease as the
foil approaches the surface. This seems to hold at all

ralues of reduced frequency, except of course above the
knee of the wedge eurves.
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Fig. 8 Variation of unsteady lift coefficients with reduced fre-
quency for several aspect-ratio-one foils in fully wetted flow at
0.25 chords submergence

At the present time, no numerical theoretical results
exist for the effect of submergence depth on the un-
steady lift of a finite-aspect-ratio foil. For infinite
aspect ratio (two-dimensional flow), the theory of
Crimi and Statler [11], which is plotted in Fig. 18, shows
the same trend of submergence effect for reduced fre-
quencies above about 1.0 as has been observed in the
present experiments. This is not the case, however, for
reduced frequencies below 0.6, although this may not be
significant because of the different aspect ratio.

Some experiments were also performed with the foils
positioned quite close to the surface. It was found that
fully wetted flow could be maintained over the flat-plate
foil for submergences as small as 0.01 chords, which is
{6 in., with the foil at +4 deg angle of attack and oscilla-
tions of very small amplitude; and at 0.04 chords sub-
mergence, 14 in., the full range of reduced frequencies
could be covered. The results of these tests are shown in
Fig. 11, with the curve for 0.25 chords submergence in-
cluded for comparison, and also some data that were
taken with atmospheric ventilation of the upper surface
(planing).  Inspection of the graph shows that the
quadrature lift decreases by about 25 percent as the
surface is approached from 0.25 chords submergence, but
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Fig. 9 Variation of unsteady lift coefficients with reduced fre-
quency for the aspect-ratio-one flat plate in fully wetted flow,
showing effect of submergence

the in-phase lift is decreased only slightly. For the
planing foil, both components of the unsteady lift are
reduced compared to the fully wetted foil at the same
submergence, except that the quadrature lift is abnor-
mally high for reduced frequencies below 1.0. In general,
however, the lift values for fully wetted and ventilated
flow approach each other as the surface is approached,
as would be expected.

Reduced Frequency. To confirm the assumption that
the reduced frequency is in fact the pertinent parameter
in these tests, some runs were carried out with the free-
stream velocity increased by 50 percent to 16.5 fps.  Re-
calling the definition of reduced frequency, it is seen that
the same value of reduced frequency corresponds now
to a 50-percent higher value of oscillation frequenecy.
Fig. 12 shows the results of this check. While the highest
frequency is now no longer large enough to reach the
“knee,” the curves show only minute differences in their
common range. By inecreasing the oscillation frequency
bevond the usual range in another set of tests (not shown
here), it was established that with the higher flow velocity
the “knee’” occurs at the same reduced frequency as with
the normal flow velocity.

Oscillation Amplitude. To ascertain that the more-or-
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Fig. 10 Variation of unsteady lift coefficients with reduced fre-
quency for aspect-ratio-one wedge in fully wetted flow, showing
effect of submergence

less arbitrarily chosen oscillation amplitude does not
affect the findings in some unsuspected way, a series of
tests was performed in which only the oscillation ampli-
tude was varied. Values of 50, 100, and 150 percent of
the usual excitation voltage were chosen; the resulting
oscillation amplitudes are 2, 4, and 6 deg. These tests
were performed with the wedge foil and the results are
shown in Fig. 13. Although the differences in the co-
efficients are very small below the knee, both components
of the unsteady lift seem consistently higher for greater
oscillation amplitude.

Angle of Attack. 1t was found that the angle of attack
ag at which the foil is mounted on the strut has a signifi-
cant effect on the in-phase lift coefficient for all the foils.
This is shown for the flat-plate foil in Figs. 14 and 15;
similar results were found also for the wedge foils.

For the flat plate, the curves for a given «, are almost
identical whether the angle is positive or negative (com-
parison of the two figures is facilitated by noting that the
curve for ay = 0 deg is common to both plots). There
are no systematic variations with angle of attack in the
quadrature component, although the close similarity of
corresponding points on the positive and negative angle-
of-attack curves is noteworthy.
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Fig. 11 Variation of unsteady lift coefficients with reduced fre-
quency for aspect-ratio-one flat plate near free surface, showing
effect of submergence

The same trend of lift inereasing with angle of attack
also seems to occur in two-dimensional flow, judging by
the results in reference [5]. These coefficients have been
put into the form used here, and plotted in Fig. 16.
These data are the preliminary revised results of reference
[4]; while a considerable amount of seatter is evident,
the points at the larger angle of attack appear to have the
greater in-phase lift coefficient.

A likely reason for the increase of in-phase lift with
angle of attack may be found in the nonlinearity of the
lift-curve slope of low-aspect-ratio foils in steady flow
[12]. At a higher set angle of attack «y, the oscillations
take place on a steeper part of the lift-versus-angle of
attack eurve, and thus the measured fluctuating lift co-
efficient is larger.

Wedge Foil. As mentioned, the peculiar trajectory of
the lift curve for the wedge in the region of reduced fre-
quency of 4.5 is a feature which persists for all the changes
in experimental parameters. At a certain fairly well re-
producible reduced frequency, the in-phase component
decreases abruptly to near zero and in some cases even
becomes negative; at the same point the rate of increase
of quadrature lift with frequency becomes temporarily
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Fig. 12 Variation of unsteady lift coefficients with reduced fre-
quency for aspect-ratio-one wedge in fully wetted flow, showing
effect of flow velocity

negative and then rises somewhat irregularly as the re-
duced frequency is increased further.

It is physically reasonable to aseribe this phenomenon
to the vortex shedding associated with the blunt base
of the wedge. The Strouhal number fi/U correspond-
ing to the knee of the eurve is about 0.21 based on the
base height of the wedge. Previous experimental in-
vestigations by Young and Holl [13] of the wake behind
stationary wedges gave a value of 0.2 to 0.25 for the
Strouhal number based on the observed vortex shedding
frequency; and studies by Bishop and Hassan [14] of the
wake behind both stationary and oscillating eylinders
transverse to the flow also gave Strouhal numbers around
0.20. These latter tests were carried out at Reynolds
numbers from 4000 to 11,000, while Young and Holl had
values around 200,000 based on chord length. Consider-
ing the wide range of Reynolds number covered by those
investigations, it may reasonably be assumed that the
same physical process occurs in the present tests which
have a Reynolds number of 500,000 or, at the higher
flow veloeity, 750,000.

Bishop and Hassan [14] also performed tests with
cylinders oscillated in a range of frequencies bracketing
the observed natural shedding frequency, in which vari-
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Fig. 13 Variation of unsteady lift coefficients with reduced fre-
quency for aspect-ratio-one wedge in fully wetted flow, showing
effect of oscillation amplitude

ous coupling effects between the frequency of the im-
posed motion and the natural frequency of the wake were
observed, such as synchronization, frequency demulti-
plication, and beating. Based on these findings, they
postulate the existence of a nonlinear self-excited “wake
oscillator,” analogous to a mechanical oscillator. Their
observations certainly resemble the behavior found in the
present tests, and the knee in the lift curves for the fully
wetted wedge may justifiably be ascribed to such a phe-
nomenon,

It is worthwhile to note at this point that when the
wedge is base-ventilated so that the fluid from the two
faces of the wedge can no longer interact in the near
wake, the knee vanishes completely, as would be ex-
pected.

In an attempt to assess quantitatively the effect of the
wake vortex shedding, the part of the lift coefficient
trajectory below the knee was extrapolated to the higher
values of reduced frequency by assuming the same trend
for the curve as for the flat plate, i.e., neglecting the knee
entirely. The wvector difference between this extrap-
olated eurve and the experimental points may thus be
taken as a measure of the “wake vortex effect.” This has
been done for various flow configurations and the results
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Fig. 14 Variation of unsteady lift coefficients with reduced
frequency for aspect-ratio-one flat plate in fully wetted flow,
showing effect of angle of attack

are plotted in Fig. 17, where the magnitude and phase
of the difference in lift coefficient have been plotted
against the Strouhal number based on wedge base height
and oscillation frequency.

The lower-frequency limit of the wake effect seems
fairly sharply defined, yvet the range over which the wake
effect is obtained is very broad. Similar behavior was
found in the experiments of Eagleson et al. [15]. Un-
fortunately, it was not possible in the present test pro-
gram to obtain data for even higher Strouhal numbers.
It is reasonable to assume that decoupling between the
forced foil oscillation and the wake effect will occur at
some higher frequency, so that the experimental points
would again coincide with the extrapolated curve.

Looking at Fig. 17 in detail, it is seen that the magni-
tude of the lift coefficient difference rises rapidly to about
1.9 for all the aspect-ratio-one foils and stays constant
with increasing frequency; for two-dimensional flow, the
magnitude is nearly twice as high. There is little change
in the minimum Strouhal number with submergence, but
a notable change with oscillation amplitude. The wake
vortex effect at different oscillation amplitudes is ap-
preciably better correlated when the total displacement
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quency for aspect-ratio-one flat plate in fully wetted flow, show-
ing effect of angle of attack

of the moving foil is added to the base height of the
wedge in computing the Strouhal number.

No other published results for a similar configuration
have been found; however, in reference [15] vortex-
forecing moments were calculated from observations of
two-dimensional foils free to pitch about the leading
edge. These coeflicients are not directly comparable
with the present force measurements, but their amplitude
is of the same order of magnitude. Those tests gave no
information about phase angles.

In the present tests, the phase angle of the vortex
effect measured in the same sense as for the total lift
reaches remarkably similar values for all test conditions
at the higher Strouhal numbers. Near the minimum
Strouhal number, there are some differences which ap-
pear to be connected mostly with the differences in
oscillation amplitude. The values obtained with two-
dimensional flow are in the same range as those for aspect-
ratio-one foils.

Two-Dimensional Tests

Tests with two-dimensional flow were performed as
already mentioned at only one value of submergence.
The theoretical effect of varying the submergence of an
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oscillating hydrofoil is shown for reference in the eurves
of Fig. 18 taken from the results of Crimi and Statler [11].

Representative Resulis. Some experimental results are
shown in Fig. 19, along with the theoretical curve com-
puted for the same value of reduced frequency from refer-
ence [11]. The experimental points are nearly equiv-
alent to those of the theory; in the present tests the
submergence is 1.2 chords and the Froude number is
3.88. The theoretical calculations used are for a sub-
mergence of 1.0 chords and Froude number of 4.0.

Asin the case of the aspect-ratio-one foils, the in-phase
lift of the wedge is again substantially larger than that of
the flat plate and its quadrature lift is also somewhat
larger, though this is not easily seen from Fig. 19. The
theoretical results do not bear quite the same relationship
to the experimental findings as in the aspeet-ratio-one
tests, where the flat plate had nearly the same lift magni-
tude as calculated. Here the lift magnitude of the flat
plate is considerably lower than the calculated curve, and
that of the wedge is also slightly lower than caleulated.
The phase angle is about 5 deg lower for both foils than
the theoretical values.

Smith and Sevik [17] in experiments with an airfoil
oscillating in piteh found a similar diserepancy and
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amplitude

aseribed it to a deficiency in the amount of noneirculatory
lift or apparent mass. On the basis of oscillation tests in
still water, they showed the apparent mass was only 84
percent of its theoretical value.

It is not clear that the explanation is so simple, either
for those tests or for the present ones. The tests of
reference [17] varied the reduced frequency by changing
only the flow velocity at a single constant oscillation fre-
quency of 15 eps. In the present experiments, this point
was further explored by conducting oscillation tests
in still water over the range of test frequencies. From
these, the measured apparent mass was found to decrease
from 101 percent of the theoretical value for an infinite
fluid at 3 eps fairly smoothly to 80 percent at 40 cps,
reaching, incidentally, the same 84 percent at 15 cps
as reported in [17]. The quantitative significance of
these comparisons should not be overemphasized since
the present tests were conducted in heave in a super-
critical open-channel flow, while those of [17] were for
pitching motion in a closed tunnel. As noted by Grace
and Statler [18], in free-surface flows the separation of
the total forces into the usual quasi-steady, wake-induced,
and apparent-mass contributions is no longer such a use-
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Fig. 18 Theoretical variation of unsteady lift coefficients with
reduced freguency for a two-dimensional fully wetted flat plate,
showing effect of submergence according to reference [11]

ful concept because of the interactions with the free-
surface waves.

The simulation of two-dimensional flow, as in the
present tests, by a finite-span model supported between
walls is inevitably imperfect. The gap clearance be-
tween the model and the walls reduces the lift, as does the
boundary layer along the walls. There is also some flow
interference due to the strut supporting the hydrofoil.
In addition, in the present tests there was some ““breath-
ing” of the two-dimensional inserts even after they had
been stiffened; the gap which was normally set at
0.030 to 0.040 in. fluctuated by perhaps 0.010 in. at the
lower frequencies. No fluctuations were observed at the
higher frequencies. In steady flow a gap of this order
would decrease the lift coefficient of a 6-in. span foil by
about 8 percent [16]. In the present oscillating tests, a
quantitative estimate of this breathing effect would be
hard to establish; however, summary estimates of the
resulting fluctuations in flow incidence indicate an error
of less than two percent due to this effect.

It should be pointed out that the calculations of refer-
ence [11] are for a fluid of infinite depth, whereas the
present experiments, as mentioned, are for supercritical
channel flow, theoretical computations for which do not
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appear to be available. The most comparable experi-
mental work is that reported by Cieslowski and Pattison
[4, 5], who performed pitching and heaving tests using
a towing tank. Some pertinent results from [5] have
been plotted in Fig. 16. The quadrature part of their
measured lift is slightly less than the present one, both
being rather less than the theoretical value. The prin-
cipal difference between their results and those of the
present work is in the in-phase lift, which is somewhat less
in their measurements than found here at low reduced
frequencies, the difference increasing notably with fre-
quency.

Reduced Frequency. Tests at the higher flow velocity
were also performed in two-dimensional flow for both the
flat plate and the wedge foil. As in the aspect-ratio-one
experiments, only small differences in the coefficients
were observed. The differences to be expected because
of the higher Froude number [11] are generally less than
three percent.

Base-Ventilated Flow

Ventilation of the base of the wedge should have no
measurable effect on the lift forces, since the flow about
the foil itself is not materially changed; only one check
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run was made to confirm this supposition with the aspect-
ratio-one wedge. These results, together with those for
fully wetted foils at the same test conditions, are shown
in Fig. 7. It can be seen that there are only minor
differences between the lift coefficients for the base-
ventilated and the fully wetted wedge for reduced fre-
quencies below the knee. For frequencies above the
knee, the lift curve continues on a smooth path similar
to that of the flat plate, bearing out that the vortex effect
on the wedge is suppressed by base ventilation.

Accuracy

The statement of an overall accuracy is always prob-
lematical in experimental programs. In the present
case, it was found that the short-term repeatability for
runs separated by one or two weeks was within two per-
cent, and results from the main data runs reproduced
results from initial test runs of almost a year earlier
within at worst five percent. Taking into account the
other sources of error such as component calibrations and
drift, and fluctuations in the physical parameters of the
tests, the overall accuracy of the numerical results ob-
tained is considered to be between five and ten percent.
Usually, when only one parameter was varied, the meas-
urements were carried out consecutively. Comparative
differences between such tests do not involve more than
the two-percent short-term uncertainty.
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