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Abstract

The forces and moments acting on an oscillating plate at inflow angles at or below stall are well understood. However, there is a
shortage of data on surface-piercing plates undergoing rotational oscillation. A set of experiments was conducted on a series of flat plates
undergoing forced rotational oscillation in calm water. The impetus for the experiments was an investigation into the hydrodynamics of
sailing yacht keels, but the results may be of value for a wide range of engineering problems. The experiments showed that the two-
dimensional case was not representative of three-dimensional flow conditions. There was a possible region of transitional flow for the
plate in two-dimensional flow, not evidenced in the results for three-dimensional flow. The total roll moment, roll inertia, roll drag and
sway force coefficients showed an inverse square root relationship to aspect ratio, with a very weak dependency on oscillation frequency
and angle amplitude. Under-plate clearance effects were small for the clearance values investigated.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Background

An investigation into the roll motion of sailing yachts
determined that the hydrodynamic moments exerted by the
keel and rudder formed a significant contribution to the
total roll moment. Preliminary work indicated that these
appendages could be considered as flat plates oscillating in
rotational motion. In order to investigate further, a set of
experiments was conducted with a series of flat plates
undergoing forced rotational oscillation in calm water. The
aims of the experiments were to:

o measure the hydrodynamic roll moment and sway force
acting on flat plates oscillating in calm water,

o determine the effect of plate profile shape and aspect
ratio on hydrodynamic moments,

e investigate the influence of under-plate clearance and

e identify the effect of oscillation frequency and amplitude
on hydrodynamic moments.

*Corresponding author. Tel.: +61892667543; fax: +61892664799.

0029-8018/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.oceaneng.2006.06.009

1.2. A note on terminology

The axes and motions used followed naval architecture
practice, as a consequence of the original reason for the
investigation. Sway is horizontal lateral displacement
perpendicular to the axis of rotation and roll is angular
displacement about the axis of rotation. The origin was on
the plate centreline at the still water level and a right-
handed axes convention was used.

The profile geometry of the plate is also described in
terms appropriate to a yacht keel. The span may be
considered the same as the depth for an upright keel and
the chord equivalent to the width (Fig. 1). The geometric
aspect ratio is defined for these rectangular plates as the
ratio of span to chord.

1.3. Previous work

A review of the literature revealed a dearth of experi-
mental data on forces and moments generated by flat plates
in three-dimensional flow undergoing rotational oscillation
at various water depths.

One of the earliest comprehensive experiments on
oscillating flat plates (Keulegan and Carpenter, 1958) was
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Nomenclature

A plate profile area, m>

AR geometric aspect ratio, dimensionless

Cp centre of pressure, dimensionless

Cq drag coefficient, dimensionless

Cay appendage sway drag coefficient, dimensionless

Cn inertia coefficient, dimensionless

Ciny appendage sway inertia coefficient, dimension-
less

C, total roll moment coefficient, dimensionless

D representative length, m

f force per unit length across the flow, Nm™'

Fn Froude number, dimensionless

F, sway force, N

g acceleration due to gravity, ms™>

h distance from plate tip when vertical, to bottom
of channel, m

KC Keulegan—Carpenter number, dimensionless

k; equation of motion coefficient

M roll moment (torque) generated by plate, Nm

Re Reynolds number, dimensionless

s span, m

T period, s

u instantaneous local fluid particle velocity at the
surface of the object, ms™'

U velocity amplitude at plate tip, ms™"'

UKC dimensionless under-plate (keel) clearance, di-
mensionless

V reference velocity, ms™"

w dimensionless frequency, dimensionless

v kinematic viscosity, m?s~!

. instantaneous roll angle, rad

@ roll angle amplitude, rad

0 fluid density, kgm >

Oco standard deviation of C,, dimensionless

o} radial frequency, rads™"

conducted in a small basin in which a standing wave was
generated. The experiments were conducted both on
circular cylinders and flat plates, all of quite small size-
cylinder diameter and plate span of the order 0.1 m. The
plate was stationary and the flow motion was approxi-
mately normal to the plate. The plates and cylinders
were submerged at least three diameters below the free
surface. The results were analysed to yield inertia and
drag coefficients sufficiently accurate to show the impor-
tance of Keulegan—Carpenter number (KC) for the
first time.

Another technique is to place a plate or cylinder in a U
tube and then vary the oscillation amplitude at constant
frequency so as to generate a linear oscillation of the flow
(Bearman et al., 1985; Sarpkaya and O’Keefe, 1995). There

Water surface = plate pivot axis

span plate

chord

Fig. 1. Plate geometry definitions.

is no free surface effect in the working part of the U tube.
Their results yielded good agreement with the work of
Ridjanovic (1962).

Ridjanovic (1962) conducted tests on a series of flat
plates of varying aspect ratio. They were suspended a long
way below a pivot, and connected to a pendulum. The
pendulum was displaced and the hydrodynamic force
determined from the angle decay rate. The plates therefore
underwent a combination of linear and rotational motion.
The analysis was conducted using an energy balance
approach to the curve of declining angle. This yielded
drag coefficients but not inertia coefficients. His drag
coefficients were in general agreement with those of
Sarpkaya and O’Keefe (1995).

During the 1990s Yeung developed a computational
method for estimating the forces on a rotating oscillating
plate pivoting at the free surface and conducted
validation experiments (Yeung et al., 1997, 1998). They
showed that there is a critical condition where the flow
pattern changes from symmetric to asymmetric for
oscillating flow normal to a flat plate in two-dimensional
flow. The symmetry is in relation to the flow pattern
during the initial swing (first half-oscillation) and the
return swing (second half-oscillation) of a full oscilla-
tion. Both the computations and the experiments showed
symmetric flow for a KC of 7.1 and asymmetric flow for
KC of 13.7. Unfortunately, Reynolds number (Re) was
not kept constant, therefore it is not clear whether the
governing parameter is KC or Re. These experiments
were only conducted for two-dimensional flow condi-
tions and the computational method used (the free
surface random vortex method) was only applicable to
two-dimensional flow.

Accordingly, emphasis in the present work was directed
to generating data on three-dimensional flow around a



K. Klaka et al. | Ocean Engineering 34 (2007) 1225-1234 1227

plate undergoing angular oscillation, in the presence of a
free surface.

2. Methodology
2.1. Scaling

The plate forces are a function of both Reynolds number
(Re) and KC,

D

Re="2 (1)
vV
VT

where V' is the reference velocity, T is the period of
oscillation, v is the kinematic viscosity and D is the
representative length.

Where free surface gravity waves are present, the Froude
number (Fn) is also influential,

The choice of representative velocity V' and length D
depends on the nature of the problem under investigation.
For the present work, the span s was considered a
representative length, and the velocity amplitude at the
tip U was used as the representative velocity V. For a flat
plate pivoting along its top edge and oscillating sinusoid-
ally, the reference velocity is then

V=U = ouws, 4)

where ¢ is the roll angle amplitude, » is the radial
frequency and s is the span. From Eq. (1) this yields a
Re of

2
ws
Re:q) .

)

A slightly different problem arises when considering
appropriate quantities for KC number. Applying the
chosen reference length and velocity to Eq. (2),

v

2nsQ
KC = T
sT

= 2ng. (6)

This does not relate the KC to the frequency of
oscillation; instead, a dimensionless frequency must be
used. A Froude-based frequency scaling was used, using
the plate span as the reference length:

e wf %)
g

where w is the dimensionless frequency and w is the radial
frequency of oscillation.

Forces and moments were non-dimensionalised as
follows:

Fy
=Y 8
y %pAU2 ()
M
Co=1—>, )
wAU=s

where F is the sway force, M is the roll moment, 4 is the
plate profile area, p is the water density, U is the maximum
velocity at the plate tip and s is the plate span. The
dimensionless numbers used for scaling force and moment
coefficients were therefore roll amplitude ¢ and dimension-
less frequency w.

The parameter space investigated is shown in Table 1.
Four plates of different aspect ratio were tested (see
Table 2 for details). Plate 1 was configured to represent
two-dimensional flow conditions, enabling comparisons to
be made with the work of Yeung described earlier. Plates
2-4 were representative of the aspect ratios of yacht
appendages, which provided the primary motivation for
the investigation.

2.2. Inertia and drag coefficients

The forces on an object in oscillatory viscous flow may
be considered to comprise an inertial component, propor-
tional to acceleration, and a drag component, proportional
to velocity squared. In offshore engineering this delineation
is described by the Morison equation for a stationary
object in oscillating flow (Keulegan and Carpenter, 1958):

n__,0u o
= Cmp+D*—+ Cy= Dlulu, 10
f mpP 4 ot d 2 | | ( )
Table 1
Parameter space constraints
Parameter Range
From To
¢ (rad) 0 0.35
w 0.15 2.0
Re 2.9 x 10 1.8 x 10
Table 2
Plate geometry
Plate 1(2-D) Plate 2 Plate 3 Plate 4
Mass (kg) 0.105 0.075 0.151 0.069
Immersed span (m) 0.042 0.091 0.20 0.20
Chord (m) 0.294 0.10 0.10 0.0455
Area (m?) 0.0123 0.0091 0.02 0.0091
Geometric aspect ratio 0.143 0.91 2 4.4
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where fis the force per unit length across the flow, C, is the
inertia coefficient, Cq is the drag coefficient, D is the
representative length, u is the instantancous local fluid
particle velocity at the surface of the object and p is the
fluid density.

The equation of motion for a plate undergoing forced
angular oscillation may be written as

, (11)

where M is the moment generated by plate, ¢; is the
instantaneous roll angle, ¢; is the instantaneous roll
angular velocity, ¢; is the instantaneous roll angular
acceleration and k; are the coefficients of the equation of
motion.

There are several ways of computing the equation
coefficients k; and k,, the method chosen here being the
least-squares technique from Chakrabarti (1987, p. 192).
The relationship between the coefficients k; and &, of the
motion equation, and the inertia and drag coefficients of
the Morison equation are readily determined for a chosen
reference length and velocity.

M = ki ; + ko] &;

3. Equipment and procedure

The facility used was a circulating open-water channel,
with a 10m long working length of cross-section 300 mm
square. The ends of the channel were blocked off for these
experiments and the channel filled with water to the desired
level.

Plate 1

Plate 2 Plate 3 Plate 4

span

chord

Fig. 2. Plate profiles.

The plates were made of 6 mm Perspex with square edges
(Fig. 2). The plate dimensions are shown in Table 2. The
flow round Plate 1 was effectively two dimensional (i.e.
zero aspect ratio) in that there was a gap of only 3mm at
each end between the plate and the channel wall, which
restricted flow around the ends of the plate.

The attachment rig for holding the plates comprised two
horizontal aluminium base plates connected by vertical
rods (Figs. 3 and 4). The upper base was clamped to the
sides of the channel. The hinge supports, crank and crank
arm were attached to the lower base. The lower base could
be moved up and down relative to the upper base to enable
tests to be conducted at different water depths while
keeping the plate hinge at the static water level. The hinge
supports could be adjusted transversely to accommodate
plates of varying width (chord). The plate was connected to
a crank arm and electric motor, the speed of which was
controlled in analogue form from the power supply. The
crank arm could be altered to yield different angle
amplitudes.

The instrumentation for these experiments comprised 12
strain gauges on the hinge supports and crank arm
attachment and a rotary potentiometer to measure the
position of the crank attachment. The strain gauge
configuration enabled the sway force and roll moment to

Locating ;
base-plate k’;’;%‘ér_‘gg%e hinge support motor

\ 0 I i
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Water
level /
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Fig. 3. End view of rig.

G
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Water level

Roll angle ¢
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Fig. 4. Side view of rig.
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be determined. The strain gauges were calibrated statically
by applying known loads to each hinge support and the
crank arm connection, for a number of directions over a
range of amplitudes. The mean value of the gauges over
typically 5s was recorded. These mean values were plotted
and a linear regression of load against voltage performed in
order to determine the calibration factor. Cross-axis
sensitivity of the gauges was measured during calibration
and showed that measured strains were parallel to the
plane of the tank.

All signals acquired were analogue voltages, digitised at
100 Hz with anti-aliasing filters set at 20Hz. Data
acquisition was limited to 20s duration by the time taken
for any generated waves to be reflected from the tank ends
back to the plate.

The hydrodynamic forces and moments were required as
a function of time. The total forces and moments measured
comprised contributions from hydrodynamic effects, hy-
drostatic buoyancy, equipment inertia and bearing friction.
These latter two had to be removed from the total signal in
order to isolate the hydrodynamic effects. In-air measure-
ments were modelled as a Fourier series then subtracted
from the in-water measurements to remove the components
due to buoyancy and equipment inertia. The analytically
derived friction correction was then applied.

4. Results and discussion
4.1. Errors

Only dynamic measurements of strain were required, so
problems with slowly varying strain gauge offsets were not
important except for the calibration process. The physical
size of the rig components was small relative to the size of
the gauges, so there were errors due to strain gradients,
gauge thickness etc. However, these were largely accounted
for in the calibration process. The coefficients of determi-
nation for the calibration factors were always greater than
0.999. Temperature effects were accounted for firstly by
using gauges with a thermal expansion coefficient similar to
that of the attachment plate; secondly, by taking measure-
ments over short duration, which were thus unlikely to
experience significant change in temperature in such a large
body of water. The specifications of the gauges were such
that changes in signal due to thermal effects were less than
0.1%.

An object placed in a channel will experience different
forces compared with the same object placed in unrest-
ricted flow. This effect is known as blockage and is
reasonably well understood for wind tunnel and towing
tank experiments (Rae and Pope, 1984; Scott, 1976).
However, wind-tunnel blockage corrections do not apply
to tests with a pressure-relieving free surface, and towing-
tank blockage corrections are largely focussed on surface
wave effects and small ratios of model cross-sectional area
to tank cross-sectional area. Given the uncertainty in
estimating blockage effects for the current experiment, the

Table 3
Error estimates

Plate: 1 2 2 2 3 4

W 0.77 0.42 0.78 1.33 0.81 0.84
0co/Cp (%) 6.7 6.9 47 4.1 7.8 8.1

run 152
plate 2 1.9Hz 17.5°
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Fig. 5. Typical total roll moment as a function of time.

results were left uncorrected. This should be borne in mind
when comparing with experiments conducted in facilities
with different model: tank cross-sectional area ratios.

A summary of error magnitudes for roll moment is given
in Table 3; sway force errors were of similar size. The
percentage errors are similar for inertial, drag and total roll
moment coefficients. The error estimates include the effect
of amplitude variation evident in Fig. 5.

4.2. General observations

The results shown in this paper were selected as a
representative sample of the whole data set, in the interests
of brevity and clarity of presentation. Trends evident in the
roll moment were reflected in the sway force. Roll angle
amplitudes quoted are nominal values; they varied slightly
with frequency and plate size.

A typical time domain output of total hydrodynamic roll
moment is shown in Fig. 5. It exhibits an approximately
sinusoidal wave form of consistent frequency and reason-
ably consistent amplitude. The standard deviation of the
signal about the mean was used as a measure of magnitude.

The validity of applying the Morison equation to the
analysis procedure was investigated. The Morison equation
assumes just two components: an inertial term propor-
tional to acceleration and a drag term proportional to the
square of the velocity. It is possible that other terms were
present. In order to investigate this a third component was
added to the motion Eq. (11), a drag term linearly
proportional to velocity. This linear drag term showed
strong dependence on angle amplitude while the corre-
sponding quadratic term varied considerably with both
angle amplitude and frequency, and was for the most part a
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Table 4

Comparison of Yeung et al. (1997) results for 2-D plate

plate 2
[075deg < 15deg
X 10 deg X 17.5 deg
A 125deg O 20 deg
4
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Fig. 6. Linear drag coefficient for a 3-term model.
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Fig. 7. Quadratic drag coefficient for a 3-term model.

negative quantity (Figs. 6 and 7). It was difficult to
reconcile these results with the rationale underlying a three-
component equation so it was concluded that the addition
of a linear drag term was not justified.

4.3. Comparison with other work

The tests on plate 1 may be compared with the
experimental work of Yeung et al. (1997) on a plate of
similar shape but approximately eight times larger. Aside
from the effect of Reynolds number change, the scaling of
the results depends on the relative contributions of the
inertial and drag terms—the inertial term is proportional to
angle amplitude whereas the drag term is proportional to
angle amplitude squared. Using an assumption of linearity,
the results of Yeung et al. at 10° amplitude were scaled to
the current results at the nearest angle amplitudes and
compared in Table 4.

The Yeung data were lifted from small-scale graphs in
the published paper and hence subject to processing errors

w=0.555 Yeung et al. (1997) Current work
@ = 7.5° total roll moment (Nm)  0.003 0.0028
@ = 12.5°, total roll moment (Nm) 0.005 0.0049
¢ = 12.5°, sway force (N) 0.121 0.093
plate 2
[0 7.5 deg <& 15deg
X 10 deg X 17.5 deg
A 125deg O 20deg
3.5 —
I 90% conf. limit
3.0 m
2.5 & = — ——
X OnQ O U
N 20 ' X
© @ p & & O o 3
1.5 X O O Ao X
%
1.0
0.5
0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

Fig. 8. Total roll moment coefficient as a function of dimensionless
frequency, plate 2.

of approximately +15%. The close agreement on roll
moment was therefore considered coincidental. The 23%
difference in sway force may have been due to a
combination of Reynolds number effects and the scaling
assumptions used. Given that there were other differences
between conditions for the two sets of experiments (plate
thickness, end gap, etc.) the level of agreement was
considered acceptable for the purposes of validation,
though questions remain regarding any direct comparison
between the two data sets.

4.4. Influence of oscillation frequency

For the plates exhibiting three-dimensional flow (plates
2-4) the total roll moment coefficient was found to be
largely independent of oscillation frequency for most of the
conditions tested i.e. the moment was proportional to the
square of the velocity at constant amplitude (Figs. 8-10).

The inertia coefficients for plates 2-4 were largely
independent of frequency (Fig. 11) and the drag coefficients
increased weakly with frequency (Fig. 12).

The quadratic behaviour of total roll moment with
respect to frequency for plates 2-4 was not exhibited by
plate 1 (Fig. 13). There was considerable structure in the
moment—frequency relationship for plate 1, with a transi-
tional zone at a frequency of 2 Hz (w = 0.8) indicated. Both
the inertia and drag coefficients for plate 1 (Figs. 14 and 15)
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Fig. 9. Total roll moment coefficient as a function of dimensionless
frequency, plate 3.
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Fig. 10. Total roll moment coefficient as a function of dimensionless
frequency, plate 4.
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Fig. 11. Roll inertia coefficient as a function of dimensionless frequency,
plate 4.
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Fig. 12. Roll drag coefficient as a function of dimensionless frequency,
plate 4.
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Fig. 13. Total roll moment coefficient as a function of dimensionless
frequency, plate 1.
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Fig. 14. Roll inertia coefficient as a function of dimensionless frequency,
plate 1.
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Fig. 15. Roll drag coefficient as a function of dimensionless frequency,
plate 1.

also showed this transitional phase. Possible explanations
for the phenomenon include:

A mechanical resonance in the rig: This would explain
why the effect occurred at the same driving frequency for
all angle amplitudes. However, there was no discernible
energy at this frequency for tests conducted on this plate at
other driving frequencies.

Wave induced resonance: This would require very short
wavelengths, such as might occur in resonance across the
tank. However, no transverse waves were observed and any
such waves would also have been present in the experi-
ments on the other plates.

A transition between two flow regimes: Transitional flows
are to be found in other hydrodynamic scenarios such as
the flow along a flat plate changing from laminar to
turbulent boundary layer, or the onset of ventilation in a
surface-piercing foil. The poor repeatability of results in
this transition region was indicative of a transitional
phenomenon. Yeung and others have discovered that two
types of vortex shedding may exist for a two-dimensional
oscillating plate—symmetric and asymmetric—depending
on the speed of movement of the plate through the water.
This change in vortex pattern is considered to be the most
likely cause of the transitional phenomenon.

4.5. Influence of angle amplitude

It was not practicable to generate cross plots of
coefficients against angle amplitude at constant frequency
because it was not possible to set the motor speed at exactly
repeatable values. Therefore, a curve-fitting procedure
would be required, which would need to use data points
weighted in relation to the varying error limits with
frequency. The result would be more likely to show the
effect of the chosen data processing technique used rather
than any hydrodynamic phenomenon. Nevertheless the
influence of angle amplitude can be discerned from Figs. 8
to 12. There was a general trend towards lower total roll

moment coefficient with increasing angle amplitude. The
inertia and drag coefficients did not show any clear trends.

4.6. Effect of under-plate clearance

The under-plate clearance was defined as

UKC:%, (12)

where / is the distance from the tip of the plate when
vertical, to the bottom of the channel, and s is the plate
span. The UKC is usually expressed as a percentage.

The effect of under-plate clearance on total roll moment
for plate 4 is shown in Fig. 16 to be very small. Similar
trends were evident for plate 3 and for the sway force for
the range of angles tested. The influence of under-plate
clearance on inertia and drag coefficients was also similar.
There was a very slight increase in roll moment at 2.5%
UKC but no significant difference in roll moment between
15% and 27% UKC. Plates 1 and 2 could not be mounted
low enough to conduct tests at less than 100% UKC, so
effects of under-plate clearance were not investigated for
them.

4.7. Effect of aspect ratio

The total roll moment coefficient for plates 2—4 showed a
relationship to plate geometry (Fig. 17) for which the
following model yielded an empirical fit:

C, =0.727AR 2 ~03, (13)

where C, is the total roll moment coefficient, AR is the

geometric aspect ratio and ¢ is the roll angle amplitude.
The relationship between inertia coefficient and plate

geometry for plates 24 (Fig. 18) was modelled using

Cm = LI(AR)™"(¢"%), (14)

which fitted with a variance-weighted coefficient of
determination () of 0.899 over all three plates.

X 2.5% clearance
O 15%
0 27%

plate 4: ¢ = 12.5°

1.2

1.0

0.8

s ® 90% conf. limit
O 06 .

0.4
0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

w

Fig. 16. Effect of under-plate clearance on total roll moment coefficient.
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Fig. 17. Total roll moment coefficient at 12.5° amplitude.
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Fig. 18. Roll inertia coefficient at 12.5° amplitude.
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Fig. 19. Roll drag coefficient at 12.5° amplitude.

The drag coefficient was inconsistent in its behaviour
(Fig. 19), but followed the model of Eq. (15) with a
variance-weighted coefficient of determination (r?) of
0.705:

Cq = 6AR™" +0.1745w¢p " (15)

Models of sway inertia and drag coefficients were also
developed, with variance-weighted coefficient of determi-

nation (r?) of 0.899 and 0.884, respectively:
Cimy = 0.9AR™?, (16)

Caqy = (5w + 5) AR, (17)

where Cy,, is the appendage sway inertia coefficient and
Cy, is the appendage sway drag coefficient.

4.8. Centre of pressure

The spanwise centre of pressure is the point at which the
sway force may be considered to act, a concept similar to
that of a centre of gravity. It was determined by dividing
the standard deviation of the roll moment signal by that of
the sway force signal. It was found to lie between 50% and
80% of span for most conditions tested (Fig. 20). Note that
errors increased with decreasing frequency and mechanical
friction increased the likelihood of outlier points at low
frequencies. The variation of the centre of pressure as a
function of time was investigated by dividing the roll
moment signal by the sway force signal at each time step.
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Fig. 20. Effect of plate geometry on centre of pressure.
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Fig. 21. Centre of pressure as a function of time.
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A typical result is shown in Fig. 21, from which it is evident
that the centre of pressure did not vary substantially within
an oscillation. The instances within the oscillation when the
sway force was very small resulted in the centre of pressure
calculation being dominated by experimental error. Con-
sequently, the data at those instances have been omitted
from the figure.

5. Conclusions

For the plates used in the experiment, at Reynolds
number from 2.9 x 10> to 1.8 x 10°, dimensionless fre-
quency 0.15-2.0 and roll amplitude up to 0.35rad, and
within the limits of experimental error, the following
conclusions are drawn.

The two-dimensional case is not representative of three-
dimensional flow conditions. There is a possible region of
transitional flow for the plate in two-dimensional flow, not
evidenced in the results for the plates in three-dimensional
flow.

Under-plate clearance effects are small for the clearance
values investigated.

The total roll moment, roll inertia, roll drag and sway
force coefficients show an inverse square root relationship
to aspect ratio, with a very weak dependency on oscillation

frequency and angle amplitude, as given by empirical
Eqgs. (13)—(17).
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