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We report experimental observationson the nature of eddies formed at sharp edges by
the action of periodicflows and the influence that these eddies might have on the efficient
operation of certain types of wave energy converters.
Flow visualization techniques are employed to observe the interaction of regular
gravity waves with immersed and semi-immersed flat plates. Similar techniques are
applied to the example of a glass tube held vertically in a free surface. Here the special
situation is examined when highly amplified flow-oscillations occur within the tube as

a result of its particularresonantproperties.It is found that the exit geometry is critical
to the degree of eddy formation; when terminated with an abrupt exit, separation
occurs both in the in-flow and the out-flow and a clearly defined succession of vortex
rings is formed;when terminatedwith a flared bellmouth no such separationis observed
and the flow remains well ordered through the cycle of oscillation. The energy losses
associated with such flows are examined in detail, and from this the nature of the
contribution from eddy formation is identified.
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1. INTRODUCTION

Recent investigations concerning the extraction of energy from water waves have led to the
development of several devices which are envisaged as operating in or beneath the surface of the
ocean. Depending on their mode of operation these devices interfere to a greater or lesser extent
with the wave orbital motions and experience in different ways the effects of periodic flows.
The observations reported in this paper concern the shedding of eddies in periodic flows and
are of relevance to the efficient operation of wave energy devices, particularly those more recent
examples which are either plate-like or which involve amplified flow through ducts. The
findings are of equal importance to small and large scale operation alike, and can be related to
the current testing of laboratory models.
The subject is not restricted to wave energy alone and has relevance to other areas of marine
and hydraulic engineering and to aspects of the Natural Sciences where periodic flows are
encountered. In most practical situations, including those treated here, the generation of eddies
is detrimental to operation and must be minimized or avoided if possible. However, there do
exist certain systems such as surge barriers and mixing devices which benefit from eddy motion,
and for which a requirement exists to maximize their effect.
The detailed visual observation and recording of flows containing eddies can be traced back
to classic drawings by Leonardo de Vinci (see, for example, Popham I949). More recently
Prandtl developed photographic techniques (Prandtl & Tietjens 1934), and many of his pictures
of steady flows remain unequalled and appear in numerous current texts on fluid dynamics.
Flow visualization techniques have been used extensively since then in the study of various
eddy motions and the review by Werle (1973) covers some of the many aspects investigated.
Concerning periodic eddies, most attention appears to have been directed in two areas; namely
the formation of Von Karmen vortex streets, (see, for example, Zdravkovich I969), where an
essentially periodic eddy stream is produced downstream of a stationary body subject to a
steady or near steady upstream flow and, secondly, the flows associated with oscillating streamlined or bluff bodies in steady far-flows or stationary bodies in periodic flows.
Research in these latter subjects has been central to the understanding of fluid loading on
structures in waves. Much of this has been concerned with deriving reliable working theories
for predicting wave forces, either by the estimation of appropriate drag and inertia coefficients for
substitution in Morrison's equation, or, for structures that are large in relation to wavelength, by
the application of diffraction theory (see Hogben et al. (I977) for a recent summary of these
techniques). A number of authors have paid particular attention to the case of periodic flows
over bluff bodies in which separation and eddy motion occurs, since this represents the operating
condition most critical to the survival of structural members in waves. Keulegan & Carpenter
(I958) were among the first to make an extensive theoretical and experimental study of periodic
flows past cylinders and plates. Their experimental technique was to generate a long standing
wave across a tank, and to place horizontal cylinders and plates beneath the node in a region of
the flow that was approximately uniform. By measuring the horizontal loading on the body and
observing the mechanism of flow separation, they were able to relate the variation in force
coefficients to a non-dimensional period parameter, and to examine the physical significance of
the eddy shedding. Other experimental techniques have been employed to investigate similar
phenomena. Jsaacson & Maull (1976) subjected a vertical surface-piercing cylinder to regular
waves, and also oscillated it transversely in still water. They gave a qualitative description of the
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mechanism of flow separation, and estimated the transverse 'lift' forces induced by the eddies
from measurements of pressure on the surface of the cylinder. Sarpkaya (1975) generated a
uniform oscillating flow in a U-shaped duct and measured the forces on a cylinder and sphere
suspended in the middle section.
In addition to the extensive experimental work on periodic flows past cylinders summarized
above, some theoretical work has been done on potential flow models of vortex shedding.
Stansby (I978) summarizes the current position, again with a clear emphasis on the loading on
cylindrical structural members.

(a)!

Ic_

1. Schematic diagrams of orbital motion for harmonic, deep-water waves travelling from left to right,
(a) the circular path of fluid particles, decaying exponentially with depth, as traced out during one wave
period, (b) the direction of motion of fluid particles on the surface at an instant in time, and (c) the instantaneous streamlines beneath the surface.

FIGURE

We shall be dealing mainly with thin structures with sharp edges, which have received less
attention to date, and with the periodic flow associated with progressive waves in deep water,
which may be generally described as follows. For simple harmonic gravity waves travelling from
left to right the fluid particles beneath the surface move in a clockwise, elliptical trajectory,
returning almost to their point of origin at the end of each cycle, the difference being due to a
small mean velocity in the direction of propagation (see, for example, Stoker I957) . In deep water
the orbits are nearly circular, and their radii, r, decay exponentially with depth according to the
relation
2zngA
=
r

where a is the wave amplitude,

C is

ae

depth measured positive upwards and A is the wavelength.
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Figure 1 is a schematic representation of the idealized orbital decay, the instantaneous surface
trajectories and the instantaneous streamlines of a progressive wave travelling from left to right.
Naturally the introduction of a rigid body in the fluid will modify the flow field, leading to a
reduction of local velocities at some points and a significant increase at others. Indeed, the
introduction of sharp edges may lead to an increase in local velocities to well in excess of the
maximum velocities in the freely-propagating wave, as has been observed for a wave propagating across an immersed sharp-edged duct (Knott & Flower I979).JIn addition to such effects,
fairly weak orbital motions may be amplified by the action of hydrodynamic resonance to
levels which again greatly exceed their nominal values.
We begin our experimental observations by observing the interaction of waves with thin
vertical two dimensional plates positioned normal to the direction of wave propagation. In one
case the plate is fully submerged, extending downwards to the bottom of the tank, and attention
is focused on the eddy formation that results from the periodic flow at its top edge. In the second
case, the plate is half immersed, intersecting the free surface, the subject of interest being the
eddy formation at the bottom edge. While such flows may be identified with any wave energy
devices incorporating sharp edges, the most obvious candidates of interest are those devices that
operate by means of flat vanes either in, or beneath the surface, of which there have been several
variants (Leishman & Scobie 1976; Farley et al. 1978). When two such plates are placed parallel
and close to one another, intersecting the free surface, the fluid between them is enclosed in a
channel and is subject principally to vertical motion. This arrangement constitutes the crude
basis for the 'air buoy' class of devices in which the oscillation of the fluid column, induced by the
passage of waves beneath it, is damped by the control of the air pressure above it. This normally
involves a turbine, operating in some form of air cavity. We have observed the case of the double
plate, but do not include our findings here since there was little to distinguish the associated eddy
motion from that of the single surface-piercing plate.
The oscillations of the fluid column between two essentially two dimensional plates rarely
become large relative to the amplitude of the incident wave. As such, the nature of the flow
differs little from that of a wave acting alone on a single plate. If the duct formed between the
plates is made three 'dimensional', by enclosing the fluid column on all sides and setting the
resulting duct in an 'infinite sea', the water column may resonate in response to waves with a
greatly amplified motion. This situation is easily realized experimentally by using a vertical
cylindrical duct. Resonant oscillations within ducts can be used to advantage in 'air buoys'
floating in the surface, or in an ingenious variant, in a device, fully submerged beneath the surface,
which contains its own 'atmosphere', such as is being currently developed by Vickers Ltd
(see Lighthill I979).
The experimental approach we adopt here is to observe by photographic techniques the
fluid motions in and around a glass tube of circular cross section which is held vertically in the
free surface of the water. Oscillation of the fluid column in response to continuous waves leads to
an accumulation of complex eddies which tend to obscure the individual mechanism of eddy
shedding. To avoid this and also to allow the fluid motion in the duct to be observed independently of wave action, we employed a method whereby motion was started from a state of rest
by applying an impulsive force to the water column and allowing the resulting oscillation to continue and decay naturally. The end of the tube which was immersed in the water was terminated
with two different geometries; in one case it was cut off abruptly, such that straight, parallel
edges projected downwards into the tank and regular eddies were seen to be shed at the lips. In
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the second, the mouth of the tube was flared into a 'bell-mouth' allowing a more ordered expansion of the flow and the virtual elimination of flow separation. From these tests and the
results of a simple flow analysis, conclusions are drawn as to the nature and magnitude of flow
losses induced by eddy formation.
2.

EXPERIMENT

AND

EXPERIMENTAL

PROCEDURE

Experimentswere performedin a wave-tank illustrated schematically in figure 2. The tank is
approximately 1Om long, 0.5 m wide and 0.9 m deep and is equipped with a servo-controlled
wavemaker and a passive 'beach' to absorb unwanted reflexions.
Wave heights in the channel were measured by means of a non-contacting electromechanical
gauge, as describedin detail by Knott & Flower (I978), and the wave height within the tube was
recorded by a 'twin-wire' resistancegauge consistingof two parallel surgicalneedles protruding
down from an insulated terminal block.
optics

bech

Lwavemaker

FIGuRI2. Schematicdiagramof apparatus.

The working section was viewed through clear perspex side-walls, situated in the mid-section
of the tank. Adjacent to this a small shroudedcubicle was constructed to house the camera and
operator and allow photographs to be taken in an area of relative darkness,thereby reducing
light interference from reflexions. Further extraneous sources of light were eliminated by
shrouding the surface of the tank wherever possible and darkening the laboratory.
The optical system used to create the illumination appropriate for the photography is also
illustrated in figure 2. This consisted of an intense source of light provided by a 150 W high
pressure Hg lamp which projected onto a convex lens to produce a weakly divergent beam of
light. This beam was focusedin one plane by a cylindrical lens. The beam was reflectedvertically
downwards by a plane mirror, or pair of plane mirrors, and then passed through a 3 mm slit
formed between two metal plates; this latter arrangement of mirrors and plates rested on a
subframeacross the tank.
For the purposesof visualization the water was seeded with fine polyethylene particles, which
were distinguished for this particular application by being of near neutral buoyancy and of
high reflective index. As a consequence of their brightness and the intense illumination of the
source, a certain flexibility was possible with the choice of film and shutter speeds, allowing, for
example, a fairly slow, fine-grain film to be used (Ilford FP4) at, typically, f8 and - s. Still
pictures were taken using a Contax 35 mm camera, augmented with an automatic motor drive
unit, which permitted a rapid series of photographs to be taken in sequence (approximately 3
per second). An even faster, though less precise, series of pictures was taken on cine film with a
16 mm Bolex camera, from which additional qualitative information could be obtained.
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Experimentswithplates
In these experiments, designed to see how, in two dimensions, sharp edged obstructions
interfere with oscillatory flows, a rigid steel plate, 3 mm thick, with its exposed edge forming a
semicircle, was set in the tank, spanning the width and sealing with the walls at both ends. The
plane beam of light was directed vertically downwards to illuminate the fluid equally on both
sides as waves were directed along the channel. A proportion of the wave energy was reflected
back, a proportion transmitted either over or under the plate and the remainder dissipated at the
plate in eddies.
The reflecting particles were introduced into a restricted channel, about 5 cm wide, formed
between the tank wall and a parallel sheet of perspex introduced into the water, This was
necessary to limit the rate at which particles dispersed into the tank. The narrower channel thus
formed against the side of the tank did not appear to inhibit the propagation of the wave or
disturb the eddy shedding mechanism itself.

Experimentswith surface-piercingtubes
Two glass tubes were used in these experiments one of which was uniform in cross section,
having an internal diameter of 7 cm and external diameter of 7.6 cm; the other flared into a
'bell-mouth'. The shape of the 'flare' was arbitrarily chosen to be uniformly circular with a
radius equal to the internal radius of the tube. These were attached vertically, by moveable
clamps, to a framework that allowed their height relative to the water to be easily adjusted.
Above the framework and in line with the centre of the tube, two plane mirrors were used to
reflect the incident plane beam. Thus two coplanar, but mutually inclined, beams of light projected down through the centre of the tube, bisecting it and emerging from the downward
facing mouth into the water. The two slightly inclined beams were required to compensate for
the parallax effect which would otherwise have introduced shadows beside one wall of the tube.
In contrast to the plate experiments it was important here that the tube was placed in the centre
of the tank such that the flow in the neighbourhood of the mouth was influenced as little as
possible by the presence of the tank walls. However, significant problems were encountered in
obtaining a uniform seeding of the water since the particles, once introduced locally, tended to
migrate away rapidly and unevenly to the extremities of the tank. In answer to this a thin
transparent and extremely pliant plastic bag was used to entirely enclose the working volume of
of the experiment and contain the reflecting particles without, it was hoped, interfering with
the local fluid behaviour; since no net flows were involved, other than the slow drift associated
with progressive waves, this seemed to be a reasonable assumption. Within the enclosure, the
seeding was easily maintained at the required concentration by occasional stirring.
Transienttests. In the first series of tests a transient pressure was applied to the fluid in the tube,
and the subsequent motions were photographed and measured. The procedure was as follows:
The tube was unclamped from the framework and moved from its equilibrium position,
15 cm, where it was re-secured. A sheet of
L = 11 cm, to a greater depth, for example L
'stretch-and-seal' plastic film was stretched over the top and drawn down the sides to make an
airtight diaphragm. The tube was then lifted up to its equilibrium position and re-clamped to
the framework, then containing an elevated column of water with an equivalently reduced air
pressure above it, as shown in figure 3. Subsequent removal or puncturing of the stretched
diaphragm allowed the air pressure to recover almost instantly to atmospheric, and the fluid
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column to fall rapidly, passing its equilibrium point and initiating a series of decaying oscillations.The frequencyof free oscillationcan be shown to be approximately (g/L) rad/s, although
this is not exact (see Lighthill 1979), and is even further modified here by the nonlinearities
associated with the large amplitudes of motion.
Beforethe visualization tests were begun, a series of tests were performedwith the wave probe
inserted into the tube. It was incorporated in such a way that the above mentioned test procedure could be enacted; hence a recordof the motions was made, while avoiding the aesthetically
undesirable appearance of the probe in the visualization photographs. The time responses of
these testswere recorded,both directly onto paper, by using a chart recorder,and onto magnetic
disk for subsequent retrieval and processing by a computer.
Waveresponse
tests.The behaviour of the fluid column in regular waves was observed by simply
holding the tubes at the chosen depth and subjecting them to the required wave conditions. In
the cases to be illustrated the wave frequency was chosen to be close to the natural frequency of
the tube, thereby exciting the largest amplitude of response.

FIGURE

3.1.

piP=o-Pgz

Pi I

Po

3. Diagram showing essential geometry of 'transient response' experiments.
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Submergedplates

Figure 4 (plate 1) shows a photographic sequence of eddy motions resulting from the passage
ofregular waves from left to right above a submergedplate. The frequency of the wave was 0.83
Hz, with a crest-to-troughamplitude of 1.1 cm. The surface of the wave can be clearly seen. An
exposure time for the photograph of - s was chosen to enable sectorsof the wave orbital motions
to be observedin areas distant from the plate. Schematic diagramsof observed motions near the
plate are also shown in figure 5. Starting from the point where the crestof the wave is immediately
above the plate, it can be seen from the photograph in figure 4a that a small eddy develops
immediately behind the trailing edge of the plate. Eddy formation behind sharp-edged plates
is well known, and excellent streamline photographs for steady flows have previously been
obtained, for example by Prandtl & Tietjens (I934). In terms of water waves the interesting
factor results from the progressiverotation of the velocity vector with time (here in a clockwise
sense). Figures 4b and 5b show the situation when the wave has advanced by a quarter of a
wavelength. In this part of the motion the eddy is observredto strengthen.
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When the trough of the wave is approached, as shown in figures 4 c and 5c. the effect of the
orbital motion is clearly seen. At this point the direction of the flow at the edge of the plate has
effectively reversed from that when the crest is above the plate. A flow develops between the
existingeddy and the plate moving the eddy away fromintimate contact with the solid boundary.
When the flow becomes sufficiently well developed in the reverse direction a second eddy is
initiated on the leading edge of the plate, as shown in figures 4 d and 5 d. At this point an eddy
(or vortex) pair has been formed.
The final sequence of the motion involves the further rotation of the velocity vector to cause
the eddy pair to be thrown off from the plate and projected upwards towards the surface of the
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5 Schematic diagram showing the generation of jet eddy pairs associated
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surface.
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water. We observe the sequence to occur in an essentially similar way for each wave period,
consequently one 'jet eddy pair' is formed and ejected into the flow on each cycle.
Velocity measurements of the flow can be estimated either by using the length of individual
tracks or, on some photographs, by noting the effect of mains modulation from the Hg lamp;
time intervals of 0.01 s will occur between flashes. From photographs such as figure 4 b it can be
seen that velocities at the edge of the plate can be up to four times the orbital velocity of the waves.
The onset of the observed eddy motion depends on dimensional factors which are discussed in
5.
? In terms of the dynamic mechanism of eddy shedding, factors such as the wave amplitude
and the period, together with the depth of the plate edge below the surface, will become important. The effect of wave amplitude is shown by a sequence of three photographs in figure 6
(plate 2). Each photograph is taken when the wave is at roughly the same position with respect
to the plate; as expected, the intensity of the jet eddy pair is increased with amplitude of the wave.
The basic mode of ejection of jet eddy pairs appeared similar for all amplitudes. Experiments
conducted at different wave frequencies showed slight changes in eddy formation and dissipation.
These differences mainly concerned the relative magnitudes of the two eddies; also at higher
wave amplitudes than shown in figure 4, after ejection, the eddies sometimes gave the appearance
of forming vortex streets similar to the Von Karman vortex street, but convecting in a direction
normal to the direction of wave propagation.

plates
Surface-piercing
Eddy motions associated with the interaction of regular waves with surface-piercing plates
are shown in figure 7 (plate 2). Jet eddy pairs are again observed to form on each wave cycle in a
manner similar to that described in the previous section for submerged plates.
Figure 7 shows clearly that in this situation the jet eddy pairs are ejected in a downward
direction, and it was noted that tracer particles originally near the water surface and at the side
of the plate were quickly 'pumped' by the action of the jet eddy pairs into a region immediately
below the plate, leading to an appreciable rectified flow away from the surface. This differed
from the case of the fully submerged plate where, conversely, tracer particles originally in the
depths were seen to be drawn upwards beside the plate and propelled towards the surface by the
rectifying action.

3.2.

EXPERIMENTAL

OBSERVATIONS

WITH

SURFACE-PIERCING

TUBES

tubes
Transientresponse
ofparallel-sided
Transient response experiments were conducted at three starting amplitudes with 2, 4 and 6 cm
heights of water in the tube. Immediately after flow was initiated by removing the plastic foil from
the top of the tube, a sequence of photographs was taken. In order to ensure consistency in the
photographs, the experiment was repeated at least twelve times for each of the three starting
amplitudes, with each individual experiment consisting of twelve sequential photographs. In all
cases the observed flow was quite characteristic and reproducible. A representative series of
photographs of one sequence is shown in figure 8 (plate 3): here the starting amplitude is 4 cm, the
photograph exposure '15 s and time between each frame 0.27 s. An additional series of schematic
diagrams showing the evolution of eddies is shown in figure 9. This diagram was constructed
by using information from both the 35 mm and the 16 mm cine photography. Finally, the time
response of the surface amplitude in the tube is reproduced in figure 10 for the three amplitudes
39
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tested. The approximatepositionsof the liquid surfacein the tube for each photographshown in
figure 8 are indicated in figure 10b. (Figure 9 follows its own time evolution). The detailed
evolution of eddies shown in figure 8 and 9 can be followed without ambiguity for up to three
full oscillations.
6
t (a)

4

20<

>

_ time/s

(b)
0~

~ ~

12time/s

2
-2

10. Experimental recording of time decay of surface oscillations for the transient response experiments
using a parallel-sided tube. Starting amplitudes (a) 5.1 cm, (b) 3.8 cm and (G) 1.9 cm. Letters a-fin figure
1Ob indicate approximate positions of surface associated with photographs in figure 8a-f.

FIGURE

From rest, the initial downwardsmotion in the tube as shown in figure 8a causes the fluid in
the tube to move essentiallyas plug flow. In ? 5 we estimate the thicknessof the viscous boundary
layer adjacent to the wall to be characteristicallyless than 1 mm. Our primary concern is with
the flow out of, and into, the tube. In figure 8 a the streamlinesof the flow are smooth, radiating
outwards from the throat of the tube with a progressivedecrease in the velocity. The birth of a
small eddy occurs near the outside edge of the tube; with time this eddy strengthensand begins
to 'feed' the main flow by drawing fluid between the eddy and the boudary wall into the main
stream. The sequence is shown schematically in figures 9a, b and c respectively.Up to this point
the evolution of eddies bears a very close resemblanceto the generation of fluid (or smoke) rings
from tubes as shown in Okabe & Inoue (I960). In contrast to normal smoke ring formation,
when the height of the fluid level within the tube is lower than that outside the tube, the fluid
in the tube starts to decelerate, stop and reverse. The important point to note is that when the
flow reverses,the tube is fed by fluid re-enteringfrom the sides, leaving behind a free vortex ring
situated below the tube. As the flow reverses, a characteristic stagnation point, classified by
Berry & Mackley (I977) as a hyperbolic critical point, develops at the throat of the flow and is
clearly seen in figure 8c.

Knott & Mackley, plate 4
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As the flow strengthenson its upwards movement, the flow separatesagain and a secondvortex
ring develops inside the tube. The ring formsinitially near the inner walls of the tube. However,
when the flow again reversesand startsits second downward movement the vortex ring becomes
concentrated into the centre of the flow, and fluid, rather than passing through the ring, is
forced between the ring and the inner wall of the tube as shown in figure 8d.

6
42

~

+J

a

~

~

~

___time/s

-2d
-4 -

b

13. Experimental recording of time decay of surface oscillations for transient response experiment using
bell-mouth tube. Starting amplitude = 6 cm. Letters a-c in figure indicate approximate positions of surface
positions of surface associated with photographs in figure 12 a-c.

FIGuRu

On the second downstrokethe firstvortex ring is forced away from the mouth of the tube and
startsits journey to the bottom of the test tank. The second vortex ring remains in the throat of
the flow and a third vortex ring forms in a similar way to the first outside the tube (figure 9g).
On the second upward strokethe second vortex ring to form is ejected into the body of the flow
in the tube and a fourth ring begins to form in a similar manner to the second. All four vortex
rings can be clearly seen in figure 8f. The evolution of subsequentrings appearsto continue with
further oscillations. However, because of the rapidly diminishing amplitude of the motion,
together with the increasing complexity, positive interpretation becomes difficult.
Finally, the effect of the initial elevation on the transientresponseis shown in figure 11 (plate 4)
where a representativephotograph of the flow at the bottom of the first stroke is shown for the
three amplitudes tested. It can be seen that only the intensity of the motion, rather than the
geometry of the flow, is altered. The energy that the observed eddies extract from the flow is
discussedin ? 4.
Transientresponse
tube
of bell-mouth
The transient response of the bell-mouth tube differed from the parallel tube response both
in terms of eddy formation and the decay of the oscillating flow. Figure 12 (plate 4) shows the
photographic sequence for the bell-mouth starting from a 6 cm amplitude of elevation. Figure
13 shows the associated motion of the surface with the approximate times of the photographs
marked on the trace. The two strikingfeatures are the absence of appreciable eddy motions and
the considerablereductionin the rate of decay when comparedwith the parallel tube experiment.
From the photographsit can be seen that when the fluid column is at the top of the first upward
stroke the flow both inside and outside the tube is essentially at rest. This contrasts with the
parallel tube experiment where at the bottom or top of the stroke, the flow in the tube was
complex and there were still considerable motions present outside the tube.
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The 6 cm amplitude transient was chosen for figure 12 to illustrate a slight indication of
eddy-formation at the outer edge on the second downward stroke. However, smaller amplitudes
showed no eddy formation and the general motions appeared essentially similar. It can be seen
that the flow appears to decelerate uniformly and the region of the flow outside the bell-mouth
effected by the motions inside the tube is quite small.
Wave responseofparallel sided tubeand bell-mouthtube
In figure 14 (plate 5) we show the response of both a parallel sided tube and bell-mouth tube
to regular waves of frequency 1.4 Hz and amplitude 0.7 cm. The periodic wave motion induces
oscillations of the fluid column within the tube. Figures 14a, b and c show clearly that for the
parallel sided tube the flow extending below the mouth consists of a strong irregular eddy
motion. The flow within the tube appears fairly regular and strong eddy motions can be seen at
the entrance of the tube near the walls. On the upward stroke the eddies appear in the region
of the inner wall and on the downward stroke in the region of the outer wall of the tube. The
wave motion, which is from left to right in the photographs, appeared to induce asymmetry in
that the eddy motion at the leading edge was always observed to be much stronger than that at
the trailing edge.
By comparison, figures 14d and e show the wave response of the bell-mouth tube under
identical conditions. No irregular eddy motions are apparent with the flow remaining at all
times highly ordered. At the highest amplitude Figure 14fdoes reveal a very small eddy formation
near the outside edge of the tube when the flow is directed outwards. Figure 14e is particularly
interesting showing that, for the bell-mouth tube, when the flow in the tube is effectively stationary, the wave motion outside the tube is essentially unaltered, showing no turbulence; this is
certainly not the case for the parallel tube.

4.

ENERGY

LOSSES

DUE

TO

EDDY
WITH

MOTIONS;

A COMPARISON

OF

THEORY

EXPERIMENT

In this section we investigate the subject of energy losses through eddy formation and, by
relating theory to experimental observations, are able to draw some conclusions as to the practical importance of this form of dissipative action.
Considering first the case of wave interaction with thin vertical plates, the energy balance in
these systems can be continuously gauged from the relative magnitudes of the incident, reflected
and transmitted waves. By measuring wave elevations at two stations on each side of the duct
and taking appropriate steps to compensate for the effects of extraneous wave reflexions from the
absorbing beach, a quite accurate picture of the wave field can be derived. This experimental
procedure has been described in detail for similar experiments on a fully submerged parallelplate duct (Knott & Flower I979). The results of such an analysis show that in both of the cases
considered a small but measurable loss of wave energy accompanies the introduction of the
plates.
We examine in detail the case of the surface-piercing plate since it is the better suited of the
two for analysis. In particular we are able to cover a varied range of test conditions which extend
from the reflexion-dominated to transmission-dominated portion of the plate characteristic.
The reflexion and transmission coeffcients expressed as the ratios of reflected and transmitted
amplitudes to the incident wave amplitude, were measured over a range of frequencies and
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amplitudes with the plate fixed at one depth of immersion. The results are plotted in figure 15 as
a function of the period parameter o2aJg,where w is the angular frequency, a is the depth of the
plate edge below the surface and g is the gravitational constant. The amplitude of the incident
wave was normally about 3 mm trough-to-crest. At one value of the period parameter, 0.64, the
test was repeated at four amplitudes ranging from 2 to 8 mm; the resulting coefficients showed
some scatter, as indicated in the figure, but no consistent trend with amplitude. Also plotted in
in figure 15 are corresponding coefficients derived from linear theory by Ursell (i947). A
measure of the net energy dissipation in the system can be assessed from a term defined as the
ratio of the total energy in the departing waves to the energy in the incident wave. This is simply
expressed as the sum of the squares of the reflexion and transmission coefficients, and is illustrated
in figure 16.
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FIGURE 15. Reflexion (R) and transmission (T) coeffiients for the surface piercing plate as a function of period

parameter. At one value of the period parameter, 0.64, the experiment was repeated at four wave amplitudes.
The resulting variation in the coefficients is indicated by the connected symbols. The continuous lines represent linear theory (Ursell I947).
16. The energy coefficient R2+ T2 as a function of period parameter.
FIGURE~

With the exception of one point which occurs at a frequency close to the cross-wave resonance
of the tank, the energy coefficient indicates a deficit of between 5 and 12 %/.Some portion of this
loss occurs naturally as a result of fluid friction serving to attenuate the wave between the measurement points. This loss, which is frequency dependent, may be large enough to dominate over
eddy losses at the plate. However, while a figure could be quoted here from prior measurement it
would be misleading in the context of the present experiment to do so since the degree of uncertainty involved is, when squared, comparable to the magnitude of the effiectunder observation.
Hence we do not attempt to diffierentiate between the two sources of loss. In view of this, these
experiments are of limited use for the estimation of eddy energy, but we can at least state that an
upper limit appears to exist, and that this bound of about 10 %/appears to be insensitive to the
wave amplitude and frequency.
Greater certainty surrounds the relative magnitudes of transmission and reflexion since they
should be reduced in equal proportion by propagation attenuation. The question had previously
been asked as to whether the energy taken up by the eddies was given at the expense of the
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transmitted or the reflected waves. The results shown here strongly suggest the former. They are
quite consistent in showing the transmission coefficient to fall well below the theoretical value,
while the reflexion coefficient equals and sometimes exceeds it. Indeed this latter fact tends to
indicate that the reflexions are, if anything, increased as a result of the eddy shedding, since the
coefficient is as it stands an underestimate of the true value of the extent of the propagation loss.
In practical terms the loss of energy in transmission may be viewed as a loss in the mean flux
of fluid kinetic energy crossing the sharp edge; the fact that there is little change in the coefficient
over a range of wave amplitudes at fixed frequency suggests that the flux of kinetic energy is
dissipated in fixed proportion, independent of amplitude, as might have been expected. The
dependence on depth, and hence frequency, is at present obscured by the uncertainties outlined
above.
A direct estimation of the energy bound up in the vortices by inspection of the photographic
evidence would have been particularly helpful, but without a realistic estimate of the radius of
the eddy cores (imperceptible here) this could not be accurately accomplished.
In concluding this investigation of losses at plates it is clear that only a small proportion of
wave energy is dissipated in eddies at a single plate. Hence eddy formation is unlikely to seriously
reduce the efficiency of plate-like wave energy converters. It will, however, increase fluid
loading, not only the fluctuating wave forces but also the mean forces that can be expected.
Mean forces may be estimated from the momentum balance of incident, reflected and transmitted waves, as described by Longuet-Higgins (1977). Clearly an increase in reflexion and
a decrease in transmission will serve to increase the mean force on the plate, and we would
expect it to exceed the theoretical value by a significant amount. These comments are not ideally
supported by the results presented by Cooper & Longuet-Higgins (I951) for a similar series of
experiments in which significantly reduced reflexion coefficients were measured. However, the
disparity is thought to be largely a matter of scale. Their results indicated reflexion coefficients
to be between 0.72 and 0.95 of the theoretical values, attributing the loss to dissipation at the
sharp edge of the plate. However, in contrast to our experimental method, their procedure was
to vary the depth of immersion of the plate (between 2 and 10 cm) while keeping the wavelength constant (A ^ 30 cm). This, in effect produced a relative reduction in the scale of their
experiments at the lower values of the frequency parameter o2a/g where the most notable
discrepancies occurred.
We now turn to eddy losses in the ducted flow experiments. These are more amenable to
accurate analysis since the formation of eddies has a stronger influence on the overall fluid
motions, and the rate of energy extraction from the system is more accurately observable. The
significance of the energy losses due to eddies is clearly shown in figure 17, which illustrates the
transient responses of the bell-mouth and sharp edged tubes operating in similar conditions.
The attenuation of the oscillations in the latter case is quite marked.
We employ throughout time domain methods, (in which solutions are expressed as a function
of time), using the transient response as the basis for investigation. A similar series of experiments
has previously been investigated by Lighthill (I979) who used linearized frequency domain
methods to estimate the magnitude of flow losses. In that case measurements of steady-state
oscillations in surface-piercing tubes in response to regular waves formed the basis for analysis,
and non linearities were investigated by varying physical parameters and using extrapolation
techniques. This necessarily required certain approximation, but led to an economical and direct
interpretation of the data.
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Here we have chosen to use time domain methods, despite their added complexity, since they
allow the system to be closely observed at successiveinstances, and allow the inclusion of nonlinear terms in the equations of motion. The solution of these equations is accomplished by
using a digital computer.The hydrodynamicmodel simplifiedto its essentialsis shown in figure 18.
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FIGURE 17. Comparison of the experimentally observed time decay of oscillations for the transient response

experiment. Starting amplitude in both cases is 6 cm. Figure 17a, parallel-sided tube; figure 17 b, bellmouth tube.
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FIGURE18. Schematic diagram of computer simulation model for transient response experiments.

We consider the case of a tube immersed to a depth L in the free-surfaceof a semi-infinite
ideal fluid. The tube is assumed to be sufficientlynarrow to avoid significantwave motion at the
internal free-surface.A line C is drawn from the exterior to the interior on which the motion of
fluid particles may be described by the unsteady form of the Bernoulli equation

JGt

ds?V2?p

gZ = constant.

(4.1)

The 'unsteadiness' is accounted for here by the scalar product within the line integral which
representsthe additional gradient of excess pressuredue to local fluid acceleration. We identify
the two terminal points as being on the interior free-surfaceat (a), and on the exteriorsurface at
(b) which is chosen to be far enough away for the velocity and surface displacement there to be
negligibly small. Then,

A

p+gZ2

Let

a
p
=J atds+i2+pgZ.
7 =-2

Z

(

(4.2)
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where z andp are respectively, perturbations in elevation and pressure within the tube. Equation
(4.2) then becomes
av
t
0
(4.3)
at ds +2 V +
We need to evaluate the integral in equation (4.3), which represents in mechanical terms the
reaction of a 'virtual' mass; that is to say, the mass in the tube plus an end effect.
In general, the equation allows the tube to be of varying cross section, but here a simplifying
assumption is made that the tube is uniform and of area A1. In asserting this it becomes possible
to treat the integral in equation (4.3) in two halves; from (b) to the equilibrium position at zo,
wherein the integrand may be arbitrarily defined; and from z0 to z wherein the integrand is

constant. Hence,

ratV

zoV v

J tbdJ=bT

=

Let,

ZJ7v
ds+J

-tds

11dV1/dt+ (z-z0) dVl/dt.

(4.4)

(4.5)

11= L(1 +c),
zo = 0,

where 11is an 'effective' length of tube and 6 is an added increment.
Then equation 4.3 becomes

0 = {L(1 + 6) + z} d Vl/dt + 1-V2+p/p + gz.

(4.6)

A further three terms must now be added to account for damping.
The first arises from the loss of energy through surface wave generation. This 'radiation
damping' is directly related to the rate at which waves are generated and radiated by the oscillating
flow, and is a complex function of geometry and frequency. Nevertheless, for any physical system
the radiation damping can be uniquely determined by the proper application of potential theory,
and is not dependent on dissipative action. It is assumed here to act linearly (for small amplitudes)
and is included as a pressure term serving to oppose motion in phase with and proportional to
velocity. For convenience it is introduced as a component of the excess pressure in the tube p,
rather than at the exterior free-surface since the velocity there is undefined:
Pdl = Cr V1.

(4.7)

Internal fluid friction is the second source of damping and is rather uneasily reconciled with
the foregoing ideal fluid equation since it is, unlike radiation damping, the product of a non-ideal
fluid. Its action is unevenly distributed through the fluid being localized in the boundary layer
at the walls, but its practical effect on pipe flows is to cause a resistance to motion equivalent to
a loss of pressure, and it is included here as a 'lost head' term. In fully developed steady flows
resistance coefficients have long been established. In oscillatory flows rather less is known, but
it is reasonable to assume, as demonstrated in ? 5, that the lost head in the case considered here
can be represented by a velocity-proportional pressure acting to oppose motion in a similar
mode to radiation damping.
(4.8)
Pd2 = Cf Vl.
The third term is that due to the dissipative action of eddy shedding. As a first approximation
we introduce it as an additional lost head term.
pd3 -K(sgn

V) p1,

(4.9)
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where the constant of proportionalityK representsthe fraction of the kinetic energy flux across
the mouth that is lost in eddies, and the (sgn V) ensures that the pressure acts in the correct
sense. In the simulation this term is divided into two and made directionally dependent in order
to observe whether the mechanism of eddy damping is sensitive to the direction of flow.

=
Pd,3{

I

pV

I

JK2pV2)

V

(4.10)

i}
<.

Since equation (4.1) only applies to irrotationalflow the approach adopted here may be deemed
to be invalid for cases where eddy motion occurs, and this shortcomingis duly recognized. It is
arguable, however, that realistic results may still be obtained if a path is chosen that avoids
concentrations of vorticity, and in the case considered here it is of interest to note that a path
could exist on or near to the axis of the tube, which, for reasonsof symmetry, complies with the
condition that the flow is irrotational.
A fourth damping term due to surface tension is not thought to be significant in these experi.
ments, and is omitted.
The full simulation equation is now
-tt =

{L(1+e) +Z} dtl+gz

(

p-) Vl+'12

K2(V2),

V < 0,

where pf is a forcing pressure,and z is instantaneously evaluated as
zS(t)

(4.12)

fVi(T)dr.

It is convenient at this point to introduce a simple linearized model which bearscomparisonwith
the above equation for small amplitudes of motion and which can, by virtue of its common
occurrencein mechanics, act as a useful analogy for the purpose of defining certain parameters.
The equation written below is for a second-order damped mass/spring system in which the
'mass' is the mean mass of water within the tube and the 'spring' is the restoring force due to
gravity.
-p = pL2 + Cz + pgz,
(4.13)
from which the ' natural frequency' of free oscillation is given by
and the damping ratio by

?)n= V(glL),
= C/2pJ(gL).

(4.14)
(4.15)

This latter term expressesin non-dimensionalform the relative magnitude of the damping in the
system and uniquely determines the ' band width' of the system. It may also be written as
6 = C/Ccrit)

(4.16)
is
where Crit the critical damping coefficient at which transient motion is just brought to rest
without overshooting the equilibrium position; or alternatively,
1 energy extracted per cycle of forced oscillation
4,x
net energy participating in the cycle

(
When dealing with nonlinear damping this latter definition can be employed to produce an
'effective' damping ratio even though the definitions of equations (4.15) and (4.16) are not
valid, since the mean energy extraction rate has a physical significance that can generally be
calculated from equation 4.1t7 and that admits a comparison of the practical effects of different
damping terms.
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Thecomputer
program.The programwas written in SLI simulationlanguage for operation on a
Xerox E5 computer. The integration step length was chosen to be 5 x 10-3 simulation second,
which determined in practice that 130 integrations were performed for each cycle of free
oscillation of the system. At this integration rate the responsewas computed at approximately
one second per simulation second.
(a)

~~~~~~~~~~~~~~~~(b)
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FIGURE19. Comparison of experimental and simulation response for the time decay of surface oscillations for the

transient response experiment using a bell-mouth tube. Starting amplitude = 6 cm; simulation paramneters:
figure 19a: L = 0.11, e = 0.09, 6-=0.015, K1 = 0, K2 = 0; figure 19b: L-=0.11, e = 0.09, g-=0.011,
K1= 0, K2 = 0.12.
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20. Comparison of experimental and simulation response for the time decay of surface oscillations for the
transient response experiment using the parallel-sided tube. Starting amplitude = 6 cm; simulation parameters: figure 20a: L = 0.11,
0= e = 0.19,
e0
= 0.19,
0.06, K1== 0, K2 0; figure 20b: L = 0.11,
= 0.025, K1 = 0.90, K2 = 0.96.

FIGUR

In the experiments the system was set in motion by applying a step change in pressureP at
the free surface in the tube, having previously elevated the surface by applying an equivalent
negative pressure. In the simulation an exactly analogous procedure is adopted to initiate the
motion by prescribing appropriate initial conditions. In neither case is any further external
stimulus applied to the systemafter the onssetof motion. Having previouslyrecordedthe response
of the real systemin the computer memory, both the real and simulated responseswere displayed
simultaneouslyon the computer graphics terminal. Then the latter was modified by changes in
the appropriate parameters and re-computed until the best possible agreement was reached
between the two results.This requiredadjustmentof the oscillatoryperiod, principally by means
of 0,and modification of the 0,
decay rate by means of i and K.
Results.The experimental and theoretical results from the bell-mouth tube as illustrated in
figures 19paand 19Ibare superimposedto facilitate comparisonbetween the measuredand computed responses.In the firstcase, figure 19a only linear damping is used. While adjustmentof this
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parameter allows the amplitudes to coincide at the end of the record, agreement in the earlier
part of the trace is only moderate. In figure 19b the response has been further optimized by
introducing some nonlinear damping on the outflow, and agreement overall is excellent.
The response from the straight edged tube is, as expected, considerably less well behaved.
Figure 20a illustrates how poorly the simulation compares with experiment when only linear
damping is introduced.In thiscasethe dampinghas been adjustedsuch that the responsescoincide
at the beginning and end of the record. But even with this artificially large amount of linear
damping, the rapid decay of the first few periods cannot be reproduced.
After the introduction of an appropriate degree of nonlinear damping the responsein figure
20b was achieved. The coefficientson in-flow and out-flow were respectively 0.9 and 0.96, which
may be interpretedas meaning that 90 and 96 %respectivelyof the kinetic energy flux acrossthe
mouth of the tube is dissipated in eddies; figures that agree closely with those deduced by Lighthill (I979) on analysing data from surfacepiercing tubes provided by Vickers Ltd., and that are
close to the ' total loss' often quoted for abrupt exits and entries. The ability of the simulation to
reproduce the behaviour of the experimental model inspires confidence in these results,particularly in accommodating the nonlinear contribution from the time-varying mass, which leads
to the asymmetryin the motion as seen in figures 19a and 19b. In addition, the solutions arrived
at above are arrived at unambiguouslysince the four controlling parameters act independently.
Finally, we can comment on the energy bound up in the free vortices that are observed to form
with the parallel tube experiments.We are in the position of knowing the energy that has gone
into the formation of a vortex ring, that is, if we are justified in assuming that the energy lost
from the dynamic head is largely incorporatedin the eddy; hence we can estimate the size of the
core from measurementsof the local velocities.
In the case which we have compared with the simulation, the kinetic energy lost on the downstrokeis estimated from the integral,
K 2f
(4.18)
pAIVJV2dt,
to be 0.021 N-m, where T is the time at the first reversal of flow. The energy bound up in an
'ideal' vortex ring can be determined from the expressiongiven in Batchelor (I970),
E = 1poa2lnoc/o,
(4.19)
where a is the radius of ring, o the radius of core, and P the circulation = 4id V, where d is the
distance from centre and V the velocity at d.
We have estimated the velocity distribution of the vortex ring of the form illustratedin figure
11c and calculated the mean circulation to be
P= 0.016 M2/s.
Using equation 4.19 and the derived values of E and F we arrive at a value of
=

1.1mm.

An independent figure can be arrived at if we are to assumethat the oscillating boundarylayer
detached at the mouth becomes wholly incorporatedin the core. If the thicknessof the boundary
layer is of order D = (v/w)+ 0.4 mm and the core has a cross sectional area 7j2 of order 2zD,
then, with _ = 4 cm, o z 3 mm. While our photographscontain insufficientdetail to confirmthe
accuracy of either of these estimates, it would appear that a core radius of order 1 mm is in
reasonable agreement with expectations.
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MAGNITUDE

OF ENERGY

IMPORTANCE

OF SCALE

LOSSES AND THE

In this section we make a quantitative comparisonof the relative magnitude of energy losses
due to radiation, frictional and eddy damping, related in particular to the efficientoperation of
resonantwave-energyconverters,and to the manner in which the lossesand the experimentmay
scale.
The subject of resonant tube convertershas received recent attention from Lighthill (I979)
who, among others factors, develops an appreciation of damping and external losses. Lighthill
shows that in any second order linear system, the optimum extraction of useful energy occurs
when the internal damping (due to the energy extractionmachinery)is equal to the sum of all the
other damping terms and that the energy conversion in the case of the resonant tube in water
waves is maximized when the extraneous'loss' terms are minimized with respectto the radiation
damping.
Radiationdamping.The non-dimensionalradiation damping ratio, 6r, is the standard by which
we compare the contribution of other damping terms. It is not related to scale since it is purely
a function of geometry and can be evaluated by the applicationof idealized potential flow theory.
Figures for radiation damping coefficientshave been evaluated for two dimensional ducts by
Lighthill (I979). However, the present case differsnot only in being 'three dimensional', but in
being influenced by the presence of the tank walls. In the absence of an adequate extension to
cover this we cannot present an accurate figure from theory. From the preceding experimental
analysis we have derived values for the linear damping ratio 6 (radiationplus linear friction) to
lie between 0.011 and 0.025 for the two duct geometries tested. While we cannot separate the
contributionfrom frictionin these experimentswe show in a later section that theory predictsthe
friction damping coefficient f, to be of the order 0.005. We thus feel justified in quoting a value
of 0.015 as being representativeof the order of magnitude of the radiation damping for the two
experiments.
Eddydamping.Since the mechanism is nonlinear, it is inappropriateto derive a value or even
an average value for the eddy damping ratio 6e from equation (4.15). Instead, we may use the
definition given in equation (4.17) to derive a representativefigure for the ratio from a consideration of the net magnitude of energy lost in a cycle relative to the mean value of stored energy.
Here we consider the fluid column to be forced to oscillate with a constant frequency w(,and
amplitude 2&in simple harmonic motion.
The net energy lost in eddies per cycle is derived from the integral of that proportion of the
kinetic energy flux acrossthe mouth which is assumed to be dissipated, hence
Ee =

f

1KApIV31dt.

(6.1)

Using appropriate values of K taken from the 'transient response' simulation for the parallelsided tube,
K=0.90,
V>0,
K = 0.96,
and defining
=
V = zz cos tot,A -r2,

V < 0,

where r is the radius of tube, we arrive at

Ee= 1.24pZ3o12ir2,

(5.2)
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The net energyin the system can be written in terms of the kinetic energy only when the potential
energy is zero, thus
(5.3)
E. = -inr L pz).
Using equations (4.17), (5.2) and (5.3), the eddy damping ratio is given by
ge= 0.2 Z/L.

(5.4)

If we introduce the dimensionless number KX= '/L, which represents the ratio of oscillation
amplitude to tube length,
(5.5)
ge= 0.2 Kz.
In our experiments, if oscillations of + 4 cm were to be sustained in the tube of length 11 cm,
Kz= 0.36, and hence ge= 0.071, which, when compared with the radiation damping ratio
r= 0.015, well illustrates the dominating influence of this term at high amplitudes. At low
amplitudes, K, < 0.01, it diminishes to insignificance, ultimately vanishing. When the preceding
analysis is repeated for the case of the bell-mouth oscillating at + 4 cm, we arrive at a figure of
6e = 0.0046 for the eddy damping ratio, which is now significantly smaller than the radiation
damping ratio, confirming in numerical terms the great improvement effected by the change
of geometry.
In formulating appropriate similarity laws for eddy losses it would be convenient to be able
to assume that the fluid mechanisms and the proportion of lost pressure-headare substantially
independent of scale, since this would eliminate any further considerations ensuring the exclusivenessof the z/L parameter. This might be realistic when dealing with the simple case of a
sharp-edged duct, since at a sharp-edge the mechanism of separation and eddy formation is
hardly affected by scale; but in practice, the presence of finite curvatureswill necessarilymodify
the flow, leading at a sufficiently large curvature to the eventual elimination of separationas is
witnessedin the case of the bell-mouth, so it is necessaryto establish an additional scale dependence in these intermediate cases when the separation of flow is contingent upon dimensional
factors.
First, the constitution of the boundary layer, whether it is laminar or turbulent, plays an important part in determining the conditions for separation. In steady flows similarity in terms of
Reynolds number can often be arranged, either by adjustingphysical variables or by artificially
inducing turbulence, and a similar if more complex approach could doubtless be employed in
the unsteady case. But while adherence to similarity in this respect is advisable it is arguable
whether it is absolutely necessaryin the present case, since small scale models will, if anything,
give conservative figures for losses compared with oceanic devices where a transition to turbulence is likely to delay separation and reduce eddy motion.
The second question, which we now investigate, is whether the time-dependent nature of the
flow itself imposes significant additional demands on experimental similarity. We are able to
gain an initial insight into the mechanics of unsteady separation by considering a mathematical
descriptionof the flow. We do not examine the particular case of the bell-mouth geometry since
this is both too complex and too specialized. We considerinstead the case of unsteady flow over a
circular two dimensional cylinder, since a large body of work exists on the subject, and the
mechanism of separation from its curved rear surface appears similar in kind to that occurring
at rounded lips. When fluid acceleratesfrom rest, boundary layers develop with time, and their
separation from surfacesdepends on the duration as well as on the geometry of the flow.
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Schlichting (I968) describesthe case of a circular cylinder which is accelerated from rest in a
direction normal to its axis. The time and position of separationare determined by inspection of
the velocity gradient at the surface as derived from the pertinent Navier-Stokes equation, since
separation is observed to occur following a reversalin polarity of this gradient.
In the circumstancesthat the acceleration is impulsive, leading to the instantaneous attainment of the final velocity V, the time taken to the moment of separation at its rear stagnation
point is given as
ts0.096R/V,

(5.6)

where R is the radius of the cylinder; and the distance, S, covered before separationis given as
S = 0.351 R.

(5.7)

When the accelerationis constant, at a rate b, separation occurs at a time

after a distance

ts = 1.02V(Rlb))

(5.8)

S = 0.52R.

(5.9)

In both cases the distance covered is contingent onlyupontheradiusof thecylinder.Hence if the
cylinder were to be oscillated back and forth either impulsively or with constant acceleration,
the occurrence of separation at some point in the cyle is dependent only upon the oscillation
ratio S/R. In the former case, separation occurs when S/R > 0.35 and in the latter, when
S/R > 0.52. Neither form of oscillation is simple harmonic, nor is the reversalof motion included
in the theory. However, the ratio S/R may be independently derived by dimensional analysis
as an important group in periodic flow and was first shown to characteriselift forceson cylinders
in regular waves by Keulegan & Carpenter (I958), who expressthe number as UmT/2R, where
Umis the peak velocity and T is the period of oscillation.
We note that

2Um T/R = irS/R,

where S is the peak-to-peakpath length of the motion. (S = 2z in simple harmonic motion.)
Many authors have since noted the dependence of separation in periodic flows on the
Keulegan-Carpenter number, K,. Recently Isaacson & Maull (I976) have reported that no
separation was observed on a cylinder oscillated in still water for Kc less than 2, and no vortex
detachment for K, less than 4. In addition, they note a relative insensitivityto Reynolds number.
A IKcof 2 correspondsto a path length-to-radiusratio of about 1.3, which is of the same order as
that derived above from theory. It would certainly appear that, in determining conditions to
avoid separation in oscillatory flows, the amplitude ratio S/R is a most important parameter.
Translating these observationsto the case of an oscillating duct is clearly not straightforward.
However, if a fairly literal interpretation were to be allowed, two immediate conclusionscould
be drawn: first, that separation and eddy losses will be minimized, and possibly avoided, if the
ratio of the flow oscillation amplitude to the radius of curvatureof the duct mouth is made small,
and secondly, that similarity is dominantly characterized by this ratio which can conveniently
be adhered to at any scale of testing since it is satisfied in any geometrically similar model.
However, a full analysis of this three dimensional case will probably require an extensive
experimental researchprogram.
Frictionaldamping.The third and final factor to receive attention in this section is fluid friction
due to viscosity. We are able to evaluate the contribution of friction to damping losses and also
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to examine superficially some of the features of the boundary layer within the tube. An exact
analysis of the boundary layer would require a solution of the relevant Navier-Stokes equations
taking into account the periodicity of the flow, the short length of the tube and the presence of a
free surface, all of which serve to complicate the problem to a degree beyond the scope of this
investigation. We are again able to make use of certain standard solutions, however, if we first
make some simplifying assumptions,namely that we ignore the existence of the free surface and
that we consider the inner wall of the tube to be a flat plate (bent into a cylinder), this latter
assumption being justified if it can be shown that the thickness of the boundary layer is small
compared with the radius of curvature.
The case of laminar periodic flow over an infinitely long flat plate was first solved by Stokes
(I851) for a pendulum oscillating in a viscous fluid at rest. If the plate moves in simple harmonic
motion in its own plane with velocity
(5.10)
wt,
V(0, t) = VOcos
the velocity field adjacent to the plate is deduced to be
V(y, t) = V0e-mucos (wt-my),

(5.11)

where m = 4(w/2v) and y is the direction normal to the surface. From this it may be seen that a
viscous wave extends out from the surface of the plate into the fluid such that the tangential
motion of the fluid layers lags progressivelybehind the motion of the plate, decaying exponentially with distance. The 'wavelength' of the wave normal to the surface is given by 2iRJ2v/W,
and the thickness of the boundary layer is characteristically of order 4(v/w), which in our
experiments is approximately 0.3 mm. (See Lighthill 1978 and Schlichting I968 for detailed
descriptionsof this periodic boundary layer in oscillating pipe flow.)
When the plate is held stationary, and the fluid is given a velocity Vocosowt,the resulting
velocity field becomes
(5.12)
V(y,t) = V0cos wt-V0 e-mycos (t-my).
The shear stressr0 on the plate is given by,

0

=

1?V(0,t)/ly,

(5.13)

where p is the absolute viscosity. Using equations (5.12) and (5.13) the total force applied to a
plate of area 2nrrlis given by
F = 2irL4mV0(coswt-sin wt),
(5.14)
in which it is noticeable that there is a reactive component in phase with acceleration, contributing here an 'added' mass.
If as before we estimate the energy lost per cycle.
Ef=

FVocoswtdt.

?yle

(5.15)

Substituting V0= 2w and using equations (5.15), (5.14), (5.3) and (4.17), we arrive at an
expressionfor the frictional damping ratio:
f= -4(V/2w).

Substituting w = /(g/L),

r

=

KrL

r

vi/KrJ/2giLi.

(5.16)
(5.1)

622

G. F. KNOTT

AND M. R. MACKLEY

The dimensional dependence of this friction term can be deduced from (5.17), which reveals
that friction losses diminish with an increase in linear scale and an increase in tube width ratio
Kr.It is of interest to note that frictional damping operates linearly, as assumed for the simulation, since it is derived from a stressthat is proportionalto velocity.
Substitution of the appropriateexperimental values, Kr - 0.34, L = 0.11, gives

6f = 0.006,
which is small by most engineering standards, but still just significant in these experimentsin
relation to the radiation damping term, 0.015.
It may be reasonably assumed from this analysis that friction lossesin a practical ocean-scale
device will be insignificant unless very narrow tubes are used. An analysis at full scale might,
however, require modification to encompass a possible transition to turbulence.

6.

CONCLUSIONS

It would appear that there are only a certain number of regularperiodic eddy geometriesto be
found in naturally oscillating fluid systems. The Von Karmen vortex streets are probably the
most common and have received close examination by other workers. In this paper we have
reported two additional stable periodic eddy geometries, namely the jet eddy pair produced by
an oscillating flow at the edge of a flat plate, and a periodic vortex ring formationproduced by
flow in and out of a tube with an abrupt exit. The work reportedin this paper on the formationof
eddies in unsteady periodic flows complements previous studies on the formation of eddies in
steady flows (Berry & Mackley I977). The generation of eddies representsan area essential to
the understandingof turbulence; much emphasison turbulencestudies has been concernedwith
mechanisms associated with the decay of large eddies to smaller eddies and their subsequent
dissipation by viscosity as heat. The mechanisms associated with the generation of initially
large eddies has received less attention, where, in terms of the energy extraction of turbulent
flows, the controlling factor is the formation of eddies rather than the subsequent dissipationof
the energy as the eddies decay. We note in terms of the present work how quickly ordered
periodic flows can deteriorate into what visually looks like a form of turbulence; this can be
seen both in terms of the behaviourofthejet eddy pairs once they have left the plate and in terms
of the transient oscillating response for the abrupt exit tube after about three complete
oscillations.
The experiments using resonant ducts have illustrated in a striking manner the effect that
eddy formation can have in absorbing energy. When these are combined with our theoretical
analysis, we arrive at figuresfor the 'effective damping ratios' of various contributions.For the
example we cite, the radiation damping ratio, 6,ris of the order 0.015. The frictiondampingterm
f is estimated to be of order 0.005 which is small but possibly significantin comparison to the
radiation damping. The eddy damping term 6e has two values: when the bell-mouth geometry
is used the eddy damping ratio is low and of the order 0.005; when the abrupt exit tube is chosen
the eddy damping ratio increases to 0.07 and dominates the process at large amplitudes. We
thereforesee that eddy motions can be of vital significanceto the periodicmotionsof fluidsin and
out of ducts.
The observationson the oscillating duct flow have been generalized by establishingapproximate relationshipson how the various damping ratios change with scale. The radiation damping
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ratio is effectivelyindependent of scale and only depends on geometry while the friction damping
ratio decreases with increasing scale. The eddy damping ratio, if large, would be expected to
remain dominant with increasing scale. However the crucial question is whether experiments
that are satisfactorilyeddy-free in the laboratory will remain so on an oceanic scale, and if not,
how similarity can be ensured. Here we observe through a theoretical approach that a ratio
relatingthe amplitudeof motion to the radiusof curvatureofthe duct mouth is of great importance
dominating over the Reynolds number at low values when separationis greatly inhibited by time
dependent factors. Hence we conclude, with obvious relevance to the design of wave-energy
devices, that the behaviour of a model operating with a low value of oscillation amplitude ratio
will be essentiallysimilar in any geometrically similar case.
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