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DPIV and flow visualization were used to study
thrust generation and the wake vortex structure
for a flexible rectangular flapping membrane of as-
pect ratio 0.27. Two cables attached at the 1/4
chord point applied compressive forces and bend-
ing moments to the membrane which were coupled
with hydrodynamic loads to approximate a travel-
ing wave in the membrane. For Strouhal numbers
(St) ranging from 0.38 to 2.58, a 2-P type struc-
ture was observed in the wake under both thrust-
and drag-producing conditions. A simplified mo-
mentum analysis suggested a thrust coefficient in-
creasing monotonically with Strouhal number and a
transition from drag to thrust production at St ap-
proximately equal to 0.87. Kinematics of the vortic-
ity are analyzed in streamwise planes in the near-
wake and in spanwise planes on the body, and a
three-dimensional model is proposed which connects
vortex tubes identified in the different orientations.

1 Introduction

It has been speculated, (Gray, 1936), and recently
established, (Anderson et al., 1998), that the effi-
ciency of biologically inspired thrust production sys-
tems exceeds that of traditional quasi-steady mo-
tors. The performance of a variety of unsteady
devices and analytical models to describe their be-
havior are presented in the reviews of Triantafyllou
et al. (2000) and Wu (2001). The use of unsteady os-
cillating foils to produce thrust is by no means new.
One of the earliest analyses of the thrust produced
by an unsteady foil was performed by von Karman
and Burgess (1932). More recently Koochesfahani
(1987) examined the flow structure produced by an
oscillating airfoil in a low speed water channel over a
range of reduced frequencies, f*, where f* = fC/U.
Here C is the chord length of the airfoil, f is the
frequency of oscillation and U is the freestream ve-

locity. The principal results from this study were
the identification of a change in the flow structure
behind the foil, transitioning from a wake to jet as
the flapping frequency f increased. A classic von
Karman street was seen when the foil acted as a drag
producer and a reverse von Karman street formed
when thrust was being produced. Koochesfahani
noted that the reduced frequency marking the tran-
sition between drag and thrust was affected by the
amplitude of the oscillation. This suggests that the
amplitude of flapping may be the more appropriate
choice of length scale in a dimensionless parameter.
Triantafyllou et al. (1993) defined a Strouhal num-
ber, St, using the excursion amplitude of the tail, A,
such that St = fA/U. They were able to determine
the Strouhal number where the maximum thrust co-
efficient and efficiency occurred. This was close to
0.3 and not critically dependent on the chord length.
The physical basis for this result was explained in
terms of convective and absolute instabilities. The
thrust producing velocity profile is convectively un-
stable and hence when forcing is applied there is
no competition with an absolutely unstable mode
and the flow responds to the forcing frequency. Us-
ing typical thrust production velocity profiles they
were able to compute the frequency that exhibited
the most rapid rate of growth of the instabilities and
found that it corresponded to a Strouhal number
based on wake width (or maximum tail excursion)
of >~ 0.3. Tt should be noted that Liu and Kawachi
(1999) reported a maximum efficiency at a Strouhal
number of 0.72 for a tadpole swimming at a lower
Reynolds number than in the work of Triantafyllou
et al.

A similar methodology can be used to describe
wake flows behind oscillating foils. In the litera-
ture related to vortex induced vibration the study
of Williamson and Roshko (1988) noted a range of
structural forms of the wake that were possible as a



result of forcing a cylinder in cross flow. The effect
of the forcing was a synchronization of the cylinder
with the flow field and the formation of distinct wake
patterns that were a function of the amplitude and
frequency of forcing. These modes have been classi-
fied as 2-P and 2-S. Virtually identical 2-P and 2-S
shedding modes have been seen behind oscillating
airfoils in both thrust and drag production modes
of Koochesfahani (1987).

In the case of a 2-P drag producing mode,
Koochesfahani (1987) observed the vortex pairs in-
clined at an angle pointing upstream. When the
Strouhal number was reduced by the increase of the
free stream speed, for example, the jet was described
as a 2-S mode and basically represents a reverse von
Karman street. In this mode, the formation of dis-
crete vortex pairs was not observed.

In a seminal work on the swimming motion of
slender fish, defined as a fish which makes small
amplitude motions relative to the direction of lo-
comotion, Lighthill (1960) was able to calculate ex-
pressions for the mean thrust produced by a fish as
being equal to the difference between the work done
by the fish and the kinetic energy that the fish im-
parts to the flow. The mean thrust was expressed
as a function of the motion of the tail of the fish
only. By careful consideration of the factors affect-
ing his efficiency relationship Lighthill was able to
deduce what characteristics the optimal swimming
motions would most likely display; large amplitude
oscillations at the tail only, a phase speed close to
the free stream speed; and be comprised of at least
one wavelength of reasonable amplitude. These con-
ditions appear to be present in most live fish swim-
ming examples.

Wu (1961) developed a linearized potential flow
description of the flow field around a plate pinned
at the leading edge executing a travelling wave mo-
tion. The full solution to the potential flow problem
allowed Wu (1961) to calculate the unsteady thrust
produced by the plate, the work done on the fluid
by the flapping plate, and the efficiency. The prin-
cipal results were a dependance of the swimming
efficiency on the reduced frequency of the plate, de-
fined as k = 7w fC/U. Wu (1961) also identified the
reduced frequency at which the plate ceased to pro-
duce thrust and produced drag. Similar trends have
been seen in Koochesfahani’s experimental work, al-
though the exact transition points have been found
to be amplitude dependent. Since Wu (1961) pro-
ceeds on the assumption of infinitesimal amplitude
this work is best used as a qualitative guide to the
nature of the unsteady flow field.

Simplified models have been proposed suggesting

that the 3-D wake structure produced by a swim-
ming fish is a series of interconnecting vortex rings
( Linden and Turner (2001)). Indeed recent exper-
imental evidence for a vortex ring type structure
forming downstream of a swimming mackerel was
recently presented by Nauen and Lauder (2002).
Perhaps the best current description of the 3D flow
field comes from the panel method calculation of
Zhu et al. (2002). This study focused on the com-
plex interaction of the trailing vortices produced by
the control fins of large fish with the large structures
produced by the lunate tail. The resultant flow field
somewhat resembles a series of interconnected vor-
tex rings.

In the current experiment we aim to use a rel-
atively simple actuation strategy to excite a mem-
brane to oscillate in a travelling wave type motion.
The aspect ratio of the membrane was of the order
0.3 and the aspect ratio based on tail excursion to
span of membrane was of the order unity. The flow
was therefore expected to be highly three dimen-
sional. The membrane was excited by the appli-
cation of a bending moment and compression force
via a simple cabling system. The membrane was
fixed at the leading edge and placed in a water chan-
nel. Experiments based on a slightly different actua-
tion system were presented in Jiménez et al. (2003).
Here, we present results over a much wider range of
Strouhal numbers and describe the process of 3-D
thrust production. Furthermore, the use of flexible
thrusters that have the potential for energy storage
and release has received little attention in the liter-
ature. The linearized potential flow calculations of
Katz and Weihs (1978) showed the potential exists
to improve unsteady thruster efficiency with the in-
corporation of an element of flexibility, and hence
energy storage and release, to the foil. The current
experiment offers a convenient mechanical set-up to
investigate the effects of changing membrane stiff-
ness.

2 Experiment

Experiments were conducted in a closed-loop water
channel with test section dimensions of 0.46 m m
wide by 0.33 m deep with a 3.5:1 contraction ra-
tio and flow conditioning consisting of honeycomb
and 6 screens. The membrane had a chord length
C of 245 mm and a span S of 66 mm, giving an as-
pect ratio of 0.27. Its leading edge was fixed to the
trailing edge of a symmetric fairing with 5 cm chord
and 20% thickness. The method of attachment pre-
vented displacement and rotation of the membrane
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Figure 1: Experimental Setup.

at its leading edge. A stationary coordinate system
is defined with the origin located at the mid-span
and trailing edge of the undeformed membrane; see
Figure 1.

A traveling wave with increasing downstream am-
plitude was approximated in the membrane by peri-
odically actuating two cables which passed through
the fairing and were attached to a pair of stepper-
motor-driven cranks upstream and above the water
channel. One cable was attached to each side of
the membrane at C'/4 in the streamwise direction
and the mid-span as illustrated in Figure 2(a). The
point of attachment was offset from the membrane
surface by a distance of 5.6 mm. As a result, the
cables produced moments and forces in the mem-
brane as illustrated in Figure 2(b). Operation of
the motors resulted in an approximately sinusoidal
displacement of the cables in time. Hydrodynamic
loading is essential in determining the membrane de-
formation; without it a very large-amplitude stand-
ing wave is produced when the membrane is actu-
ated.

Data were acquired using Digital Particle Image
Velocimetry (DPIV) and flow visualization. DPIV
data in the x-y plane were used to assess the pro-
duction of thrust or drag for the range of condi-
tions studied, and to extract quantitative informa-
tion about the wake structures. Flow visualization
was used to obtain a more complete understanding
of the vortex structure surrounding the membrane
and in its wake.

DPIV experiments were conducted for Strouhal
numbers (St) of 2.58, 1.88, 1.31, 0.87, 0.57, and
0.38. The Strouhal number was varied by vary-
ing the free stream velocity U and maintaining a
constant forcing frequency of 0.9 Hz, resulting in
Reynolds numbers based on membrane chord (Re¢)
of 8x 103, 1.2x10%, 1.7x10%, 2.7x10*, 4.0 x 10, and
5.9x10%. The flow was seeded with silver coated hol-

membrane — ay <¥
Lol

cables

fairing —

g g

Figure 2: Attachment of actuating cables to the
membrane (a), and the forces and moments applied
by the cables (b).

low spheres with mean particle diameter of 14 mi-
crons and true density of 1.7 g/cc. Images were ac-
quired using a 120 mJ/pulse New Wave double-pulse
Nd-YAG laser synchronized with a 2048 x 2048 x 12-
bit resolution pixel resolution Megaplus ES 4.0 CCD
camera. A total of 38 images were captured at a
rate of approximately 6 pairs per second for each of
the 6 different Strouhal numbers studied. The flow
was interrogated in a horizontal plane of dimensions
1.48C x 1.48C" at the mid-span level (z/C = 0). The
latter 20% of the membrane is visible in the images.

Flow visualization was conducted with fluorescein
and rhodamine B illuminated by an argon ion laser
sheet. The two dyes were injected on opposite sides
of the membrane to provide information about the
origins of the material elements in the structures
seen in the wake, and to aid in the connection of
vortices seen in different image planes. Movies were
obtained with a mini DV video camera, from which
the images were extracted. The flow was investi-
gated with the laser sheet aligned in positions par-
allel to the the x-y plane, the y-z plane, and also at a
location rotated approximately 30 degrees from the
x-z plane. These orientations, which are illustrated
by hatched rectangles in Figure 3 will be referred to
as cross-stream, spanwise, and streamuwise, respec-
tively.



Figure 3: Flow visualization image planes. The
cross-stream plane is the shaded rectangle(B).
There are two spanwise planes (A); one at approxi-
mately C'/3 and the other at the trailing edge. The
streamwise plane (C) is oriented at approximately
30 degrees to the streamwise direction.

3 Results and Discussion

3.1 Membrane Kinematics

Figure 4 contains images of the membrane at five
consecutive phases in the flapping cycle, separated
by a time difference of 0.187, where T'= 1/f. The
black dots denote the crests and troughs in the
membrane shape. A crest is defined as a local max-
imum (high point) and a trough is a local minimum
(low point) in the shape of the membrane from the
perspective of Figure 4. Figure 5 shows the loca-
tions of crests and troughs in the membrane’s shape
as functions of time over two flapping cycles. The
major sources of error in these locations are glare
and parallax in the images.

In each half-cycle, the membrane is deformed to
produce a crest and a trough just upstream and
downstream of the 1/4 chord point (Figure 4(c)).
The upstream peak travels toward the fairing while
the downstream peak rapidly accelerates toward the
tail. The result of this acceleration can be visual-
ized by noting the movement of the trough between
Figures 4(c), 4(d) and in Figure 4(e) where it has
propagated beyond the trailing edge. The ampli-
tude A of the trailing edge at its mid-span was 100
mm (0.4C) £10% throughout the range of condi-
tions studied.

The membrane is responding to the combined
loading of the applied moment and compressive
force at the point and also the loading of the fluid.
This means that a simplified model of the response
of the membrane may be expressed using the Euler-
Bernoulli beam equation with forcing:
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where f(z) represents the fluid loading on the beam,
E is Young’s modulus, I the moment of inertia, m

m Ox*

is the mass per unit length and M (C/4) is the load-
ing applied at the quarter chord point by the cables.
Although the form of the loading is unknown and
a complete solution for the shape of the membrane
must come from coupling this equation to the equa-
tion for the fluid dynamics, see for example Fitt
and Pope (2001), the Euler beam equation can be
used to produce a set of modes that can be used to
project onto the data set for an optimal description
of the upstream/downstream travelling wave behav-
ior of the beam. Such a technique was used by Allen
and Smits (2001), and the use of Euler beam eigen
functions to describe the stability of a coupled fluid
structure interaction has its origins in the work of
Paidoussis (1966), who considered the response of
long flexible columns in axial flow.

3.2 Thrust Production

Instantaneous DPIV velocity and vorticity fields ob-
tained in the near wake region of the flapping foil
are shown in Figures 6 and 7 for St = 1.88 and
0.38, respectively. The spanwise vorticity w, has
been nondimensionalized by the free-stream veloc-
ity and membrane chord length: w} = w,C/U. A
convective velocity equal to the mean streamwise ve-
locity has been subtracted from the instantaneous
velocity vectors, making evident the presence of the
shed vortices in each of these two figures. The areas
of rotation visible in the transformed vector plots
coincide with contours of high vorticity magnitude.
A comparison of Figures 6 and 7 shows that the
maximum wake vorticity magnitude for St = 0.38
is about one third of that for St = 1.88.

These velocity fields include the near wake region
where the wake structure consists of shear layer vor-
tices, which eventually coalesce to form a 2-P wake
structure. The 2-P structure can be thought of as
consisting of a series of vortex pairs, that create two
unsteady jets, emanating from the tail of the flap-
ping foil. In Figures 6 and 7 these multiple pair
structures have been outlined with circles denot-
ing the rotational orientation corresponding to each
structure. They will be further discussed in the next
section.

The DPIV data selected for display in Figures
6 and 7 correspond to conditions where maximum
thrust and drag were generated respectively. Al-
though the orientation of the vortices in the two
figures appears to be similar, it is obvious that their
non-dimensional strength is crucial in determining
whether thrust or drag is generated.

In order to quantify the average thrust produced
by the flapping membrane, the conservation of mo-



Figure 6: Instantaneous velocity field of near wake region of the flapping flexible membrane with nondimen-
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Figure 4: A cycle of membrane deformation. Images
are separated in time by 0.187. Black dots denote
the locations of crests and troughs. Flow is from
right to left. Arrows denote direction of motion of
the membrane.
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Figure 5: Locations of crests (o) and troughs (O) in
membrane deformation as a function of time.

mentum for a fixed control volume was employed.
The velocity distribution upstream of the fairing
was assumed to be the uniform flow U, and down-
stream of the membrane wake is described as u(y).
The momentum balance of the steady (mean) flow
over the flapping membrane is calculated under the
assumptions that the pressures are equal on the up-
stream and downstream boundaries of the control
volume, and that the flow is two-dimensional in the
x-y plane. Applying mass conservation to the flux of
momentum in the streamwise direction shows that
the body exerts a force per unit depth on the fluid
in the x direction with magnitude

o}

T=p / u(y)(uly) — U) dy, ()

—00

where p is the density of water and limits of integra-
tion in the cross-stream direction are y = 0.7C' and
—0.8C. Note that the channel side walls are located
at y = +0.94C. The net flux of momentum per unit
depth T' is nondimensionalized by

1
¢ = 5pUA, (3)

giving a thrust coefficient Cr, where A is the peak
to peak amplitude of the trailing edge of the mem-
brane.

Mean velocity wake profiles for the six different
Strouhal number cases studied were used to calcu-
late nondimensional thrust profiles,

() = A -0) "

across the streamwise plane normal to the z axis.
The mean wake velocity profiles are constructed



from temporal and spatial averages over 38 instan-
taneous velocity fields spanning over more than 7
flapping cycles.

Figure 8 shows the nondimensional thrust pro-
files T*(y) for the different Strouhal number cases
studied for —0.8 < y/C < 0.7, and z/C = 0. A
negative value of T« indicates thrust and a posi-
tive value indicates drag. For the higher (thrust-
producing) Strouhal numbers the T*(y) profile is
characterized by two peaks approximately located
at y/C = 40.35. These two peaks correspond to jets
produced by vortex pairs shed by the membrane,
discussed above. As the Strouhal number decreases
the magnitude of these peaks decreases resulting in
a reduction of the momentum added by the jets.

Each profile is then integrated over y to give an
indication of the magnitude of thrust 7" for the cor-
responding condition. The results of these integra-
tions are presented in Figure 9(a). For St = 2.58,
1.88, 1.31, and 0.87, the mean thrust T" shows a
net addition of momentum (thrust generation), and
St = 0.57 and 0.38, show a net momentum deficit.
Figure 9(b) shows Cr as a function of Strouhal num-
ber. As the Strouhal number increases Cr increases.
Figure 9(a) shows that the maximum amount of
thrust is generated for the case when St = 1.88 but
with a value of C'y = 8.52, which is about one-half
that of Cr = 17.06 for St = 2.58.

These results should be regarded with some cau-
tion since we have investigated only a single plane
in a complicated three-dimensional flow-field. How-
ever, because all data were obtained at a mid-span
plane, it is expected that valid comparisons of thrust
generation can be made between the different test
conditions. Under this assumption, the greatest
thrust is achieved for St = 1.88, and the greatest
drag for St = 0.38. Past experiments at these rel-
atively high Strouhal numbers, classified as ”piston
mode” have been cited as inefficient. Hence future
experiments will focus on measurement of the en-
ergy imparted to the fluid by the membrane to de-
termine if our 3-D thrust producer operates most
efficiently in a regime that is significantly different
to 2-D thrust producers.

Figures 10 and 11 show mean velocity vector fields
for St = 1.88 and 0.38, respectively, with con-
tours of the nondimensional mean streamwise ve-
locity 4 = (u(y) — U)/U superimposed in the back-
ground. The free stream velocity has been sub-
tracted from the mean streamwise velocity contours
to emphasize the near wake flow characteristics of
the flapping membrane. In Figure 10 two distinct
jets are present from —0.8 < z/C < 0. Each jet is
inclined at approximately 45° from the streamwise
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Figure 9: (a) Thrust per unit depth and (b) thrust
coefficient as function of Strouhal number.
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Figure 8: Nondimensional thrust profiles at z/C' = 0 and —0.8 < y/C < 0.7 with aspect ratio S/C = 0.27,
and St = 2.58, 1.88, 1.31, 0.87, 0.57, and 0.38. A negative value of T* indicates thrust and a positive value

indicates drag.

axis. For the thrust-producing cases, these jets also
manifest themselves as peaks in the nondimensional
thrust profiles of Figure 8. For St = 0.38 (Figure
11) the streamwise velocity contours reveal that the
wake is dominated by drag. Two much weaker jets
than those depicted in Figure 10 can be seen from
—-1.2 < 2/C < 0, inclined at approximately 30°
from the streamwise axis.

3.3 Wake Structure

The flow visualization images presented in this sec-
tion were obtained at free stream velocities ranging
from 0.08 to 0.1 m/s, corresponding to Reynolds
numbers between 2.1 x 10* and 2.4 x 10* and
Strouhal numbers between 1.08 and 0.92. These
conditions have been chosen solely for the quality
of the images obtained, and are within the thrust-
producing range indicated by Figure 9. Fluores-
cein was injected at y/C' > 0 and rhodamine B at
y/C < 0. In additional flow visualization studies in
which the free-stream velocity has been increased to
produce Strouhal numbers below 0.3, we have not
been able to infer any change in the basic topology
of the wake structure.

In Figure 12, dye is injected at approximately the
mid-chord and mid-span locations on either side of

the membrane by means of 1.6 mm (outer diame-
ter) stainless steel tubes. The tubes are positioned
far enough away from the membrane to avoid colli-
sion with the flapping membrane. Although the dye
is not, in general, injected directly into the bound-
ary layer it is possible to make some observations
about the origins of the wake vortices. The struc-
tures revealed by the DPIV data of Figures 6 and 7
can also be observed in the dye patterns of Figure
12. There is some mixing of colors in the wake vor-
tices but in general, clockwise vortices are red and
counterclockwise vortices are green.

As the trailing edge approaches the maximum de-
flection, vorticity is produced by the deceleration
of the membrane, and vorticity of the same sign
continues to be produced as the membrane subse-
quently begins to accelerate back toward its neu-
tral position. In a complete cycle, this process pro-
duces the two upstream amalgamations of vortic-
ity circled in Figures 6 and 7. One particular such
stopping/starting event results in the creation of the
green-dyed vortex of Figure 12(a). The green dye
indicates that, although it persists in the wake at
y/C < 0, its origin is the y/C > 0 side of the mem-
brane, and its sense (counterclockwise) corresponds
to the expected boundary layer vorticity on that
surface.
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Figure 10: Mean Velocity field with nondimensional streamwise velocity global contour-plot as background
for —1.2 < z/C < 0.2, —0.8 < y/C < 0.7 and z/C = 0, with aspect ratio S/C = 0.27, and St = 1.88. A
constant velocity of U, = 1.0U is subtracted from the vector field.



I ||u|
051 ii 'th

it “ll
| In il
u |

i ' | !!|||i Imliw °

y/C

05pF

Figure 11: Mean Velocity field with nondimensional streamwise velocity global contour-plot as background
for —1.2 < 2/C < 0.2, —0.8 < y/C < 0.7 and z/C = 0, with aspect ratio S/C = 0.27, and St = 0.38. A
constant velocity of U. = 1.0U is subtracted from the vector field.

(a)  Generation of stop- (b) Shedding shear layer (¢)  Generation of stop-
ping/starting vortex (green) ping/starting vortex (red)

Figure 12: Generation of the 2-P structure in the cross-stream plane



As the trailing edge continues its sweep, vorticity
of the same sign is shed in the form of a shear layer
which does not appear initially to interact strongly
with the stopping/starting vortex. This shear layer
is evident in the concentrations of green dye which
trace a line connecting the green stopping/starting
vortex to the trailing edge of the membrane in Fig-
ure 12(b).

As the trailing edge approaches the opposite ex-
treme, a stopping/starting vortex of the opposite
sign is generated which forms a counter-rotating
pair with the shear layer vorticity. This pair is
shown in Figure 12(c) and is the basis for the 2-P
wake structure presented in Figures 6 and 7.

Flow visualization in the spanwise plane reveals
qualitatively the same evolution process in the
streamwise vorticity along the chord of the mem-
brane. Figure 13 shows a vortex pair formed in
a spanwise plane located at approximately the 1/3
chord point with the membrane moving from left to
right at the illuminated plane. In all of the spanwise
visualizations, dye is injected on the surface of the
fairing at z/C = 0. Figure 14 contains a sequence
of spanwise images at the trailing edge, separated
by intervals of 0.1 s (0.097"). In Figures 13 and 14
dye injection is moved upstream to the mid-chord of
the fairing, and is at the level of the mid-span of the
membrane. In this view, rhodamine B (red dye) is
injected on the right of the membrane and fluores-
cein (green dye) is injected on the left. Figure 14(a)
shows a second clockwise vortex (green), analogous
to the shear layer vorticity in the cross-stream plane,
formed as the trailing edge approaches the point of
maximum excursion. This is followed by the gener-
ation of the stopping/starting vortex (red) in Fig-
ure 14(b) to form the vortex pair. The change in
orientation of this pair is evident by comparing Fig-
ures 14(c) and 14(d), suggesting that the counter-
clockwise vortex (red) has greater circulation. Care
needs to be taken when interpreting these images
as the dominant component of flow velocity is nor-
mal to the page, hence the particles marked by the
dye have typically acquired their angular momen-
tum upstream of the field of view.

Visualization was also conducted in the stream-
wise plane with a vertical laser sheet rotated approx-
imately 30° about a spanwise axis (This plane is la-
beled C in Figure 3). This orientation makes visible
a cross section of the 2-P vortex pairs as they pass
through the plane and helps to establish a link be-
tween the streamwise trailing vorticity and the 2-P
structures seen in planform. Coherent structures re-
sembling vortex rings can be seen traversing through
the laser sheet. One of these structures is shown

Figure 13: Streamwise vortex pair viewed in a span-
wise plane at the 1/3 chord point

developing in Figure 15. The green dye (associated
with the counterclockwise vortex in Figure 12) is dif-
fuse compared to the bright red (clockwise) vortex
core that has just been shed from the membrane.
This is because the origin of the counterclockwise
vortex is earlier in time. It would appear that the
two structures , red and green, are connected across
the top and bottom of the structures and this rep-
resents experimental evidence for the formation of
vortex rings downstream of the trailing edge.

By comparing of the locations, colors, and senses
of the dyed vortices in Figures 12 and 14, it appears
that they are connected in the manner depicted in
Figure 16. The suggested sequence of 3D vortex
shedding and reconnection is sketched in Figure 16.
The first image shows a 3D representation of the
shedding of a counter clockwise vortex, including
the streamwise filaments that connect the main core
to the flapping plate. The 2D view one would ex-
pect to see from above is sketched to the right. The
second figure shows the formation of the stopping
(clockwise) vortex at the end of the downstroke.
By a relatively simple technique of requiring that
all vortex filaments have their origin at the mem-
brane surface it can be see that this process should
produce a complex interaction of opposite signed
vorticity above and below the flapping membrane.
The third image in the sequence shows the continual
generation of clockwise vorticity while the stopping
vortex and downstroke vortex convect downstream
with weakening of the opposite signed streamwise
vorticity due to their close proximity. The fourth
image shows the merging and reorientation of the



(a) Roll-up of (green) shear-layer vorticity (c.f. (b) Generation of (red) stopping/starting vortex
Figure 12(b). (c.f. Figure 12(c)).

(¢c) Continued generation of stopping/starting (d) Rotation of pair.
vortex.

Figure 14: Generation of the 2-P structure in the spanwise plane. The laser sheet is located at the trailing
edge of the membrane. Images are separated by a delay of 0.1s (0.097).

Figure 15: Wake structures viewed in a vertical plane oriented approximately 30° from the streamwise
direction. The upstream edge of the light sheet is approximately 5 cm closer than the centerline of the
membrane. The flow is from left to right. The sequence shows the formation of a vortex ring and the
development of instabilities on the ring



streamwise vortices in a pinching-off process and re-
sults in the formation of a ring-like structure. The
sketches in the right hand column shows how the 2P
structure correlates with the ring formation process.

Furthermore, observation of digital video se-
quences shows a complex distribution of vorticity
normal to the plane of observation within the fluo-
rescein. Vortex filaments on the main vortex cores
are highlighted in Figure 15(c). This appears to be
the formation of a short wave vortex instability that
eventually leads to breakdown of the primary struc-
tures. The calculations of Kransy (1987), examining
the stability characteristics of a trailing vortex sheet
from a delta wing show similar structures to those
highlighted in Figure 15(c).

In the present case, a full description of this model
for the vortex skeleton will require further charac-
terization of the membrane motion, and more accu-
rate information linking photographs to the phase
of the membrane cycle. It should be noted that as
the free-stream velocity was increased well into the
drag-producing range of Figure 9, visualization in
the cross-stream plane (at z/C = 0) was consistent
with the structure shown in Figure 16. That is, the
signs of the vortices did not reverse as would be ex-
pected for the generation of drag. Clearly, the wake
is highly-three-dimensional, and more experiments
and momentum analyses must be conducted to pro-
duce a consistent model relating wake structure and
thrust production and efficiency.

4 Conclusions

The simple momentum analysis conducted in this
study suggests the production of thrust for 0.87 <
St < 2.58, and drag for 0.38 < St < 0.57. This
differs substantially from the results of Triantafyl-
lou et al. (1993). In the present experiment, the
momentum analysis indicates a net drag force at
the Strouhal number where they obtained optimal
thrust. In the entire range of Strouhal numbers
studied, flow visualization indicates the presence of
a 2-P wake structure which is connected to an anal-
ogous structure visualized along the body in a span-
wise plane and results in what appears to be a vor-
tex ring type structure downstream of the flapping
foil. For Strouhal numbers ranging between 0.3 and
2.58, no transition to a 2-S structure was observed,
as in the experiments of Koochesfahani (1987).
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