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Abstract

The structure of the flow behind a three dimensional
aerofoil, which performs pure heaving oscillations, is ex-
amined for a flow Reynolds number of 164, and heaving
Strouhal numbers between 0.2 and 0.4. Dye flow visual-
ization is used to study the flow from the front, side and
rear of the aerofoil. A comparison with the flow around
an infinite-span aerofoil with the same thickness and
chord, and which operates at the same Reynolds num-
ber and Strouhal numbers, reveals that the three dimen-
sional and two dimensional heaving aerofoil flows are sub-
stantially different. The structures in a two dimensional
foil flow are predominantly orientated along the span-
wise direction. In contrast, v-shaped vortex structures,
which are partially aligned with the aerofoil wingtips, are
formed in a finite-span aerofoil flow.

Introduction

Recent experimental work on the flow around two di-
mensional pitching and heaving (plunging) aerofoils has
demonstrated that it is possible to generate thrust with
an efficiency of almost 87% [1],[2]. When thrust is pro-
duced in this manner, the average velocity profile of the
flow behind the aerofoil has the form of a jet [8] and
is characterized by a train of vortices [4],[6], which has
been descriptively called a “reverse von Karman vor-
tex street”. The creation of this average jet-like flow
has been found to occur over a large range of Reynolds
numbers 1100 ≤ Re ≤ 40000 and for Strouhal numbers of
0.25 ≤ St ≤ 0.35 [8]. The structure of the flow behind the
aerofoil is strongly dependent upon the Strouhal number
and phase angle (ψ) between heave and pitch motions,
and is affected by vortex shedding from both the leading-
and trailing-edge of the aerofoil. As mentioned in [1] and
[7], the effects of the Reynolds number is believed to be
of secondary importance.

When an finite-span oscillating aerofoil is used to pro-
duce thrust in nature or engineering applications the
flow created by the foil motion will be three dimensional.
The flow behind a two dimensional foil will only con-
tain span-wise vortices, whereas the motion of a three
dimensional foil will also produce stream-wise (wingtip)
vortices. Thus, not only is the structure of the flow differ-
ent, but the efficiency determined using two dimensional
theory and experiments may be overestimated because
not all of the wake energy losses are considered [3].

The work presented in this paper is the result of a prelim-
inary investigation — it is part of a larger research pro-
gram to characterize the effects of phase angle, Strouhal
number, and pitch amplitude on the thrust, power ef-
ficiency, and flow around three dimensional oscillating
foils. The intent of this investigation is to gain a qualita-
tive understanding of the nature of the three dimensional
flow as a guide for the design of the experimental appa-
ratus to be used in the full study. Here we focus only on
the fluid mechanics and present the results of a series of
experiments performed on the flow around both a three
dimensional “finite-span” aerofoil and a two dimensional
“infinite-span” aerofoil. The aerofoils have a constant
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angle of 0◦ and undergo a sinusoidal heaving motion
vertical direction. The Reynolds number (based on

ream velocity, aerofoil chord length, and kinematic
sity) is Re = 164 and flow images were made at
hal numbers (based on heave frequency, freestream
ity, and the double-amplitude of the heaving oscil-
) of St = {0.20, 0.25, 0.30, 0.35, 0.40}. As shown in
1, fluorescent dye flow images were recorded from
different vantage points.

rimental Apparatus and Methods

circulating water tunnel, which has a test section
0 mm × 100 mm and is 800 mm long, was used to
ct the experiments. The contraction, which is lo-
between the settling chamber and test section, has

1 area ratio. The average velocity of the flow in the
ection can be continuously varied from 5 mm/s to
m/s using a gate valve and flow rate meter.

aerofoils, which have a symmetrical cross-section
ectangular planform, are constructed from stream-
sections of aluminium model aeroplane strut tubing.
of the foils are hollow, have a chord length (c) of

mm and a thickness (t) of t/c = 0.3. The aspect ra-
the three dimensional foil is AR = 2.1 (AR = b/c,

e b is the aerofoil span). The two dimensional foil is
m long in the spanwise direction and is mounted be-

perspex endplates; these endplates are attached to
m, which is located outside the test section. A line
e injection holes, which have a diameter of 0.9 mm
are positioned at 2.0 mm intervals, lies along the
g-edge of each aerofoil. A brass tube (90 mm long

a 2.4 mm outer diameter) is press-fit and glued into
entre of the top surface of the finite span aerofoil.
tube serves as both the aerofoil sting and as part of
ye injection system. Dye is fed into the two dimen-
l foil through each endplate.

heaving motion of the aerofoils is produced by at-
ng the aerofoil assemblies to a lead-screw-driven, lin-
ranslation stage (figure 2). The translation stage is
ally mounted above the test section and is oscil-
using a computer-controlled stepper motor. A co-
otion profile is used and the oscillation frequency

cked by measuring the limit/home switch feedback
l from the translation stage with an oscilloscope.
double-amplitude of the motion was kept constant
.2 mm (Ate/c = 1.0, where Ate is the trailing-edge
cement) and the average freestream velocity was
at 8.5 mm/s; the Strouhal number was then varied
anging the oscillation frequency of the translation
.

der to visualize the flow, laser light is used to illumi-
Kiton Red 620 fluorescent dye. The dye is fed from
tle, which is mounted approximately 1.0 m above
est section. The dye flow rate was controlled using
all needle valve. A 6 mm diameter cylindrical lens
d to expand the beam from a 200 mW, Nd:YVO4,
laser (532 nm wavelength) into a light sheet. A

d cylindrical lens (-19 mm focal length) could be



placed in the light sheet to illuminate a volume of the
flow. Images of the flow are captured with a CCD video
camera and VCR tape recorder.

Results & Discussion

Figure 3 shows a pair of images taken from view 2 (see
figure 1) with a vertical light sheet, which is orientated
parallel to the flow. In the case of the two dimensional
aerofoil flow the streaklines illuminated by the dye re-
veal a regular, mushroom-shaped vortex structure, which
convects downstream (figure 3a). Structures similar to
this are present in the lower-amplitude (Ate/c = 0.4;
St = 0.48) heaving aerofoil study of [5] and also in the
pure-pitching aerofoil work of [6]. In contrast, the struc-
tures exposed by a light sheet in the three dimensional
aerofoil flow (figure 3b) are complex and irregular. Here,
owing to the out-of-plane velocity components present in
the flow, the vortex structures move in and out of view
as they convect downstream.

The substantial differences between the flows around the
two dimensional and the three dimensional aerofoil can
be seen in figure 4. The image is taken from view 3 and a
three dimensional region of the flow has been illuminated.
In the two dimensional aerofoil case (figure 4a) the flow
is uniform across the span of the foil and the s-shaped
streaklines revealed by the dye remain nearly parallel as
they convect downstream. On the other hand, the flow
around the finite-span aerofoil is quite three dimensional.
In figure 4b it can be seen that the streaklines seem to
have rolled-up into vortex tubes that lie nearly parallel to
the path traced by the aerofoil wingtip. Structures that
are initially spanwise are stretched in the downstream
direction along the centre-line of the foil, but remain at-
tached to the wingtips to form a v-shaped structure.

This v-shaped vortex structure is more clearly visible in
figures 5(a–i). The sequence of images, which are ar-
ranged from left to right then top to bottom, illustrate
the evolution of the vortex structures behind a three di-
mensional aerofoil during one heave cycle. In figure 5a a
v-shaped structure, which formed in the preceeding heave
cycle, can be seen in the centre of the picture. The aero-
foil is located at the lower extreme of the heave displace-
ment and has started to move upwards. Immediately
behind the aerofoil a vortex structure is present and in
figures 5(a–e) it begins to catch up to the first v-shaped
vortex structure. As it convects, this vortex structure
is stretched in the downstream direction along the aero-
foil centreline, but remains attached to the wingtips. In
figure 5e a third vortex structure can be seen forming
behind the aerofoil. This third structure forms a sharp
v-shaped structure similar to the one located in the centre
of figure 5a. Thus, during each heave cycle two vortex
structures are formed, one at the top of the cycle (top
vortex) and one at the bottom of the cycle (bottom vor-
tex). The top vortex always forms a sharper v-shaped
structure. The most likely reason for this is the presence
of the sting, which is located on the upper surface of
the aerofoil. The top vortex originates from fluid which
passes underneath the aerofoil. This vortex is probably
stronger than the bottom vortex, which consists of fluid
that has passed around the sting or in the wake of the
sting. Thus, the stronger self-induced motion of the top
vortex creates a more pronounced v-shaped structure.

Lastly, the dependence of the wake structure on Strouhal
number can be seen in figure 6. As the Strouhal number is
decreased the streamwise wavelength of the vortex struc-
tures behind the aerofoil decreases. In each of the images
the aerofoil is located at the lower extremity of the heave
displacement. However, the v-shaped structure visible in
figures 5(a–b) is modified. In the higher Strouhal num-
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ases, the v-shaped vortex structure doesn’t become
unced until after the aerofoil has begun to move
rds — a phase lag seems to occur. Additionally,
ore size of the v-shaped structures decreases with
asing St.

luding Remarks

form of the flow behind a finite-span heaving aero-
substantially different from that produced by a two

nsional aerofoil with the same thickness and chord,
which is operating at the same Reynolds number
trouhal number. The vortex structures trailing a
imensional aerofoil are aligned in the spanwise di-
n for many chordlengths behind the aerofoil. In a
dimensional aerofoil flow the wingtip vortices are
cted to a significantly smaller spanwise vortex sec-
and form a structure with an overall v-shape. Thus,
edicted by [3], one would expect the thrust genera-
fficiency of a finite-span aerofoil to be different from
of a two dimensional aerofoil.

tionally, we have found that the sting affects the
of the vortex structures created by the three di-

ional heaving aerofoil. Here, the ratio of the sting
eter to the aerofoil span is 6%, yet the vortex struc-
which is produced at the bottom of the heave cycle
s to be much weaker than the vortex structure that
oduced at the top of the cycle. It will be neces-
to take this into consideration in the future pitching
oil experiments we have planned: a bearing will be
ted in the centre of the aerofoil, which will allow
pitch. This result also suggests that in a natural
ng foil flow, such as might occur behind a fish, the
to which the foil is attached can have a significant
nce on the structure of the flow.
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Figure 1: Plan view of the test section; the three vantage points used to film the flow are indicated with a small “eye”.

Figure 2: Experimental setup.

Figure 3: A two dimensional slice of the flow behind the infinite span aerofoil (a) and the finite span aerofoil (b). The
images were made from view 2 using a thin light sheet. For both images St = 0.3 and Re = 164.

Figure 4: Vortex structures in the flow behind the infinite span aerofoil (a) and the finite span aerofoil (b). The images
were made from view 3 and a volume of the flow is illuminated. For both images St = 0.35 and Re = 164.
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Figure 5: Evolution of the vortex structures in the flow behind the finite span aerofoil during one heave cycle. The
images were made from view 1 and a volume of the flow is illuminated. Here St = 0.25 and Re = 164.

Figure 6: Strouhal number dependence of the structures in the flow behind the finite span aerofoil. The images were
made from view 1 and a volume of the flow is illuminated. The Strouhal number is (a) 0.20, (b) 0.25, (c) 0.30, (d) 0.35,
(e) 0.40 and in all images Re = 164.
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