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1.1.1

Narrative
Introduction
Background

Micro aerial vehicles (MAVs) have had a recent surge of interest due to their
many commercial, military and scientific applications. Their wide range of
uses, such as those intended for close proximity situations, could include
search and rescue missions as well as reconnaissance and surveillance. Also,
analysis of environmental conditions could also be possible and aid in the
detection of chemical, biological or radioactive threats. Of the three types of
motion studied; fixed wing (airplane−like), bird/insect like ornithopter (flapping wing), and helicopter−like rotary wing models, flapping wings offer the
most potential for miniaturization due to their high propulsive efficiency and
maneuverability. This has re−stimulated interest in the dynamics of natural
flight and swimming. The imitation of natural motions for the locomotion of
man−made vehicles has been termed ’biomimetics’ and has spawned novel
ideas in the areas of propulsion and active flow control. Since natural fliers
use oscillating tails to produce propulsive and maneuvering forces, heaving
foils have been extensively studied [6]. However, the dynamics of these free
flying systems have yet to be explored.
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The optimal Strouhal numbers, that is the dimensionless number describing oscillating flow mechanisms, obtained for a freely flying system are found
to be in the range of 0.2≤ St≤ 0.35[5]. It has been proposed that Strouhal
number selection in natural flight is not the result of an active feed back
control mechanism but a limit cycle process[6]. Theoretical phase portraits
of a coupled fluid structure system show that different initial conditions are
attracted to the same limit cycle and different forcing frequencies end at
different limit cycles[6]. This lends credence to the idea that if man-made
flapping flight is to become viable, understanding the dynamics of Strouhal
number selection will be important.
If flapping wing propulsion is a limit cycle process, then it may represent the synchronization of multiple coupled oscillators. Generally speaking,
flow actuation seems to be most effective when the frequency of the control
forcing approaches the frequencies of the dominant natural instabilities of a
flow. Examples include: flutter-induced heaving and pitching of two dimensional airfoils [1], flow in a Rijke tube[3], and the flow behind an oscillating
airfoil[5]. It is suspected that controlled fluid systems effectively behave as
systems of coupled oscillators. Support for this idea includes the flow around
a stationary two dimensional cylinder and the general review of synchronization in physical systems [4]. A drag-producing 2D bluff body will give rise
to a von Karman vortex street, while a thrust-producing airfoil will create a
‘reverse’ von Karman vortex street.
Active flow control can be divided into open loop schemes, in which forcing is a prescribed function of time, and closed looped schemes, in which
the forcing is a function of some real–time measurement of the response of
the flow. For oscillating wings there have been many studies that suggest
the next keys to understanding and utilizing oscillating wing propulsion are
methods of properly modeling and quantitatively predicting the response of
closed-loop systems. To address these questions, an experiment was designed
to test the limit cycles dynamics of a freely flying system. Also, the difference
in flow structure of a freely flying system, as opposed to a strongly forced
system is explored.
1.1.2

Experimental Approach

Experiments are being conducted in the re-circulating water channel, seen
in figure 1, located in the FAU Center for Hydrodynamics and Physical
Oceanography. A two−dimensional NACA0012 airfoil spans the width of the
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(a) water tunnel

(b) apparatus

Figure 1: testing facility
tank and is bounded by two vertical Plexiglas endplates to reduce 3−dimensional
end effects. The system is suspended from a set of rails, with pillow block
air-bearings, at the top of the water tunnel. The airfoil is subjected to a sinusoidal heave-only motion oscillating at zero angle of attack in the direction
perpendicular to the plane. A D−shaped cylinder (not shown) is selected to
generate a von-Karman vortex street that yields a fixed wake width which
provides good vortex formation and phase control [2].
The motor is controlled by a miniature, 24 volt, DC permanent magnet
servo gearmotor attached to a skotch-yoke mechanism. The yoke is a horizontal bar guided on two vertical rods along which it was oscillated vertically
by means of a sliding block driven by a tub-shaft fixed to a rotating flywheel.
The motor motions can be accurately controlled using a proportionalintegral-derivative (PID) closed loop control system which was developed
using National Instruments LabVIEW. The control program utilizes active
feedback to maintain the foil at a desired distance in the flow using the SRF02
single transducer ultrasonic rangefinder with a range of 0.15 m to 6 m. A
1000 line optical encoder measures frequency through rotational motion of
the skotch-yoke.
The freestream velocity, U∞ , is measured using high resolution particle
image velocimetry (PIV). Laser light sheet illumination is provided by using
a 532 nm Nd:YAG pulsed laser system. The forces acting on the wing in
the direction of the transverse motion and in the direction of the flow are
measured with Vishay resistance-wire strain gauges. The signals of the strain
gauge are amplified and recorded on a National Instruments cDAQ-9172
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chassis. A total of 12 gauges are used to form the arms of three Wheatstone
bridges that were calibrated both statically and dynamically.

1.2

Results

The synchronization between vortex shedding and foil forcing is studied for
the isolated 2D foil oscillating in a uniform freestream flow. Here, the system
is locked in place on the rails and operated with the foil only. Synchronization is seen to occur when the foil driving frequency approaches the natural
shedding frequency of the wake. The resulting flow behind the wing is modelocked (synchronized). Output from strain gauges mounted on foil measures
the force response of the airfoil as a function of frequency. Synchronization appears to be peaks in the force response of the airfoil as a function of
frequency.
It is seen, from figure 2, that the system can be controlled using wing-beat
frequency only such that the device swims upstream to a desired location and
remains there. In this experiment, the flapping foil mechanism is allowed to
freely translate in the freestream direction along the rail system. A simple
PID controller has been designed so that the flapping foil system moves
upstream against a current to a desired location and maintains position.
Airfoil position is tracked using a sonic range finder. Measurements of airfoil
thrust/drag and heave position have permitted an investigation of the phase
plane of the system; specifically the approach to the limit cycle (Fig 3).
Since flapping wing propulsion appears to be part of a limit cycle process,
the system represents the synchronization of multiple coupled oscillators. A
current investigation is taking place where a vortex street is introduced, by
means of a D-shaped cylinder, ahead of the oscillating foil. This simulates
the interaction between body shed vortices and wing generated vortices that
occurs in natural flight. The phase plane of the system, as well as flow
visualization, are being studied to determine how the structure of the flow
behind the system changes as it transitions between acceleration/deceleration
and steady forward velocity.
Two papers, describing this work, are expected to be submitted in the
coming months. The first of which will discuss Strouhal number selection
of oscillating foils which entails the mimicry of wing motion and body shed
vortices using an oscillating foil and ’D’ shaped cylinder. The results presented will include time series analysis of the Strouhal number, thrust, and
propulsive efficiency as well as a topological discussion of the wake at the
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thrust=drag condition where PIV will be used to study the structure of the
vortex street. The second proposed paper will discuss the phase dynamics
and synchronization of flapping wing propulsion.
‘

Figure 2: Freely swimming system

1.3

Significance of Impact

The development of useful MAVs requires overcoming a host of significant
technological and operational obstacles. Separate microelectronic modules
for each function consumes more volume than available making sensing and
control unrealistic for autonomy. However, since current experiments are
showing that cruising can be controlled using wing beat frequency only, then
this selection value may be the result of a limit cycle process. This would
mean that animals do not actively control their flapping frequency and amplitude to optimize propulsive efficiency but are constrained to do so by the
limit cycle dynamics inherent in any freely flying system. This, in turn,
means that propulsive efficiency of man-made vehicles can be designed-in
instead of actively controlled.

1.4

Where might this lead?

After the findings of rigid oscillating foils is complete, a natural next step
in the examination of biolocomotion could be a study of flexible foils. Since
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Figure 3: Phase Plot
many lifting and propulsive surfaces in nature are structurally flexible, determining how flexibility on the lift and thrust forces generated and on the
efficiency could be a next step in furthering our knowledge.
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Publications and Conferences

• C. L. Finkel, and K. D. von Ellenrieder. Strouhal number selection in freely
swimming oscillating foils. paper in progress
• C. L. Finkel, and K. D. von Ellenrieder. Phase dynamics and synchronization in flapping wing propulsion. paper in progress
• C. L. Finkel, and K. D. von Ellenrieder. Experimental study of synchronization and phase dynamics in flapping wing propulsion.
-62 Annual Meeting of the APS Division of Fluid Dynamics,
Minneapolis, Mn, November 22-4, 2009.
-College of Science Research Day, Florida Atlantic University,
Boca Raton, Fl, March, 2009.
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Discretionary Funds

Funding was spent on hardware and materials that aided in the construction
of the apparatus. Since the successful interpretation of fluid patterns is an
important tool for understanding the physics of vortex interactions, seeding
particles for our current Nd:YAG PIV system, and a Nikon CCD camera
were purchased.
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Impact of Fellowship

The Link Fellowship gave me the opportunity to garner resources, in a way
that would not otherwise have been available, for research. The extra time
it allotted me to dedicate to research was invaluable, and as a consequence, I
was able to present my findings at the American Physical Society’s Division
of Fluid Dynamics conference. Also, I was given the unique opportunity to
meet, and spend time with, Marilyn Link. She holds a very special perspective on a changing industry that she, along Edwin and Marion Link, helped
to foster. I am very grateful for our time together.
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