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Abstract

The wake of a NACA 0012 airfoil oscillating sinusoidal about its aerodynamic center in a general co-flow
generates a well-known characteristic vortex street. The introduction of vorticity into the flow in a controlled
way could be used as a means to either enhance or dampen any large-scale motion present. The oscillating
aerofoil can then be seen as the actuation component of an active control system. To investigate the potential of
using a flapping wing as an actuation device the flow field that it generates first needs to be characterized. This
can then be used to affect a fluctuating flow field, which in this case is the vortex field generated by an identical
oscillating airfoil downstream from the first. Flow visualization coupled with particle image velocimetry is used
to investigate and characterize the flow field from both a single oscillating airfoil and the interacting flow field
between two tandem airfoils. The relative phase between the two wings is adjusted to investigate how the
vorticity field is either enhanced or reduced by the added vorticity from the second aerofoil. A combinatorial
vortex detection and characterization algorithm is implemented to identify vortices within the field and their
development as they are advect downstream from the tandem aerofoils. Flow features present over a range of
conditions as well as gquantitative information defining the vorticity field show that the hindfoil in the tandem
setup can be used to affect the characteristics of a large-scale vortex.

Keywords: vortex generation, combinatorial vortex detection, flow visualization, particle image velocimetry,
flow control

1 Introduction

For many fluid flow applications vortices and large-scale fluid structures are essential and important
flow features. They can dominate the flow and are important mixing and transport phenomenon within the
flow field. These are typically identified as spatially coherent structures that can be temporary evolving and
are often identified under a single heading as a vortex [1]. Manipulation and control of these phenomena
potentially has the ability to allow the introduction of control strategies for manipulating the fluid process. To
undertake this, methods are needed for identifying these phenomena within the flow and for either enhancing
or destroying the phenomena. With these elements active control of the fluid process could be implemented.

A number of different approaches can be used to generate large scale vortical flow features. These
include mechanical devices such as a pitching airfoil [2] and biological devices used for propulsion [3][4].
To allow a detailed development and understanding of how vortices and large-scale phenomenon can be
controlled, a well-defined and controllable device for generating these features is needed. To do this a
NACA 0012 airfoil was aligned in a uniform flow field of water and oscillated in a sinusoidal manner about
its aerodynamic centre. This device was used as it generates a consistent vertical wake allowing the
development of strategies for detection and characterization of flow structures [2][5]. The wake scheme that
is generated for a given Reynolds number can be described by the vortex position and orientation within the
wake [3]. A wide range of flow conditions can be summarized using a phase diagram that maps important
wake features as a function of two independent dimensionless parameters. These are typically the Strouhal
number based on the flapping frequency and dimensionless amplitude based on the cord length [3][7]. A
number of other important parameters for characterizing these flow features include the coordinates of the
vortex core, the vortex drift velocity, the maximum vorticity, vortex circulation, radius of the vortex and
maximum circumferential velocity also need to be defined [8]. All of these parameters can be reliably
determined from spatially correlated measurement of the velocity field.

The aim of this paper is to investigate how large-scale feature in the flow, a vortex, can be manipulated
using a device that can generate a precise amount of vorticity. To undertake this a known vortex will be
generated using an aerofoil (forefoil) which will then interact with the actuation device (hindfoil) to
manipulate the incoming vortex. The vorticity field of this tandem arrangement of aerofoils is studied first by
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characterizing the vortex field generated by a single aerofoil using flow visualization. Quantitative
measurement of the 2-D flow field is then carried out using particle image velocimetry (PIV). The interacting
wakes are then investigated using PIV to visualize the vortex wake and to provide a quantitative measure of
the interacting vortex field and investigate how the hindfoil can be used to either enhance or destroy the
incoming vortex.

2 Experimental methodology

2.1 General flow facility

The flow facility used to develop the general flow in all experiments is an open re-circulating water
channel with a cross-section of a 0.7x0.4 m (27.5”x16”) and low turbulence characteristics [9]. The center of
the channel test section is located 3100 mm downstream from the inlet turbulence grid at the inlet of the
water channel and consists of flat stainless steel bars that have a total open area of 56%. The turbulence grid
generates a uniform streamwise velocity profile with variations of 5% and turbulence intensity for the mean
horizontal of 4% at the test section [9]. An orifice plate flow meter in the return section is used to bulk
characterize the volume flow rate, Q in the water channel.

2.2 The oscillating airfoil apparatus

To oscillate the airfoil in a controlled manner a stepper motor (PK258-02DI, Oriental Motor) coupled to
a driveshaft on the aerodynamic center of the airfoil was used. The aluminum airfoil was constructed from a
continuous extrusion with a cross-sectional NACA 0012 shape and a chord length C = 75mm. The airfoil
was suspended vertically such that it hangs down through the free surface into the water channel,
perpendicular to the upstream flow direction. A real-time control system (dSPACE) controlled the stepper
motor motion using custom software and provided output trigger signals when the airfoil pitch met a desired
angle. In this manner, the imaging system could reliably collect data at prescribed positions allowing for both
phase averaged and time averaged data sets.

2.3 Flow imaging system
CCD camera
No. 3

CCD camera CCD camera

No. 1 No. 4
CCD camera — ———

No. 2 Acrylic viewing

window

Double-pulse
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A single flapping
airfoil
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Fig. 1 The typical arrangement for all imaging equipment in relation to the test section
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A schematic of the typical imaging system in relation to the water channel test section used in all
experiments is shown in Fig. 1. The region of interest (ROI) in the test section was imaged by four
2,112x2,072 pixel resolution, 14-bit duel-frame CCD cameras (Imager Pro X 4M, LaVision) viewing the
investigation plane through 4 independent local coordinate systems. An acrylic sheet was place on the free
surface and cameras imaged through it to remove surface refraction effects. A double-pulse Nd:YAG laser
(Solo III-15z, New Wave) illuminated the ROI which was seeded with 18um hollow glass spheres
(Sphericel 018, Potters Industries) for PIV measurements. The laser beam was focused into a thin sheet
which was directed upstream by a mirror and submerged periscope. Calibration of the images generated by
the cameras is used to map data from pixel space to real space and to remove optical and perspective
distortion. Calibration is performed using a custom 300 mm x 800 mm 2D calibration target. The target is
comprised of equally spaced black dots 1.3 mm in diameter and spaced 3 mm on a square lattice. The
calibration target was placed into the water channel such that its surface is coincident with the ROI [10].

24 Vector Processing

Processing of image data into vector field consisted of a number of steps. Prior to cross-correlation of the
image pairs, the raw images were preprocessed with commercial software (LaVision GmbH, DaVis 8.05).
This step gives rise to enhanced particle intensity and shape and ultimately leads to better correlation
[11][12]. The correlation strength is affected by disparity in the image intensity arising from light sheet non-
uniformities, shadows, reflections or variations in particle size [11]. In this work, correlation strength was
improved with the following image pre-processing methods: background intensity subtraction, sliding
minimum subtraction and min-max filter for intensity normalization.

In general, the vector fields obtained directly from the cross-correlation needed to be smoothed and
verified before other parameters such as vorticity and streamlines are calculated [13]. The vector fields were
post-processed with commercial PIV software (LaVision GmbH, DaVis 8.05) and mathematical software
(Mathworks Inc, Matlab). Vector field post-processing automatically detects and replaces spurious vectors
and generates a smooth field for future computation of derived quantities and statistical values [11]. A
median test rejects vectors whose magnitude or components of magnitude exceed a certain threshold when
compared to the median of neighboring vectors [11][14]. The four individual vector fields obtained from
each camera were reassembled into one global coherent vector field with custom code [10] developed with
commercial mathematics software (Mathworks Inc, Matlab). Gaussian smoothing was only applied once and
all four vector fields were stitched ensuring smooth transitions at the seams where the individual fields
overlap.

2.5 Experiment configurations of the oscillating airfoil

Two types of experiments were undertaken to visualize the flow and to measure the velocity field for
either a single or a tandem airfoil configuration. These different airfoil configurations are shown in Fig. 2. To
visualize the flow dense slurry composed of glass spheres (18um diameter hollow glass spheres for PIV
seeding) and water is injected through 2 small visualization ports on either side of the airfoil at the quarter
chord distance as shown in Fig. 2(a). The slurry is contained in a reservoir located at a height, 4 above the
visualization ports. The visualization ports are located 100 mm beneath the free surface and the reservoir
height, 4 is adjusted such that the velocity at which the slurry leaves the ports is virtually identical to that of
the fluid passing over the airfoil’s surface at that location. In this manner the streaklines generated from the
slurry are as laminar as possible. To characterize the flow, instantaneous wake images were taken with the
four overhead CCD cameras. The laser sheet light scatters off the dense slurry and into the four CCD
cameras. The images were stitched together with calibrated offsets to produce one single image with a global
coordinate system with its origin at the trailing edge of the airfoil. These images were visually inspected and
the wake type for each identified.

For both configurations of single and tandem aerofoil PIV measurements were carried out. The bulk flow
of the water channel was seeded with 18um hollow glass spheres to mark the fluid motion. The laser sheet
was also located 100 mm beneath the free surface region where the wake had been identified to be two-
dimensional. The aim here was to minimize the distance below the surface improve imaging of the velocity
field. Image sets were collected over a range of frequency and amplitude conditions to allow broad
investigation of the generated flow fields.
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Fig. 2 Side view schematics of the two configurations investigated: (2) the single airfoil and (b) the tandem airfoils.

2.6 Measurement uncertainties

An estimation of the PIV measurement uncertainty is used to assess the final accuracy of the measured
velocity field. The individual components of the PIV system each contribute to the overall uncertainty in the
system. Uncertainty arises from the ability of the seed particle motion to represent local fluid motion. This
uncertainty is due to particle slip in which the velocity of the seed particles (v) lag behind the fluid motion
(u) by some finite quantity. The slip velocity is computed to first order by [14]:

. _ (ﬁ - 1)970] 1
ul {———?;——— (1)

with gravitational constant g = 9.81m/s?2, p is the density ratio taking into account the density of the seed
particle p, = 600kg/ m3 and the density of water p,, = 998kg/m3such that:

|v

p= pp/ Pw )
and a time constant:
Ppdy
T, = _»'p 3)
18vy,pw

where d,, = 18um is the diameter of the particle and v,, = 1.004 X 10°m? /s is the kinematic viscosity of
water.

A slip velocity error of 0.47% relative to the freestream velocity of u = U, = 0.017m/s is
approximated to first order with (1). Uncertainty due to varying image magnification over the image domain
is corrected by calibrating with a calibration target; however, image magnification also varies over the
thickness of the light sheet and the associated magnification uncertainty is on the order of 0.3% for most PIV
arrangements [14]. The measurement uncertainty in determining the location of the correlation peak for a 8
pixel particle displacement is about 1-2% of the full scale velocity for similar planar PIV systems [14][15].
Uncertainty in the timing of events has a resolution of 10 ns and a jitter of less than 1 ns. [15]. The overall
uncertainty is estimated to be 2%.

3 Detection of a vortex in a wake

The basic concepts and approaches to vortex detection that can be used in developing an algorithm can
be explored by reviewing three vortex detection methods that have been used in the literature. These are the
maximum vorticity (MV) method [16], the cross sectional lines (CSL) method [8] and the winding angle
(WA) method [17]. In this study these have been combined into a combinatorial vortex detection (CVD)
method for determining vortex characteristics from PIV data. A flow chart of this method is shown in Fig.
3(a) and a complete discussion of its development can be found in [10][18]. An aim of the CVD method was
that it must consistently detect and characterize multiple vortices from PIV generated velocity vector maps.
It must label each vortex (i) in the flow field in Fig. 3(b) and locate the vortex cores (x;,y;), the drift velocity
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13dn-ft = (Variftx» Varifty)» the circulation I3, the peak vorticity wpeqr and boundary radii, r;, of the
individual vortical structures. Ultimately, the method must reduce the size of the original dataset by
accurately conserving important vortex parameters which can then be used to character the generated wake.
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Fig. 3 (a) A flowchart of the combination of three vortex detection methods into a combinatorial vortex detection
(CVD) method (b) schematic showing the definition of the parameters determined from the CVD.

4 The wake of a single flapping wing

The wake generated by the oscillation of the airfoil is essentially 2D and is comprised of coherent
structures which separate from the trailing edge of the airfoil and travel downstream at a given drift velocity.
The complex wake flow can be parameterized by:

The spatial arrangement of vortices in the wake
The spatial coordinates (x;,y;) of vortex cores relative to the airfoil
The vortex size, 1;, defined by a circle fitted to the vortex
The vortex drift velocity , Ugrire = (Warifex Varifty)
Core region circulation of individual vortices, I’
e The peak vorticity of individual vortices, Wpeqk
These parameters are a complex function of the airfoil’s angular oscillation waveform amplitude 6, ,
frequency fand the Reynolds number Re, defined as:

U,D
Re = 4
v

For experiments performed in this study, the free stream velocity U, is held constant at 17 mm/s with an
airfoil thickness of D = 8.6 mm and kinematic viscosity of water is v = 1 X 107® m?/s so that Re = 146.
The airfoil of chord length, C was limited to small pitch oscillation amplitudes (84 < 8°) to prevent the
creation of leading edge vortices, which would appear in the wake. The oscillation waveform is described by
Oar(t) = (04/2)sin(2rft) and several wake conditions are achieved by changing the oscillation
amplitude 6, and frequency f.
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Fig. 4 A schematic of the main types of vortex arrangements generated in the wake of a flapping airfoil [10].

The vortex field generated in the wake can be divided into categories based on its spatial arrangement.
Fig. 4 shows the various vortex wake categories where the blue circles represent vortices with positive
counter-clockwise (CCW) rotation and those in red represent vortices with negative clock-wise (CW)
rotation. A von Karman wake (2S vK) is show in Fig. 4(a) and is defined by two vortices of opposite
rotation that are shed alternately every oscillation period [3]. This wake has two distinct rows of opposite
signed vortices that are symmetric about the airfoil chord line. At a set amplitude with increasing flapping
frequency, the lateral vortex spacing, S, (Fig. 3b) decreases until a unique condition is achieved where the
vortices align in the wake of the airfoil as is show in Fig. 4(b) and is classified as an aligned wake (2S_A). A
further increase in flapping frequency for a constant amplitude will generate an inverted von Karman wake
(2S_1vK) which is shown in Fig. 4(c). This is defined as a von Karman wake in which the sign of vorticity in
each of the two rows is reversed. These three wake schemes are the focus of this study and belong to the 2S
family meaning that only two single vortices are shed per oscillation cycle of the airfoil.

The wake of an oscillating airfoil is dependent on the harmonic motion of the airfoil [7]. A 2D airfoil
performing both periodic heaving and pitching motions with an arbitrary oscillation waveform can have an
extremely complicated three dimensional wake. Heaving is where the aerodynamic centre of the airfoil
moves perpendicular to the free stream flow, while pitching is when the airfoil’s angle of attack is changed.
Airfoil motion limited to sinusoidal pitch oscillations was investigated in this study and can be characterized
by [3] the Reynolds number defined in (4) and a thickness based Strouhal number:

Sty = z—D (©)

where £'is the frequency of pitching oscillation and a dimensionless amplitude of oscillation:
A; =A/D (7)

where A4 is the linear oscillating amplitude of the training edge.
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Fig. 5 Instantaneous streakline images for a constant Ay = 0.84 and a) Sty = 0.129 a 2S_vK type wake, b) St; = 0.201
a2S_A type wake, c) Sty = 0.274 a 2S_ivK type wake. Also, instantaneous streakline image for a constant Sty =0.161
and a) Ag = 0.42 a 2S_vK type wake, b) A= 1.04 a 2S_A type wake and c) Ay = 1.47 a 2S_ivK type wake.
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Characterizing the wake behind an oscillating NACA 0012 and investigating the effect of changing
both frequency f'and amplitude 8, of oscillation can be carried out using flow visualization techniques using
instantaneous imaging of the flow. These images require minimal processing since they are visually
interpreted. Select examples of instantaneous wake images are shown in Fig. 5(a-f). These images capture
the three primary wake types under investigation: the 2S vK wake Fig. 5(a,d), the 2S A wake Fig. 5(b,e)
and the 2S_ivK wake Fig. 5(c,f). The three wake types in Fig. 5(a-c) are achieved by varying the frequency
of oscillation f while maintaining constant amplitude of 4, = 0.84. The three wake types can also be
achieved by varying the amplitude of oscillation as shown in Fig. 5(d-f) while maintaining a constant
frequency of St; = 0.161. The images show the vortices and how they are arranged in the wake. Lines linking
the individual vortices, called connecting braids [2], are visible in the images. The braids reveal the direction
of rotation of the vortices and allow the associated wakes type to be identified. As the vortices progress
downstream they grow in diameter and the particle slurry diffuses into the surrounding fluid making the
vortices increasingly less visible. While difficult to compute the rate or exact magnitudes of vortex decay
from the images quantitatively, it appears that the vortices decay much faster in the 2S_A and 2S_ivK when
compared to the 2S_vK.

The values for 8, f, St, , A; and the corresponding wake type for 37 test cases [10] captured using
flow visualization are determined. The images are then divided into 3 types of wakes: 2S vK, 2S A, and
2S ivK based on visual inspection. A phase map in Fig. 6 is a graphical representation of the data collected.
The individual wake types are plotted with dimensionless frequency S?; as the horizontal axis and
dimensionless amplitude A, as the vertical axis. This phase map serves to predict important transitions
between the 3 wake types and demonstrates how variations in St; and A, affect the spatial organization of
large structures in the wake of an oscillating airfoil. Also identified in the figure are the wakes corresponding
to the images shown in Fig. 5. The 2S_A wake type may be viewed as a transitional region where the 2
vortex rows coincide. 2S A wake types are marked as black squares ‘0’ and the transitional region is
estimated by a spline curve fit between these points. This curve tends to a minimum of 4, = 0.42 indicating
that below this oscillation amplitude, the wake type is 2S_vK for all oscillation frequencies. The 2S vK to
2S ivK transition curves obtained by [3] and by [7] are compared to the one obtained in this study. The
curve from [3] shows good agreement throughout, whereas the curve from [7] only shows good agreement
for St; < 0.175. This is attributed to an insufficient number of data points in the range of 0.4 < A; < 0.6
for the study reported in [7].
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Fig. 6 Dimensionless Strouhal number Sty based on chord width D, and dimensionless amplitude Ay map out various
wake patterns which are the result of several oscillation frequency and amplitude combinations for the NACA 0012
airfoil in steady flow. The black dotted line indicates the boundary where the wake transitions from a 2S_vK to an
2S_ivK wake and the purple dotted line indicates where the wake transitions from 2S_ivK to 2S_ivKa.
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5 Vortex generation from a single airfoil (forefoil)

Before studying the interacting wake characteristics of a tandem airfoil system in the region behind
the hindfoil, it is first necessary to isolate the forefoil and investigate its wake characteristics independent of
the presence of the hindfoil. This creates a reference point from which to compare future tandem wing results
and the selected condition is highlighted on the phase map in Fig. 6. In Fig. 7(a) a sample vorticity field of
the single airfoil with oscillation frequency and amplitude of 4 rad/s and 8, = 20° is shown compared to a
phase averaged vorticity field of 100 instantaneous measurements shown in Fig. 7(b). This correspond to Sz,
=0.03 and 4,=2.089 as highlighted in Fig. 6. There are 6 vortices shed per oscillation cycle, two primary
vortices of opposite rotation each surrounded by two same signed vortices of lesser strength. This wake is
characterized by 2P+2S vK [3] as the primary vortices are organized in a 2S_vK configuration. The total
contribution of circulation [};,;4; from all the vortices in a wake with N, vortices of individual circulation
[ is defined by:

N‘fo

|Ftotal| = |Fi| (8)
i=1

For the wake in Fig. 7 the mean total contribution of circulation from all the vortices for each of the 100
wakes was |Ftotal_mean| = 1.69x10* mm*/s and will be compared to that of the various tandem wakes.
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6 The interacting wake of a tandem wing

The interaction of the two wakes generated by a forefoil and hindfoil is measured using PIV to quantify
vortex properties. Several adaptations to the basic single foil experimental setup were required for the
tandem foil study. An identical geometry hindfoil was hung vertically into the water channel and
downstream of the forefoil. They were separated by a distance D, as defined in Fig. 8(a) along with other
relevant parameters the tandem foil configuration. The angles O¢(t) = (6,/2)sin(2nft) and Op,¢(t) =
(64/2)sin(2rft — & /180°) expressed in degrees, correspond to the positive angle formed by the chord
line and the wake centerline of the forefoil and the hindfoil respectively. Also, ® is the phase lag of the
hindfoil and 8, is the pk-pk amplitude in degrees of the foils motion.

The ability to modify the properties of large coherent vortices in a 2S_vK wake with open-loop control is
investigated by studying the effect of changing the phase of the hindfoil relative to the forefoil. Fig. 8(b) is a
schematic of the anticipated interaction between the upstream 2S_vK wake generated by the forefoil and the
sinusoidally forced hindfoil. An incoming upstream vortex interacts with the solid boundary of the hindfoil
and the resulting wake downstream of the hindfoil is characterized with PIV measurements.
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Fig. 8 Definitions of the tandem wing experiment, (a) the location of the forefoil and hindfoil in the flow field and (b)
the location of the PIV measurement plane relative to the hindfoil.

6.1 Phase imaging of the tandem configuration

For each case, phase averaged vorticity field obtained from 100 individual hindfoil wakes are plotted in
Fig. 9. This figure shows phases ® =0, ® =45, ®=90", & = 135", ® =180, ® = 225", ® =
270° and ® = 315", The vorticity threshold used in the vortex detection is identical to that of the single
airfoil case and remains constant throughout the various phases. A comparison with the single airfoil wake
from Fig. 7 provides quantitative evidence that the presence of the second airfoil can substantially alter the
wake of the single airfoil wake. The vortex locations have been noticeably altered and depend on the hindfoil
phase. In the near-field wake there is significant vortex interference as closely spaced vortices of opposite
sign intrude upon one another. The wake in this region is highly disorganized making it difficult to track
changes between phases. However, as the vortices progress downstream, only the dominant structures remain
and it becomes notably easier to study the evolution of a particular vortex through the various phases. For
example, in Fig. 9 the negative vortex at x = —435 mm appears to remain unchanged for phases ® =
0° to 180°, however, at ® = 225°it splits into 3 distinct structures before collapsing back into a single
vortex at @ = 270°.
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The total contribution of circulation from all the vortices, computed from (8) is averaged over 100
fields and plotted for each of the phases. This along with a cubic interpolated curve and circulation for the
single airfoil case is shown in Fig. 10. The error bars represent two standard deviations in the data. The
figure indicates that maximum vortex suppression occurs at phase @ = 270°, maximum vortex enhancement
occurs at @ = 90°, with a secondary enhancement peak appearing at @ = 180°. This secondary peak is
investigated by examining the single airfoil case. The single airfoil wake in Fig. 7 indicates that, in addition
to the stronger trailing edge vortices, weaker leading edge vortices appear in the wake as a result of large
oscillation amplitudes [2]. These vortices are created at the leading edge and advect along the sides of the
airfoil causing them to be shed at different hindfoil phases than the trailing edge vortices [3]. Our hypothsis
is that a given hindfoil phase may enhance the relatively weaker leading edge vortices while a different phase
may enhance the stronger trailing edge vortices.
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Fig. 10 Total combined circulation from all of the vortices averaged over 100 fields for each phase along with that of
the single airfoil case.

For a given set of parameters the CVD algorithm may be identifying a sufficiently high number of weak
leading edge vortices which produce two distinct enhancement peaks on the tandem phase diagram as seen in
Fig. 10; one corresponding to the strong vortex enhancement phase ®¢r and another for the weak vortex
enhancement phase ®,,z. The distinction between weak and strong vortices is determined by observing the
single airfoil case and attempting to find a suitable circulation cutoff which would distinguish leading edge
vortices from trailing edge ones. The single airfoil wake case shown in Fig. 10 is assumed to be a 2P+2SvK
wake. This type of wake is described in [3] by two counter rotating vortices in a von Karman configuration
(2S) which are themselves surrounded by a pair of leading edge vortices (2P) for a total of six vortices per
oscillation cycle. Investigation of the single airfoil wake reveals that the circulation of the trailing edge (2S)
vortices were all well above 500 mm?/s while that of the leading edge (2P) vortices were well below 500
mm?/s for our experimental conditions. A suitable circulation cutoff for distinguishing the weak leading edge
(2P) vortices from the strong trailing edge (2S) vortices is then I, = 500 mm?s.

Fig. 11 is a tandem phase diagram similar to Fig. 10; however the total circulation |I},tq;| of only the
weak vortices is considered in Fig. 11(a) and only the strong vortices in Fig. 11(b). Fig. 11(a) shows a clear
maximum peak at @ = 225° and provides evidence supporting the secondary enhancement peak hypothesis.
Similarly, in Fig. 11(b), when only the total circulation |[,.q;| of the strong vortices is considered. The
secondary peak at @ = 180° seen in Fig. 10 has flattened out and the curve has a well-defined maximum
and minimum total circulation at @ = 90° and ® = 270° respectively.
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Fig. 11 Total combined circulation from all of the (a) weak vortices (I' < 500 (mm?s)) and (b) strong vortices ("> 500
(mm?/s)) averaged over 100 fields for each phase.

7 Conclusion

Flow visualization and experimental measurement has been used to investigate the vortex field
developed behind a single and tandem aerofoil system. The aim of the study has been to develop an
understanding of how an aerofoil (hindfoil for the tandem configuration) can be used to affect the vortex
wake characteristics of a large-scale vortex structure. This information will be used in future studies to
develop an active control system to allow the manipulation of large-scale flow structures. Flow visualization
was used to develop a phase map to characterize the different types of vortex configurations that can be
generated by a single flapping NACA 0012 aerofoil as a function of flapping amplitude and frequency. PIV
was then used to measure the 2D velocity field of a single flapping aerofoil from which vortices were
identified and characterized for vortex strength, circulation, size and drift velocity. This was documented as
the baseline case for the system for comparison. The velocity and vortex field for a single flapping amplitude
and frequency for a tandem arrangement of two NACA 0012 aerofoils was then investigated for different
phase differences in flapping frequency. Characterization of the generated flow field showed that vortex
properties could be either enhanced or reduced depending on the phase difference between the two aerofoils.
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