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Abstract

The effect of actuation frequency, using moving surface actuation, is investigated for a square cylinder bluff
body wake. Pressure sensor data are used to optimize actuation characteristics through the implementation
of an NSGA-II evolutionary algorithm. Velocity field data are obtained using Particle Image Velocimetry
(PIV) for baseline and optimized actuation cases. A Proper Orthogonal Decomposition (POD) analysis
shows that the vortex shedding frequency shifts between frequencies associated with the actuation, moving
between regions of lock-on and quasi-periodicity. Additionally, the POD shows that the energy contained in
the coherent shedding motion is reduced through actuation, while the total energy in the velocity field stays
relatively constant. A reconstruction of the first 10 POD modes indicates that the coherent contribution to
the Reynolds stresses significantly decreases compared to the non-actuated case. The mechanism for drag
reduction is investigated using the shed circulation flux and Kochin’s drag formulation model. The drag
obtained using PIV measurements and Kochin’s formulation is consistent with trends observed for the base
pressure as a function of actuation frequency.

1 Introduction

Vortex shedding is a common phenomenon caused by the interaction of two opposing shear layers in the
wake of a bluff body. These interactions give rise to coupled instabilities leading to the quasi-periodic shed-
ding of vortices (Williamson, [1996)). These vortices induce fluctuating loads which are major contributors
to drag forces acting on high-speed vehicles and cyclic loading associated with flow-induced vibrations of
structures. These forces are proportional to the strength of the shed vortices (i.e. circulation) and the rate
at which they convect (Kochin, [1964); both of which depend on the rate at which circulation is generated
and advected from the body’s surface. Due to the importance of circulation on the shedding process, actu-
ation methods for manipulating the vorticity flux is vital for its control. Hence, the work focuses on how
frequency-modulated moving surface actuation affects the formation and shedding of vortices to control
wake dynamics.

Shear layer excitation has potential to manipulate the circulation generation and transport to exploit
flow instabilities to alter the shedding process (Xu et al., 2017). The square cross-sectional prism was
selected to isolate the influence of actuation by fixing the separation point and avoiding downstream shear
layer reattachment. Separation at the leading edge reduces the Reynolds number sensitivity of aerodynamic
characteristics (Okajimal, [1982) such as drag which is strongly correlated to the shed circulation flux in the
wake (Kochin, [1964). Actuating at the inception of shear layer separation is achieved with a symmetric pair
of moving surface actuators (rotating cylinders) at the leading edges. Previous work with moving surface
actuation, such as Munshi et al. (1997), note very high surface velocity to free-stream ratios (v;/U..) on the
order of 3 times to achieve authority on the wake. These studies focused on boundary layer control through
the addition of significant momentum resulting in delayed separation. In contrast, frequency based actuation
methods exploit the frequency dependent nature of a bluff body wake achieving authority with less input
energy (Wu et al., 2007)). The rotating cylinders experience a whirling motion which introduces a forcing
frequency and cascading harmonics at integer multiples of the rate of rotation (f,, = N/60) where N is the
revolutions per minute, RPM, of the motor (Baek and Sung, 2000).



In this study, the effects of frequency-based moving surface actuation on the base pressure and wake
dynamics are investigated. Pressure on the obstacle’s surface is complemented by velocity data obtained
using PIV. Results are investigated using Fourier analysis and POD.

2 Methodology

The experiments were performed in a small-scale suction type wind tunnel shown in Figure[I] Air is drawn
through four conditioning grids at the inlet before undergoing a 9:1 contraction down to the square test
section with a wetted cross-sectional area of 203.2 mm % 203.2 mm and is 508.0 mm long. The obstacle is
a square cross-section prism with a characteristic length D =25.4 mm (Fig[2)). The obstacle is mounted wall
to wall with an aspect ratio of 8:1 and results in a blockage of 12.5% when installed 127.0 mm downstream
of the test section inlet.

I @ I
I N 1

n W
O > H *

Figure 1: Side View of Wind Tunnel Facility

The actuators are two 10 mm-diameter rotating cylinders driven via two brushless DC servo-motors
mounted external to the test section. Six differential pressure transducers are used to obtain pressure at
locations P; to Py indicated in Fig. @ On the top/bottom surfaces, transducers P; and P, are 1-inch water
column (All Sensors D-4V) and on the leeward face P; to Py are 5-inch (All Sensors Dx-4v Mini) transducers.

Figure 2: Obstacle with surface mounted pressure taps and origin of the PIV domain on the leeward surface

A modified multi-objective NSGA-II sorting algorithm was used to explore the space
of actuation parameters and reduce the dimensionality of the search space. Multiple trials were performed
first optimizing the direction and rate of symmetric cylinder rotation (r(t) = D x N), then introducing sinu-
soidal modulation of the motor control signal (r(t) = Asin(2nft) + N), followed by asymmetric actuation
with a phase difference between motors (r(t) = Asin(2nft + ¢) + N).

Over all trials the rate of rotation was limited to 0 < N < 3000 RPM, the oscillation amplitude varied
between 5 and 50 RPM with a frequency of 0 to 4Hz, and the phase difference ranging from O to 7 radians.
These limits were chosen due to the stability margins of the servo-motor apparatus. The fitness functions

prescribed to the genetic algorithm were set to maximize the average leeward face base pressure (Cp, =
i[Cps + Cpy + Cps + Cpg|), and minimize the RMS of the top and bottom pressure fluctuations (C;,l =Cp +



Cp,) in order to maintain diversity of solutions. The non-dominating set of individuals within the final pareto
front for each trial indicated that the base pressure was highest with symmetric actuation at a constant RPM
in the positive sense of rotation with respect to the flow; thus reducing the search to a single parameter, N.
As such, a grid search was performed gathering pressure data from 0 to 3000 RPM in increments of 5 RPM.

Planar PIV was performed to gather instantaneous two-dimensional velocity data in the x and y direc-
tions. N =0, 2000, 2180, 2200, and 3000 RPM were selected in order to investigate lock-on, desynchro-
nization, and the quasi-periodic states. A single cavity Photronics Industries laser with a wavelength of 527
nm was operated in dual-pulse mode. Each pulse of the laser was synchronized with a Phantom Miro Lab
340 high-speed camera using a LaVision High-Speed Controller. The laser beam was reflected through a
cylindrical lens to illuminate the area six diameters downstream at the mid span of the obstacle. The inlet
was seeded with atomized olive oil particles which are entrained uniformly into the test-section.

An area of 6D x 6D was captured immediately downstream of the obstacle. A sampling rate of 600
frames per second was chosen to capture 10 instantaneous velocity fields per shedding cycle. La Vision
DaVis 8.3 image processing software was used to process the raw images into instantaneous two-dimensional
velocity data. The fluctuating image field is processed with a multi-grid window deforming algorithm to
produce the velocity field for each image pair. The first pass used a window size of 32 x 32 pixels and an
overlap of 50% whereas the final pass used a window size of 16 x 16 pixels with no overlap to result in
equal resolution of both the spatial and vector fields. The resulting vector field had a resolution of 0.0638D
in both x and y directions.

Fourier analysis of the pressure data is performed to investigate the wake response to the actuation
(Fig. Bb). From the velocity field data gathered a POD analysis is performed to isolate changes in the
spectra associated the vortex shedding, redistribution of Total Kinetic Energy (TKE) amongst the modes,
and reductions in the Reynolds stress associated with coherent fluctuations. The average circulation flux in
the shear layer and shed vortices is then extracted using a phase average and formulation for the mechanism
of drag reduction presented.

3 Results

3.1 Pressure Measurements

Over the range of 0 to 3000 RPM, the pressure coefficient on the obstacle base was found to increase from
-1.27 to -1.04 with regions of significant change followed by plateaus, indicated with red lines in Fig. [3a.
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Figure 3: a) The base pressure coefficient computed from the 4 pressure taps on rear face of the obstacle
versus the actuation rate, N; b) Flooded iso-contours of the PSDF computed from signal X = C;,3 — ;,6 at

each actuation rate, N.

The iso-contours of the Power Spectral Density Function (PSDF), in Fig. [3p, show the energy associated
with frequencies in the wake. Below N ~ 1250 RPM, the highest energy is concentrated near the baseline



shedding frequency (St = 0.184). Surpassing 1250 RPM, concentrations of energy (or rays) form, corre-
sponding to the harmonics of the actuation frequency (f,,). Changes in the intensity of the PSDF suggest
regions of vortex lock-on, which shift with respect to these harmonics. In Fig. = the first plateau in Cp,
occurs from ~ 1250 to 1500 RPM as the ray associated with the third harmonic (3 f,,) first appears near the
unactuated shedding frequency. From 1500 to 2000 RPM a cloud of dispersed spectral energy is observed
between the second and third harmonic rays. From 2000 to approximately 2400 RPM a second plateau in
Cpp can be seen in Fig. 3a, while the results in Fig. 3b suggest that the shedding frequency locks-on to the
second harmonic of actuation (2f,,)(i.e., the cloud of dispersed spectral energy between 2f,, and 3f,, van-
ishes while the second harmonic appears near the unactuated shedding frequency). Continuing past 2500
RPM the base pressure continues to trend upward as the shedding frequency desynchronizes from the sec-
ond harmonic ray. The results indicate that the plateaus in C,,;, are linked to the state of the wake as the
shedding frequency is either modulated by the nearby harmonics or experiences lock-on as the rays cross
the unactuated shedding band.

3.2 POD Analysis and Coherent contributions to the Reynolds Stress

Performing a POD analysis, the distinct shedding frequencies for each PIV data set are extracted from the
spectra of the first temporal coefficient (Fig. 4) and gathered in Table[T] From 2000 to 2200 RPM the spectral
peak associated with the shedding frequency is seen to coincide with the second harmonic of the actuation
further supporting lock-on over this range. At 2350 RPM the shedding frequency begins to desynchronize
from the actuation as the harmonic peak approaches the edge of the unactuated shedding band and by 3000
RPM is fully desynchronized experiencing modulation by the neighbouring actuation harmonics and in a
state of quasi-periodicity as outlined by Baek and Sung (2000). These regimes match the behaviour seen
in Fig. [3b supporting that the distinct changes in the base pressure shown in Fig. 3 are associated with the
vortex shedding frequency transitioning between states of lock-on and quasi-periodicity with respect to the
actuation harmonics.
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Figure 4: Spatial modes (W) with the spectra of their respective temporal coefficients (a;) for each PIV
case
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