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ABSTRACT

Active flow control (AFC) is a topic with enormous potential for improving a wide array of technologies. This work
presents the use and evaluation of a novel AFC system to apply feed-forward control to vortices formed in the wake
of a wall-mounted spherical cap. A real-time particle image velocimetry (RT-PIV) system served as the sensor for the
AFC system. The RT-PIV system produced 7.35 vector fields per second, each consisting of a two-dimensional grid of
5 x 37 velocity vectors. The actuator system consisted of a rubber surface that could deform using 16 independently
controlled linear actuators. The actuators were controlled to apply wall-normal surface deformation at velocities
proportional to wall-normal velocities measured by the RT-PIV system upstream of each of the 16 actuators. Analysis
of the RT-PIV measurements in comparison to those from an offline PIV system run in parallel indicated that the RT-
PIV system produced accurate flow measurements. As well, it was found that the RT-PIV system had a delay of
approximately 0.09 seconds. The evaluation of the actuator system indicated that the actuator displacements were
consistently damped by 20-25% and lagged the control signal by approximately 0.1 seconds relative to the input signal
to the actuators. Therefore, the AFC system had a total delay of approximately 0.2 seconds and applied slightly weaker
than specified actuations. These results were within anticipated values and, overall, the AFC system functioned
adequately. The impacts of the flow control included disruption of the coherent ejection and sweep structures formed
in the wake of the spherical cap and the formation of numerous smaller turbulent structures. As well, several of the
control cases showed altered wall-normal velocity fluctuation variance fields in comparison to that of the unforced
wake. This is a promising result for AFC using deformable surface actuators as it shows that the active control had a

significant effect on an average quantity of the flow.

1. Introduction

Active flow control represents a goal at the peak of what much fluid mechanics research is building
towards. Excitingly, it is an area that is increasingly being addressed as advances in electronics
have made computing faster and improvements in actuator and sensor technologies have made
mechanical systems more feasible. Among different control strategies, direct manipulation of
coherent structures is of particular interest due to the important role of coherent structures in the

self-sustained mechanism of turbulent flows. Significant numerical work has been conducted
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regarding this idea in wall-bounded turbulent flows, under the category of "v-control" (also
referred to in many works as "opposition control"). This control strategy generally involves
opposing the motion of near wall ejections and sweeps and has been investigated by several
researchers since first being proposed and investigated numerically by Choi, et al. (1994). While
this type of numerical research provides valuable insights, there is a significant lack of

experimental research to validate and build upon these numerical results.

A major hurdle faced in pursuing physical investigations of active flow control is designing the
mechanical systems. It is highlighted by Cattafesta & Sheplak (2011) that there are numerous
potential actuators that can be applied for active flow control. However, it is also outlined that no
single actuator is ideal and, moreover, many actuators are not readily accessible and/or easily
harnessed. In addition to the difficulties surrounding actuators, designing an effective sensor
system to feed flow information to the control system is likewise a major challenge. The sensors
that have historically been able to supply real-time flow measurements — such as pressure sensors
and hot wire anemometers — only supply single points of data. In highly three-dimensional
turbulent flows, these single point sensors present significant challenges to the development of

effective control strategies.

Given these challenges, the focus of this work is the demonstration of a novel actuator and a two-
dimensional sensor system for active flow control. A surface with controllable deformations has
been developed due to its high degrees-of-freedom and ultimately for mimicking biological
systems that apply deformable surfaces. Additionally, in answer to the limitations of single point
flow sensors, a real-time particle image velocimetry (RT-PIV) system is presented that can supply
two-dimensional velocity fields of the flow. RT-PIV has long been recognized for its potential to
aid active flow control research and has, in recent years, begun to be demonstrated as a feasible
technology (Willert, et al. 2010; Gautier & Aider 2015). Consequently, this work presents the use of
novel sensor and actuator systems together to apply "v-control" to a series of vortices generated
by a wall-mounted spherical cap. v-control was selected for this initial investigation due to its
simplicity and demonstrated effectiveness in several numerical investigations (Choi, et al.1994;
Xia, et al. 2015; Wang, et al. 2016). Furthermore, the sensor and actuator systems outlined here

were well suited for this type of control.

2. Experimental Setup
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The experimental setup for this work can be broken down into five major elements — the flow
facility, offline PIV system, RT-PIV system, actuator system, and active control system. The flow
facility includes a water channel and a flat plate that are described in §2.1. Following this, the

offline PIV, RT-P1V, actuator, and control systems are outlined in §2.2 - §2.5, respectively.

2.1 Flow Facility

All the experiments for this work were conducted in a water flume at the University of Alberta.
The test section of the water channel has a width of 64 cm, a length of 5.2 m, and a water depth of
32 cm was used. During all experiments, the two centrifugal pumps responsible for recirculating
the water in the channel were run at a rotational frequency of 7 Hz. This resulted in a flow with a

freestream velocity of Uy, = 5.3 cm/s.

The flat plate apparatus — shown by figure 1(a) — was positioned horizontally at a zero angle of
attack in the channel and with the bottom surface at a depth of 12 cm below the free surface of the
water. The leading edge of the flat plate was located 2.9 m downstream of the flume entrance. The
flat plate has dimensions of 1.18 m x 0.62 m x 15.9 mm (L x W x T). An optimized leading edge
profile developed by Hanson, et al. (2012) was used for the flat plate to ensure a laminar boundary
layer would form on the bottom measurement surface. Additionally, the trailing edge of the flat
plate tapers down to a thickness of approximately 2 mm to prevent large scale vortex shedding. A
rectangular cut-out in the plate is located 27 cm downstream of the leading edge and allows for an
insert containing the deformable surface and a spherical cap element to be added to the apparatus.
The purpose of the spherical cap was to disturb the laminar boundary layer and

shed the flow structures that were subsequently targeted by active control. The spherical cap has
a height of i = 12 mm, a base diameter of 28 mm, and was centered 28.5 cm downstream of the
leading edge. As is further outlined by the inset of figure 1(a), a Cartesian coordinate system for
the flow is defined at the center of the spherical cap element and at the wall. The streamwise, wall-
normal, and spanwise directions of the flow are specified by x, y, and z, respectively. The
corresponding flow velocity components are given by U, V, and W, and velocity fluctuation

components are given by u, v, and w. This coordinate system will be used for the remainder of this

paper.
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Fig. 1 Flat plate apparatus and actuator setup harnessed for feed-forward control experimentation. The blue and
green dashed boxes highlight the FOVs of the offline PIV and RT-PIV systems, respectively.

2.2. Deformable Surface Actuator

As shown in figures 1(b) and 1(c), the deformable surface actuator system is composed of sixteen
independent, vertically displaceable feet glued to the topside of a stretched, 1.6 mm thick silicone
rubber sheet. The feet have dimensions of 4 mm in the x-direction by 10 mm in the z-direction and
are centered about z = 0. The first actuator foot is located at x/h = 5.3 and subsequent feet are
placed with a center to center spacing of 10 mm. Consequently, the 16th and final actuator is
centered at x/h = 17.8. Each foot is connected by a 2 mm diameter stainless steel pushrod to a 20
mm long servo arm mounted on a high-speed digital servo motor (Savox SH-1290MG). The

pushrods each pass through holes in two nylon support plates near the bottom of the pushrods.
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This constrains the bottoms of the pushrods to only allow movement of the actuator feet in the y-

direction.

Control of the servo motors was achieved using a Speedgoat Performance real-time target machine
(model 109200) with a 16-bit input/output module (model I0135). This system generates and
feeds an analog voltage signal for each of the 16 servo motors to two Teensy 3.2 boards. The Teensy
boards read the voltages of the analog signals and output pulse width modulation (PWM) signals
to control each of the servo motors. Direct control of the servos from the I0135 module was not
possible as it could not produce 16 independent PWM signals with sufficient resolution to

smoothly control the servo motors.

Regarding the capabilities of the surface, one way that the surface can be harnessed is to coordinate
the actuation of all the actuator feet to approximate various waveforms. When working in this
coordinated fashion, it is worth noting that the surface does not provide a perfect representation
of the waveform due to the finite number of actuators. Furthermore, waveforms with
discontinuities (e.g. square and sawtooth waveforms) will be particularly poorly represented by
the surface due to its inability to properly represent said discontinuities. The waves represented
by the surface can have a minimum wavelength of 20 mm. As well, the maximum wavelength for
which a full wavelength can be approximated by the surface is 150 mm. Wavelengths longer than
150 mm can be used, but only a fraction of a wavelength will be shown at any instant. Additionally,
the actuator feet can also act independent of one another. This was how the surface was used for
the closed loop control cases to be discussed. For all modes of operation, the maximum amplitude
of the surface is limited to approximately +15 mm due to the rotational range of the servo motors
and the length of the servo arms. As well, the maximum operating frequency of the actuators is in

the range of 10 — 15 Hz depending on amplitude.

2.3. Offline PIV System

Standard planar PIV measurements were collected in parallel with the RT-PIV measurements to
allow for detailed analyses of the flow fields that resulted during the active control experiments.
For ease of differentiation between the standard and real-time PIV systems, the standard PIV
system will be referred to as "offline PIV" from this point forward. Two cameras (LaVision GmbH
ImagerProX4M) were used with their field of views (FOVs) stitched together into a single FOV.
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The cameras feature a 2048 x 2048 pixel monochrome CCD sensor with 7.4 x 7.4 um? pixels and
14-bit resolution. The FOV was illuminated by a dual cavity Nd: YAG laser (New Wave Research
Gemini PIV). Each cavity operates independently and can produce laser pulses with an energy of
up to 90 mJ per pulse and at a maximum rate of 30 Hz. The PIV system was triggered externally
using TTL signals produced by a delay/pulse generator (Berkeley Nucleonics Corporation model
575). The laser was subsequently triggered by the offline PIV system as this eased some difficulties
of synchronizing all the hardware using trigger signals from the delay / pulse generator. The water
flow was seeded with 2 um silver-coated glass spheres (Potters Industries Conduct-O-Fil
S5G02540).

The planar measurements from the offline PIV system were used to evaluate the impacts of closed
loop actuation of the surface on the sweep and ejection structures produced by the wall-mounted
spherical cap. To increase the camera frame rate and eliminate excess data, the camera sensors
were cropped to a size of 2048 x 426 pixels for all sets. Each camera was fitted with a 60 mm lens
(Nikon AF Micro Nikkor) and both used an f/# of 4. The resulting stitched FOV had dimensions
of (Ax, Ay) = 249.4 mm x 34.5 mm; however, as the wall was not located immediately at the edge
of the FOV, the useful FOV - shown by the blue dashed box in figure 1(a) — had dimensions of (Ax,
Ay) = 249.4 mm x 29.8 mm. The leading edge of the FOV was located at x/h = 2.7 (x = 32.5 mm).
As well, the FOV was located at the center of the deformable surface in the spanwise direction (i.e.,
z =0). Illumination of this FOV was provided by an approximately 1 mm thick laser sheet projected
upwards through the bottom of the water channel. In addition, calibration of the scale and origin
for each of the two cameras was accomplished by imaging a ruler that spanned the entire FOV. For
all data sets, double frame images were acquired at a rate of 7.35 Hz with a time step between
frames of 14 ms. As is outlined in the following section, this frequency was chosen as it was close
to the maximum frequency for the RT-PIV system. For each of the closed loop control cases, the
PIV system was used to capture 2420 double-frame images of the flow. Control was applied
starting at the 16th image pair and continued for the remainder of each data set. Consequently,
data was collected over a period of 329.3 seconds with control applied starting at approximately

2.2 seconds.

Processing of the acquired images was completed using DaVis 8.4.0 (LaVision GmbH). PIV
calculations were conducted using a decreasing multi-pass PIV algorithm. The final pass consisted
of 32 x 32 pixel round interrogation windows with a 75% overlap. The vector fields from each

camera were then stitched together into a single field. Finally, all the velocity fields were mirrored
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about the x-axis. This transformation was applied so that the data could be viewed with a more
traditional and intuitive coordinate system with the wall located at the bottom of the FOV and an
upwards, positive y-direction. All subsequent processing and analyses of the velocity fields was
completed using MATLAB (r2021a, MathWorks).

2.4. Real-Time PIV System

The RT-PIV system is a planar PIV system similar to the offline PIV system outlined above.
However, the RT-PIV system incorporates some additional hardware to enable real-time
processing of the captured images. The RT-PIV system was triggered and synchronized with the
offline PIV system using the same delay / pulse generator that also triggered the offline PIV system.
A Sony XCL-5005 monochrome camera was used for imaging the tracer particles. This camera
features a 2448 x 2050 pixel CCD sensor with 3.45 x 3.45 uym? pixels and 8-bit resolution.
[Nlumination of the FOV was provided by the same laser as was used by the offline PIV system.
Due to space constraints the camera for the RT-PIV system was placed on the opposite side of the
water flume from the two cameras for the PIV system. Consequently, the RT-PIV and offline PIV

cameras imaged opposite sides of the same laser sheet during the closed loop control experiments.

For all closed loop control experiments, the RT-PIV camera was operated in single frame mode
and triggered at a rate of 14.7 Hz. The camera was fitted with a 35 mm lens (Nikon AF Nikkor).
The scale was set to 12.8 pixels per mm as this results in 64 X 64 pixel interrogation windows (IWs)
having physical dimensions of 5 X 5 mm? This allows IWs to be easily aligned with the actuator
feet of the deformable surface. During experiments, full frame images were cropped to the desired
FOV size of (Ax, Ay) = 2368 x 320 pixels (185 x 25 mm?). This FOV is shown by the green dashed
box in figure 1(a). In the y-dimension, the FOV spanned a range from y/h = 0.46 to 2.54 for all sets.
To allow for appropriate temporal spacing of image pairs, a technique called "frame straddling"
was applied. Using this technique allowed image pairs to be acquired at half the frame rate of the
camera (i.e., every odd numbered image was the first frame and every even numbered image was
the second frame of a PIV image pair). As such, PIV image pairs were captured at a rate of 7.35 Hz
(the same rate that the offline PIV system was run at). A frame grabber (Speedgoat GmbH model
I0811) subsequently fed captured image pairs immediately to a PIV algorithm implemented in
Simulink (MathWorks) and run on the Intel Core i3-6100 dual core processor of the Speedgoat real-
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time target machine. Figure 2 presents a diagram of the PIV algorithm developed for the RT-PIV

system.
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Fig. 2 Schematic of PIV processing algorithm implemented in RT-PIV system.

Two 64 x 64 pixel IWs (“IW 1” from image 1 and “IW 2” from image 2), are the inputs for the
algorithm. The two IWs are cross-correlated. IW 1 is rotated 180° and then both IW 1 and IW 2
undergo a two-dimensional fast Fourier transform (2D FFT). The resulting matrices are then
multiplied, and the output of this operation undergoes a two-dimensional inverse fast Fourier
transform (2D IFFT) to complete the cross-correlation. Following this, the indices of the peak of
the cross-correlation matrix are next found by identifying the two-dimensional maximum (2D
Max) of the matrix. Three-point Gaussian subpixel interpolation is then applied to refine the peak
location. Lastly, the U and V velocity components in pixels (px) are calculated by subtracting half
of the interrogation window side length (IWy;4.) from the peak x- and y-coordinates. This entire
process is repeated until all IWs of an image pair have been analyzed. It should be noted that this
algorithm only runs a single pass of PIV processing to enable it to operate faster. It was judged
that the improved accuracy gained from multiple PIV passes would be unnecessary for the control
applications considered here. For the experimental FOV described above, the output of the PIV
algorithm was a vector field composed of 5 x 37 velocity vectors. Furthermore, these real-time

measurements were logged to allow for additional analysis.

2.5. Active Flow Control

The feed-forward control technique applied in this work was an adaptation of the "v-control"

strategy first proposed and demonstrated in numerical work conducted by Choi, et al. (1994). We
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say it is an adaptation as, although the major feature of v-control was applied in that the wall was
deformed at velocities proportional to wall-normal fluid motions, the flow and sensing method
applied in this work varied from those traditionally used for v-control. Regarding the flow, v-
control has almost entirely been investigated for its impacts on turbulent boundary layers. In this
investigation, however, the control was applied in the wake of a spherical cap immersed in a
laminar boundary layer. Additionally, in traditional v-control, wall-normal velocity measurements
are captured at a measurement plane parallel to the wall. This is something that cannot be achieved
with the single camera RT-PIV system that has been developed. Instead, as is demonstrated by
figure 3, each of the sixteen actuators respond to flow measurements from a 64 X 64 pixel sensor
IW that spans a region of (Ax, Ay) = (5 mm, 5 mm). The sixteen sensor IWs were each centered at
the same wall-normal location (Ay;) and at equal upstream offsets (Ax;) from their respective
actuators. In this work, Ay, /h values of 1.1 and 1.5 and Ax, / h values of -0.3, -0.6, -0.9, and -1.2 were
investigated. Consequently, whereas traditional v-control operates across two-dimensions (an xz-
plane) for both its measurements and actuations, this work presents a more one-dimensional
adaptation of it where measurements and actuations are applied at a single spanwise location (z

=0) and across a range of streamwise locations.

10mm 6 mm 4mm  rubber surface actuator foot

sensor IW
Fxs IW center / 5 mm 5 mm

Fig. 3 Schematic of the deformable surface with RT-PIV sensor locations indicated.

As outlined above, the goal of the feed-forward control algorithm was to move the actuator feet at
velocities proportional to wall-normal velocities measured by the RT-PIV system. The RT-PIV
measurement corresponds to a point in the flow located (Axs, Ays) with respect to the actuator it
controls. Figure 4 illustrates the feed-forward control algorithm developed to achieve this goal.
The sixteen real-time V signals from the RT-PIV system were first passed through a threshold filter.
This functioned to eliminate obviously erroneous velocity values by converting any V values with
an absolute value greater than 0.5U,, to a value of zero. This threshold was chosen based on
previous analysis of the unforced flow field. Following this, the V velocities were converted to
angular velocities (w,) that each of the servo arms must be moved at to achieve the desired wall

deformation velocity. The DC component of this angular velocity signal was subsequently
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removed by subtracting a running average calculated over the eight most recent samples of the
signal. Although it would have been preferable to use a low-pass filter to remove the DC
component of the signal, the low sampling frequency and dynamics of the flow resulted in this
being an impractical approach. Removal of the DC component was necessary due to the limited
range of the actuators and because of the later use of a discrete time integrator in the control
algorithm. Following this, the signal was up sampled by a factor of ten. This was then multiplied
by a gain and sent through a discrete time integrator. The integrator converts the angular velocity
signal to an angular position signal that can be fed to the servo motors. Moreover, by up sampling
the angular velocity signal first, position signals were sent to the servo motors at a high enough
rate so as to approximate smooth motion at the desired velocities. The output of the integrator was
subsequently transmitted as an analog voltage signal from the I0135 module of the Speedgoat
target machine. These analog signals were converted to PWM signals by two Teensy 3.2 boards

and then these final signals were sent to the servo motors.
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Fig. 4 Diagram of feed-forward control algorithm. Black arrow indicate an input, blue arrows represent connections
between steps of the control algorithm, and green arrows indicate control outputs.

As will be seen in the following sections, this initial investigation focused on characterizing the
impacts of varying the gain used in the feed-forward control algorithm and the values of Axg and
Ay;. Six gain values were chosen: -1.5, -1.0, -0.5, +0.5, +1.0, and +1.5. The negative gain values
correspond to control where actuators are moved with velocities of opposite sign to wall normal
velocities measured in the flow. Positive gain values correspond to control where the actuators are
moved with velocities of the same sign as those measured in the flow. In addition to the variation
of gain values, eight different sensor locations were tested using the previously stated Axg and Ay
values. The purpose of varying the sensor IW locations was to counteract some of the inherent lag
in the active flow control system and to investigate the impact of applying actuations at varied

phases relative to the ejections and sweeps in the wake of the spherical cap.

3. Results and Discussion
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This section outlines the major results of this investigation into feed-forward flow control. The
performance of the RT-PIV system, and the control algorithm and deformable surface are first
discussed in §3.1 and §3.2, respectively. Following this, §3.3 provides a discussion of the impacts

of the closed loop control on the flow.

3.1. RT-PIV System Performance

A significant benefit of the application of the offline and real-time PIV systems in parallel was that
it allowed for easy comparison of the results from the two systems. Figure 5 shows a representative
snapshot of the U and V velocity components measured by each of the PIV systems at a point in
the flow.

time (s)
Fig. 5 Comparison of U and V velocity measurements from offline and real-time PIV systems for a 5 x 5 mm? area
centered at (x, y)/h = (10.3, 1.1).

As figure 5 highlights, there is significant agreement between the measurements from the two PIV
systems. This level of agreement between the measurements was consistent over the entire time
series and across the velocity field. Also, note that the RT-PIV signals are initially at zero for
approximately the first two seconds as it takes a few seconds to start up after the initial trigger
signal was sent. The number of erroneous vectors in the RT-PIV measurements was also estimated
by determining the proportion of vectors eliminated by the simple threshold filter outlined in §2.5.
It was found that 1 - 2% of vectors were being filtered out by the threshold filter. While this does
not necessarily represent the true proportion of erroneous vectors, the combination of this estimate
with the plots shown by figure 5 suggests that the RT-PIV system was functioning at a satisfactory

level for the purposes of the active flow control being carried out.
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Another key characteristic of the RT-PIV system is the inherent delay of the system that results
between imaging the flow and the output of a corresponding vector field. There are two primary
contributors to this delay. First is the delay imposed due to image acquisition. The PIV image pair
represents the flow over the incremental time period between the laser pulses that expose each of
the images. However, as the image pair only begins to be processed after the full exposure time
and transfer of the second image, this introduces a delay that is on the order of the image exposure
time. Given that the camera was run at 14.7 Hz, the resulting image acquisition delay was
approximately 0.07 seconds. The second source of delay is the time required for the PIV processing.
This delay was evaluated by comparing the output time of the RT-PIV measurements to the camera
trigger signals. This indicated a delay of approximately 0.02 seconds. Consequently, the overall
delay of the RT-PIV system between the laser pulses exposing an image pair and a vector field
being output was found to be approximately equal to 0.09 seconds. For context, a structure
convecting downstream at the freestream velocity of the flow (5.3 cm/s) would move

approximately 5 mm (Ax /h = 0.4) during this delay period.

3.2. Control system output and deformable surface response

This section outlines some representative comparisons of the control algorithm output to the flow
field velocities measured by the RT-PIV system. Following this, the response of the deformable
surface actuator to the control algorithm output is evaluated. Together, these results highlight the
ability of the overall active flow control system to conduct the control strategies previously
described in §2.5.

The approximate actuator velocities were determined from the control signals logged during each
experiment. As will be outlined below, this velocity can be expected to be a reasonably good
approximation of the true actuator velocity. Figure 6 shows comparisons of the actuator velocities

versus the RT-PIV measured wall-normal fluid velocities input to the control system.
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Fig. 6 Approximate actuator velocity for gains of (a) 0.5, (b) 1.0, and (c) 1.5 compared with input wall-normal
velocity signal measured by RT-PIV system.

Figure 6 highlights that the algorithm was quite successful at producing a control signal to allow
the actuators to track the velocity signal measured by the RT-PIV system. The influence of changes
in the gain value are also evident as figures 6(a-c) show increasingly large actuator velocities in
comparison to the measured RT-PIV velocities. Additionally, figure 6(b) highlights some other
interesting characteristics of the control algorithm. Although this plot represents a control case
where a gain value of one was used, the approximated actuator velocity was consistently below
the RT-PIV measured velocity. The differences between the two signals can be explained to a large
degree by the "DC removal" portion of the feed-forward control algorithm (described in §2.5). This
portion of the control was necessary due to the limited range of the actuators and helped ensure
that the actuators oscillated about y = 0. However, it also had the effect evident in figure 6(b) where
the actuator velocity will be above or below the RT-PIV measured velocity if the measured velocity
signal has a mean value other than zero. As the effect is not large and the "DC removal" was
necessary for the implemented actuator system, it was concluded that the control algorithm was
performing adequately. As well, it should be noted that expected behaviors were also achieved

from the control algorithm when using negative gain values.

Consequently, given the conclusion that the control algorithm was producing acceptable outputs,
it was next necessary to evaluate the actuator system's response to those outputs. To determine the
real actuator motion, an edge detection algorithm was applied to the offline PIV images to

determine the wall location in each image. This technique allowed for the real position of actuators
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to be reliably tracked when displaced in the positive y-direction. Negative displacements could
not be reliably tracked using this technique, however, as the nature of the optical setup did not
allow the wall to be viewed beyond small negative actuator displacements. Consequently, in the
results to come, referenced actual displacement values represent only the positive displacements
of the actuators. Figure 7 shows snapshots of the control signal compared with the actual actuator

displacements determined from the offline PIV images.

Sk = Actual Displacement

Actuation Amplitude (mm)

time (s)
Fig. 7 Comparison of actuator displacement to control signal for gains of (a) 0.5, (b) 1.0, and (c) 1.5

As is highlighted by figure 7, the real displacements are somewhat damped and consistently
delayed relative to the control signal. Regarding the damping, the primary contributor is believed
to be the resistance applied by the stretched rubber surface against actuations. The increase in
apparent damping from figure 7(a) to 7(c) (i.e., with increasing gain) supports this conclusion as
larger actuations will feel larger resistance by the rubber surface and, as a result, larger damping
occurs. To further characterize the level of damping that occurred, the average positive
displacement was calculated from control signals and the actual displacements extracted from PIV
images. Table 1 shows these values with (y), being the value determined from PIV images and
(¥)cont being the value determined from control signals. The percent difference between these

values was also calculated using to equation 1:

%dlff — |<y>act - <y>cont| % 100% (1)

(y>COTLt
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Table 1 Average positive displacement of actuator #2 determined from PIV images and control signal

Gain (¥)act (mm) (¥)cont (mm) % Difference
0.5 0.9 1.2 25
1 2.3 29 21
15 3.9 5.3 26

Table 1 indicates that, although the difference between (y).on: and (y),.; increases with gain value,
proportionally it is relatively consistent across all gains. As such, in future investigations it may be

simple to eliminate a large portion of the damping effects by applying an additional gain value.

Regarding the delay observed between the two signals, it appears to be relatively constant and
through cross-correlation of the two signals was found to equal approximately 0.1 seconds. The
primary cause of this is believed to be the reaction delay between the servo motor receiving a

signal and then moving to the position specified by that signal.

Consequently, as has been outlined above, the control algorithm successfully produced control
outputs to apply v-control strategies to the flow. Furthermore, although a delay and some damping
were evident in the actuator system response, these were anticipated and the actuators largely
showed good tracking of the control signal. Therefore, it can be concluded that the overall control
system successfully achieved the desired active flow control strategies of opposing and reinforcing

the ejections and sweeps occurring in the wake of the spherical cap.

3.2. Impacts of Feed-forward Control

This section outlines some of the key impacts of the active flow control strategies on the flow field.
One of the obvious impacts of the tested closed-loop control cases was the disruption of the
structures in the wake of the spherical cap. Figure 8 shows the instantaneous flow field for the
unforced wake and for one of the more effective closed loop control cases. For consistency, both
flow fields were cropped to show a y-range of y/h = 0.5 - 2.6. The region y / h =0 - 0.5 was excluded

as the active wall-deformation during active control interferes with PIV processing in this range.
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Fig. 8 Instantaneous wall-normal velocity field overlaid with velocity fluctuation vectors for (a) the unforced
spherical cap wake and (b) active control with a gain value of -1.0, x; =7.2 mm, and y; = 13 mm.

The major characteristic of the unforced wake, as shown by figure 8(a), is the regular shedding of
pairs of ejections (red structures) and sweeps (blue structures) at a frequency of f, = 0.9 Hz. Figure
8(b) demonstrates the general impact of the applied v-control in that all the control cases showed
some disruption of the regular ejections and sweeps being shed from the spherical cap. The
uniform structures visible in figure 8(a) are less coherent in figure 8(b) where control has been
applied and there are smaller structures interspersed with the larger ones. Despite this disruption,
the major characteristics of the unforced wake are still visible in the controlled wake with regular
pairs of ejections and sweeps being shed at a frequency close to f, and remaining coherent and
obvious as they convect downstream. The effects of the closed loop control become more clear

when inspecting some average quantities of the flow field.

Figure 9 shows contour plots of the variance of wall-normal velocity fluctuations ((v?)) of the
unforced wake and for closed loop control cases for the six tested gain values. Regarding the
unforced case, figure 9(a) shows a slightly upward slanting region of strong v variance extending
from approximately x/h = 3 - 18. This region demonstrates the gradual dissipation and growth
away from the wall of the unforced ejections and sweeps as they convect downstream. For figures
9(b-g) showing active control cases, one of the general differences is that larger v variance values
are observed near the wall in comparison to the unforced case - especially in the range of x/h >
14. This may be attributed in part to the fluid motions induced by the active wall deformations. It
is also interesting to note that all the control cases show an upstream shift of the region of strong

variance in comparison to the unforced case. This illustrates that the active wall deformations were
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Fig. 9 Contour plots showing variance of wall-normal velocity fluctuations for (a) the unforced spherical cap wake
and (b-g) active control with (Axg, Ay,) = (0.6, 1.1) and gains of (b) -0.5, (c) -1.0, (d) -1.5, (e) 0.5, (f), 1.0, (g) 1.5.

influencing the flow well upstream of the first actuator foot at x /h = 6.4. A potential cause of this
is that the active control was influencing the recirculation region behind the spherical cap and
causing vortices (and, consequently, ejections and sweeps) to form closer behind the spherical cap.

Of the six active control cases shown, figure 9(c) shows a field that deviates perhaps most
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significantly from that of the unforced case. Figure 9(c) shows active control with a gain of -1.0,
which imposes a control strategy close to the original out of phase v-control investigated by Choi,
et al. (1994). One of the major differences shown by figure 9(c) from the unforced case is a
somewhat smaller and upstream shifted region of strong v variance. Additionally, the region of
significant v variance is held closer to the wall than the region shown by the unforced case. A
potential explanation of these two observations is that the active control had a slight dissipating
effect on the ejections and sweep structures while also holding them closer to the wall. All the
control cases - figures 9(b-g) - show regions of significant v variance that are held closer and more
parallel to the wall in comparison to the unforced case. Consequently, a general effect of the
applied control at all the gains may be to limit the growth of ejection and sweep structures away
from the wall as they are convected downstream. Regarding cases with positive gain, figures 9(f)
and 9(g) both show regions of relatively large v variance beginning immediately at the leading
edge of the FOV. This could suggest that the positive gain cases (where actuations are applied in
the same direction as fluid motions) were having larger upstream effects. Furthermore, comparing
control cases with equal and opposite gain values - particularly 9(c) and 9(f) - it is apparent that
the positive gain cases show slightly larger regions of significant v variance. This suggests that the
cases having a positive gain value caused relatively stronger excitation of the flow in comparison

to corresponding negative gain cases.

In addition, figure 10 shows several control cases using the different sensor locations described in
§2.5 and a gain of -1.0. Figures 10(a-d), which have different Ax; values and Ay, /h= 1.1, have
similar general features. However, for each, the strength and extent of the regions of large v
variance show some differences. Figure 10(b) shows the smallest region of large v variance by a
small margin. The increase of v variance shown by figures 10(a, ¢, d) relative to 10(b) perhaps
highlights that an optimal Ax; value exists within the range Ax;/h =-0.3 to -0.9 for reducing the
variance of wall-normal velocity fluctuations. Furthermore, regarding the impacts of changing Ay,
figure 10(e) shows some interesting results. The primary region of significant v variance extending
from the front of the FOV to approximately x /h = 17 is somewhat larger than that shown by figure
10(b) which has the same Axg value. The more interesting result, however, is the region of low v
variance that extends across the entire y-range beginning at x /1 = 21.5. This region of low variance
is not observed in the other cases and could indicate that greater dissipation of ejections and
sweeps was occurring for the control imposed during the case shown by figure 10(e).

Consequently, changes to Ax; and Ay, both resulted in noticeable impacts to the results of the flow
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Fig. 10 Contour plots showing variance of wall-normal velocity fluctuations for (Ax,, Ay,)/h equals (a) (0.3, 1.1), (b)
(0.6,1.1), (c) (0.9,1.1), (d) (1.2, 1.1), (e) (0.6, 1.5).

control. Optimizing these quantities further may allow for significant increases to the impacts that

result from the application of v-control strategies.

As highlighted by the previous section, the developed control system has demonstrated an ability
to significantly effect the flow field in the wake of a spherical cap. There is significant work to be
carried out beyond the basic discussion outlined here, however. One critical step will be to perform
further analysis of the data from this initial investigation to better understand the interactions
between the actively deformable surface and the flow. This will aid future investigations of
deformable surface actuators and the strategies developed to control them. Additionally, the

control system outlined by this work is an excellent candidate for the application of machine
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learning techniques to develop effective control strategies. Beyond being a novel and interesting
experiment, applying machine learning techniques to a basic setup such as the one outlined here

will serve as a valuable step towards more advanced active flow control setups and strategies.

6. Conclusions

This work presents a basic active flow control setup and demonstrates its use to apply an adaption
of the v-control strategy first proposed by Choi, et al. (1994). The control was applied in the wake
of a wall-mounted spherical cap and targeted the ejections and sweeps shed from the spherical

cap.

Prior to evaluating the impacts of the flow control, the performance of the three major subsystems
of the active flow control system were first characterized. First among these subsystems was the
RT-PIV system. This system served to provide near real-time velocity field measurements as the
input to the control system. The RT-PIV measurements were compared with those from the offline
PIV system run in parallel during the experiments. This comparison showed significant agreement
between the two PIV systems and highlighted that the RT-PIV system was producing accurate
measurements of the flow. As well, the delay of the RT-PIV system (time between imaging the
flow and output of a vector field) was estimated to be approximately 0.09 seconds. The second
subsystem to be evaluated was the control algorithm. Comparison of the control output and input
highlighted that the control algorithm was functioning as anticipated and was directing the
actuators to move at velocities proportional to the measured wall-normal velocity multiplied by a
specified gain value. Lastly the response of the actuator system was characterized. Image
processing was applied to extract the real actuator displacements from offline PIV images. This
displacement was then compared with that specified by the control system output. This
comparison indicated that the actuator displacements were damped by approximately 20-25% in
comparison to the desired value specified by the control system. A large portion of this damping
is likely a result of the resistance produced by the stretched rubber surface against actuations.
Furthermore, the real displacement demonstrated a consistent delay from the control signal of
approximately 0.1 seconds. This delay is believed to primarily be a result of the response time of
the servo motors. Both the damping and delay of the actuator system were anticipated and, as
such, the actuator system behaved largely as was expected. From the above, the overall system
delay was approximately 0.2 seconds. For a structure convecting at the freestream velocity of 5.3
cm /s, this corresponds to a displacement of Ax/h = 0.88. As the sensor IWs were placed upstream
of the actuator feet by as much as Ax;/h =-1.2, it can be concluded that several of the sets (namely
those with Axg/h =-0.6 and -0.9) would have quite successfully allowed actuations to target the
same fluid motions measured by the upstream sensor IWs.
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Regarding the actual impacts of the closed-loop control, there is significant work remaining to
fully characterize this. However, several basic observations have been made at this time. The
instantaneous flow field was significantly altered during all of the control experiments. The
regular ejections and sweeps became less coherent during control and numerous smaller
structures that were not observed in the unforced wake could be seen in the controlled wakes. As
well, contour plots of the variance of wall-normal velocity fluctuations for some of the control
cases showed significant deviation from that of the unforced flow. This impact on an average
quantity of the flow field presents a strong case that certain control cases were having a consistent
and significant effect on the flow. This is a promising result for the future of active flow control
using deformable surface actuators.
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