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ABSTRACT

This study investigated three innovative flow control strategies to enhance the
aerodynamics of rotorcraft wings, specifically using the Boeing-Vertol VR-12 and NACA 0012
airfoils. The research focused on active and passive control methods employing smart materials
and structural adaptations to manage airflow effectively.

The first two strategies employed active controls integrating macro fiber composites
(MFCs), a type of piezoelectric actuator, placed at the 25% and 85% chord lengths on the VR-12
airfoil. These actuators facilitated two approaches: morphing of the airfoil's leading and trailing
edges to alter its shape during flight, and to use the piezoelectric actuator to perform and acoustic
resonance.

The third strategy involved a passive control using a microcavity structure on the
pressure side of the leading edge of a NACA 0012 airfoil. This design aimed to reduce transient
separation and dynamic stall by subtly altering the airfoil's surface topology to influence airflow.

These systems were tested under two conditions in an open-loop wind tunnel within an
advanced flow diagnostics lab at NDSU. Firstly, the airfoils were examined in a static state with
a consistent freestream velocity. Secondly, they underwent dynamic testing through sinusoidal
pitching motions to simulate real flight dynamics.

The effectiveness of these strategies was analyzed using two-dimensional particle image
velocimetry, an optical diagnostic method that captures flow dynamics across the airfoil surface.
This technique was crucial in providing detailed insights into the flow patterns during various
test conditions.

Results indicated performance enhancements across all strategies. The active morphing

strategy proved most effective, maintaining airflow attachment throughout the pitch tests and
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showing a marked improvement over traditional droop techniques. The acoustic resonator also
improved performance in both static and dynamic conditions, although its efficacy varied with
changes in the angle of attack, necessitating frequency adjustments. The passive cavity structure
demonstrated modest benefits during mild dynamic stall scenarios but was limited by the current
experimental setup for more conclusive validation.

Overall, these novel flow control strategies show promising potential for improving
aerodynamic performance in rotorcraft applications, with active morphing and acoustic

modifications offering notable benefits over traditional methods.
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1. INTRODUCTION

In the forefront of aerospace engineering, airfoil technology stands as a critical
component in the quest for enhancing aircraft performance, safety, and efficiency. Among the
myriad challenges faced in this domain, the phenomenon of airfoil stall presents a significant
hurdle. Airfoil stall, characterized by a sudden reduction in lift, poses considerable risks to flight
safety and operational efficiency. The mitigation of stall effects through innovative control
mechanisms is thus a research area of paramount importance.

This dissertation focuses on the exploration and evaluation of unique and cutting-edge
methods for stall mitigation in airfoils, specifically through open-loop control strategies
involving variable leading and trailing edge droop, microcavity systems, and leading-edge
acoustic actuation. These methods represent a blend of passive and active control mechanisms,
each with the potential to significantly alter the aerodynamic performance of airfoils under stall
conditions. This research's objective is to provide a comprehensive analysis of these strategies,
assessing their effectiveness, applicability, and potential integration into future airfoil designs.

The justification for this research is rooted in its potential to revolutionize airfoil
technology, contributing to safer and more efficient flight capabilities. By advancing our
understanding of these innovative stall mitigation strategies, the dissertation aims to pave the
way for the development of more resilient aircraft capable of navigating the complexities of
varied flight dynamics.

Integrating the proposed advanced diagnostics into a detailed research methodology that
encompasses both theoretical analyses and experimental studies, this work is positioned to
provide a comprehensive evaluation of the investigated methods. By employing advanced

diagnostic tools for flow field measurements such as time-resolved particle image velocimetry



the study aims to delve deep into the complexities of active and passive control mechanisms for
airfoils in unsteady flow fields [1-8]. The scope of this research is meticulously defined to
concentrate on specific stall mitigation techniques, such as LE drooping, dynamic morphing of
wing shapes using novel smart material actuators designs, and novel passive control strategies
for LSB stabilization such as employing cavity flow resonances to produce LE Rossiter waves
[9, 10] and acoustic resonance forcing employing MFC [Refling et al. 55]. This targeted
approach ensures an impactful investigation into the potential of these techniques to significantly
increase aircraft range, reduce drag, and enhance lift, while also reducing direct operating costs
through improved cruise efficiency. The incorporation of the advanced diagnostics is crucial for
supporting critical aircraft missions that require external lift of increasing payload weights,
heightened operations in mountainous regions, and adaptive maneuverability within highly
unsteady flows, such as ship air wakes encountered during shipboard landings. The subsequent
sections will provide detailed insights into the techniques, their implementation for unsteady
flows characterization and control, and the focus on both active and passive flow control
strategies, marking an innovative approach to enhancing aerodynamic performance within the
outlined research methodology.

Expected to make significant contributions to acrospace engineering, this dissertation
enhances our understanding of stall and its management and aims to inspire further research and
development in airfoil technology. Through the investigation of variable leading and trailing
edge droop, microcavity systems, and leading-edge acoustic actuation, this research holds the
potential to influence the future of aircraft design and operation, leading to advancements in

safety, efficiency, and overall flight performance.



1.1. Motivation

This research aimed to design, manufacture and evaluate passive and active control
strategies for airfoils used in both fixed wing and rotary aircraft. Both fixed and rotary winged
aircraft experience steady and unsteady flow conditions, whether it is in the form of cruising
flight such as a commercial airliner or actively changing flow fields. As such much work has
been spent on the improvement and development of various airfoil geometries to improve the
performance of an airfoil for these various operations. Active or passive control strategies
provide the opportunity extend the performance of these various airfoil geometries throughout
their operations. Active control strategies can manipulate their shape or introduce disturbances in
the flow to allow for adjustment and optimization to match conditions experienced by the airfoil.
Whereas passive systems are much akin to a new geometric design. Where modification of
existing geometries can improve the performance of the airfoil throughout a range of scenarios.
This research aims to introduce and showcase three such systems two active control strategies
and one passive. The following text will discuss the design of the strategies as well as the
methodology to validate their effectiveness.

1.2. Research Focus

The three primary areas of focus are active airfoil design, passive airfoil design, unsteady
aerodynamics measurements. Each of these areas will be discussed in detail throughout the paper
but a summarization of the intended outcomes are as follows:

e Modified existing wind tunnel by adding a diffuser to the test section within the

advanced flow diagnostics laboratory to allow for increased velocity and minimized

turbulence.



Designed and developed a positional control system that allows for repeatable angle
of attack positioning between 90 to 90 AoA. While also allowing for repeatable
pitching between two AoA at a maximum pitching frequency of 40 Hz.

Fabricated four statically deformed VR-12 airfoils including a baseline model
Designed, developed, and built a novel active morphing leading and trailing edge
airfoil through smart material. With on board processor and inertial measurement
system providing feedback control of the LE and TE positions.

Designed, developed, and built two passive micro-cavity geometries.

Pioneering a new methodology for precision fabrication of said geometries
Designed and developed a novel leading-edge acoustical resonance system (LEAR)
Performed particle image velocimetry measurements to demonstrate performance in
both steady and unsteady capabilities of:

o Statically deformed

o Microcavity

o Active Morphing Airfoil

o Leading Edge Acoustical Resonance (LEAR)

Identified locations for sensor placement to allow for true closed loop feedback
system for the morphing airfoil

Determined the operational limitations of the current wind tunnel to fully detect the

passive micro-cavity system benefits (deep stall mitigation)



2. LITERATURE REVIEW

In this section a discussion of the backgrounds and theories of these various systems will
be elaborated. First the topic of what steady and unsteady aerodynamics is will be covered.
Addressing the background fluid dynamics theory on separation needed for better understanding
of the research. A breakdown of the various types of methods attempted to modify airfoils
geometry or flow manipulation will be discussed. With a final discussion associated with theory
associated with how data was collected primarily through the use of PIV.

2.1. Leading Edge and Trailing Edge Aerodynamics

The primary flow regime that that this study is focused on is the Reynolds number regime
Re <500,000 based on the wing chord length. At these low-moderate Reynolds numbers, the
effect of the boundary layer is paramount. As such a description of the phenomena at work will
be described in the following section. Stall in low Reynolds incompressible flow is primarily
caused by the deterioration of the boundary layer. This is caused by the development of the
laminar separation bubble within the boundary layer, due to adverse pressure gradients. These
pressure gradients cause a separation to occur and small recirculation or vortex to form. [11-15]
Figure 1 below shows this reverse flow vortex. The flow preceding the start of the is primarily
laminar. Once this bubble is formed due to the adverse pressure gradient the flow can be broken
into two main sections, where the dividing line WJ’R separates the slow recirculation or laminar
separation bubble from rest of the flow within the boundary layer. The remaining flow between
the line W”J”R” and WIJ’R is the free shear layer. This free shear layer is where the flow
traverses over the recirculation region encounters a transition from laminar to turbulent. The flow

may reattach or it may separate causing a large region of separation to occur. As such much of



the work conducted in flow manipulation is focused on stabilizing this LSB or effectively

removing it, by causing a tripping of the boundary layer to turbulent regime.
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Figure 1. Section view of laminar separation bubble.

Depending upon the effects of the LSB on the free shear layer, vortex shedding may
occur. To define this shedding the usage of the Strouhal number can be used given by the
equation:

_fL (D)
U

St
Where f is the frequency at which of the vortexes, L is the characteristic length and U is
the free stream velocity. Most commonly known for the vortex shedding that occurs from wind
over a wire causing it to sing. The Strouhal number will play a part on the effect of dynamic
stalls.
The details of airfoil acrodynamics have been studied extensively [12-15]. Basically by
design of the airfoil the flow is intended to travel faster over the top surface (suction surface) of

the airfoil than the lower surface(pressure surface), if the upper surface has a longer path the

flow will have to travel at an increased velocity when compared to the lower surface due to mass
6



continuity. This higher speed on the upper surface has a lower dynamic pressure than the lower
surface and lift is generated due to the pressure difference between the two surfaces. One other
effect this pressure causes, is the slippage of fluid from one side to the other at the leading or
trailing edges. This low pressure induces flow from high pressure to the low. At the trailing edge
this slippage causes a recirculation referred to as the trailing edge vortex. Details pertinent to this
dissertation on the separation phenomena along the wing and stall process can be found in recent
literature [10-11]. These details will be discussed herein.
2.2. Flow Manipulation
Flow manipulation or (flow control) is the methodology of applying some additional
stimulus to fluid flow over or before the airfoil. This can be done by a number of means such as:
e Excitation of the fluid flow over an airfoil through a high voltage ionizing
(‘plasma’) system that increases the energy of the air molecules exciting them to
higher speeds. [19-20]
e Zero- net mass flux jets, where a piston cylinder style device creates a low
suction area pulling mass into the cavity and then blowing the said mass back out
into the flow disturbing the flow and causing turbulence [16-18]
e Tripping devices such as the dimples on the golf ball, vortex generators, etc.
e Geometry changes to the airfoil such as; slats, flaps, LE extensions, TE
extensions, or compliant manipulations. [28-34]
e Vibro-acoustics systems [52-54]
The common theme amongst all of these systems is the attempt to avoid the creation of a
separation and recirculation of the flow from the airfoil. This can be contributed to either

disturbing the viscous sublayer where adverse pressure gradient in the boundary layer causes



flow separation or increasing the amount of flow increasing the Reynolds number at a given
location.

All of these systems can be categorized with two main distinctions, these being passive
and active. Where passive systems will operate the same whether the airfoil undergoes a change
in the flow conditions or not. Active systems are able to be modified or manipulated actively to
adjust depending upon the conditions that occur. It is worth noting that these definitions are
much like a square is a rectangle, an active system can be operated passively but a passive
system cannot be actively controlled.

2.2.1. Passive Manipulation Microcavity Control

Passive flow control methods have the positive impact of not requiring external control
and energy to produce better performance, the performance increase is vastly limited [10].
Dynamic stall and pitching wing research implementing a novel cavity producing Rossiter waves
[11] show potential for increased performance by reducing or eliminating the dynamic stall
vortexes (DSV) normally formed on the suction side of the leading edge. These DSV’s roll down
the suction surface and eventually coalesce with the trailing edge vortex. This event is seen on
the downward sweep of the airfoil from its highest angle of attack and can be seen in figure 2

below [11].
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Figure 2. Contours of entropy for baseline NACA 0012 at select angles of attack [11].

Visbal et al, [11] proposed the introduction of microcavity to mitigate the transient
separation and dynamic stall by means of a technique based on a properly sized and located
microcavity located on the pressure side leading edge. This cavity is positioned such that it is
ahead of the stagnation point of the point of the flow on the wing at high angles of attack. The
flow that occurs over the cavity is of higher speed and generates a resonance within the cavity.
These resonances act as a perturbance that is around the leading edge and through the boundary
layer to the laminar separation bubble (LSB). The disturbances are amplified by the LSB and if
designed correctly to match the naturally occurring Rossiter modes to the LSB frequencies, the
LSB is delayed in bursting thus reducing or eliminating the DSV. Computational results

including the micro cavity can be seen in figure 3 below [11].
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Figure 3. Contours of entropy at select angles of attack for airfoil with micro-cavity [11].

2.2.2. Active Manipulation Morphing Airfoils

Active control methods could ideally alter the object geometry and the flow properties by
inducing small temperature, pressure, or electrical inputs into actuators in real-time to best
correct the airflow for optimized performance under varying environmental flow conditions. As
active flow control gained more interest in the past decades, different methods of achieving
active flow control became popular research topics such as those based on flaps, synthetic jets,
plasma actuators, etc. [19-20], and those based on shape changing airfoils [16-18]. Active flow
control has also seen the impact of “smart” materials in fluid dynamics applications by
incorporating Smart Memory Alloy’s (SMA) [21-23,31-37], piezoelectric materials such as
macro-fiber composites (MFC) [22,23], ionic polymer metal composites (IPMC) [17], and
electroactive polymers (EAP) into the airfoils or even fabricating an entire airfoil out of smart
materials [15, 16]. The different types of actuation have pros and cons and the main distinction
between SMA and the other categories is that SMA offers more actuation amplitudes for

significant geometric changes but at lower frequencies [18].
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2.2.3. Active Manipulation Acoustic Resonance

Flow control using acoustics involves the manipulation of fluid flow characteristics
through the application of sound waves. This is done by the interaction between the acoustic
waves and fluid particles inducing vibrations or oscillations in the fluid flow. Due to its low
intrusive nature has the benefit of allowing for control without physical contact. Techniques that
have been used are surface mounted speakers or speakers directed at the flow of interest. By
inducing fluctuations, the transition to turbulence can be accomplished, mitigating flow
separation. [52-54]

2.3. Flow Diagnostics

In this section the main flow diagnostic methods based upon particle image velocimetry
will be described.
2.3.1. Particle Image Velocimetry

Particle image velocimetry is used to characterize the flow field and its interactions with
objects. It is able to provide quantitative values for the velocity, vorticity as well as the
acceleration of the fluid flow. Acceleration measurement is possible if time resolved methods are
used. This accomplished by seeding the flow field upstream of the test object with small
particles. A laser sheet is used to illuminate the particles interaction with the flow and test object,
and two images often referred to as frames are taken by use of high-speed cameras. The images
are taken in quick succession with a known time period. These two images allow for correlation
of particle motion, by means of a method called cross correlation. This methodology is used to

measure the displacement between the particles and thereby measure the velocity [2,3].
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3. METHODOLOGY

The following chapter will be broken into three sections. The first being the design and
fabrication of the various models. The second explains the methods used to position and move
the airfoil models to replicate various operating conditions seen in both fixed wing aircraft and
rotorcraft. The final section will explain the advanced flow diagnostic techniques used to
measure and quantify the performance of the models.

3.1. Airfoil Fabrication and Design

For all of the systems tested a baseline model was fabricated and tested as well. The
purpose of this is to set a control for the experimentation and allow for a measurement of the
improvements. There were two airfoil geometries used as baselines throughout. The first being
the Boeing-Vertol VR-12, a non-symmetric variable camber airfoil. As well as a NACA 0012
airfoil, a symmetric airfoil. Four strategies were designed to manipulated the flow they are

broken out and described as follows:

e Statically deformed
o A statically deformed airfoil is defined herein as one where the geometry of
the airfoil is permanently modified. This modification is a permanent
deflection of a portion of the airfoil. The amplitude of the angle and the
location of the deflection are further defined within the statically deformed
section. The baseline airfoil geometry used for comparison was the VR-12.
e Active Morphing
o Active morphing is defined herein as a mechanism that is able to actively
modify the angle of deflection of a portion of the airfoil. I.e the amount of
deflection is continuously variable, up to a predefined limit. The magnitude of
the angle of deflection is a function of the angle of attack and the fluid flow
that the airfoil interacts with. These limits correspond to the same maximum
and minimum angles of deflection used in the statically deformed cases. The
baseline airfoil geometry used for comparison was the VR-12.
e Micro Cavity
o A Micro cavity is a small channel located along the span of the airfoil that is
located at a strategic position along the pressure surface to achieve flow
control. The use of the term micro is in reference to size of the geometry

12



formed. The channel is a permanent fixture and does not change. The baseline

airfoil geometry used for comparison was the NACA 0012.
e Leading Edge Acoustical Resonance

o The leading-edge acoustical resonance is a novel device that makes use of

MFC'’s to generate vibrational waves that form acoustic radiation.

3.1.1. Statically Deformed

In line with the smart morphing approach, a model was made for each of the four designs

listed in the following table with descriptions of each of the three deviations from the baseline

VR-12.

Table 1. Statically deformed models built

Description Locations of deflection Angle of deflection
along the chord (% of
Chord)

Baseline 0 0°
Trailing Edge 85% 4°
Leading Edge 25% 6°

Combined leading and 25% & 85% 6° & 4°
trailing edge

Of the four that were fabricated only one was machined without internal cavities. The
intent of providing these cavities is to allow for the installation of pressure ports into the airfoil
thereby allowing the measurement of the surface pressure via pressure transducers and
implementation of a control loop to be described later. It did also present the opportunity for
access to the inner surfaces for the eventual installation of the smart structure. The models with
internal cavities were constructed of and upper and lower portion. The first model, the baseline,
was designed with a snap lock feature. When pushed together the top and the bottom halves
snapped together with interlocking parts. This system worked well, however the locking
mechanism was able to be disengaged by flexing the upper and lower surface. This would be

counterproductive for the project objectives. The second and third model were prepared with the
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upper and lower portions. However, this system made use of two rods slid into holes located in
the airfoil. The holes were formed by the combination of the upper and lower surface geometries.
The rod would then not allow the removal of the upper portion from the lower without removal
of the rod as can be seen in Figure 4. This would in turn allow for the deflection of the upper and
lower system while still allowing them remain together. The last model that was made was of
solid material, this was done due to current time constraints. All four models are shown below in

Figure 5 with both the CAD drawing and the physical model shown.

Figure 4. Exploded view of one of the trailing edge deflection assembly.

Figure 5. Comparison of the models as-built vs. drawn.
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Each of the four models was fabricated out of 6061-T6 aluminum, done by a wire
electrical discharge machine (WEDM). This methodology was chosen over traditional machining
due to the complex features needed inside the airfoil. The thin side walls and complex curves
would have proven to be difficult and time consuming to machine conventionally. Due to the
length and simple profile when viewed from a 2-D perspective the WEDM seemed the best
solution. Each upper and lower portion of the model was cut out of a 152.4 mm tall block of
aluminum. The baseline model and the trailing edge model were made by combining these two
152.4 mm lengths to achieve the full 304.8 mm span. The four different internal geometries were
modified as each configuration was made
3.1.2. Active Morphing Airfoil

The Boeing VR-12 was selected due to is abundant use in rotorcraft industry. With many
references to its modification to both its leading edge and trailing edge [28-31]. Most of these
modifications were done by means of a flapping mechanism with notable exceptions using other
methods such as leading-edge drooping [25]. As such, more effort could be expended on
developing the morphing mechanism and the control if an airfoil with known performance was
chosen. Sprengeler et al [24]. provided the basis for the locations of the deflection for both the
leading edge and the trailing edge. Examples of the various angles of the leading edge and
trailing edge droop can be seen below in figure 6. Their work is expanded upon by the use of
computational fluid dynamics to provide quick analysis of multiple angles of deflection. To help
reduce the computational time initial assessment XFLRS was used to quickly identify leading
edge and trailing edge deflection angles that provide improvements in lift, drag, and pressure

coefficients (Cr, Cp, and C,). From these calculations three shapes were identified for

15



experimentation. This work is thus done by a combination of numerical methods with details

reported in Sprengeler et. al [24].

Figure 6. XFLR 5 variation of leading and trailing edged deflections of a VR-12 airfoil. [24]

Ultimately the XFLRS results indicated a combination of deflection of the leading edge
and trailing edge to provide the most aerodynamic improvements over a wide range of angles of
attack -10 to 22°. These conditions being 6° for the leading edge with the pivot position being at
the 25% of the chord line, as well as a 4° deflection of the trailing edge at 85% of the chord. The
graphs of lift and drag coefficients calculated using XFLRS can be seen below in figure 7 for a
variety of combined leading and trailing edge deflections as well as the effects of independent
trailing and leading-edge deflection. The combination of the 6° LE deflection and 4° TE
deflection provides an increase in the coefficient of lift while maintaining a lower coefficient of
drag. Furthermore, if the system was designed to independently deflect the leading and trailing

edge further benefits could be capitalized on.
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Figure 7. XFLRS5 computation results for various leading and trailing edge deflection;
coefficient of lift vs AoA (a) coefficient of drag vs AoA (b) ratio of coefficient of lift to drag vs
AoA (c) and lift vs drag coefficient (d) [24].

Macrofiber Composites (MFC) were chosen for the actuation methodology for their
quick response times, long life and their frequent use in other designs [22, 23]. The MFC’s were
assembled in a unimorph configuration by adhering their backside to the inside surface of the
leading and trailing edge. This would then provide the out of plane bending to achieve the
desired deflection. The leading and trialing edges are both able to be operated independently, by
means of two separate bus bars fed 400 volts by two ENCO DC-DC converters. Images of the
installation of the actuators to the respective leading and trailing edges can be found below. Both
systems were tested prior to installation to the wind tunnel. The trailing edge deflection was
successfully able to deflect. However, when the MFC’s were adhered to the leading edge were

sprung in the opposite direction. This was caused by the mechanism used to apply pressure while
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the glue cured. The MFC’s were still able to move the leading edge but not to the final location
desired. Static testing of the leading edge could still be completed as the leading edge could be
pinned into its deflected state. But a new airfoil was fabricated and assembled which can be seen
the figure 8 below. Again, there are issues with the leading edge, as the deflection is getting hung

up on the 3D printed parts that can be seen in the image of Fig. 8c.

-
-
—

Figure 8. Initial smart morphing airfoil deflection comparisons LE (a) TE (b) and the
components integrated to the interior of the wing of the new smart morphing airfoil. (c).
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While inspecting the 2" iteration’s interaction with the 3-D printed internal support
structure it became apparent that the forces acting upon the leading edge by the MFC were
causing a reaction of the LE to move more in the chord wise direction then thickness direction.
The initial cause of this was determined to be the location of the actuator being close to the LE.
To rectify this the position of the actuator was moved further along the chord direction,
additionally the thickness of the skin was reduced from 0.015 in to 0.010 in. This change can be
seen in figure 9.

The airfoil was tested on a bench and the PIV camera was used to image the displacement
from an application of 500 volts to the actuators. The image capture software was used to
measure the leading-edge tip and a deflection was measured to be 2.46 mm. The comparison of

the two images can be seen in the image below.
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Figure 9. MFC location change between iterations.
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Figure 10. Deflection of LE at 500 Volts (Top) baseline, (Bottom) deflected.
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When the system was fully assembled the same issue continued to persist where the LE
bound on the internal ribs. It was at this point that the second cause of the bind was realized. It
was due to the internal stresses of the raw aluminum billet used to fabricate the skin. These
internal stresses come from the extrusion process of associated with making the aluminum billet,
molten aluminum alloy is forced through a die to form the rectangular geometry. This molten
aluminum cools in air and the crystalline structure forms and the aluminum contracts building
large internal stresses in the block. When the EDM removes the material from the aluminum
block it does not reduce the internal stresses, this is one of the allures of WEDM as it has little
effect on the material being machined. These internal stresses cause the pressure surface of the
LE to spring back on itself slightly, binding on the internal ribs. To counter act this a spacer was
inserted into the LE to maintain the appropriate gap between the suction surface and the pressure
surface. A compliant hinge was added to the structure to counter act the internal stresses that
maybe pulling the LE down and to help guide the motion of the deflection. Lastly this hinge also
acts to counter act any adverse forces caused by the momentum of the freestream interacting

with the LE. The compete assembly can be seen in figure 11 below.

Figure 11. Morphing Assembly Photo, (Top) CAD image, (Bottom left) Complaint Hinge,
(Bottom Right) Internal View.

These internal stresses could be resolved by annealing the aluminum block, but they are

useful as they actively assist the LE to droop. However, this actually acted as a slight negative
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during the glue process as slight amount of droop was not corrected. Causing the LE to be
permanently stuck at a -2° angle. This is not ideal but part of the learning process, to counter act
this in the future. A form that matches the exact airfoil geometry could be made to hold the
system in its proper location, during the gluing procedure.
3.1.2.1. Morphing Implementation
An open loop feedback system was implemented to control the deflection of the leading
and trailing edges. This achieved measuring the airfoils angle of attack with a 9 degree of
freedom (DOF) Inertial Measurement Unit (IMU). A Bosch BMX160 9 DOF was selected for its
size, robustness, and relative ease to implement. Preliminary tests indicated that a similar sensor,
the Bosch BNOOS55 could not provide accurate angle measurements while the airfoil is pitching.
A Teensy 4.1 microcontroller running Arduino IDE was utilized to read the 9 DOF IMU. A
Mahony filtering algorithm was applied to the individual accelerometer, gyroscope, and
magnetometer sensor readings being used to determine the sensor angle. The airfoils current
angle was related to the percentage of deflection of the leading and trailing edge by the equations
provided by Sprengeler et al. [24]
OLe = OLpo + ALp cOS(2TfLpt + QLE) (2)
Ore = Orgo + Arg cos(2nfrpt + @rE) 3)
where equations 1 and 2 are time dependent equations for theta, the angle of deflection

corresponding to the leading and trailing edges respectively as seen in Figure 12.
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Figure 12. Expected Deformation as predicted by equations 1 and 2 at max AoA (a) and the
comparison of AoA to deflection angles from equations 1 and 2 (b).

The actual control of the morphing mechanism will be done by means of pulse width
modulation (PWM); an Arduino IDE program was written to vary the voltage applied to the
MFC according to sensor feedback. Existing Arduino IDE functions are capable of simulating an
analog output up to the full Voltage Common Collector (VCC) of the board, which is 5 V for the
Teensy 4.1 development board. This is done by writing an 8 bit value (between 0 and 255) to
specified PWM capable output pins which adjusts the frequency of the timer on Arduino such
that 0-255 corresponds with 0-100% duty cycle. Two PWM pins were set up to individually
output voltage to the leading and trailing edge MFCs based on the angle readings of the 9 DOF
sensor. In accordance with equations 1 and 2, maximum and minimum VCC is programmed to

occur at 18° and -10° respectively for the leading edge and -10° and 22° respectively for the
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trailing edge. The program also accounts for potential angle exceedance of the specified
operating range by maintaining the output voltage associated with the last detected angle in
range. The frequency of output voltage from Teensy 4.1 is then fed into the dc-dc converter’s
built in switch. This switch then regulates the 5-volt line input to the converter which then causes
the output voltage to increase; Table 2 shows a calibration of the output voltage, by means of the

Teensy 4.1, The code used for this can be made available upon request at the discretion of the

author.
5V
Teensy 4.1
Development Board
Raw
Pitching IMU Data Mahony Filter Euler Angles
5V
Deflection: 0-500 V 0oV
Leading Edges ENCO DC-DC PWM
Converter
Deflection: 0-500 V| ooV
Trailing Edges ENCO DC-DC PWM
Converter
5V

Schematic 1. Active morphing control schematic.
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Table 2. Output Voltage Calibration

% of internal | DC-DC converter
clock output voltage (V)

10 55

20 168

30 259

40 338

50 400

60 453

70 495

80 533

90 570

100 622

3.1.3. Flow Manipulations

The following section will specify the fabrication and design of two flow manipulation
strategies, the first being a micro-cavity placed upon the pressure side of the leading edge. The
second made use of MFC’s was a novel implementation to generate acoustical radiation. These
flow control methods make use of high frequency low pressure waves to stabilize the LSB. It is
noted that these frequencies are on the order of 1-100 kHz.
3.1.3.1. Micro-Cavity

The NACAO0012 airfoil profile was used to match the computational results presented by
Visbal and Garmann’s work [11]. Four wings in total were fabricated and tested, two

configurations of the micro cavity as well as two baseline models. The geometry of the
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microcavity was machined to the specifications presented in Visbal and Garmann’s work [11].
Where the width, depth and placement of the cavity is dependent upon the chord. As shown in
the following figure 13, where L/c=0.01, and s1/c=0.01 with and aspect ratio of L/D=7. S; being
the starting location of the cavity located along the surface of the pressure side of the airfoil, L

being the length of the cavity and D being the depth. Lastly c is the chord length of the airfoil.

(a) NACA 0012 airfoil

(b) Micro-cavity placement & geometry (¢) Flow-activated resonance at high angles of attack
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Figure 13. Micro-cavity actuator configuration [11].

Both airfoils were designed and constructed with a span of 304.8 mm and a chord of 127
mm. The span consisted of three sections. One section 152.4 mm in length is centered on a
7.9375 mm keyed shaft. Two 76.2 mm sections are placed on either side of the 152.4 mm
section. There by providing a continuous test section for the PIV laser plane at the center of the

152.4 mm section. To minimize weight and to place the center of gravity at the zero-moment
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location of 0.25 of the chord a cavity was cut from the interior of the airfoil. This added feature
also allowed for the keying of the airfoil to the shaft as can be seen as can be seen in Figure 14

below where the calculated center of gravity is shown in pink.

Figure 14. NACAO0012 airfoil design with microcavity.

Details of the microcavity are shown in Figure 15 below where the location of the
microcavity is positioned at 1.285 mm along the curvature of the pressure side from the leading
edge. This same length is used for the cavity and was cut with an intended depth of 0.1778 mm.
In an effort to provide as light of a test piece as possible, in addition to hollowness, 6061
aluminum was used for the material. All sections were machined out of solid extruded bars of
aluminum using a Sodick ALN400G wire electro-discharge machine. A 0.1016 mm wire was
used to machine the cavity, as shown in Figure 15. Deviation from the desired models occurred
in fabrication of the first microcavity airfoil. This is due to the need to develop custom
machining parameters for a 0.1016 mm wire through 152.44 mm of aluminum. As such some

deviation from the model can be seen in the images of the as fabricated piece in Figure 16.
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Figure 15. Dimensional details of the microcavity design for NACA 0012 airfoil.

The section of the microcavity airfoil was sliced off for measurement. The microcavity
measurements were then completed using a machinist microscope with x-y plane measurement
capabilities. It can be seen that the overall depth is larger at the beginning of the cavity at a depth
0f 0.2794 mm. The depth then reduces along the length of the cavity to a depth of 0.0762 mm.
The beginning of the cavity is also slightly closer to the leading edge by 0.1016 mm, resulting in
a length of 1.1938 mm. The length of the cavity was machined to 1.397 mm. Further refinement
of the cut parameters will be a point of investigation to better match the CFD setup. The

dimensions of the designed piece versus the machined dimensions are shown in Table 3.

(@) (b)

Figure 16. Photography of leading edge with microcavity (a) and microscope image detail of the
microcavity cross section (b).
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Table 3. Dimensions of the first designed piece versus the machined dimensions

Description Designed Fabricated Deviation
Distance to Cavity 1.285 1.1938 0.0912, 7%
Depth of Cavity 0.187 Max 0.2794, 0.0924, 49%
Min 0.0762 0.1108, -59%

Length of Cavity 1.285 1.397 0.112, 9%

Initial testing indicated little difference in the performance between the micro-cavity and
the baseline model. This was attributed to the deviations from the fabrication as can be seen in
the table and images above. As such a new fabrication method is necessary to create more
precise microcavities with consistent cavity geometry and sharp interior corners. To accomplish
this the airfoil profile was fabricated in two pieces. A larger cavity and a core piece that would
slide into the enlarged core. Thereby providing sharp edges. The details and configurations can
be seen below in figure 17. This new airfoil has been tested and the results are shown in the

microcavity results section.
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Figure 17. New design of microcavity with insert to sharpen geometry edges: drawings(a),
Solidworks detail (b), Microscope image (c), and photography (d).

One additional configuration was made, first the chord length was increased to 152.4 mm
to allow for a larger cavity geometry thereby making manufacturing easier. The position of the
cavity was also changed to improve the performance of the system, as there were concerns that
the deviation in our flow conditions from those used in the simulations, was not allowing the

cavity to resonate creating the pressure waves that would stabilize the LSB. This will be further
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discussed in the results and discussion section of the paper. The new geometry and its fully

assembled airfoil can be seen in the following figure 18.
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Figure 18. New design of microcavity with insert to sharpen geometry edges: drawings(a),
Solidworks detail (b), Microscope image (c), and photography (d).

3.1.3.2. Novel Leading-Edge Acoustical Resonance

The proposed effect of the microcavity is the generation of small pressure waves that exit

the cavity and curve around the leading edge and stabilize the LSB preventing bursting. The
downside to the microcavity methodology is the need to match flow conditions to the cavity
geometry and location. It was noticed that MFC’s generate sound waves from audible to high

frequencies. Thus, to generate an active control system another small pressure wave will be
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generated using the MFC’s. To accomplish this task MFC’s will again be used, due to their
ability to be actuated at high frequencies they are the perfect candidate to generate sound waves.
To do so a function generator was used to generate the high frequency low voltage signal 20

volts peak to peak, a wiring diagram is provided below.
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Schematic 2. LEAR MFC to function generator wiring diagram.

To test this theory the second iteration of the active morphing airfoil was recycled for use
in this test. Two new 76.2mm sections were 3-D printed and mounted on either end of the center
test section and can be seen below. The leading edge was pinned in place by use of glue to

prevent the leading edge from vibrating during testing.
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Figure 19. Interior view of the electrical circuitry associated with the LEAR (Top) MFC actuator
placement (Bottom).

To ensure that the results of these tests were due to the resonant frequency of the MFC’s
and not due to motion of the leading edge a measurement was conducted using a Brown and
Sharpe dial indicator with a resolution of 1.27um. The dial indicator was placed on the leading
edge with a preload and measured displacement of 25.4pm. The function generator was then
turned on and ran through a range of 1-21 kHz. No movement of the dial indicator was seen.
Indicating any fluctuation caused by the MFC to be less than.1.27 um. The test setup can be seen

below.
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Figure 20. Dial indicator test setup within the wind tunnel.

The sound waves were measured by use of an Avisoft Accoustic Array system, typically

used for investigating animal acoustic communication. It comes with sound wave analysis tool

Avisoft-SASLab pro. To ensure the wide range of frequencies three frequencies were measured.

9 kHz, 21 kHz and 50 kHz were recorded with common Vpp of 20V.

Table 4. Measured MFC Frequency Output.

Description | Duration Loudest Minimum | Maximum | Bandwidth First First
kHz (sec) Freq (Hz) | Freq (Hz) | Freq (Hz) (Hz) Harmonic | Harmonic
Playback *This is Loudest Minimum
arbitrary Freq (Hz) | Freq (Hz)
9 kHz 0.0117 9000 8600 9600 900 17900 17900
21 kHz 0.0136 20900 20600 21600 900
50 kHz 0.0057 50000 49600 50500 800

From this table it can be seen that all output frequencies from the MFC match the input

from the function generator. At lower frequencies a harmonic can be seen to occur. An example

of the raw data taken during a sampling can be seen below in figure 21. This was for a test

where the wind tunnel was on and a 6.6 kHz actuation was ran at an AoA of 16° (lower) versus

and no forcing at an AoA of 0°.
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Figure 21. Raw data result for no forcing and at AoA of 0°(Top) and forcing at 6.6 kHz and at
AoA of 16° (Bottom).

The airfoil was then tested both in a static configuration as well as pitching. The results

associated with both can be found the results section.
3.2. Pitching and Positioning Mechanism

To simulate the pitching demonstrated in the numerical simulations study, which has a
reduced frequency of k= 0.04, an apparatus capable of actuating an airfoil with sinusoidal motion
was constructed at NDSU. A stepper motor controlled by a driver and Arduino DUE was
utilized to pitch the airfoil at the desired angles and frequencies.

The images in Figure 22 depict the pitching test setup and control system, respectively.

The stepper motor utilized was a NEMA 34, model 34HS61-6004S1, available from
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STEPPERONLINE. The digital stepper motor driver selected was model DM860T and is
available from the same vendor. This driver allows for micro stepping and 3200 steps per
revolution was selected for testing since it provided sufficient angular accuracy at 0.1125 degrees
per step. When powered at full voltage and current this combination provides a holding torque of

13 newton-meters and was sufficient to pitch the airfoil at frequencies up to 30 Hz.

Secondary
WR12 Airfoil

Nema 34 Roller Bearing

Stepper Motor

; Primary
VR12 Airfoil

ER32 Shaft
Coupling

Arduino Due

PIV Synchronization
Signal

Stepper Motor
A+, A-, B+, B-

State Switches Control Buttons

Figure 22. Pitching Test Setup (a), Arduino Control System (b), Tandem Pitching laser-sheet
illuminated sample(k=0.04) (c).
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As shown in Figure 22 (a) the test setup consists of VR-12 airfoils on keyed shafts. Each
airfoil is supported by a roller bearing pressed into the optically clear front viewing panel and
attached to a stepper motor with an ER32 shaft coupling. The wind tunnel test section is 12
inches square by 36 inches long. The primary airfoil is positioned at both the vertical and
horizontal midline of the test section while the secondary airfoil is located at the horizontal
midline, 13 inches upstream of the primary airfoil.

To control the stepper motor driver, a code was written in Arduino IDE and ran with an
Arduino Due, as shown in Figure 22 (b). Each driver/stepper motor/airfoil combination required
its own Arduino Due to run. The code utilizes the predefined Arduino library “AccelStepper”
and allows the operator to set the maximum angle of attack, minimum angle of attack, speed of
rotation, acceleration of rotation, as well as various other parameters. Knowing these parameters,
the code works by moving the airfoil to the maximum angle of attack, where it outputs a signal,
then moves to the minimum angle of attack, and repeats this cycle until stopped. The signal
output at the maximum angle of attack acts as a synchronization trigger for the PIV circuitry,
allowing data to be taken at any intended angle of attack or set to complete a full interrogation of
the wing performance. The code was setup to allow the operator to switch between four different
states. Each state enables specific buttons which then allows the operator to perform various
actions with the airfoil. The first state allows the operator to set a home position for the stepper
motor/airfoil and to run the stepper motor back to this position. In the second state the airfoil can
be stepped up or down one step per button press, set home, and run home. The third state toggles
the airfoil between user defined angles and the fourth state enables continuous pitching. During
the continuous pitching state, the pitching frequency, minimum angle of attack, maximum angle

of attack, and the time phase between the primary and secondary airfoils can be manipulated
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without stopping the pitching. To ensure no skipping occurs within the stepper motors a “soft-
start” and ““soft-stop” was implemented in the Arduino code which gradually increased the
acceleration until the desired pitching frequency was achieved or decreased the acceleration. To
set the frequency, an iterative method was chosen where the airfoil was pitched to determine its
frequency based on the PIV synchronization signal. The method was iterative due to the airfoil
pitching frequency being dependent on pitching amplitude, pitching speed, and pitching
acceleration.

To setup a test, the airfoil shaft was inserted into the ER32 collet, tightened, and the front
viewing panel was bolted to the test section. With the airfoil secured in the test section a digital
protractor and gauge block were used to set the airfoil to an angle of attack of 0 degrees using
state 2 of the Arduino code. Using the third state of the Arduino code and the PIV cameras, static
images without the wind tunnel on were taken at all angles of attack required for PIV testing.
During testing and data processing the laser sheet illumination on the blade surface provides a
means to verify the angle of attack by comparing the position in the image with that from wind-
off conditions. Once the correct pitching angles and frequencies were validated, PIV testing was
performed. Figure 22 (¢) was acquired with the PIV camera with long exposure time to capture
the full pitching range motion during a tandem airfoil test.

3.3. PIV Methodology

The following section will discuss the two variations in particle image velocimetry used

this this experimental study. These being phase locked PIV and time resolved PIV.
3.3.1. Phase Locked PIV
Experiments are carried out in a NDSU wind tunnel driven by an upstream blower with a

variable frequency drive and for the current work a long diffuser was designed and added to the
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wind tunnel to achieve speeds up to 60 m/s (Mach ~ 0.17) with turbulence levels ~ 1% and flow
uniformity with minimal wall effects in the test section. The design is modular, allowing for
removal or insertion of flow conditioning devices such as screens and honeycombs for
turbulence conditioning. A section upstream of the contraction was designed to allow for
seeding of Di-Ethyl-Hexyl-Sebacate (DEHS) particles from spray nozzles into the test section for
Particle Image Velocimetry (PIV). The front and top test section walls are made of clear acrylic
to allow for optical access for laser illumination and camera viewing. The rear and bottom walls
are modular aluminum panels that allow for mounting of various models in the test section.

Fundamentally, PIV will capture two sequential instances of flow, separated by a few
microseconds. Cross-correlation can then be used to determine the displacement of particle
ensembles in the flow. Once displacement and time separation are known for each particle
ensemble, velocity can be determined. Here velocity fields are captured on the suction side with
a global views, leading-edge view, and trailing-edge views to assess the dynamic stall features at
several pitching cases. Data captured from the flow field is collected from several points of
interest to be compared to computational data. It is important to note that although this is an
oscillating system due to airfoil pitching, the point of interest is at specified angles of attack. This
requires the PIV to be synchronized (‘phase-locked’) in order to capture data at the desired
point/phase. The control system described in the pitching system design was incorporated to
consistently capture data at a desired moment of actuation and is discussed in the subsequent
sections.

The fundamental setup of the PIV system can be seen in Figure 23 (a) and photography
of the actual setup in Figure 23 (b). The test section of the wind tunnel is illuminated by a

double-pulsed Nd:YAG laser (such as Litron Bernoulli PIV or New Wave PIV Lasers) emitting

38



two laser pulses of 100 mJ at a wavelength of 532 nm with a repetition rate of 15 Hz. The laser
beam is then shaped to a laser sheet (thickness <1 mm) by using various prisms, spherical, and
cylindrical lenses and is centered in the middle of the wind tunnel. The flow is seeded with
atomized Di-Ethyl-Hexyl-Sebacate oil droplets to achieve particles with less than 1pum
characteristic diameter. The flow is imaged by three LaVision IMAGER LX 2M cameras with a
resolution of 1608 x 1208 and interframe capability of 200 ns set up with their axis perpendicular
to the laser sheet for image acquisition as shown in Figure 23. For the desired flow speed, the
time between images taken was set to At = 10 ps. One camera captures a global view of the full
wing while the others capture the leading-edge and trailing-edge regions. The cameras and the
Nd:YAG lasers are connected to a workstation and controlled with a LaVision Programmable
Timing Unit (PTU) which controls the timing of the laser illumination and the image acquisition
along with the trigger from the stepper motor pitching phases. LaVision DaVis 10 software [4]
was used for control of the parameters of the imaging and controlled by the external trigger from
the pitching wing. For each test angle, 100 image pairs were collected and the PIV processing
was performed using two passes with correlation windows down to 32 x 32 pixels at 75%

overlap yielding a spatial resolution of ~ 2 mm (global view) and ~ 1 mm (LE view).

Optics

Nd:YAG Laser

Figure 23. Schematic of Standard PIV system (left) and Setup Photography (right).
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3.3.2. Time Resolved PIV

Time resolved PIV is an extension of the regular PIV or as previously defined phase
locked PIV. It makes use of high-speed cameras and laser systems, to take high volumes of data
in short periods of time. In regular PIV you are able to use cross correlation to assess the
displacement of the particles between two frames. Time resolved PIV allows for the tracking of
the particle through multiple frames. Thereby adding a time component to the data. With this
information, measurements like acceleration are also possible. The laser system is a Photonics
DM200-532DH Nd-YAG laser capable of outputting 20 mJ per pulse with a max pulse rate of 30
kHz. Two Photron FASTCAM NOVA S12 cameras (capable of 12.8 kHz rate at full resolution
of 1024 x 1024 pix and 40 kHz at 640 x 480 pix) were used to capture the data. One camera was
placed toward the front of the airfoil so LE data could be taken, with the potential to see the
shear layer form. A second camera capturing the suction side of the air foil was used, giving a

global detail. The laser configuration and camera configuration can be seen below in figure 24.

Figure 24. PIV test setup with angled laser optics.
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4. RESULTS AND DISCUSSION

The following section is broken out into four main categories; statically deformed
airfoils, active morphing, microcavity, and LEAR. The results of the experiments described in
the methodology section as well as pertinent discussion are presented.

4.1. Statically Deformed

Following the earlier parameter design section and 3D URANS simulations [24, 31] the
performance with angle of attack based on coefficient of lift, drag, and lift over drag were the
starting point for the experimental design. The upper and lower limits of the pitching domain
were increased to ensure dynamic stall was seen through all configurations. Further testing was
performed from a 22° to -10° and it was found that dynamic stall initiates from 14 to 16° for all
airfoils, with full stall occurring between 18° to 22°.

The results are presented as phase-averaged velocity field plots (magnitude contour,
vectors, and streamlines) for representative deflection cases and the baseline and pitching angles.
It is noted that in the global view presented here, the LE location is hidden due to obstruction of
the view from the wing and thus the actual flow around the LE is not visible. The below velocity

fields have been non dimensionalized with respect to their average free stream velocity:

=L (4)

Voo

Results are presented for three angles of attack: the maximum (22°) (Fig. 25) and
intermediate pitching down 16° (Fig. 26) and 10° (Fig. 27). In these figures the actual airfoil
geometries are shown. These selections are corresponding to pitching down motion and reflect
most prominently flow separation and stall characteristics. The main indicators of performance
are separation regions and wake properties as they directly relate to lift and drag. Details such as

starting point, size, extend, and direction of these regions can be measured from the velocity
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field. From the velocity field, prominent separation regions are revealed by the lower velocity
magnitude, flow reversal, and recirculation regions.

In line with this reasoning, it can be seen that the best performing static airfoil is the 6°
deflected LE, consistent with previous experimental [29, 31, 38] and computational [24] findings
from literature. The deflection effect is less noticeable at the full stall angle o (22°, max), such
as those seen in Fig. 25, although the patterns are different for each case, based on the showing
size and shape of each stall bubble and when compared with the baseline. The benefits of LE
deflection are quite revealing in the 16° pitching down motion (Fig. 26) showing that this LE
configuration is the only one without a recirculation and with a smaller wake; its comparison
with baseline using streamlines is shown in Fig. 28. The leading and trailing edge deflected
airfoil is performing similarly at the lower a’s. The worst performing airfoil would be the one
with only trailing-edge deflection.

Distinguishable difference can also be detected in terms of performance associated with
the four variations for the 10° pitching down (Fig. 27) Both the leading-edge deflection and the
combined leading and trailing edge deflections perform similarly. As they both have the have
similar beginning of the wake and their size. It can be noted that the leading-edge deflected case
appears to have a lower overall velocity within its stall wake. The baseline VR-12 and the
trailing-edge deflected cases both performed similarly, there appears to be a slight performance
enhancement associated with the trailing-edge deflection with the stall wake being smaller and
more attached.

As the airfoils sweeps back up little effect was perceived between the four different

airfoils that were fabricated. This was to be expected with most dynamic stall conditions
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occurring in the downward sweep of the airfoil [43-45]. Data for those other different angles

have been reported in the work by Refling et al. [31].

y [mm]
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V# 0 0.1020304050607080.9

Figure 25. Velocity fields for 22° max-AoA of the pitching motion for the deflected airfoil
variations: (a) Baseline, (b) LE deflected, (c) TE deflected, (d) LE&TE deflected.
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Figure 26. Velocity Fields for 16° AoA pitching down () for deflected airfoil variations: (a)
Baseline, (b) LE deflected, (c) TE deflected, (d) LE&TE deflected.

44



y [mm]

y [mm]

00 B o 50 100 50 ] 50

X [mm] x [mm]

(© (d)

Figure 27. Velocity Fields for 10° AoA pitching down (|) for deflected airfoil variations: (a)
Baseline, (b) LE deflected, (c¢) TE deflected, (d) LE&TE deflected.
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Figure 28. Streamline velocity fields streamlines for 16° AoA pitching down (|) for deflected
airfoil variations showing Dynamic-Stall control: (a) Baseline, (b) LE deflected.

4.2. Tandem Pitching

Following the proof-of-concept for the design functionality with the pitching and tandem
configurations and assessing the basic performance of the deflected airfoils, the main relevant
results in the tandem design are presented in this section. This campaign investigated both in-
phase pitching where both the primary and secondary airfoils reached the maximum and
minimum angles of attack at the same time and out-of-phase where the primary airfoil read the
maximum angle of attack as the secondary airfoil reached its minimum angle of attack [55].

From the many relative phases incurred during pithing of both airfoils in tandem
configuration, here we focus on the two most extreme, in-phase and out-of-phase; studying other
interactions from other phase combinations are expected to fall in between these two cases
although the flow patterns can be unpredictable and chaotic; their study is out of the scope of this
current investigation. Here, few pertinent performance phases of the two cases are presented
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using the phase-averaged PIV described above. It is noted that analysis of instantaneous patterns
and their variability within and between cycles could be performed using reduced order models
to establish the phase-coherence from the phase-locked data [55] or more readily with high-
speed PIV systems that can track time resolved motion.

The discussion here pertains to the two-relative phase tandem test cases (in and out of
phase) performed from the four statically deformed airfoils to highlight the phase flow
distinctions and highlight the benefits from having LE deflection in certain conditions. The
relevant cases for in-phase and out-of-phase are shown in Figures 30-31 and Figures 32-33,
respectively, and for the downstream airfoil at the maximum phase (22°) and at the 16° phase
pitching down. Other phases have been reported by the authors in Refling et al. [55]. Since most
effects are expected to be in the downstream wing, the PIV region of interest was only from the
TE of the front wing to the TE of the back wing.

For illustrative purposes of the phases between the two wings, the single airfoil data for
the upstream wing is used in the plots. It is worth noting here that the front wing is the baseline
(a limitation of the current set up) but still defines the main flow effects on the deflected back
wing for the current purposes. We also note that the broad effect of having an airfoil in front of
another is threefold (front wake flow, actual a, and blockage) that is affected by their distancing.
While the velocity field generated from the pitching wing ahead is associated with the much
more chaotic separation and wake flow than a free stream flow, the velocity magnitude is much
lower and the effective Reynolds number and angle of attack diminished. At the distancing
studied, the effect of blockage is similar in all cases at the higher back-wing a cases and much
less pronounced at lower a’s, as expected. The data illustrate how these factors influence the in-

phase scenarios preventing stall even with baseline at the maximum phase (Fig. 30 a), but still
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more so with LE deflection (Fig. 30 b), with the out-of-phase scenario showing full dynamic stall
(Fig. 32) regardless the wing deflection. The TE and LE/TE deflections show less benefits as
shown in Fig. 32 (c, d) and are omitted from the remaining cases (fully reported in ref. [55]).
Graphs comparing the difference between the angles of attack of the leading airfoil and the can
be seen below. Figure 29a shows how the angles of attack for the upstream airfoil and the
downstream airfoil are the same during pitching. Instead, the out-of-phase pitching of the two

airfoils can be seen to be offset by one half of the period in Figure 29b.

One Cycle Comparison of Aoa for Tandem In-Phase
Pitching

Primary Airfoil AoA

AoA %)
W
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One Cycle Comparison of Aoa for Out-of-Phase Tandem

Pitching
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Figure 29. Comparison of AoA for Upstream and Downstream Airfoils for (a) In-phase pitching
and (b) out of phase pitching.

The effect of the various deflections during tandem is shown for the in-phase case in

Figure 29 during the maximum phase of the downstream airfoil (22°) with the LE deflected

airfoil appearing as having the best performance. As it can be clearly seen, the stall wake is the
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smallest with least amount of recirculation for this LE deflection case (Fig. 30 b). Both, the
leading and trailing edge deflected combination and the trailing edge deflected airfoil performed
similarly to each other with what appears to be attached flow up until about the 25% chord
length (Fig. 30 c and d). At which point the flow separates quickly, follows an upward motion
clearly marked by the 70% of the maximum velocity (‘yellow’ velocity contour region) and the
upward direction of the vectors, and form larger wakes with downward motions and recirculation
(blue contoured regions). These motions are opposite to the baseline and LE deflected airfoil
flows. It is worth noting that when compared to the single airfoil the overall performance is
improved for the ‘tandem-effect’ reasons aforementioned.

Note that the phase-averaged flow between the two wings is repeatable in all these cases,
instilling assurance in that comparisons between the four cases have matched upstream
conditions. The other phase shown for the in-phase arrangement is the 16° pitching down (Fig.
32) and reveals a different pattern near the LE deflected airfoil which is delaying the onset of
low speed and separation point along the suction surface. In the case of the out-of-phase
pitching more unsteady interactions are observed for the 22° case shown in Figure 31 where the
flow can be seen having a large separation/recirculation across the suction side of the airfoil,
reflecting that dynamic stall is occurring (the region just after the first wing TE is noisy due to
poorer PIV illumination from one of the lasers in that section during that particular test). Indeed,
in the out-of-phase scenario the upstream wake velocity is much higher and the wake thinner
than in the in-phase case and thus produce conditions leading to dynamic stall like in the single
airfoil cases. For lower phases, such as the 16° pitching down (Fig. 33), the LE deflection

reveals again an improvement in the separation control.
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Figure 30. Velocity fields for linear tandem airfoils pitching in-phase at 22° max-AoA : baseline
(a), LE deflected (b), TE deflected (c), and LE/TE deflected (d).
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Figure 31. Velocity fields for linear tandem airfoil pitching in-phase at 16° AoA (]): baseline
(a), LE deflected (b).
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Figure 32. Velocity fields for linear tandem airfoil pitching out-of-phase -10° (front wing) and
22° max (back wing) AoA: baseline (a), LE deflected (b).
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Figure 33. Velocity fields for linear tandem airfoil pitching out-of-phase -4° AoA (1) (front
wing) and 16° AoA (|) (back wing) AoA: baseline (a), LE deflected (b).

4.3. Morphing Airfoil
Active morphing testing was completed for a velocity of 25 m/s and pitching frequency
of 2.28 Hz. The range tested was from -10 to 18 degrees. Instead of the previously planned
testing at 22°. This was done due to the extreme dynamic stall that was seen for all test cases
whether morphing was engaged or not. As such a reduction down to 18 seemed to be the most

logical as this showed a full dynamic stall for the baseline VR-12 within the wind tunnel. Testing
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then proceeded using the baseline VR-12 with no morphing or deformation, the morphing airfoil
with no control operating and finally, active morphing airfoil. The reason for this being the
approximate 2° of deformation that the morphing airfoil had on the leading-edge during glue up
as indicated in the methods section.

The results of these three test objects can be seen in the figures 34 thru 36. The first
representing the raw flow visualization for both the leading and global views, the second group is
of the processed instantaneous velocity fields.

It can be seen from these raw images that the baseline VR-12 is undergoing deep
dynamic stall, while the 2° drooped LE shows a light dynamic stall condition. Where a light
DSV forms and traverses down the suction surface of the airfoil, eventually combining with the
TEV to form a region of flow separation. When compared to the active morphing airfoil there is
no DSV to be seen instead a light TEV seems to form but no true separation wake forms. This
can be further seen in the PIV results. Again, the baseline model incurs a large DSV that merges
with the TEV and develops into a full stall wake. The light stall persists for the drooped LE.

From the raw data collected from the teensy development board. The IMU has moments
of incorrect measurement of AoA. In the sense that it tends to overestimate the angle, due to the
offset put into the code, this could be in part due to not using a high enough sample frequency.
This is however handled by the code as any measurement greater than the minimum and
maximum AoA results in the maximum PWM value being used to provide power to the MFC’s.
This testing was replicated a total of eight times. For each of the tests the system performs as

shown, providing a high confidence in the methods ability to mitigate stall.
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Figure 34. Flow visualization images and corresponding PIV results for baseline VR-12 airfoil

for various AoA during pitching cycle.
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Figure 35. Flow visualization images and corresponding PIV results for a VR-12 airfoil with 2°
drooped LE for various AoA during pitching cycle.
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Figure 36. Flow visualization images and corresponding PIV results for a VR-12 airfoil with
active morphing LE and TE for various AoA during pitching cycle.
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4.4. Micro-Cavity

4.4.1. 127 mm Chord Preliminary Results

In this section, PIV results for two Reynolds numbers (300K and 500K) are reported.
Flow visualization was performed first to qualitatively explore the experimental ranges
(frequencies, angles of attack, Re) needed to detect dynamic stall and microcavity effectiveness.
Figure 37 shows some relevant samples for the Re = 300K (k=0.2) for the baseline and the wing
with the micro-cavity. This case readily reveals qualitatively the dynamic stall of the baseline
compared to the micro-cavity cases. The baseline is showing large separation at maximum angle
followed by trailing edge vortex as the pitching goes down. These are not observed in the

microcavity case, indicating a separation control.

Baseline

15 Down

With Micro-Cavity

Figure 37. Sample flow visualizations at Re = 300K, k = 0.2 for Baseline and micro-cavity
wings.
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During this exploratory phase of the investigation conditions adjustments for minimum
and maximum angle of attack around the desired values close to the CFD values (~ 4° to 18°)
were tested. The features leading to dynamic stall and its suppression happen during the change
from up phase to down phase, thus, small increments in these locations are needed and included
typically 1-2 degrees. This means that the wing should be robustly locked. At the lower speed
of 35 m/s the PIV images revealed stationary ‘phase-locked’ wings at a given phase with very
little jittering. At the higher speed (60 m/s) the images however showed some trailing edge
jittering that could have an effect in the dynamic stall. The next generation of wing design
incorporates internal struts to stiffen the wing structure while keeping the weigh reasonable for
proper pitching controllability. Note that the global view does not capture the leading edge due
to the blockage of the view from the wing itself so a second camera was added to gather details
of the leading-edge flow. It is also noted that the instantaneous shots reveal more unsteadiness
than these averages during the dynamic stall phases (maximum and pitching down).

The lower Re number (300K) cases are presented in Figure 38 and 39 for some selected
phases. The angle ranges for the microcavity wing (Fig. 38) and baseline (Fig. 39) are similar
and the few pitching down and up phases shown reveal an improvement on separation by the use
of the microcavity. For the higher speed cases (Figures 40-42), the baseline is shown alongside
two cases of the wing with microcavity. In this averaged velocity field, the baseline shows much
larger separation region during the pitching down phases (Fig. 40) than the microcavity case with
similar range (Fig. 41). On the other hand, increasing the range in the microcavity case produce

a different flow pattern leading to larger separation than the one at reduced range (Figure 42).
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Figure 38. 300k Re, 17.5 Hz Pitching Frequency with microcavity added to LE for 19.03°

pitching up (top left), 19.84° (top center), 15.86° pitching down (top right), and 11.06° pitching
down (top right).

17.5 HZ W/0O Micro-cavity Range: 4.47°-18.92°
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Figure 39. 300k Re, 17.5 Hz Pitching Frequency without microcavity added to LE for 17.35°
pitching up (left), 18.92° (center), and 13.93° pitching down (right).
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30 HZ Without Micro-cavity Range: 4.22°-19.68°
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Figure 40. 500k Re, 30Hz Pitching Frequency without microcavity added to LE for 19.25°
pitching up (left), 19.68° (center), and 15.88° pitching down (right).
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Figure 41. 500k Re, 30Hz Pitching Frequency with microcavity added to LE for 18.85° pitching
up (left), 19.29° (center), and 16.38° pitching down (right).
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Figure 42. 500k Re, 30Hz Pitching Frequency with microcavity added to LE for 19.01° pitching
up (left), 20.76° (center), and 14.66° pitching down (right).
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4.4.2. Revised 127 mm Chord

After modification to the cavity through different manufacturing processes as well as the
addition of ribs to the model to reduce internal vibrations. Testing was performed with larger
stepper motors and more robust pitching control algorithms. PIV results are reported below.
Flow visualization was performed first to qualitatively explore the experimental ranges
(frequencies, angles of attack, Re) needed to detect dynamic stall and microcavity effectiveness.

During this exploratory phase of the investigation conditions adjustments for minimum
and maximum angle of attack around the desired values close to the CFD values (~ 4° to 18°)
were tested. The features leading to dynamic stall and its suppression happen during the change
from up phase to down phase, thus, small increments in these locations are needed and included
typically 1-2 degrees. This means that the wing should be robustly locked.

Data acquired and processed during this reporting period is presented in the Figures
below. Note that the LE is not in the view processed this reporting period and the actual location

in the data is shown as in Figure 43 for the global view cases.

Laser Sheetan
Wing surface:

Figure 43. LE actual location in the data sets presented here.

Data is presented in the following figures for the LE view camera.
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Figure 44. Averages for the Mach 0.176 and Re of 500K at 15 down phase for the LE view

camera.
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From Figure 46 above, it can be seen that full dynamic stall is not fully achieved for
either the baseline or micro cavity for the 4-18° case as seen in the lower left corner. After
consultation with Dr. Garmann and Dr. Visbal of AFRL it was suggested what was seen was
light dynamic stall. Leading edge images can be seen in the following images shown in figure
47. Where the difference between micro cavity and baseline are compared on a per angle basis. It
can be seen that the development and bursting of the laminar separation bubble is present more
so in the baseline model then it is in with the microcavity primarily at the 17° and 15° down
angle. This corresponds with the data shown in figure 48.

Baseline (IMG82) Microcavity

100 mm (~4 in) 100 mm (~4 in)

Figure 47. LE view of Baseline vs microcavity pitching data from LE view at 4-18 degree range.
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The findings of the current conditions do not show baseline stall (DSV) and flow seems
to reattach instead (near the wing tail of TE) in what is known as ‘light dynamic stall’. Notably
differences between Baseline and Microcavity are LE Bubble(s) formation and evolution in the
microcavity wing differs from baseline the wing with microcavity delivers some flow control
over the wing and flow remains attached (without recirculation region seen in the baseline) Other
observations from averages, instantaneous, and vorticity comparison shows phase locked flow
(repeatable pattern at each phase); actual quantifications requiring POD or similar analyses.

It is noted that the test for 4-20 angle range did not show much of change from what was
seen with 4-18 (light stall). Microcavity outperforming baseline at light dynamic stall condition
but nonetheless full dynamic stall occurs for both similarly. This prompted to explore higher
pitching ranges to be explored/tested (e.g. 4-20 deg, 4-22 deg) to achieve Baseline DSV.

After the limited difference found in the previous testing it was recommended a variation
of the cavity be used and manufactured with a longer chord wing and a change in position of the
cavity. Results of testing with the modified airfoil can be found in appendix A. But ultimately the
airfoil still showed signs of dynamic stall, indicating a need for higher Mach number flow.

There are three evident reasons why this system didn’t perform as expected and they are
as follows:

e The wind tunnel is operating at its maximum limit of 60 m/s or a Mach number of

0.176. This is lower than the 0.2 originally intended this is the reason for the second
geometry configuration.

e The turbulence intensity that the simulation was completed with is lower than the

actual turbulence intensity of our tunnel
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e The pitching motion is not a true sinusoid, the stepper code requires an acceleration
and deacceleration to prevent skipping of steps as such the motion is achieving 30 Hz
but there is not a constant acceleration as is the case with the simulation
Given these and a few other potential issues this passive system does not work at the
conditions that are possible for this equipment. What this does clearly show is a potential short
coming of the passive cavity. If operated outside of the required parameters, the system will not
work. However, the results indicate that no negative affect on the airfoil aerodynamic
performance.
4.5. Leading Edge Acoustical Resonance

A preliminary testing campaign was completed after the construction of the airfoil where
an investigation was conducted to see the effects of the parameters associated with the airfoil.
These parameters being, pitching speed, forcing frequency and amplitude. The testing was then
narrowed down once it was understood that the Strouhal number was the primary influencer for
static condition [47-50].
4.5.1. Preliminary Static Results

The first test was to determine the point of stall for the Baseline VR-12 airfoil within the
wind tunnel. It was determined from this testing that a stall angle of 20° would be the target for
dynamic pitching, as the baseline VR-12 undergoes a full stall while static at 20° as can be seen
in the comparison in figure 49 below. At 18° the flow remains primarily attached, but when the
A0A is increased to 20 the baseline VR-12 becomes fully detached, as can be seen in figure 49

below.
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Figure 49. 600 frame average of baseline VR-12 in a static AoA 18°(left) and 20°(right)
showing full separation.

Testing then continued to incorporate the actuation of the MFCs at an AoA of 20°, testing
was done over a variety of frequencies, but the best result which occurred at 9 kHz which is
presented below in figure 50. Where it can be seen that with the addition of the MFCs actuation
the airfoil undergoes a drastic reduction in the separation occurring at 20° AoA. Thereby
delaying stalling by an additional 2 degrees. 3 replicate tests were performed to ensure
confidence in the results. It should be noted that this deviates from what was proposed by Visbal
and Garmann for a NACA 0012. It is expected that this frequency would likely not work for the
VR-12 due the variation in shape and flow conditions from what was used by Garmann and

Visbal in their computational model.
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Figure 50. 600 image average of baseline VR-12(left) and 9kHz acoustic frequency(right).

4.5.2. Preliminary Pitching Results

After static cases were ran the application of the same frequencies to a pitching frequency
of 7.98 Hz is shown below. From the data it was found that there were two cases where actuation
provided meaningful results. These being the 9 kHz case as well as the 21 kHz case. The
selection of 7.98hz was selected due to its high level of unsteady aerodynamic behavior. Where
this unsteadiness caused the baseline VR-12 undergo deep dynamic stall where both a dynamic
stall vortex is formed in addition to a shear layer vortex near the trailing edge. For lower pitching
frequencies such as 5.08 or 2.28 Hz trailing edge vortexes dominate the flow field. A comparison
of all three actuation frequencies (0, 9, 21 kHz) from left to right are shown in the following
instantaneous PIV data as presented in the figures below. The figures represent the downward
pitching motion starting at the max AoA of 20 degrees where every image there after represents
the next degree down in AoA, until the AoA of 11 degrees is reached. At which point all three

airfoils reattach and remain identical until the cycle starts again once it gets to 20°.
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Figure 51. AoA 20,19,18 in descending order for actuation frequencies of OkHz(left), 9
kHz(center) and 21 kHz(right).

From the figure 51-53 it can be seen that the baseline VR-12 with no actuation develops a
dynamic stall vortex (DSV) at the leading edge, as well as a shear layer vortex (SLV) closer to
the trailing edge. This is more apparent in the 19° AoA case. Whereas for both the 9 and 21 kHz
cases remain mostly attached throughout the cycle. However, the largest demonstration of the
reduction in dynamic stall can be seen in the progression from AoA 15° to 11°, where it can be
seen for the baseline VR-12 the growth of the DSV as it rolls down the suction surface of the

airfoil. When compared to both 9 kHz and 21 kHz where flow remains primarily attached.
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Figure 52. AoA 17,16,15,14 in descending order for actuation frequencies of OkHz(left), 9
kHz(center) and 21 kHz(right).
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Figure 53. AoA 13,12,11 in descending order for actuation frequencies of OkHz (left), 9 kHz
(center) and 21 kHz (right).

From this data it can be concluded that acoustical vibration of MFC’s on the leading edge
produce a reduction in the dynamic stall for a VR-12 airfoil. The fact that two different
frequencies provided improvement would indicate that there are modes to the vibration, so a
third, or fourth mode could be found. Which agrees with the results shown by Visbal and
Garmann [10].

During the testing of the static case, it was noted that a buildup of DEHS from the
seeding system did have an effect on the performance of the vibration. As such for all data

presented testing was performed with the airfoil starting clean. Though this may prove to be a
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problem for prolonged pitching testing as the DEHS may build up on the airfoil and cause a
reduction in performance. To adjust for this an alternative seeding method and material was
used, this being propylene glycol atomized by a commercial fogging machine. The fogging
machine was placed in front of the inlet of the wind tunnel’s fan. The downside associated with
the fogging was the coordinating of the timing between the laser sheet being on and recording
occurring and the period of seeding. The fogging machines flow rate was variable during use and
more or less would need to be added and multiple recordings were needed as the seeding could
be come over saturated creating noise in the PIV. Although this had little effect over the flow
visualization it would create areas of noise in the PIV. This can be seen in the Strouhal number
of 50 section.
4.5.3. Strouhal Number of 50

From the experimental studies conducted by Visbal, Benton and Garmann [47] on high
frequency forcing function, it was shown that a range of Strouhal numbers will provide control.
It was shown that a Strouhal number of 50 provided the best overall. To test this theory
frequencies were calculated corresponding to flow and are provided in the table below. In
addition to the calculated frequencies the experimentally determined stall AoA is reported.

Table 5. Forcing frequency vs Freestream velocity and Stall AoA for baseline

Velocity (m/s) 20 25 30
Stall (AoA) 16.2 17.5 19
Forcing Frequency 6562 8202 9843
(Hz)
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The raw data files for 20 m/s free stream velocity can be seen below. Two cameras were
used to look at the LE and the global view of the airfoil. The same methods will be used for all
corresponding figures. The top row is the LE view and the bottom row images are the global
view, with the baseline results shown on the left and the forcing on the right. For all images the

dark region below the airfoil is the location where no laser illumination can occur.

Figure 54. Leading edge camera view of baseline(left) LEAR(Right) and global view bottom
row.

It can be seen from the LE view that a shear layer with vortex shedding is occurring, with
a resulting burst of the LSB forming a large stall wake. The forcing on the other hand shows a
continuous turbulent boundary layer near the surface of the airfoil. Instantaneous results and 300

image average results are provided.
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Figure 55. Instantaneous leading edge view(top), baseline(Left) and LEAR(Right), Global
view(bottom).

It can be seen from the PIV results the large recirculation and stall wake forming behind
the baseline airfoil. With the forcing system a slight TEV has formed due to curl coming up over
the TE, similar to the what is expected for an airfoil at an AoA lower than the stall angle. It can

be noted that a small turbulent boundary layer can be seen where the vicious interactions are
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occurring. Indicating a dampening or stabilization of the LSB, causing immediate reattachment.

This is further shown by the average PIV results shown in the figure 56 below.

Figure 56. 300 image average leading edge view(top), baseline(Left) and LEAR(Right), Global
view(bottom).

To better elucidate the effects of the leading edge the LE camera was moved closer to the
wind tunnel focusing on approximately 2 cm of the LE as shown in figure 57 below. Flow
visualization images for 25 m/s can be seen below with the improved LE camera view in figure
58. It can be seen from the baseline data a shear layer has formed at the LE, from this shear layer

vortex shedding is seen. This is caused by the LSB forming and subsequently bursting. Whereas
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the LEAR again dampens the LSB and has a turbulent reattachment. It can be seen that again the
LEAR maintains an attachment with a slight development of a TEV. This effect is further
emphasized when compared to the baseline global view. The length between vortexes was
measured for a few frames and was to get an approximation of the shedding frequency. By use of
the equation four below. Where U is the average velocity across the shear layer and A is the

measured distance.

\,’
Il
>

4

The calculated shedding frequency was approximately 6000-8000 Hz, depending on the
frames. Suggesting the selected forcing frequency was selected well, further supporting the
LEAR concept. The averaged PIV results for these same flow visualizations can be seen in figure
59. Where clear detachment and recirculation can be seen for the baseline VR-12 airfoil, and
slight recirculation at the trailing edge for the LEAR. This recirculation likely being from the

TEV.

Figure 57. Adjusted camera position for closer imaging.
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LE View

Global View

Baseline LEAR Forcing

Figure 58. Comparison of flow visualization between the non-forced airfoil(left) and forced
(right).
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Figure 59. 300 image average for 17.5° AoA LE views(right) body view.

One last method was used to help support the effects shown by LEAR to be acoustic in
nature was the implementation of a speaker upwind pointing at the LE. This speaker was fed the

same frequency and amplitude while the tunnel was running with similar results.
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5. CONCLUSIONS

Four types of stall mitigation where designed, fabricated and tested for the two stall
conditions, these being static stall and dynamic stall caused during pitching. The four methods
were permanent droop of the leading and trailing edge, active leading and trailing edge
droop(active morphing), microcavity geometry and a novel leading-edge acoustical resonance
(LEAR). While each showed potential, one demonstrated the highest effectiveness this being the
active morphing. In this case the reduction of the stall both dynamic and static is without
question. The downside associated with this methodology is the complexity associated with its
construction, operation and yet to be determined lifespan. The permeant droop showed promise
but was not as effective as the morphing this is due to the fact that the droop has a poor response
to the low angles of AoA. The next most effective strategy was the LEAR, set with a forcing
frequency that matches a St=50. Where the LSB was shown to be reduced in the static stall
scenario, showing it is possible to control and good agreement with existing studies. Though the
positive effects in dynamic stall where not as significant as the morphing, some reduction was
seen. This implies that further refinement is necessary. This could be in the form of a corrected
forcing frequency to match the pitching increase of angle of attack or a change of the wave form
function may need to be changed to get the desired results. Visbal et al. allude to this in their

paper[47-48].
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5.1. Recommendations
A few items would be recommended for any future work conducted in these designs,
some of these have been alluded to throughout the paper but are put more succinctly here with a
few additions:
e Active Morphing
o Investigation into the effect of out of phase control
o Incorporate onboard pressure sensors and one MFC on the LE and TE to allow for
a closed loop feedback
= This does come at the cost of more computational power and a slower
response
= Use machine learning algorithms to locate proper sensor position
o Fabricate and use fixtures during the glue up and assembly process
o Simplify both the mechanical and electrical systems
* Mechanical design by incorporating the compliant hinge and ribs into one
assembly
= Design and purchase one MFC assembly for the LE and TE
= Design one PCB incorporating the DC-DC converters, IMU as the design currently is
bulkier due to the use of off the shelf components
e Microcavity
o Rerun experiments with the new closed loop wind tunnel with high velocity
capabilities and lower turbulence intensities

e LEAR
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Investigate the corrected forcing frequency to improve performance during
pitching [47-48]
Investigate alternative wave forms such as square, or ramp as they can provide

multiple frequencies improving the effectiveness of the LEAR [47-48]
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APPENDIX A. PIV RESULTS FOR 152.4MM CHORD NACA 0012 AIRFOIL WITH

MICRO CAVITY UNDERGOING A PITCHING CYCLE
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Figure Al. 152.5mm Microcavity undergoing pitching motion and dynamic stall.
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