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Abstract
Piezoelectric Energy Harvesting From Fluid Flow
Hiiseyin Dogus Akaydin

Advisers: Yiannis Andreopoulos and Niell Elvin

The conversion of the kinetic energy of a fluid into electrical energy through
flow-induced  vibrations on  piezoelectric structures is investigated.
“Aeroelectromechanics” of flow-powered piezoelectric harvesters is introduced, the
efficiency components are delineated, and the figures of merit are defined. Wind tunnel
tests were performed on two kinds of harvesters: 1) A cantilevered piezoelectric beam in
the wake of a circular cylinder, ii) A cantilevered piezoelectric beam carrying a tip mass
on its free end. The comparison of the two revealed the prime effect of aeroelastic
efficiency in total efficiency. A semi-analytical model to account for strain transfer from
a passive substrate to a piezoelectric patch through an elastic bonding layer was
developed. It was shown that, under certain conditions, the electric output of the
piezoelectric harvesters can be predicted based on strain measurements on test models
built without using piezoelectric materials. The potential of turbulent boundary layers for
energy harvesting was also investigated. Two flexible piezoelectric beams of different
lengths were tested at various distances off the wall of wind tunnel at different flow
speeds. It was found out that the power output is maximal when the beam is within a
certain wall-distance region inside the boundary layer, and that the size of this region is
larger for the shorter beam. The interaction of a flexible piezoelectric beam with vortex
rings was another topic investigated. Time-resolved PIV images were taken

synchronously with strain, base-force and piezoelectric voltage data as a vortex ring

il



travels over a piezoelectric beam. The dynamic tip deflection of the beam estimated using
the PIV data in a potential flow solution was found comparable to the measured tip
deflection. In addition to the experimental work, a computational framework for
modeling aeroelectromechanical interactions was developed by integrating an electrical
circuit analysis code to a flow simulation program through external scripting. The
framework was applied for the case of a flexible piezoelectric beam in the wake of a
cylinder. A reasonable agreement was obtained between the computer simulations and

the experimental results.
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Chapter 1: Introduction

Chapter 1

Introduction

1. Energy Harvesting Paradigm

During the past two decades, there has been a tremendous increase in speed and
availability of wireless computing accompanied with a significant decrease in power
consumption and size of wireless devices. However, a complimentary increase in power
density of batteries has not been observed. The battery capacity therefore continues to
limit off-grid operation time of an electrical device. This limit could be tolerable for
many portable electronic devices that can be readily recharged or when battery
replacement is possible. However, the feasibility of WSN (wireless sensor network)
implementation is decided primarily upon the battery capacity of its sensors nodes. These
sensor nodes have no wired connection for data or electrical power transmission and are
typically embedded in or deployed to inaccessible or remote locations. Examples include
sensors embedded in concrete blocks of bridges for structural health monitoring,
deployed to ocean floor for tsunami warning systems, or placed throughout the HVAC
(heat, ventilation and air conditioning) ducts of a large building for pervasive monitoring
and control of energy flow (Figure 1). While the absence of wires lowers installation cost
and complications of WSNs, battery replacement or recharging, if possible, remain as a

costly maintenance operation.
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Figure 1: Conceptual application of a wireless sensor node to an HVAC system.

As power technology improvement stalled, before the anticipated prospects of
WSN technologies spurred the search for alternative ways of powering wireless sensor
nodes and resulted in emergence of a multidisciplinary research area called “energy
harvesting” over the past decade. “Energy harvesting” can be defined as generation of
small amounts of electrical energy from ambient sources such as light, mechanical
vibrations, fluid flow, electromagnetic radiation, temperature gradient, chemicals...etc
readily present within an ambient environment. Some classical examples are solar-
powered calculators, self-winding wristwatches, and piezoelectric lighters. “Small” in
this definition refers to amounts enough to run a low-power electronic device
continuously or in a duty cycle. Considering most wireless sensors in the market, this
amount is currently around a few mW or less. The amount of harvested energy is usually
orders of magnitude smaller than the energy involved in the operation of the system

2
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hosting the energy harvester. Therefore, the impact of energy drawn by the energy
harvester(s) on the operation of the host system is usually neglected.

By converting the available energy around the sensors to the electrical energy
they need, energy harvesting methods liberate the wireless sensors from batteries and
result in substantial savings in the maintenance costs of a wireless sensor network. The
ease of installation of energy harvesting sensor nodes can increase the number of
measurement locations, which would have been less in a battery-operated or wired
solution. Even if the energy harvested by each of these sensors is small, they could
facilitate the control of much larger amounts of energy in the host system, and potentially
increase its overall energy efficiency. Energy harvesting paradigm can therefore serve for
“sustainability” or “green energy” causes by reducing energy waste. Additionally, energy
harvesting technologies enable deployment of sensors for disaster alert or fault alert
systems and has a potential to save lives. Reduction of chemical waste due to battery
disposal is an added environmental benefit of energy harvesting technology. Furthermore,
it may be possible in the future to improve the efficiency of current energy harvesting
methods to a level that makes their large-scale implementations feasible as alternative
sources of energy. Because of its immediate applications and future prospects in energy
management and generation the research in energy harvesting has a positive impact on

the wellbeing of society.

2. Piezoelectric Materials

Piezoelectric materials create an electric potential when under an applied

mechanical strain. This is known as the “direct piezoelectric effect”. Conversely,
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piezoelectric materials become mechanically strained when under an applied electric
potential. This is known as the “converse piezoelectric effect”. The piezoelectric effect is
naturally observed in some materials such as Rochelle salt, cane sugar, bone and quartz.
Most modern piezoelectric devices use specially synthesized materials exhibiting high
piezoelectric effect. Two piezoelectric materials in common use are PZT (Lead Zirconate
Titanate), which is manufactured in form of ceramics or single crystals, and PVDF
(Polyvinylidene fluoride), which is a polymer manufactured in form of thin films. PZT
ceramics are brittle but they exhibit a strong piezoelectric effect whereas PVDF films are
very flexible but their piezoelectricity is much weaker.

The piezoelectric effect arises from a special asymmetry in the arrangement of the
atoms constituting the material. Due to this asymmetry, the atoms displace in preferred
directions (dipole directions) when under an applied mechanical stress. Within an
“unpoled” piece of piezoelectric material, these asymmetries are distributed randomly
and the overall effect of the dipoles vanishes (Figure 2). However, the randomly
distributed dipole directions can approximately be aligned along a prescribed direction by
a process called “poling”. Poling typically involves application of a strong electric field
along a certain direction called the “poling direction” while keeping the piezoelectric
material heated near a critical temperature 7 known as the “Curie point” for allowing the
dipoles easily align themselves along the applied electric field. Once the poling process is
completed and the temperature is decreased below the Curie point, the directions of the

dipoles remain locked even after the electric field is removed.
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Figure 2: Poling process of a piezoelectric material.

When mechanical stress is applied to a poled piezoelectric material in a certain
direction, all the dipoles tend to change length along the same direction due to their
locked alignments (Figure 3). The aligned change of the length of the dipoles results in a
net change in the separation of electric charges throughout the material. The electrons
then displace along the poling direction and accumulate at a surface, which they render
negatively charged, while leaving the opposite surface positively charged. This causes an
electric field to form between two opposing faces of the material. The electric field E3
observed (or applied) along a poling direction 3 is proportional to the strain S3 applied (or
observed) in the same direction with a piezoelectric constant ds3. Similarly, £3 observed
(or applied) along a direction 3 is proportional to the strain S; applied (or observed) in a
perpendicular direction 1 through a piezoelectric constant ds;. Typical values of these
constants are d33=390x10"? m/V and d5,=-190x10"* m/V for PZT-5A [1] and ds3=-

33x10"? m/V and d5,=23x10"% m/V [2].
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Figure 3: Qualitative relationship between mechanical stress and electric field in a
piezoelectric material.

If electrodes are connected to these surfaces, the charges flow through an attached
circuit from one surface to the other until the charges are balanced between the two
surfaces. Reversing the direction of the applied stress creates an electric field and charge
flow in the opposite sense; and as expected, a periodic change in the applied stress
produces an alternating current (AC) through the attached circuit. Figure 4 depicts the
operation principle of a common harvester configuration called “bimorph bender” which
consists of a non-piezoelectric center layer sandwiched between two piezoelectric layers.
Bending of a bimorph piezoelectric beam by a periodic excitation force creates a periodic
strain field along the length of the beam (1-direction) and induces an alternating electric
field along the poling direction. The strength of this electric field and the resulting current
through the circuit are proportional to piezoelectric coefficient (d31), Young’s modulus of
the piezoelectric material (Y;) and the time rate of change of strain in the 1-direction. The
piezoelectric layers of a bimorph bender can be positioned with opposite poling

directions (3 and -3 directions) and connected in series for amplifying the voltage output.
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If the layers point in the same poling direction, then they can be connected in parallel for

obtaining a higher current.
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Figure 4: Operation principle of a piezoelectric bimorph bender for energy harvesting.

3. Potential of Fluid Flow for Energy Harvesting

While the ambient energy could be present in various forms around a sensor node,
none of these energy sources are continuously available, nor does a given conversion
method have general applicability. For example, solar collectors do not work at night or
during long winters in Polar Regions; or work efficiently in the absence of direct sunlight
(inside buildings, in dusty environments, or in deep undersea locations). Thermal sources
(hot pipes, furnaces...etc) may not be present everywhere inside a setting or have enough
potential for energy harvesting. Ambient vibrations in an environment are usually not
desired, and are deliberately suppressed for system efficiency and comfort reasons. This
limitation poses a challenge for energy harvesting based on the vibrations on the host

structure. The potentials of magnetic, radio frequency and chemical sources of energy in
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the surrounding environment are often limited due to similar reasons. There are cases;
however, where a significant amount of kinetic energy is available in the form of fluid
flow such as in wind, in ocean currents, or in ventilation ducts or water pipes.
Exploitation of fluid flow for energy harvesting therefore extends the application of
wireless sensing technologies to the situations when/where other sources of ambient

energy are practically not available.

Figure 5: Flow behind a long circular cylinder. Re~70,000. Visualization is done in the
CCNY Aerolab wind tunnel by injecting theatrical smoke into the flow far upstream and
photographing the wake with a digital camera.

The focus of this dissertation is conversion of the kinetic energy of fluid flow to
electrical energy by means of the piezoelectric effect. Fluid flows contain large amounts
of mechanical energy in many different scales as seen in Figure 5. The mechanical power

carried by a cross section of a flow is proportional to the third power of flow speed. For
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example, in air flowing at 1 m/s (typical for an HVAC system), the available mechanical
power is about 600 mW per square meter of duct cross section. Flow of air at a speed of
10 m/s (typical for wind power generation), however, carries about 600 W per square
meter of cross section. While a wind turbine based on electromagnetic conversion is an
efficient generator at large scales, reducing its size to the micro-scale disproportionally
degrades the turbine’s aerodynamic performance, increases its stall speed, lowers its
voltage output, and complicates its design and manufacturing [3]. Piezoelectric
conversion, on the other hand, leads to mechanically simpler and arguably more durable
harvesters in small scales while generating higher voltages needed for AC (alternating
circuit) to DC (direct circuit) rectification. However, the bulk kinetic energy in a uniform
fluid flow is useful only when it creates oscillatory deformations on the piezoelectric
structure. The efficiency of this “aeroelastic conversion” is the key for a successful
piezoelectric energy harvester operating in uniform fluid flow and investigated in detail

in this dissertation.

4. Aeroelectromechanics

Insertion of a piezoelectric structure in a fluid flow results in a series of mutual
interactions between the flow of the fluid, structural mechanics of the harvester and the
electric field generated by the piezoelectric material. A visual description of this three-
way interaction known as ‘“aeroelectromechanics” is given in Figure 6. The kinetic
energy of a uniform and steady fluid flow is converted to time-dependent strain energy
within the harvester through flow-induced vibrations. The efficiency of this conversion is

called the “aeroelastic efficiency”, m.. Once the time-dependent strain energy is
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generated in the piezoelectric structure by the fluid flow, it is converted to AC electrical
energy through the direct piezoelectric effect with an associated “electromechanical
efficiency” nem. Finally, the AC electrical energy is rectified and conditioned to DC
(direct current) through a series of electrical circuits, and the resulting charge is typically
stored in devices such as rechargeable batteries, capacitors etc. before being supplied to
the electronic device (e.g., a wireless sensor node). The efficiency of this conditioning
process is termed as “electrical conditioning efficiency”, 7n... The total efficiency of the

harvester then can be expressed as follows:

nt = naenemnec ( 1)
Aeroelasticity Electromechanics
Mae “Aeroelectromechanics” Mem

/ \ Electrical Conditioning

Mec
>

Figure 6: The aeroelectromechanical interactions and the conversion efficiencies in a
fluidic energy harvester.

The mutual interaction between incompressible flow of a Newtonian fluid, linear
elastic deformation of a piezoelectric structure and resulting electric field through the
structure is given by the incompressible Navier-Stokes equations, Equation (2) [4],

coupled with linear piezoelectric constitutive equations, Equations (3) [5]:

10
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where u is velocity, p is pressure, p is density and v is kinematic viscosity of the fluid
whereas § is strain, 7 is stress, E is electric field and D is electric displacement in the
piezoelectric structure, and s* is elastic compliance constant under constant electric field,
g' is permittivity constant under constant stress and d is the piezoelectric constant of the
piezoelectric material. In the absence of the piezoelectric term dj;E, Equations (2) and
(3a) pose the notoriously challenging problem of aeroelasticity. The flow-induced
pressure distribution over the boundaries of a solid structure results in a stress field (7)
and deformation on the solid structure while the deformation of the structure alters the
flow field and pressure distribution. Depending on the level of aeroelastic coupling, the
dynamics of one domain (i.e. fluid or solid) can dominate that of the other; however,
there are many cases where the influence of theses domains on each other is equally
significant and mutual (e.g. flutter of wings, galloping of wires, vibration of reed
valves...etc). With the presence of the piezoelectric term dy;Ex, the problem becomes
even more complicated; the flow-induced pressure variations over the boundaries of the
piezoelectric structure create mechanical stresses which result in an electric field and
charge displacement through the structure. This sequence of interactions due to the direct
piezoelectric effect is termed the “sensing mode” of operation. Conversely, displacement
of charges induces an electric field that creates mechanical strain on the piezoelectric

structure, and the resulting deformation of the structure alters the pressure distribution
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and therefore the flow field. In this case, the sequence of the interactions is due to the
converse piezoelectric effect and named as “actuation mode” of operation. Although in
most cases one mode of operation is more significant and dominates the other one, in
principle the sensing and actuation modes (i.e. direct and converse piezoelectric effects)
are present at the same time, resulting in a mutual interaction between the flow field and
electric field through the stress field in the piezoelectric material. For the case of
harvesters investigated in this study, the converse piezoelectric effect is insignificant, i.e.
the effect of the changes in the electric field on the flow field are too small to be observed
experimentally. Nevertheless, the computational framework present in this dissertation
considers the mutual interaction between the all three domains. For the purposes of
theoretical design and experimental validation, the aeroelastic side of the problem alone
presents some major challenges that have been addressed in this work. For example, the
frequency and magnitude of aerodynamic forces change significantly due to deformation
and motion of the flow-powered harvester. Therefore, the force coefficients based on
stationary and rigid approximations cannot be used for designing these harvesters.
Furthermore, three dimensionality of the flow becomes important in the determination of
the geometric proportions of the harvester. In this study a good combination of geometric
dimensions and shapes for building a practically useful flow-powered harvester was
found through an experimental design exploration. The comparison of two distinct
harvester concepts revealed the crucial importance of aeroelastic effects in total
performance of a flow-powered harvester. In addition, it was shown that it is possible to
predict the performance of these harvesters reliably based on measurements taken on

dummy models containing no piezoelectric components, thus allowing for decreasing the
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cost and burden of design explorations, which could require the testing of many different

test models.
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5. Organization of the Dissertation

This dissertation presents some of the work done for flow-powered piezoelectric
energy harvesting project at CCNY’s (The City College New York) Aerodynamics
Laboratory. The major tasks of this doctoral research can be listed as follows

(i) Experimentally investigate the behavior of flexible piezoelectric structures
subject to various flow conditions

(i) Develop and verify a computational framework to predict the electrical output
of a piezoelectric structure subject to a specific flow condition.

Since the first tests performed in late July 2008, five original research articles
were published based on this doctoral research. Three of these articles were peer-
reviewed, and their manuscripts are presented in chapters 2, 3 and 5. In Chapter 4, the
manuscript of an article published in a conference proceeding was presented to explain
the transition between chapters 3 and 5. The order of the manuscripts is chronological
and reflects the continual progress of the work for this dissertation.

In Chapter 2, the behavior of a flexible piezoelectric beam in the wake of a
circular cylinder and in a turbulent boundary layer is experimentally investigated. The
concept of “aeroelectromechanics” which involves the consideration of the coupled
interactions of fluid dynamics, structural dynamics, and electric field is introduced. A
computational framework developed for aeroelectromechanical simulations is
demonstrated for the case of a piezoelectric beam in the wake of a circular cylinder.

Chapter 3 further investigates the characteristics of the wake of a circular cylinder
for piezoelectric energy harvesting. The variation of the extracted power with respect to

the position of the harvester in the wake of the cylinder, namely the “power landscape” of
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the wake, is studied in detail. Some statistical characteristics of the time-dependent
behavior of the beam in near and far wake regions are determined. The two mechanisms
by which a travelling vortex creates force on the flexible beam are explained with support
of flow-visualization. Finally, some potential flow calculations for a vortex near an
infinitely long rigid wall are present to demonstrate the effect of distance and strength of
a vortex on the pressure distribution on the wall.

The configurations studied in the first two chapters relied on fluctuations present
upstream of the piezoelectric beam. If the incoming flow is steady and uniform (i.e.
turbulence, bluff-body wakes or gusts are not present), then a plain piezoelectric beam
will create little or no vibration to produce electric power. It is possible however, to
modify the shape of the beam so that it can generate and sustain large-amplitude
vibrations induced by a uniform and steady flow. In Chapter 4, a new configuration
having such a “self-excited” feature is introduced. In this configuration, a small circular
cylinder is attached on the free end of a cantilever piezoelectric beam, thus allowing the
aerodynamic forces acting on the cylinder to deform the beam periodically. Despite its
prospects, however, the electrical power output of the initial design was not too
impressive. Several factors lowering the performance of the configuration were
identified: (i) end-effects due to the low aspect ratio of cylinder, (ii) splitter-plate effect
due to the relatively large width of the beam and (iii) due to high stiffness of the beam
precluding the aeroelastic effects.

In Chapter 5, the issues on the design presented in the previous chapter are
addressed. In this study, a longer piezoelectric structure carrying a cylinder of higher

aspect ratio was studied. The increased aspect ratio of the cylinder decreased the end
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effects and the splitter-plate effect mentioned earlier. The increased length of the beam
decreased its stiffness and resonant frequency, allowing the structure to create and lock-in
flow-induced vibrations at much lower speeds than before. An analysis of efficiency
components revealed that the aeroelastic efficiency of the design presented in Chapter 5
was much larger than that of the design presented in Chapter 1. It was found that the
increase in aeroelastic efficiency was due to the contribution of the aerodynamic forces
on the cylinder to bending of the beam as was hypothesized previously. It was further
found out that the cross-flow motion of the cylinder dramatically increases the dynamic
lift forces acting on the cylinder as compared to those acting on a stationary cylinder.
Coupled with the structural resonance, this aeroelastic effect results in largely amplified
tip deflections and increases the electric power output of the harvester.

Some of the work done for this dissertation has not yet been published elsewhere.
Chapter 6 is devoted to present these work. In the first section of this chapter, the effect
of changing the tip mass shapes of a self-excited energy harvester is investigated. In the
second section, the response of a shorter piezoelectric beam in a turbulent boundary layer
is compared with that of a longer one studied in Chapter 1. In the third section, first an
experiment for taking measurements and PIV images while a vortex ring travels above a
flexible beam is introduced, then comparison of the measurements with estimations using
potential flow theory is presented.

Finally in Chapter 7, an overall summary of the work done for the tasks of the

dissertation is given.
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Abstract

In the present work we explore some aspects of energy harvesting from unsteady,
turbulent fluid flow using piezoelectric generators. Turbulent flows exhibit a large degree
of coherence in their spatial and temporal scales which provides a unique opportunity for
energy harvesting. The voltage generated by short, flexible piezoelectric cantilever beams
placed inside turbulent boundary layers and wakes of circular cylinders at high Reynolds
numbers is investigated. Matching the fluid flow’s predominant frequency with the
natural frequency of the piezoelectric generator appears to maximize the piezoelectric
output voltage. This voltage is also dependent on the generator’s location inside the flow
field. A three-way coupled interaction simulation that takes into account the
aerodynamics, structural vibration and electrical response of the piezoelectric generator

has been developed. The simulation results agree reasonably well with the experimental
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data paving the way of using such a tool to estimate the performance of different energy
harvesting devices within unsteady flow fields.

Keywords: piezoelectric, energy harvesting, unsteady flow, turbulence, cylinder
wake, vortex street, boundary layer, flow-structure interaction, aeroelasticity,

electromechanics, acroelectromechanics

1. Introduction

Recent advances in microelectronics have led to a substantial increase in
processor speeds (approximately a thousand times) over the last two decades. However,
battery energy densities have only increased by a factor of two over the same time period
(Paradiso and Starner, 2005). Supplying adequate electrical power is one of the major
bottlenecks preventing the further miniaturization of wireless devices such as sensor
nodes. A continuous source of electrical energy to replace (or supplement) existing
powering methods without periodic battery recharging (or replacement) would be highly
desirable. One method of supplying the required power for small electronic devices is by
harvesting the energy available in its operational environment. A typical sensor, say a
strain gage used for structural health monitoring, generally has a power consumption
requirement of approximately 1 mW. The emerging field of energy harvesting focuses on
finding and improving methods of generating sufficient energy for such small electronic
devices. Since energy harvesting is a multidisciplinary topic, the research in this area is
conducted in many fields such as structural mechanics, material science, chemistry,

electronics, computer science and more recently, fluid mechanics. Detailed surveys of the

19



Chapter 2: Energy Harvesting From Highly Unsteady Fluid Flows Using Piezoelectric
Materials

current state of the technology are presented by Mitcheson et al. (2008), Paradiso and
Starner (2005) and Gilbert and Balouchi (2008).

Environmental power sources for energy harvesting include: mechanical
vibrations, light, heat and electromagnetic radiation. In this paper we focus on
mechanical vibration scavenging which is typically done using an electrostatic,
electromagnetic or piezoelectric approach. Materials having piezoelectric properties
generate electricity when exposed to a mechanical strain, and conversely change shape
when exposed to an electric field. By storing the electrical charge generated during the
mechanical straining of a piezoelectric material, it is possible to power an electronic
device such as a wireless sensor. Piezoelectric energy harvesters are solid-state devices
which do not require many moving components that thus not likely to need long term
maintenance. Piezoelectric materials also readily lend themselves to MEMS (micro
electromechanical systems) fabrication techniques which can greatly decrease the overall
size of the device. Furthermore their energy output typically produces relatively high
voltages and low currents (as compared to traditional electromagnetic generators) which
make them suitable for many sensing and low power electronic applications. To date
piezoelectric, self-powered electronic devices are either: small, imbedded sensors
emitting wireless signals used to assess the mechanical performance of a structure (Ha
and Chang, 2005; Lajnef, Chakrabartty and Elvin, 2006; Discenzo, Chung and Loparo,
2006;) or wireless transmitters such as active RFID (radio frequency identification) tags
(Kymissis, et al, 1998; Kimura, 1998).

In addition to those small-scale applications, there are conceptual designs for

using piezoelectric materials for large-scale energy harvesting such as the ocean-wave
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driven piezoelectric harvester of Taylor et al. (2001). Due to increased environmental
awareness, the possibility of using piezoelectricity as a “green energy” source have given
rise to ideas such as piezoelectric subway platforms, conveyor bands, turnstiles, stairs,
pavements, highways, railroads, bridges, disco dance floors etc.; and some of these large-
scale concepts are being currently implemented. Further advances in piezoelectric
materials research would enable a greater conversion rate of ambient mechanical energy
to electrical energy. Such developments now position these materials as viable alternative

energy sources, to obviate the need for or augment the use of batteries and wired power.

2. Piezoelectric Energy Harvesting from Fluid Flow

Recent surveys on the use of piezoelectric energy harvesting from structural
deformations and vibrations (Sodano, Park and Inman, 2004; Anton and Sodano, 2007)
show that the research in energy harvesting by piezoelectric materials focuses primarily
on harvesting energy from the mechanical vibration of the structure to which the
harvester is attached. Studies on the conversion of the kinetic energy of fluid flow in this
field remain fairly limited.

Most of the research in piezoelectric energy conversion from fluid flow has
concentrated on various windmill designs (Schmidt 1992, Priya et al. 2005, Myers et al.
2007). Advances in modern micro-manufacturing techniques may make it possible to
shrink the sizes of these turbines to the centimeter scale. However the performance of
turbine based generators greatly degrades as the surface-related phenomena (such as
viscous losses on the blade channels and frictional losses on bearings) start to dominate

their dynamics. In fact, even the perfect, no-loss turbine is limited to convert 59.3% of
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the flow energy which is known as “Betz limit” (Douglas et al., 2005) and losses reduce
this fraction down to 10% or far less as shown by Mitcheson et al. (2008). Moreover, the
added mechanical complexities and susceptibility to clogging, increases the cost and
maintenance requirements of such harvesters.

An alternative to the micro-turbine design is to place a simple bending
piezoelectric structure directly into the fluid flow. Although Schmidt (1992) introduced
such a concept via his “oscillating blade” design, the idea was largely neglected until the
work of Allen and Smits (2001). Allen and Smits (2001) studied the behavior of long and
very flexible piezoelectric strips (so-called “eels”) in the wake of a flat plate normal to a
flow. They presented results on structural response of the eel based on modal analysis
and provide PIV (particle image velocimetry) images to support and interpret their
predictions. They concluded that for the maximum coupling between the eel and the
vortex street, the eel should have a small enough stiffness as not to dampen the
oscillations, and its natural frequency should match to the shedding frequency of the
upstream vortices. The eel concept has been applied to harvest energy from ocean waves
by Taylor et al. (2001). An attempt to analytically model the vortex street in the wake of
bluff body was done by Pobering and Schwesinger (2004) to show the feasibility of the
energy harvesting eel concept. Recently, Robbins et al. (2006) have investigated the
performance of piezoelectric sheets in airflow using a synchronized-switching circuit for
improved electrical energy conversion.

In the present work we consider the case of flow kinetic energy harvesting in the
wake of a circular cylinder at high Reynolds numbers and inside a turbulent boundary

layer. Our research approach involves a combination of experimental and computational
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work. The experiments have been simulated experimentally by modeling the three-way
interactions of the turbulent flow, piezoelectric structure and the harvester electronic
circuit at the same time. This is in contrast to previous work in this field which has
largely concentrated on studying one or more aspects of the electrical, structural and fluid
problems. Thus the present approach has the potential of revealing physical aspect of this
three-way interaction which have not been observed before. In addition to our novel
computational approach, this paper presents, for the first time, experimental data obtained

in turbulent boundary layers.

3. The Present Approach

A performance analysis for inertial harvesters (Mitcheson et al., 2008) shows that
the harvested power (P) is proportional to vibration amplitude and the cube of the
operation frequency:

Pocy,xf’ (1
where ), corresponds to the tip displacement of a cantilevered piezo-beam, f is the
frequency of vibration of the harvester. Thus for the same tip displacement, an increased
operational frequency increases the output power. Ceramic based piezoelectric materials
such as PZT (Lead Zirconate Titanate) typically operate at frequencies in the kHz range.

However, their brittleness and high stiffness make them unfavorable for fluid energy

harvesting structures which generally operate in conditions of high displacements and

"In case of a piezoelectric generator, an accurate modeling of coupling of electrical and
mechanical domains is required to calculate the correct values of power output as
suggested by Erturk and Inman (2008a). For the purpose of the simplified scale-analysis,
this coupling is ignored.
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strain levels. Plastic based piezoelectric materials such as PVDF (Polyvinylidene
Fluoride) on the other hand, can be flexed with very little force to relatively high
mechanical strain levels without damage. However their electromechanical coupling
coefficients are typically much lower than for PZT.

Turbulent flows are characterized by a large number of temporal and spatial

scales with significant kinetic energy distributed over these scales. The available power

in the fluid flow is proportional to U;-, where U, is a characteristic velocity which is
proportional to a typical length scale L, and a frequency scale f, . The available power

in such a fluctuating flow is therefore proportional to Li(- and f;. In this paper we

investigate the energy conversion performance of a PVDF cantilever structure with a
relatively large tip displacement and high operational frequency in highly-unsteady
turbulent flows. This generated energy can be used for continuously powering a small
electronic device, or the generated energy can be stored for intermittent use at a later
stage. The electronic device could be a sensor that is used to measure the unsteady
characteristics of the flow (such as turbulence levels, flow speed, vortex shedding

frequency etc.) and then to send wireless information to a remote receiver.

Lift force Fixed Support

Incoming Elow
——

Backing Layer Piezoelectric layer
{Mylar) {PVDF)

Electrical
Circuit

Figure 1: A schematic diagram of the piezoelectric generator in a flow field.
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The basic design of the proposed harvesting device consists of a cantilever PVDF
beam and the associated electronics, as schematically shown in Figure 1, placed within an
unsteady fluid flow. One such unsteady fluid flow is the wake behind a cylinder (the so
called “Karman Vortex Street”) which consists of a staggered array of vortices (Figure 2).
These vortices are periodically shed from the top and bottom of the cylinder and rotate in
alternating directions. If a flexible beam is placed in the vortex street, the consecutive
vortices passing along the top and bottom surfaces of the beam will dynamically change
the static pressure on the surface of the beam and thus cause it to oscillate.

Vortex shedding from a circular cylinder is chosen in the present study since it
has been extensively studied (Roshko, 1953; Roshko, 1961; Lienhard, 1966; Unal and
Rockwell, 1988a) for a wide range of Reynolds number, and the downstream conditions
at the location of the piezoelectric beam are well characterized. A fully turbulent vortex
street (as studied in the present paper) is expected to form at Reynolds numbers near
10,000. The flow structure in the wake of a cylinder at a similar Reynolds number has
been investigated numerically and experimentally by Dong et al. (2006). It should be
noted that based on the previous studies on rigid or hinged splitter plates in a vortex street
(Unal and Rockwell, 1988b; Shukla, Govardhan and Arakeri, 2009) the presence of the

piezoelectric generator is expected to alter the flow field in the wake of the cylinder.
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Core of a clockwise Impingement of
rotating vortex the vortex on beam

C ’

Figure 2: The concept of placing an elastic beam into the vortex street to induce vibration
(smoke is used for flow visualization behind the circular cylinder). Designated points (1,
2, 3 and 4) represent approximate measurement locations. Background is a flow
visualization picture obtained by the illumination of smoke particles released upstream
with a laser sheet coming from the top of the figure. The black shadows on the bottom are
cast by the cylinder and the beam.

3.1. Computational Methods and Modeling

Energy harvesting from a flexible piezoelectric structure within a fluid flow
involves the mutual interactions of (i) the fluid flow, (ii) the electromechanical structure
and (iii) the attached electrical circuit. The fluid flow pressure exerts a force on the
generator causing it to deform and thus inducing mechanical strains within the
piezoelectric layers. The mechanical strain generates a charge in the piezoelectric layers
which is then used by the harvester circuit. The response of the circuit feeds back into the
piezoelectric structure, changing its shape and thus modifying the fluid flow field. These
mutual interactions can be described by the governing equations of each subsystem with
the addition of the appropriate coupling terms. In flow speeds less than 0.3 of speed of
the sound, the flow can be considered incompressible, which is valid for the cases

presented herein. The incompressible flow of a Newtonian fluid such as air can be
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described by the continuity (equation 2a) and N-S (Navier-Stokes) equations (equation

2b) in index notation as

Dr,hs -0 (2a)

DV ot;
o2V _op | O
Dt ox, Ox,

¢ J

(2b)

D 0
where — =-—+V, — is the total derivative operator, P is the pressure in the fluid, O
Dt o " ox,

is the fluid density, V; is the fluid velocity vector, T, is the stress tensor and Sy is the

1
strain rate tensor. Equations (2) and (3) are subject to the no slip boundary conditions on

the surface of the moving structure:

V(x,y,2)=Vy(x,3,2) where x,y,z€ Q (3)

where (2 is the wet surface of the deforming structure, V5 is velocity of {2, p is the
pressure in the flow; O and M are the density and dynamic viscosity of the fluid
respectively. The shape of the structure modifies the flow field through the boundary
conditions; while P, the pressure acting on €2, generates the forcing term £ in the

structural equation as shown below. Note that the contribution of the shear stresses over
the surface of the structure is relatively small and is thus neglected.

Under linear Euler-Bernoulli beam assumptions with the piezoelectric poled
through the thickness, the constitutive equations for electromechanical coupling are one

dimensional and given by:

I = Slcﬁ — Eyey 4)
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D, =Se, +Ey&), (5)
where the subscripts | and 5 respectively show the directions of the length and thickness
of the beam, 7 is the stress and S| is the strain along the length of beam; [, is the
electric displacement and £; is the electric field through the thickness of the
piezoelectric layer. cﬁ is the elastic stiffness (Young’s modulus) at constant electric

field, 8353 the electric permittivity at constant strain and €;; is the piezoelectric constant.

The three equations (2), (4) and (5) form a coupled system of equations governing the

aero-electro-mechanical behavior of the generator and must be solved for the common

unknowns (¥, Py, T, andD,). This concept is also depicted in Figure 3.

Fluid
Flow +—

Aeroelastic e

couplin

i Aero-
Solid — Electro-
Structure Mechanical
1 coupling

Electromechanical

coupling Y
Electric
Field i

Figure 3: Schematic of three-way interaction between the flow, structure and electrical
field.

If the structural response of a slender piezo-beam is modeled as a SDOF (single
degree of freedom), the electromechanical response, i.e. equations (4) and (5), for a
purely resistive load (R) is given by

mj}t+cj/t+kyt—®v:F (6)

with the initial conditions y, (t ) =0 and y,(#)=0 when # = 0 and
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y
Oy +Cv=——"=1 7
2 R (7

with the initial condition v(t) =0 when ¢t = 0. Here ), is the tip deflection, Vis the

voltage, I is the current, I is the applied force, /71 is the mass, Cthe structural damping
coefficient, k is the stiffness of the beam, C is the capacitance and ® is the
electromechanical coupling coefficient of the piezoelectric generator. The over-dot
represents a derivative with respect to time. Note in Equation (6) that the viscous
damping due to the ambient fluid (i.e. air) is neglected. Equations (6) and (7) are also

known as the “actuator” and “sensor” equations, respectively.

In the case of open circuit analysis, we can set R =00 and obtain the following
relation between the tip displacement and the open circuit voltage:

—-C
=—vy 8
V=g Ve (8

The open-circuit piezoelectric coupling can be added into the structural response

simply in the form of added stiffness as
@2
mj}t+cyt+[k+?Jyt:F (9)

In case of small deflections, the excitation force and the corresponding shape of
the beam can be approximated by using a Rayleigh-Ritz weighted residual method (Elvin
et al. 2006). If we consider only the first mode and neglect any contribution of the second

and higher modes

L

Fl=],

X:

p(x)(x)dx (10)
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where L is the length of the beam, ﬁ(x,t) is the net pressure force acting on the surface

of the beam per width and ¢ is the weighting function for the first-mode shape assumed

Mﬂ=®—w{%%ﬂ (11)

which relates the beam shape to the tip deflection as

to be

y(x.0) =y, ()4 (x) (12)
The other terms in equations 6 and 7 (i.e. m, ¢, k, ® and C) are also given as a

function of ¢ (see for example Elvin at al., 2006).

The electrical energy generated in a time interval (Z),?) is

1112
EM—Eva (13)

and the average power in the same interval would then be

By = (14)

In this paper, the two dimensional N-S equations (equation 2) were solved using
the pressure-based model (which decouples the pressure and velocity fields) in FLUENT
(Ansys, Inc. Canonsburg, PA. USA). The time step is set to 5x10™ seconds, which gives
approximately 40 solutions steps per vortex shedding cycle (i.e. approximately 50Hz).
The SST (Shear Stress Transport) k-o turbulence model is used for its good performance
in predicting the lift and drag forces on the cylinder in the simulations when no beam is

present. In the absence of the beam, the lift coefficient on the cylinder fluctuates about 0

and with peaks at = 1.5 at a shedding frequency of 54 Hz; the drag coefficient fluctuated
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about 1.44 with maximums of 1.54 and minimums of 1.35. These values compare well
with those found in literature (Panton. 1996 and Dong et al., 2006). Figure 4 shows the
computation domain, boundary conditions and the mesh. A total of 27057 cells are used
in the whole domain. In the vicinity of the beam, triangular cells are used to facilitate
simple dynamic remeshing at each time step. Quadrilateral cells are used otherwise. A
high mesh density is required at the boundary layer for accurately modeling the viscous

effects such as vorticity generation. Thus the cell heights near the walls are determined
such that their dimensionless wall distances are always less than 1 (¥, <1) and as such

there will be about 5 to 10 cells inside the viscous sublayer. Figure 5 show the detailed

views of the mesh near the cylinder and the beam.
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Figure 4: Computational domain, mesh and boundary conditions.
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Figure 5: Detailed view of the mesh a) near the cylinder. b) near the beam.
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In order to model the interactions between the flow, structure and the circuit, a
sub-program, known as “user defined function” (UDF) within FLUENT, is developed to
calculate the shape of the piezoelectric generator at each time step and to change the
boundary conditions within the flow solver. While the flow solver handles the N-S
equations (equation 2), the UDF handles solution of structural and electrical equations
(equation 9 and 8, respectively, as shown in Elvin and Elvin (2009a)). The flow chart of
this method is shown in Figure 6. The pressure distribution on the surface of the beam is
found from a finite-volume solution of the N-S equations (Pane I). The UDF integrates
this pressure distribution to find the force input in the actuator equation (equations 9) and
calculates the tip deflection of the piezoelectric beam in the next time step using a SDOF
lumped-parameter approach. The shape of the beam is approximated by a Rayleigh-Ritz
method considering only the first mode. The sensor equation (equation 8) is also solved
at this stage to find the piezoelectric voltage output (Pane II). The updated beam shape
and flow field is then transferred back to the N-S solver as boundary and initial
conditions of the next time step. The solid boundary and the flow domain are re-meshed
and the pressure on the beam surface in its new shape is recalculated (Pane III). The
simulation is stopped when the steady-state oscillation of the beam within the vortex
street is reached. When solving the actuator equation (9), the force on the right hand side
is assumed to stay constant within the given time interval and the available analytical

solution (i.e. Duhamel’s integral) is used for calculating the tip deflection at the next time

step. Note that a global time step (At) is used for both for the N-S and structure

equations, and the time increment required to capture the fluid dynamics was already
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small enough as not to pose any stability or accuracy issues for the solution of structural
response.

According to the classification of CAE (computational aeroelasticity) solvers
presented by Kamakoti and Shyy (2005) the above approach falls into the “closely
coupled” solutions category. Unlike “strongly coupled methods” in which the unified set
of the governing equations for all the domains (fluid, structure and electrical) are solved
simultaneously, the present approach solves each domain separately, but exchanges the
necessary information between the domains periodically at small time-steps. This
approach is widely used since it is computationally less expensive but still accurate even

in complex non-linear problems (Kamakoti and Shyy, 2005).
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I: SOLVE THE FLOW FIELD
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Il: CALCULATE THE NEXT SHAPE
1) Calculate the force F using equation (10) from calculated pressure.

2) Solve actuator equation (9) using initial and boundary conditions from the
previous time step.

3) Solve sensor equation (8).

4) Calculate the shape of the beam from equation (12).

5) Write results (Z, ¥,, V,,V) to file.

Ill: UPDATE MESH

Yol
OV
“‘Eﬂth‘ KN/
NS
RO
44‘\% ORI

VAN gy
YAVIAVaY,
2RISR
ARSI
Vi
V)
NN

S,
4

A &
11

o
Y
INSATNVAAYS
RS
o A
yva A
NI
2N
PRORSEN

\

5
W)
s

N\
KRR

VA
DRE

SNAN

0
<A

Figure 6: Procedure for numerical simulation of the aero-electro-mechanics of a piezo-
beam using FLUENT and UDF programming.
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3.2 Experimental Studies

3.2.1 The Experimental Setup and Instrumentation
The experiments in this research were conducted in the wind tunnel of The
Mechanical Engineering Department at CCNY, which can produce flow speeds of up to

11 m/s in a rectangular cross section of 1.2mx1.2m.The piezoelectric beam used in the
present investigation has dimensions of 30mmx16mmx=0.2mm (Material Systems Inc.,

Littleton, MA. USA.), and is composed of a piezoelectric material PVDF and a Mylar
backing material with thicknesses t,=28um and t,=172pumrespectively, as seen on

Figure 1. The physical properties of this piezoelectric beam configuration have been
previously calculated and are listed in Table 1 (Elvin, Lajnef, and Elvin, 2006). The
electrical load has a resistance 100kQ for the vortex-street experiment and 10MQ for the
turbulent boundary layer case. (The load resistance is greater in the turbulent boundary
layer case since the tip deflections are small and require a larger resistance for adequate
resolution of the voltage output). The output voltage was digitized by a 16 bit resolution
analog-to-digital converter with a sampling frequency of 10,000 Hz. A digital
oscilloscope was used to record voltages with amplitude greater than 10 volts at a rate of
1,000 samples/s for 2.5 s. Spectral analysis was carried out using MATLAB based FFT
routines.

In the present configuration the beam was clamped at the tip of a long aluminum
bar which was mounted on a manual traversing mechanism so that measurements of the

output voltage at various locations inside the flow field could be obtained. An aluminum
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cylinder of 30mm in diameter and 1.2 m in length was placed across the working section

of the wind tunnel to generate a periodic vortex street wake.

Table 1: Properties of the PVDF-Mylar composite Beam

Symbol Property Value

m Mass 3.87x107 kg

k Stiffness 3.6 N/m

' Damping ratio 3.85% (experimentally determined)
¢ Damping coefficient  9.089x10™ Nm/s (c=2Ekm)

Ay

1
Natural frequency 48.54 Hz (f =2—\/k/ m)
T

o Elect.romecham.cal 3.69x10° C/m
coupling coefficient
C Capacitance 1.38 nF

Erturk and Inman (2008b) have shown that for a cantilever piezoelectric generator
with a single pair of electrodes, the maximum electrical power conversion occurs when
the generator vibrates at its first natural frequency. Therefore it is desirable that the
dominant frequency of the fluid-flow matches the first natural frequency of the generator
and that the beam vibrates mainly in its first mode. As evidence of vibration of the
generator in its first mode, digital images of the vibrating beam in the wake of the
cylinder are shown in Figure 7. The images are taken by a high-speed camera (Imacon
200 from DRS Technologies) and each image has a 0.5 ms exposure time; the period
between each of the frames is 2.5 ms. Processing of these images show that the first
derivative of the beam shape is always non-zero except at the fixed end. Furthermore, the
second derivative of the beam shape is zero very close to the tip indicating that the

generator vibrates in its first mode.
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7 8

Figure 7: Eight consecutive photos of the vibrating beam in the wake. The flow is from
left to right; the beam is fixed at its right end.

3.2.2. Vortex Street Experiments

In order to investigate the behavior of the piezoelectric generator in the large-
scale fluctuations of a flow field, the piezoelectric beam was placed in the wake of a
circular cylinder. The free stream velocity has been selected to provide a vortex shedding
frequency close to the resonance frequency of the piezoelectric beam ( f, =f,). The

frequency of the vortex shedding from a bluff body can be calculated from the following

equation (Panton, 1996):
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s,
D

1 (15)

where St is the Strouhal number, ¥, is the free stream velocity and D is the

characteristic length of the bluff body (i.e. the diameter for a circular cylinder). For a
large range of Reynolds number the Strouhal number has been shown to be 0.2 (Panton,
1996). Given the resonant frequency of the beam is approximately 48.5 Hz, a cylinder of
diameter 0.03 m in a free stream velocity of 7.23 m/s would shed vortices in resonance
with the natural oscillation of the beam. At this free stream speed and at room
temperature, the Reynolds number is

V.D
Re =—"—=14,843 (16)
1%

which indicates a fully turbulent wake behind the cylinder (Panton, 1996).

The location of the beam was moved within the wake to find the position of the
highest voltage output. The beam was traversed across the wake by varying the distance 4
from the center line of the cylinder, and by varying the streamwise distance d from the tip
of the beam to the center of the cylinder (Figure 2). Four of these locations roughly
correspond to the points numbered 1 to 4 in Figure 2. It is anticipated that very close to
the cylinder, the beam is in a relatively low-velocity recirculating zone where the vortices
are not yet fully developed. While traveling downstream of the cylinder, the vortices first
increase in strength as they become fully developed and then decay because of viscous
dissipation. Hence there should be an optimum value of the distances d and % from the
cylinder where the shedding vortices are at full strength and therefore the location where

the voltage output is the maximum.
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Figure 8: Variation of the mean electrical power of the PVDF beam depending on its
location in the wake of the cylinder. The load resistance is R =100kCQ2.

Figure 8 shows the variation of the average power output of the piezoelectric
beam at different locations along (h) and across (d) the wake. The maximum electrical
power is obtained along the centerline with h=0 and d=60 mm, i.e. at d=2D where the
upstream tip of the beam is at Point 1 in Figure 2. Away from the centerline (as /
increases) the electrical power decreases when d =60 mm and d =255 mm (Point 4).
However, when the beam is very close to the cylinder (d =20 mm and d =30 mm) the
local power maxima are somewhat off the center-line (# =17 mm (Point 2) and /=22
mm (Point 3), respectively). Of these three locations, Point 1 is the global, power
maximum. Figure 9a shows the open circuit voltage signal when the tip of the beam is
located at Point 1 and Figure 9b shows its frequency content. The voltage signal contains
many harmonics, although some are relatively small, showing that the beam vibration in

a turbulent vortex street is a multi-scale, mutual interaction of the flow and the structure.
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It should be noted that the spectral analysis was carried out using a FFT of the
entire signal (i.e. duration of 2.5 seconds). This long duration record contained several
vortex shedding realizations which were slightly different from each other in frequency
or amplitude mostly due the nature of turbulence, possible small disturbances in the
incoming flow and the three-dimensional effects in the wake. As a result broadening of
the spectral peak occurs with several dominant frequencies, each differing very little from
the other in value; and combination of those leads to a modulated signal as seen on Figure

9a.
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Figure 9: a) The open circuit voltage output of the beam in the turbulent wake of the
cylinder. b) The frequency content of that voltage signal. Frequency resolution is 0.4 Hz.

3.2.3. The Turbulent Boundary Layer Experiments
The piezoelectric beam was also placed into a turbulent boundary layer flow near
the bottom wall of the wind tunnel as shown in Figure 10 at a distance of 5.12 m

downstream of the start of the test section. The output voltage was recorded at various

free stream velocities V. The beam was traversed across the boundary layer and the

output voltage was recorded at various distances from the wall, h. The maximum free
stream speed was 11 m/s, giving a local Reynolds number based on momentum thickness
(6=11 mm) of Rey=7900 at the ambient conditions of the laboratory. Based on the
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measurements of Andreopoulos and Honkan (2001) and Honkan and Andreopoulos
(1997) in the same wind tunnel, the boundary layer thickness at this location and speed is

estimated to be 6=115 mm.

. Edge of boundary layer __

—-—

Figure 10: The concept of placing an elastic beam into turbulent boundary layer to induce
vibration. Background image on left is flow visualization of a turbulent boundary layer
with smoke.

The average electrical power output (through a 10MQ load resistor) at various

distances from the wall is shown in Figure 11 for ¥/, =11m/s. As seen on Figure 11a, the

average generated power shows a maximum at h=40 mm from the wall. This position
appears to be located in the lower part of the logarithmic law region and it is far from the
maximum turbulent kinetic energy location which is at about § mm. Mean power drops at
locations closer to the wall and at locations toward the outer layer. Interestingly enough it
is not zero immediately beyond the edge of the boundary layer. A second local maximum

can be observed at h=75 mm.
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Figure 11: The variation of time-averaged electrical power across a R=10MQ load
resistor for various heights (h) within the turbulent boundary layer. a) at free stream

velocity ¥, =11m/s. b) at various free stream velocities.

Figure 11b shows the variation of the average electrical power for various free
stream velocities and wall distances. The electrical output monotonically increases with
the free stream speed. It is interesting to observe that the global and local maxima of the
generated power occur at 40 mm and 75 mm respectively and that these locations are
independent of the free stream velocity. Further experimental work will try to validate
such optimal points and their characteristics as well as comparing them with theoretical
predictions and computer simulations.

Figure 12a shows a 5-second time history of the voltage output of the
piezoelectric generator, 40mm within the boundary layer, (i.e. at the optimal power
point). In Figure 12b one can observe that the dominant frequency of the voltage output is

spread over three peaks centered around 46 Hz , which is close to the resonance

frequency of the beam (48 Hz ). The next group of peaks is centered around 317 Hz,

which is comparable to the turbulence frequency calculated as V, /h=275 Hz  where the

free stream speed V, =11m/s and h=40mm is the location within the boundary layer.
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Although the amplitude of this second group of peaks is less than 3 % of that of the first

one, it is still an evidence of higher frequency excitations due to turbulence.

10
214 mV at 44 Hz
2
_107}214 mv at 46 Hz—f gmz a: g?g :Z
_ 2 |163mVatas Hz 5mv:t324Hz
=0 210° ) z
o 2
g E.w'a
°
x, -
= < 10 4
-4 107 3 4
i) 1 2 3 2 5 10 10 10 10
Time [s] Frequency [Hz]
(a) (b)

Figure 12: a) The voltage history of the piezoelectric beam in turbulent boundary layer at
the wall distance h=40 mm. b) The frequency content of the voltage signal.

3.4. Computational Results

The sequence of Figures 13 through 15 illustrates the interaction of passing
vortices with the piezoelectric beam at two different instances. The flow pattern at the
first instance shows the impact of the induced flow by the approaching vortex on the
beam and the resulting stagnation region where dynamic pressure is converted to static
which causes the beam to bend downwards. The flow at 4.6 ms later is characterized by
the low pressure at the core area of the passing vortex which causes the beam to bend
upwards. Figures 13 and 14 show the pathlines and vorticity contours at these two
instances. The locations of the vortices are identified by circulatory zones where the
vorticity is high. The stagnating flow region is clearly shown on the top of the beam in
Figure 13a, while a vortex is approaching to the beam. The beam induces a stagnating
flow region which opposes the forcing on the top surface of it. Figure 13b shows the
vortex reaching at the top surface of the beam while the bottom is dominated by the

impacting fluid of the induced vortex below. Thus the forcing of the beam is produced by

44



Chapter 2: Energy Harvesting From Highly Unsteady Fluid Flows Using Piezoelectric
Materials

two mechanisms which act in phase and cause the beam to bend in the same direction: the
passing of the low pressure vortex core on one side and the stagnating flow on the
opposite side of the beam. It is remarkable to observe the similarities between the
computational results displayed in Figure 13a and the flow visualization picture shown in
Figure 2 which has been obtained by illuminating the flow with a thin laser sheet
perpendicular to the axis of the cylinder. Both figures show an instant when the beam
which is bent downwards under the impact of the vortex induced flow.

Additional information from the computational results provided in figures 14a and
14b indicates the existence of a shear layer emanating from the top and bottom sides of
the cylinder Another shear layer which starts from the leading edge of the beam extends
in the beam’s lower side and defines the recirculating flow pattern there. The velocity
field is shown in Figure 15 while the pressure contours are shown in Figure 16. It is clear
from Figure 16 that the pressure difference between the either sides of the beam causes
the deflection of the beam and the passage of the vortex core produces much stronger

events than those produced by the stagnation pressure.
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Figure 13: The pathlines for the flow around the cylinder with the flexible beam in its
wake. a) At an instant when a vortex is approaching the beam b) At an instant 4.6 ms
later, when the same vortex is located on the beam’s upper surface. The pathlines are
colored by the absolute value of the local instantaneous velocity.
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Figure 14: The vorticity contours for the flow around the cylinder with the flexible beam
in its wake. a) At an instant when a vortex is approaching the beam b) At an instant 4.6
ms later, when the same vortex is located on the beam’s upper surface. Note that upper
limit of the vorticity is clipped at 4000 Hz in order to make the variations more visible.
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Figure 15: The velocity contours for the flow around the cylinder with the flexible beam
in its wake. a) At an instant when a vortex is approaching the beam b) At an instant 4.6
ms later, when the same vortex is located on the beam’s upper surface.
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Figure 16: The pressure contours for the flow around the cylinder with the flexible beam
in its wake. a) At an instant when a vortex is approaching the beam b) At an instant 4.6
ms later, when the same vortex is located on the beam’s upper surface.
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The calculated output voltages compared with the experimental results for various
free stream velocities are shown in Figure 17. It can be seen from the experimental data
that the voltage output is greatest at a freestream velocity of 7.125 m/s which produces a
vortex shedding frequency close to the beam’s resonant frequency. The voltage output
decreases for freestream velocities lower or higher than this peak value. Similar behavior
can be observed in the simulation data which capture the overall trend of the

experimental data.
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Figure 17: Comparison of open circuit voltage RMS for simulation (sim) and experiment
(exp) of the piezoelectric beam in the wake of the cylinder for a range of free stream
speeds.

One set of experimental and computational results of the voltage and tip
displacement time-history, as well frequency content of the voltage at a fluid velocity of

7.125 m/s are shown in Figure 18. In these experiments, the open circuit voltage is
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measured and is then used in Equation § to find the tip displacements. In the simulations,
the tip displacement is calculated first and the corresponding voltage is obtained using
Equation 8. The simulation and experimental voltage amplitudes in Figures 18a to 18e
agree reasonably well, while the simulation indicates a lower dominant frequency. The
reason for obtaining a lower dominant frequency in the simulations can be attributed to
the 2D modeling of the problem. Note that in the experiments, the width of the piezo-
beam is much smaller than the span of the cylinder. Thus the upstream effect of the beam
on the flow in the experiment is relatively minor. However, in 2D simulations, the beam
and the cylinder have identical unit depths, so the upstream effect of the piezo-beam is
more pronounced than that in the real 3D case. It is known that the presence of splitter
plates downstream of circular cylinders mitigate the vortex shedding from the cylinder
(Blevins, 1977; Unal and Rockwell, 1988b; Shukla, 2009) which supports this
observation. The lower frequency content of the 2D simulation is also visible through
FFT analysis as shown in Figure 18c when compared with Figurel8f. The upstream
effect of the flexible beam generates a coupling between the vortex shedding and beam
vibration that results in a lower resonant frequency (40 Hz vs 48.5) but increased tip
deflection and voltage output. Therefore, even though the forcing frequency in the
coupled system of the beam and vortex shedding is different from the natural frequency
of the beam alone, the tip deflection and therefore the voltage output in case of the
coupled system is higher than what would expected in case of an off-resonance forcing of

the isolated beam.
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Figure 18: a) Simulated open-circuit voltage of the piezoelectric generator behind a 0.03
m diameter cylinder at a free air stream velocity of V=7.125 m/s, b) corresponding tip
displacement and c) frequency content of the voltage; d), e) and f) are the corresponding
figures for the experiment at the same conditions. Frequency resolution for c) is 4Hz
whereas that for f) is 0.4 Hz.

4. Discussion and Final Remarks

Energy harvesting is a diverse area of research and promises to provide a valuable

alternate energy source that can be used for various applications in a number of
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engineering and technological areas. Along with the structural mechanics and electronics,
fluid mechanics is also involved when energy harvesting from fluid flows is considered.
Unsteady fluid flow field can exert oscillatory forces to a piezoelectric structure
immersed in it and thus can be used as an energy harvesting environment.

In this paper we investigated the energy harvesting capability of a piezoelectric
beam in two types of unsteady air flows: 1) in the turbulent wake of a circular cylinder,
and 2) in a turbulent boundary layer. We focused on turbulent, high Reynolds number
flows (Re>10,000) with well defined coherent structures since the electrical output of a
tuned piezoelectric harvester strongly depends on the forcing frequency. In the wake
experiments, the driving mechanism was mainly due to the passage of the vortices over
the beam and it was found that in order to obtain the maximum power output in the wake
of a cylinder, the vortex shedding frequency should match the natural frequency of the
piezo-beam. The effect on power output of the position of the generator within the wake

was also investigated. The maximum non-rectified power from the piezoelectric

generator with a load resistor of 100 KC2 in the wake of the cylinder subjected to a 7.23

n/s flow was 4uW . In the second set of experiments, the driving mechanism was the

turbulence contained in the boundary layer and we have found the position that

maximizes the harvested energy for boundary layers of a wide range of Re. The non-
rectified power obtained from the boundary layer was 0.06 pW over a 10 M resistance.

An estimation of conversion efficiency of the piezoelectric beam has been
attempted using the simulation data. The average mechanical power given to the beam is

estimated by the following equation:
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1
Breen = ﬁijtdf (17)

where F(t) is the equivalent time dependent tip force and yi(t) is the time dependent tip

deflection. The mechanical conversion efficiency is then found by defining

P,
Monech = P—’ (18)

mech

Based on the computed tip force and displacement histories of the simulation, the
mechanical power input was estimated to be P, =60uW and the electrical power
based on the AC voltage output over a 100kOhm resistor is about P, = 7UW yielding

mech
a conversion efficiency of 11%.

A comparison of the presenter harvester configuration with wind turbines can also

be made. The power available in a section of flow having a cross sectional area 4 and

upstream velocity ¥V, is given by

Py =3 pAV: (19

The maximum power that can be extracted from the flow with a turbine is
B =BG (20)
where Cp is the “coefficient of performance”. The Betz limit mentioned earlier states that

the maximum theoretical value of Cp 1s 0.593. While this limits the maximum attainable

efficiency of wind turbines to 59.3%, the C, values of micro wind turbines is typically

10% or less (Mitcheson et al., 2008) due to prevalent viscous and frictional losses. The

cross sectional area of flow available for the piezoelectric harvester is
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A=Db (20)
where D is diameter of the cylinder and b is the width of the beam. Using the given
dimensions and flow speed at resonance (V,=7.23 m/s) the available power from the

entire harvester configuration (i.e. the cylinder and the piezoelectric beam downstream of

it) is calculated to be

P, =112mWw 1)

Given that the electrical power is P

elec

= 4uW at resonance, the efficiency of the harvester
is:
Mo = % =0.36% (22)

Although this is more than an order of magnitude smaller than the efficiencies of
comparable microturbines, the piezoelectric harvesters have their own design and
operational benefits as mentioned earlier. Furthermore, piezoelectric energy harvesting
from fluid flow is in its infancy; therefore, the efficiency of such harvesters should
increase significantly in the future.

Energy harvesting from fluid flow is an “aero-electromechanical” problem and
one needs to handle the mutual interactions between the fluid mechanics, the structural
mechanics and the electronics of the problem simultaneously. We developed a
computational framework that couples the structural and electrical equations into a fluid-
flow solver in order to fully capture the interactions of a piezoelectric harvester in the
turbulent wake of a cylinder. The open circuit voltages predicted by the simulation and

the experimental measurements have shown good agreement.
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Certain modifications can be attempted in order to increase the power output of
such harvesters and improve the predictions of the simulations. Firstly, we present here
the results of two relatively simple and well-defined flow configurations, i.e. a single
piezoelectric beam in the wake of a cylinder and within a turbulent boundary layer. One
relatively simple modification is to place several such beams (electrically connected in
series or parallel) in the flow field to harvest larger amounts of energy. It may be even
possible to eliminate the need of the upstream bluff body by carefully arranging many
beams in a way that they can interact and excite each other even if the incoming stream
does not fluctuate.

The computational framework can be improved by utilizing a strongly coupled
method for the flow and structure interaction. 3D flow simulations would produce better
results for the vortex shedding frequency, lift and drag forces and the effect of the
flexible beam on the flow around the cylinder. However strong coupling and the 3D
simulations will be significantly more computationally expensive.

The assumptions made in the present work in the modeling of the
electromechanical behavior of the piezoelectric beam were adequate in providing
physical information on the phenomena involved. The computational model can be
improved by considering a distributed parameter analysis with many mode shapes rather
than a SDOF lumped-parameter analysis. More sophisticated viscous damping can be
included as suggested by Erturk and Inman (2008a, 2008b). Due to the relatively large
deformations of the flexible beam, a nonlinear large-deformation solution (for example

using a finite element approach) should provide a more accurate solution.
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Note that the present work does not involve any circuit optimization to maximize
the power output. Other studies have shown that improvements on the harvester circuit
(Ottman et al. 2002; Lefeuvre et al. 2005; Robbins et al. (2006)) and the storage system
(Sodano, Inman and Park, 2005) can significantly improve the performance of electrical
energy harvesting systems. As the harvester circuit becomes more complicated, the
analysis of the coupling between the piezoelectric beam and the circuit becomes more
involved. Ignoring electromechanical back coupling between the harvesting circuit and
the piezoelectric structure has been shown to often provide inaccurate power estimations
(Erturk and Inman 2008b). Furthermore, there may not be an analytical solution for the
more complicated harvesting circuits due to nonlinearities of the components and the
circuit topology. In such cases, a numerical solution of the circuit equations is inevitable
and attaching a circuit solver to the flow and structural solver is required. Extending the
coupled structural-electrical approach for piezoelectric generator modeling previously
developed by the Elvins (2009b) to the method detailed within this paper would allow for
the nonlinear solution of the structural response of the piezoelectric generator using a
finite element solver, the solution of the nonlinear harvesting circuit using a circuit
simulator (such as SPICE), and the solution of the turbulent unsteady flow conditions

using a Navier-Stokes solver.
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Abstract

Short-length piezoelectric beams were placed in the wake of a circular cylinder at
high Reynolds numbers to evaluate their performance as energy generators. The coherent
vortical structures present in this flow generate a periodic forcing on the beam which,
when tuned to its resonant frequency, produces maximum output voltage. There are two
mechanisms that contribute to the driving forcing of the beam. The first mechanism is the
impingement of induced flow by the passing vortices on one side of the beam, and the
second is the low pressure core region of the vortices which is present at the opposite side
of the beam. The sequence of these two mechanisms combined with the resonating
conditions of the beam generated maximum energy output which was also found to vary
with the location in the wake. The maximum power output was measured when the tip of
the beam is about two diameters downstream of the cylinder. This power drops off the

center line of the wake and decays with downstream distance as (X/D)‘m.
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1. Introduction

The available power in a fluid flow is proportional to Uf where Ur is a
characteristic velocity which in the case of unsteady or turbulent flows, is proportional to
a length scale Lf and a strain rate/frequency scale fr. Thus, the available flow power is
proportional to L¢ and f7. This feature creates a unique opportunity to generate a
substantial amount of energy by using piezoelectric material to convert fluid kinetic
energy to electrical energy. Piezoelectric materials generate electricity when exposed to a
mechanical strain and, conversely, change shape when exposed to an electric field. Since
they are AC-coupled devices time-dependent forcing is required. The flow unsteadiness
can produce mechanical strain energy in the piezoelectric material that in turn generates
an electrical charge. This converted energy can readily be used for the continuous
powering of a small electronic device, or it can be stored for intermittent use. Such a
small electronic device can be a sensor to measure unsteady characteristics of the flow
such as turbulence levels, vortex shedding frequency, etc., or it can be any small
electronic system that is configured to work in the wake of a moving vehicle. Of
particular importance is the design of energy harvesting devices to work in environments
which are not easily accessible or are under conditions which do not facilitate the use of
classical powering methods such as batteries.

These types of applications are now feasible through recent advances in
piezoelectric materials research, which has enabled a greater conversion rate of ambient
mechanical energy to electrical energy. Such developments now position these materials

as viable alternative energy sources to obviate the need of batteries and wired power.
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Piezoelectric energy harvesters are solid-state devices that do not require many
moving components that are likely to need long-term maintenance. Piezoelectric
materials also allow for microelectromechanical systems (MEMS) manufacturing
methods that can greatly decrease the overall size of the device. Furthermore, their
energy output typically produces relatively high voltages and low currents (when
compared with traditional magnetic generators), which are more suitable for many sensor
and low-power electronics applications.

Extensive research is being carried out on the use of piezoelectric materials as
energy harvesters and as sensors and actuators. A detailed literature review on the use of
piezoelectric energy harvesting from structural deformations and vibrations (Paradiso and
Starner 2005; Mitcheson et al. 2008; Sodano et al. 2004; Anton and Soldano 2007) shows
that the current research is focused mostly on the study of solid—solid interaction of the
piezoelectric structures.

Two experiments have been carried out in the present investigation with two
different forcing mechanisms. In the first one, which is the subject of the present paper,
forcing was provided by a resonance mechanism between the passage of coherent
structures in the form of Karman vortices shed off a circular cylinder and the vibration
modes of the piezoelectric generator. In the second experiment, random forcing was
provided by the interaction of the generator with turbulent eddies in a canonical two-
dimensional boundary layer. The results of this investigation will be reported in the
future.

The majority of past research on cylinder wakes has targeted the manipulation of

vortex shedding with the aim of controlling the drag of bluff bodies. The reader is

63



Chapter 3: Wake of a cylinder: A paradigm for energy harvesting with piezoelectric
materials

referred to the classical review paper by Williamson (1996) for the basic characteristics
of cylinder wakes. The onset of instability in the wake shear layer has been established in
several investigations (Bloor 1964; Zdravkovich 1997; Prasad and Williamson 1996,
1997a, b; Brede 2004; Rajagopalan and Antonia 2005). The classical mixing layer
develops through a convective instability mechanism (Monkewitz and Nguyen 1986)
while a wake is a result of an absolute instability. Lin et al. (1995) suggested that since
the initial shear layer zone of the wake exhibits a behavior similar to a mixing layer, the
wake may undergo a transition from a convective instability to an absolute instability
downstream.

The near wake of a circular cylinder at high Reynolds number is particularly
complex. The recent work of Dong et al. (2006) has indicated that the flow patterns
become significantly smaller and move toward the base of the cylinder as the Reynolds
number increases from 4x10° to 10x10°. These researchers also found that increased
levels of turbulent stresses occur further upstream along the separating shear layer that
suggests an earlier onset of transition. Figure 1 shows a visualization picture of flow past
a cylinder at Re=8x10" configured in the CCNY wind tunnel. It can be observed that
transition in the separating shear layer closest to the cylinder can take place within about
Y4 cylinder diameters (D) from the point of separation. Shear layer vortices are formed as
a result of a Kelvin—Helmholtz instability which grow in size and eventually are wrapped
around the main large scale vortex at about x=2.5D from the center of the cylinder. The
outer part of the shear layer with the higher velocity, i.e., the furthest smoke streak on the

upper half of the flow, becomes unstable and subsequently turbulent at about x=5D.
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Figure 1: Near wake of cylinder at Re=8x10".

As a result of Kelvin—Helmholtz instability, small scale vortices that grow
continuously are superimposed on the large scale Karman vortices and the flow field now
exhibits a rich variety of temporal and spatial scales with significant kinetic energy
distributed over them. In the context of the present work, the term ‘‘coherent vortical
structure’” will be used to denote the turbulent Karman vortices in the present high Re
case.

According to our current literature review, the published studies on the interaction
of piezoelectric structures with fluid flow are limited to only a few papers, notably
Schmidt (1992); Allen and Smits (2001); Taylor et al. (2001). The first application of
piezoelectric materials to extract energy from fluid motion is described in the conference
paper by Schmidt who proposed the concept of an oscillating blade generator and
emphasized the importance of incorporating mechanical and electrical resonance in the

design of the system.
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Allen and Smits (2001) studied the behavior of long and very flexible
piezoelectric beams made of PVDF (polyvinylidene fluoride) in the wake of a flat plate
normal to a flow stream in a water tunnel. Albeit enlightening in terms of a PIV study of
such a flow configuration, the paper does not present much detail about the electrical
output and efficiency of the system, nor does it include a simulation of the electro-
mechanical coupling present in this configuration. This concept has then been applied to
harvest energy from ocean waves in Taylor et al. (2001). Aside from the flow tank testing
and optimization study this work attempts to couple the flow and structure to simulate the
interaction between the piezoelectric material and the surrounding flow. However, in
Taylor et al. (2001) no comparison of the outcomes (power, voltage outputs and
displacements) of the simulation and experiment is provided. A drawback related to this
concept is the low operation frequency of the system which is in the order of 1 Hz. The
power output of piezoelectric harvesters at resonance conditions increases quite rapidly
with the forcing frequency; therefore, it can be stated that harvesting energy from
unsteady flows of higher frequencies, such as turbulent wakes of bluff bodies, would be
more effective. The study of Pobering and Schwesinger (2004) targeted kinetic energy
extraction from flowing rivers. Flag-like membranes similar to those used in the water-
based application of Taylor et al. (2001) were used by Robbins et al. (2006) to harvest
energy from wind. These authors used bimorph PVDF sheets in the wake of a flat plate
normal to the flow to generate 10 mW of DC power with a 250 kOhm load by using a
novel semiresonant rectifier. The amount of power consumption of the electronic circuit

is not given.

66



Chapter 3: Wake of a cylinder: A paradigm for energy harvesting with piezoelectric
materials

Studies show that improving the electrical coupling (Lesieutre et al. 2002; Sahele
et al. 2005; Elvin and Elvin 2009a, b) and the storage system (Sodano et al. 2005) will
drastically improve the performance of electrical energy harvesting systems.

The objective of the present research is to investigate the use of piezoelectric
materials to harness energy from unsteady air flows. Full coupling of the flow scales with
those of the vibrational modes of the piezoelectric generator is a challenging problem
which involves not only the classical fluid structure interaction with moving boundaries
but also the coupling of the electrical field of the piezoelectric materials. This three-way
coupled interaction is the subject of the present research which includes an experimental
as well as a computational component.

Although the density of air is about 800 times smaller than that of water, its
velocity in usual environmental flows is much higher than that of water. Since the
available energy is proportional to the density and the cube of the velocity and therefore
proportional to L¢ and f7, it is more feasible to attempt harvesting energy from air flows
because of its higher frequency content. According to this scaling, for example, a wind
velocity of 10 m/s can yield the same order of magnitude energy output as a 1 m/s ocean
wave.

The present work complements and extends the work of Akaydin et al. (2010),
hereafter mentioned as AEA, which describes the first published computational work
involving a full three-way coupled interaction among the flowfield, mechanical structure
and electrical field. Our experimental work involves an investigation into the wake of a

circular cylinder where the flow field is scanned and mapped by the voltage output of the

67



Chapter 3: Wake of a cylinder: A paradigm for energy harvesting with piezoelectric
materials

piezoelectric cantilever beam. In this experiment the piezoelectric beam was oriented in a

configuration parallel to the incoming flow and cantilevered at its downstream end.

2. Experimental set-up and instrumentation

The beam used in the present investigation consists of a layer of piezoelectric
material PVDF (polyvinylidene fluoride) (from MSI-USA, Inc.) of thickness #, = 28 um
deposited on a much thicker Mylar backing material of thickness # = 172 pm as seen on
Fig. 2. The physical properties of this piezoelectric beam configuration have been
previously calculated and agree well with experimental data found in Elvin et al. (2006).

The beam had dimensions of 30 mm x 16 mm x 0.2 mm.

Backing Layer Piezoelectric layer

(Mylar) / / (PVDF)

Figure 2: A photograph of the PVDF-Mylar beam.

The natural frequencies of the beam have been measured by using a shaker which

could generate vibrations with variable frequency and amplitude. The first natural

68



Chapter 3: Wake of a cylinder: A paradigm for energy harvesting with piezoelectric
materials

frequency is measured to be 48.4 Hz whereas the second natural frequency was measured
to be 310 Hz. The first natural frequency calculated from the mass and stiffness of the
piezoelectric beam was estimated to be 48.5 Hz.

It is desirable that the beam vibrates in its first resonant mode because the
appearance of a second mode with large amplitude will introduce an inflection point in
the beam which will reduce its voltage output considerably due to charge cancelation
(Elvin and Elvin 2009a; Erturk and Inman 2008). As will be seen later, the shedding
frequency is determined to satisfy this requirement by matching it with the first natural
frequency of the beam under investigation.

The experiments in this research have been carried out in the wind tunnel of The
Mechanical Engineering Department at CCNY. The tunnel is an open-ended suction type
tunnel powered by a 20 b.h.p electrical motor with fine speed control, providing up to 11
m/s stream speed in the test section. The test section has a 1.22 m x 1.22 m square cross
section and it is 8.53 m long. The top and bottom of the tunnel are covered by plywood of
I-inch thickness, one side of the tunnel has hinged plywood doors for physical access,
and the other side is covered by plexi-glass wall in order to have optical access into the
test section. The turbulence level in the free stream is about 0.15% at 3 m/s and it goes
down to 0.08% at the maximum speed of 11 m/s. (Andreopoulos and Agui 1996;
Andreopoulos and Honkan 2001). The data acquisition system is a desktop PC equipped
with a National Instruments PCI 6032E data acquisition card, which can retrieve data
with 16 bit resolution at a rate of 100 kS/s.

A smooth cylinder made of aluminum with diameter D=0.03 m and 1.22 m length

was placed across the working section of the wind tunnel without end plates at a distance
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of 3.5 m from its entrance. Several experiments were carried out at different wind tunnel
speeds U, which resulted in a range of Reynolds number spanning from 10,000 to 21,000
with a value of Re=14,800 at the resonance frequency. It has been reported in the past
that at Re>5,000 turbulent structures are less organized (Rajagopalan and Antonia 2005;
Prasad and Williamson 1997b), and therefore some minor fluctuations in the forcing
frequency are expected.

Flow visualization experiments were carried out by using a laser sheet generated
by a pulsed YAG laser to illuminate the flow on a vertical plane perpendicular to the axis
of the cylinder and parallel to the flow direction. Atomized olive oil was mixed into the
flow upstream of the cylinder. Flow visualization images were obtained by a Nikon
model D80 photographic camera with a Nikkor f1.8 85 mm prime lens at fully open
diaphragm (f1.8). The image resolution is set to the maximum of 3,872 x 2,592 pixels.
Images are captured in RAW format at an ISO sensitivity of 100 in order to minimize
noise. The pulse duration of the laser was 0.01 ms, and time between each pulse was 100
ms. The shutter speed of the camera was set to 100 ms as well, so the entire length of
only a single pulse is captured in one frame. Problems such as partial capture of the pulse
duration and multiple or no exposures in a single frame are therefore avoided.

The Strouhal number defined as Str = f.D/U, where f;, the vortex shedding
frequency, is reasonably constant with a value of 0.2 in this relative large range of
Reynolds number where a fully turbulent wake is formed behind the circular cylinder. In
the present experiments, as the velocity U, was varied, the voltage output with a load
resistance of 100 kOhm was recorded as a function of time and the shedding frequency f;

was determined through FFT calculations with a frequency window of 0.4 Hz.
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Key flow parameters of interest characterizing the flow around the piezoelectric
beam are the Reynolds number based on its length L, defined as Re, = Uil ,/m where Uyis
a typical velocity and the Stokes number, St=a)Lp2/ v where o is the angular velocity of
the beam’s motion. The Stokes number expresses the ratio of the unsteady boundary layer
thickness on the beam, &,’=V/a, to its size L,

The Reynolds and Stokes numbers can be combined to form a Strouhal number of
the vibrating beam based on its angular velocity @, at the tip rather than on its frequency:
Str,=St/Rey=w ,L,/Us = U/Ur where U, is the velocity at the tip of the beam which is
equal to the time derivative of the tip displacement w.. For @, corresponding to the
natural frequency f,, the Stokes number is St=18,000 suggesting that &/L, = St1? =
1/134. According to Roshko (1954) U 0.6U., at this flow regime and therefore Re, =

12,600 and Str, =1.42.
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3. Results

It is very instructive to consider the analytical model describing the
electromechanical processes of the beam. The model has been developed under the
assumptions of the validity of a single degree of freedom dynamical system based on two
governing equations that include the mechanical part (actuator equation) and the

electrical part (sensor equation):

mw, + cw, + kw, —Ov = F' (Actuator equation) (1)
Ow, +Cv = —% =1 (Sensor equation) (2)

where wy is the tip deflection in the coordinate system related to the beam (see Fig. 3), v
is the voltage, [ is the current, F; is the equivalent tip force, m is the mass, ¢ is the
damping coefficient, and £ is the stiffness of the lumped mass model of the piezoelectric
beam. C is the piezoelectric capacitance and ® is the electromechanical coupling

coefficient of the piezoelectric beam.

Figure 3: Coordinate systems of the flow and the beam.

The load circuit (for example a sensor) is assumed to be purely resistive with a
resistance of R. The coefficients of Eq. 1 can be derived using a Rayleigh—Ritz

approximation which is widely used in other similar piezoelectric research (Sahele et al.
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2005; Sodano et al. 2005). In the present study, we consider only the first mode;
however, it is possible to extend the analysis to include additional modes in the further
stages of the research (Sahele et al. 2005; Elvin and Elvin 2009a). Furthermore, the effect
of any electrical circuit (including non-linear components) and for any number of
assumed vibration modes can be modeled using an equivalent circuit approach (Elvin and
Elvin 2009b).

If the viscous force component in F} is neglected and for large values of R, the tip
displacement can be estimated from the voltage measurements assuming R=o in the
sensor equation and finding the linear relation between the tip displacement and the open

circuit voltage below:
W, =——V (3)

For power calculations, a load resistance of 100 kOhm was used, and the voltage
across it was recorded digitally. In order for utilizing Eq. 3, however, measurement of
open circuit voltage was required. This is done by measuring the output voltage directly
by a digital oscilloscope using no load resistance. Since the impedance of the
oscilloscope is high, it was safely assumed that R=co.

Figure 4a, b shows the results of a free vibration experiment in which the beam
was put into motion with an initial displacement and the voltage across a resistance of 1
MOhm was acquired at a rate of 100 kS/s with a 16 bit resolution. The signal is typical
for a piezoelectric beam undergoing damped, free vibration. The frequency spectrum
shown in Fig. 4b demonstrates that the beam is predominantly vibrating at a single
frequency which is very close to its natural frequency of 48.4 Hz. The power generated

can be estimated from the instantaneous electrical power by P = V?/R and the average
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Y
[Pdt . In

0

electrical power is defined as The average electrical power defined as P =

-tot

this case, the free vibration of the beam generated an average power P = 0.148pW .
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Figures 4: Measured free vibration output voltage with load resistance 1IMOhm and its

frequency content. a) Free vibration signal with average electrical power 0.148 uW. b)
Voltage amplitude spectrum.
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Figure 5a shows the recorded voltage when the tip of the beam is placed in the
wake of circular cylinder at x/d = 2 with a shedding frequency of the vortices at about 48
Hz. This forced vibration pattern is characterized by variable maximum amplitude which
is caused by the variable strength turbulent vortices shed off the cylinder at this Reynolds
number. There is no DC component in the signal and the piezoelectric material seems to
behave like a high-pass filter. The basic feature of these piezoelectric materials is that
they do not produce charge under a mechanical load which does not alternate. Though the
piezoelectric beam behaves mechanically as a band-pass filter, it behaves electrically as a
high-pass filter. This is the basic reason for characterizing their behavior as high-pass
filtering.

The amplitude spectrum of the signal shown in Fig. 5b exhibits a dominant
frequency of 48.8 Hz and the presence of possible higher modes with significantly
smaller amplitudes. The second highest peak at 93 Hz is about twice the Strouhal
frequency f; while the third peak at 140 Hz is close to 3f;. Of interest are also several
peaks in low frequency range below the 48.8 Hz which appear to be associated with the
slow variation of the signal’s maximum amplitude. The output of the beam in this
location is characterized as a narrow bandwidth signal with slowly fluctuating peak

amplitude.
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Figures 5a, b & c: a) Typical measured open circuit voltage of piezoelectric beam in the
wake of a circular cylinder at x/D=2 Re=14,800 and b) its frequency content. c) Signal
envelope.
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Equation (3) indicates the relation between voltage, i.e., output power and tip
deflection of the piezoelectric beam y; for the case of an open circuit. Thus, by looking at
some statistical properties of the local extremes of the open circuit voltage and tip
deflection, one can characterize the interaction between the piezoelectric cantilever beam
and the turbulent eddies in the wake of the cylinder. In fact, these points constitute the
envelope of the signal. These local extremes were identified by thresholding the signal
and its time derivative in a data processing code written in a MATLAB platform. In
particular, the criteria used involved searching the change of sign of the product of the
time derivatives of the signal vo= dv/d¢ at two sequential time points of the time series of
(1)

I (@t)=v()v(+At)<0 4)

In addition, a threshold criterion has been applied which required that the signal
had to be greater or lower than a value thl

v(t)>thl
for positive extremes or (5)
v(£)<th2
for negative ones. In the data presented here th1 and th2 are set to zero.

The results are shown in Fig. 5c, and they clearly demonstrate that the algorithm
identified the local extremes correctly. Since the output signal depicted in Fig. S5a is
characterized as the output of a narrow bandwidth filter, it can simply be represented

v(t)=A(f)cos[2nwt+D(1)] (6)
where the envelope amplitude A4(¢) and phase angle d(t) are slowly varying functions of

time relatively to the oscillations at the center frequency f.. Bendat and Piersol (2000)
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show that the probability density function of 4(t), pdf(4), governing the envelope A(%) is
the Rayleigh probability density function given as

2

4 4
df (A) =~ exp| —— 7
pdf(4) zeXp( 202J (7

o, y
where o,” is the variance of the signal. Thus pdf(A) is independent of the frequency f;.
Figure 6a shows the pdf(A) of the positive values of the envelope of the output voltage
shown in Fig. 5a. This distribution is characterized by a fast rise at small values of 4
followed by a slow decay with a long tail. The maximum of this pdf is reached when
A=oy. The experimental data shown in Fig. 6a are compared with the pdf computed from
the Eq. 7 by introducing the measured oy. As can be seen, the theoretical distribution
agrees very well with the experimental data suggesting that the distribution of the tip
deflections follows the Rayleigh pdf. The distribution of the negative values of the
envelope is symmetrical to that of the positive values. The maxima of these two
distributions occur at the same magnitude, which is equal to &,=20 volts, but opposite in
sign locations of the signal. This variation in the maximum/minimum values can be

attributed to change in the strength of the driving events which is not associated with any

change in the frequency of appearance of these events.
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Figures 6: Probability density functions (pdf) in the wake of a cylinder at x/D=3 obtained
from signals in figure 5a. a) pdf of signal maxima. b) pdf of total signal output.

79



Chapter 3: Wake of a cylinder: A paradigm for energy harvesting with piezoelectric
materials

For comparison, the pdf(v) of the continuous voltage signal w(t) is also plotted in
Fig. 6b. The distribution of the voltage is bimodal, which is a typical characteristic of
periodic signals that can be random if the phase angle 6(t) is considered as random
variable with uniform distribution. The signal spends more time around its extreme
values, and therefore the probability there is higher than during the fast rising or falling
part of the signal.

The mutual interaction of the piezoelectric PVDF beam and the vortex dominated
wake flow was explored by varying the free stream velocity U, so that the shedding
frequency could change under a practically constant Strouhal number, Str. The calculated
rms values of the recorded voltages are plotted against the shedding frequency of the
vortex street in Fig. 7. The data have been normalized by the maximum value of Vs and
the natural frequency of the beam f,. The results in Fig. 7 demonstrate that maximum Vs
occurs when the forcing frequency of the vortex street f; coincides with the natural
frequency of the beam f;. These data also show that the voltage drops significantly in
non-resonance conditions. In particular, the data show that a 20% change in the forcing
frequency results in a more than 40% drop in voltage rms. Of interest, however, are the
cases where the forcing frequency f; is greater than fn. The data in Fig. 7 clearly show
that the output rms voltage does not drop to zero values; instead it seems to level off to a
constant value of about 0.55 of the maximum level at resonance. This behavior suggests
that in non-optimal operations, it is better to operate in frequencies higher than the natural

one instead of generating forcing frequencies in the f;<f, regime.
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The piezoelectric beam was placed first at several positions on the plane of
symmetry of the wake of the cylinder at y=0 and the voltage was recorded which was
then used to provide estimates of the average power. These data are plotted against the
distance from the cylinder in Fig. 8. Very close to the cylinder, the average power is
insignificant. However, power increases at further downstream locations, reaches a
maximum at x/D=2 and subsequently decays slowly with x/D in a non-linear way.
Dimensional analysis suggests that the force acting on the beam is proportional to the
square of a velocity scale, and therefore the power is proportional to the cube of this
velocity scale which for this particular case is the velocity deficit in the wake of the

12

cylinder AU. Similarity arguments have shown that AU~(x/D)""*, and therefore the power

32 Evidence of the validity of this argument is

is expected to be proportional to (x/D)
shown in Fig. 8 where this decay relation compares reasonably well with the
experimental data. This decay is due to attenuation in vortex strength caused by viscous
dissipation and scales growth with downstream distance.

The wake was also scanned to establish locations where the mean electrical power
of the beam was the highest. The beam was positioned at different locations along the
y=0 plane of symmetry and subsequently was traversed normal to the plane directions.
Contours of this electrical power are plotted in Fig. 9 for the case of f=f,. The data show
that the electrical power is higher than 2 uW in the region bounded by -1<y/D<I and
1<x/D<8 while higher power is generated along the center line when the beam is placed
in the area defined by -0.4<y/D<0.4 and 1.5<x/D<3.5. The peak value of the electrical

power is about 4 W which takes place at y/D=0 and x/D=2. One may consider that the

region of maximum electrical output is associated with the high values of velocity
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fluctuations which may cause the beam to vibrate at its maximum power. Although PIV
measurements are yet to be performed, it is known from the work of Dong et al. (2006)
that maximum velocity fluctuations occur off the plane of symmetry at y/D=~+0.5 at
x/D=1.25. However, when placed at »/D=0, the beam can make use of reciprocating
pressure fluctuations of both shear layers at y/D=~+0.5 and y/D=-0.5, which yields higher
tip displacements and hence voltages. The computational work of AEA suggests that the
generic cause of the beam’s vibration is the passage of vortices above and below which
are formed about 1.5D downstream of the cylinder by the shed off vorticity in the
separated shear layers. This distance appears to be close to the formation length of the

vortices described in Williamson (1996).
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Figure 9: Contours of the mean electrical power of the PVDF beam in the wake of the
cylinder with a load resistance of R=100kOhm at Re=14,800. Scale values in pW. x and
y represent the coordinates of the un-flexed beam.

3.1 The far downstream region

At further downstream locations not only the output voltage is reduced

significantly but its characteristics also change. Figure 10a shows a sample of the signal

83



Chapter 3: Wake of a cylinder: A paradigm for energy harvesting with piezoelectric
materials

obtained at x/D = 15.73 together with its envelope. The major difference from the signals
in Fig. 5a, c is that the envelope appears to be shrinking occasionally, with amplitude less
than half of the maximum values. Events with a bursting character can be identified,
which are of a finite duration with the amplitude increasing toward a maximum and then
decreasing to a small value. This cycle corresponds most probably to a beating
mechanism with forcing and natural frequencies slightly apart which acts periodically. It
has been reported in the past that turbulent structures are less organized at Re>5,000
(Rajagopalan and Antonia 2005; Prasad and Williamson 1997b), and therefore the
forcing frequency fluctuates slightly with time. The range of these fluctuations is
approximately 3 Hz about the nominal shedding frequency of 48.4 Hz. It is this small
difference between the forcing and natural frequencies which is responsible for the
beating phenomenon observed in Fig. 10a.

The spectral content of the signal shown in Fig. 10b indicates a major peak in the
region between 48 and 52 Hz, which is associated with the first vibration mode of the
beam followed by a peak at about 308 Hz, which is associated with the second vibration
mode of the beam. The third peak at about 900 Hz most probably corresponds to the third
natural frequency of the beam, which has not been measured, but estimated to be about
850 Hz.

Figure 10c shows the pdf(v) of the voltage signal with its bimodal distribution still
evident at this location. However, the major difference from the near wake pdf(v) in Fig.
Sc is that the part between the two peaks is filled more at this downstream position
because the signal spends more time around zero values. The pdf of the envelope is

shown in Fig. 10d for its positive values only. It follows very closely the Rayleigh
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distribution except in the region around zero where the amplitudes are small and of

broader bandwidth.
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Figure 10: a) Output signal and its envelope measured at x/D=15.7. b) Corresponding
amplitude spectrum. c) Probability density function. d) Probability density function of
positive peaks. ) Probability density function of negative peaks.
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3.2 The flow-structure interaction

As mentioned earlier the phenomena involved in the present application involve a
three-way interaction between the flow field, the beam’s structural field and the electric
field. Several visualization experiments were conducted to explore details of the fluid
structure interaction at Re=14,843. Figure 11 shows an image of the cylinder’s wake
interacting with the deflecting beam. As a result of the laser sheet illumination from the
top of the wind tunnel, shadows below the cylinder and the piezoelectric beam are
evident. Also evident in this picture are the deflecting piezoelectric beam and its
electrical wires and support. The image was taken with the camera looking in the normal
direction to the laser sheet plane.

In Fig. 11 small scale vortices are clearly shown in the shear layers emanating
from the top and bottom of the cylinder that have been formed as a result of Kelvin—
Helmholtz instabilities. These shear layers are wrapped around into larger scale vortices
which start to interact with the piezoelectric beam. In this picture one clockwise vortex
(CW) is depicted clearly on the top surface of the beam, while a counter-clockwise vortex
(CCW) is vaguely visible in the lower side which is in the shadow of the beam. The
passage of vortices above and below the piezoelectric beam causes the structure to deflect
and induces its vibration.

Figure 12 depicts the beam deflected upward while the impinging flow induced by
the CW vortex causes its downward motion. By the time, the beam is fully deflected
downward this vortex finds itself on the top side of the beam. The low pressure core of

the vortex then starts pulling the beam back upward.
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Figure 11: Visualization of fluid interaction with piezoelectric beam at Re=14,800. Flow
from left to right. Piezoelectric beam deflected downward and moving upward.

Impinging induced CW vortex
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Figure 12: Visualization of fluid interaction with piezoelectric beam at Re=14,800. Flow
from left to right. Piezoelectric beam deflected upward and moving downward.
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Figure 13: Mutual interaction and the formation of the tip shear layer.
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Figure 14: Mutual interaction with further viscous effects on the surfaces of the beam
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The pressure on the beam is affected by two antagonist fluid flow mechanisms
which are associated with (1) the induced flow ahead and behind the vortices and (2) the
low pressure vortex core region. The induced flow ahead of the vortex impinges on the
beam and its stagnation region creates an over-pressure which causes the beam to bend
away from the vortex. Thus, when a vortex applies suction on one side, a region of
positive pressure acts directly opposite on the other side so that the two effects work
constructively to deflect the beam.

When the low pressure region of the vortex core is above the beam, the beam then
starts to bend toward the vortex. The tail of the vortex brings fluid away from the beam’s
surface that is part of a recirculating pattern produced by the impinging flow on the other
side of the beam.

Although the locations of clockwise and counterclockwise vortices on the top and
bottom part of the vortex street are out of phase by 90°, the two mechanisms of pressure
forces acting on the beam are always in phase, and therefore the beam is deflected under
continuous alternating forcing. The sequence of these events combined with the
resonating conditions of the beam itself results in maximum energy output. In a way the
beam is slaloming in a train of alternating vortices in a similar way that fish or fish-like
systems extract energy from large scale coherent motions to attain locomotion or
propulsion (Beal et al. 2006; Eldredge and Piscani 2008).

So far, the role of the beam has been depicted as passive in the sense that its
vibration is imposed by the passage of the large flow structures in the wake of the
cylinder. It appears, however, that the interaction between the flow and the beam is

mutual. The beam affects the local flow first by disrupting the streaklines between two
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sequential alternating vortices and second by producing additional vorticity on its surface.
Figure 13 shows the shear layer emanating from the tip of the beam toward the upper part
of the flow above the beam. It is formed at the lower surface and carries CW vorticity,
since it is produced by the impinging flow induced by the CCW vortex and the no-slip
condition on this wall. The tip shear layer joins the outer structure of the large CW vortex
that has passed the top side of the beam and it is also interacting with the boundary layer
flow on the top surface of the beam formed by the recirculating flow pattern. Similar
interactions taking place when the beam is deflected upward can be observed Fig. 14. A
large separated shear layer is evident which emanates from the tip of the beam on the side
of the top CW vortex. As explained above this tip shear layer of CW vorticity is formed
on the lower side of the beam as a result of the no-slip condition at this wall. At the same
time, the boundary layer formed over the top surface of the beam is separated from this
wall to form a separated region which interacts with the tip shear layer and follows the
large scale motion imposed by the CW vortex.

The piezoelectric beam in the wake of cylinder may be considered as a flexible
splitter plate detached from the cylinder. The presence of splitter plates or other structures
downstream of circular cylinders inhibits or alters the vortex shedding (Unal and
Rockwell 1988; Mittal and Raghuvanshi 2001; Lau et al. 2004; Hwang and Yang 2007,
Shukla et al. 2009). In the present experiments, however, the width of the piezoelectric
beam (16 mm) is much smaller than the span of the cylinder (1.2 m); therefore, any
upstream effect of the beam on quantities such as vortex shedding frequency is

anticipated to be relatively minor.
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In summary, the reverse interaction, i.e., the effects of the vibrating beam on the
flow development is caused by the flow impingement between sequential alternating
vortices on either surface of the beam and the no-slip conditions imposed on both sides of
the beam. Thus, small-scale vortices with positive and negative vorticity are formed
through this interaction within a larger vortical structure of a single sign circulation
traveling downstream.

Some additional physical insights can be obtained if one considers the case of a
stationary vortex in a uniform flow of U, velocity above a stationary wall at distance 4.
Although this is a simple steady state potential flow solution and the pressure on the
infinitely long wall and the velocity fields are easily obtained, it is important to revisit the
effects of the vortex strength, its location from the wall h and the free stream velocity U
on the pressure distribution along the wall. One parameter which is introduced here is the
vortex induced velocity Uy at a distance 7=h and its relation to the free stream velocity
expressed as the ratio Un/U.. This ratio of velocity scales plays an important role in the
distribution of the pressure coefficient C,. In the case of a single vortex above the wall
and in the absence of a cross flow, the pressure at the wall is negative, and therefore there
is always a suction acting on the wall throughout its whole length. The presence of a
cross flow, however, introduces and additional term in the pressure distribution which is
always positive. Thus, the relation between these two terms in the equation controls the

pressure distribution

Uy h
Cplx,0) = 4—=—| 1 - ——— (8)
U r U r

o0
where r’=x*+h> with the origin of coordinate system at the foot print of the vortex.

Therefore, the sign of C, depends on whether the term in the bracket is positive or
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2

. . ) h . : .
negative. The ratio />/r is always such that — <l and its value is further reduced with
r

increasing distance » away from the origin. In order for the C, to be negative, the velocity

U

ratio should be — > r—zzl . In the following, we will demonstrate the effects of
Up
varying h and Uy/U., on C,. In Fig. 15, the pressure distribution along the wall is plotted
for the case of a vortex located at #=0.25 while the ratio Up/U, varies from 0.115 to
1.158. It is interesting to observe that C, is positive far from the footprint of the vortex

and it becomes negative at locations close to it. The points of sign change are determined

1/2 1/2
r Up . : X Uh : .Uy
by —=| — which is equivalent to — = | —— -1 which requires — » 1.
h U h U U

© © ®
Only the last two distributions with the highest velocity ratio Uy/U., satisfy this condition.

The effect of increasing Un/U, is clearly to increase the magnitude of C,. For
h=0.1 m where the vortex is very close to the wall the ratio Uy/U., reaches values between
0.288 and 2.895 and C, is mostly negative in all but the three cases with the smallest
Un/U. Far away from the origin, C, is weakly positive but it becomes strongly negative

in the region immediately below the vortex. The local extremes of C, are at x=0 (r=h) and

1/2

r Uy . . .
at —=|2— with the condition that >/ which clearly suggests that only when

h U,

1/2

X Uy . U . . ..
—=|2—-1 , 1.e., when > 0.5 there is a maximum or minimum off the x=0
h U, Uy,

location. Five of the ten distributions shown in Fig. 15 satisfy this requirement and have a
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local maximum off the x=0 location. Nine out of the ten distributions in the case of

h=0.25 have local maxima off the x=0 point at the positive C, regions.

1.2

Figure 15: Case of vortex at #=0.25m with U,=11m/s. Effect of increasing circulation /"
from 2 to 20 m*/s in steps of 2 m*/s (corresponds to Uy/U,=0.115 through 1.158).

In order to understand further the cause of the pressure distribution in these flow
cases, the streamline pattern has been computed. Figure 16 shows the streamline pattern
in the case with the highest velocity ratio Uy/U,=2.88. There is a flow impingement on
the wall in the aft of the vortex at x/A=2.2 which is associated to a positive C,. In

addition, the flow at x/h = -2.2 which bursts away from the wall is also associated with
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positive C,. In between these two stagnation points on the wall, the negative pressure
induced by the vortex is enormous. As the velocity ratio decreases, these stagnation
points approach each other toward the x/4 = 0 location and at the end there is only one
stagnation point inside the flow field below the vortex as Fig. 17 depicts. Thus, the two
physical mechanisms identified in our experimental and CFD work (i.e., the dynamic
interaction of a traveling vortex with a flexible finite wall) which cause the periodic
forcing of the beam appear to be also present in this steady state case of a potential flow
vortex interacting in an uncoupled way with a cross flow. The ratio Uy/U, is the
parameter which controls the pressure distribution. This also explains the drop in output
voltage of the piezoelectric beam in location downstream and off the center line locations
of the wake where the circulation is reduced or the distance h is increased. In both cases

the ratio is reduced, and therefore the pressure is reduced.

Figure 16: Streamlines pattern in case with Uy/U,=2.88.
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1.5

Figure 17: Streamlines pattern in case with Uy/U,.=0.288.

3.3 Scaling considerations

Scaling laws describing the three-way interaction between the flow and the
electromechanical fields have yet to be established. A starting point in this consideration
is the available potential of fluid power which is proportional to the cube of the velocity
U(f)>. A control volume consideration inside the flow domain which involves the
vibrating beam as a moving boundary shows that the two force components acting on the
beam Fy and Fy in the case of a 2-dimensional flow can be expressed in terms of
momentum exchanges through the introduction of coefficients Ci; and Ci, where A4 is the

surface of the piezoelectric beam, #, is its thickness
F =1/2C,ApU, (¢)U, (¢t)+C,,At,pdU,(¢)/ dt 9)

Thus, the work done by these forces will scale partly by Uy(f)Ui(f)* and the
surface of the beam A and by Uyi(£)dUi(¢)/d¢ and the volume of the beam, where Uy() is

the tip velocity of the beam. The case of the electromechanical field is more complicated.
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If an equivalent harmonic excitation acting at the tip of the beam in the form F, = Fje’”

causes a tip deflection in the form w, =w,e’” and if the loading circuit is purely resistive

with a resistance R, then the transfer function of power per unit beam mass can be
expressed in generic terms after extrapolating the work of Erturk and Inman (2008) as
P o=d] s t’b’w; f(A,/L,R,C,0,/®,) (10)
In this notation 1 is the direction along the beam where the axial strain S; is applied and 3
is the direction of piezoelectric polarization. @, and @, are the operating and natural
frequencies, respectively. It is assumed that the forcing frequency is close to first the
natural frequency (i.e., wJ/wi=1). d3;=(8S1/0E;)" is the piezoelectric constant, s is
compliance which is the inverse of Young’s modulus of elasticity, C is the capacitance of
the piezoelectric element which contains the dielectric constant (permittivity) of the
piezoelectric material. b is the width of the beam, wy is the amplitude of the tip vibration
and k; is the dimensionless frequency number corresponding to the first natural
frequency. flki/L, R, C, @/ m,) is a generic form of a function which includes the effects
of the forcing mechanism and the loading and/or circuit model. It is this function that
provides the shape of the experimentally determined frequency response shown in Fig. 8.
Thus, the specific power Py, is proportional to the material property ds,°, its
modulus of elasticity sz and its cross-sectional area (tpb)z. It is also proportional to the

amplitude of vibration wy which in turn is inversely proportional to Y, and the moment of

. . . . 6
inertia I=tp3b/ 12 and is proportional to L’. Eventually P, =d} LT S/ LRC o o) -
t

P
Surprisingly, this relation indicates that the specific output power Py, is independent of

material’s Young’s modulus of elasticity and its width b in the mechanical part.
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However, both parameters indirectly affect the function f since @, is proportional Ypl/2
and the capacitance of the material is proportional to b. The length and thickness of the
piezoelectric beam seem to affect P, more than d3; does. As was mentioned earlier the
power is at maximum when the forcing mechanism matches in frequency with the natural
frequency of the beam (i.e., w/m,=1), a condition which is described in the function
fk/L, R, C, o) o).

In the above considerations, the load circuit was simply resistive. In general, the
output voltage depends on the load circuit which may also include capacitance and
inductive components. Additional complications will be imposed by the fact that the load
circuit should extract the maximum possible electrical power, which requires matching
the electric impedances of the piezoelectric beam and the attached circuitry. For a purely

resistive circuit formed by the load resistance R, this condition takes place at about

R=1/(Cw).

4. Conclusions

In the present work, we have demonstrated the concept of energy harvesting from
a turbulent flow exhibiting a large degree of coherence in its spatial and temporal scales
by using piezoelectric generators. In particular, the turbulent wake flow of a cylinder at
high Reynolds number (Re>10,000) provides a unique opportunity for energy harvesting
because the coherent structures are still well-defined and are created at high frequencies.
In the present study, this flow has been investigated experimentally by using thin flexible
cantilevered beams consisted of a PVDF layer deposited on a Mylar substrate. Several

orientations of the beam in reference to the flow have been explored but the most
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promising appeared to be the case of the beam parallel to the upstream flow in a face-on
configuration.

The piezoelectric beam was traversed in the wake of the cylinder and the
generated voltage has been recorded as a function of time. The experiments were
performed in a low speed wind tunnel with variable free stream velocity which allowed
for variable frequency forcing of the piezoelectric beam. The experiments showed that it
is critical to tune the predominant frequency of the flow with the natural frequency of the
piezoelectric generator in order to maximize the piezoelectric output voltage. Minor
mismatching between the two frequencies causes substantial reductions in the output
power especially when f<fy.

The driving mechanism is mainly due to the passage of vortices formed by the
shear layers emanating from the cylinder over the piezoelectric beam. The pressure on the
beam is affected by two different flow patterns which are associated with the induced
flow ahead and behind the vortices and the low pressure vortex core region. The induced
flow ahead of the vortex impinges on the beam and its stagnation region creates an over-
pressure which causes the beam to bend toward the opposite side where the core of
another vortex applies suction at the same time. The two effects work constructively to
increase the forcing on the beam. The tail of the vortex brings fluid away from the beam
surface and it is part of a recirculating pattern produced by the impinging flow on the
other side of the beam. Since the two mechanisms of pressure forces acting on the beam
are always in phase, the beam is deflected under continuously alternating force. The
sequence of these events combined with the resonating conditions of the beam itself

results in maximum energy output.
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The near and far wakes were scanned to determine positions of the beam with
maximum generated output power. The measurements have shown that the maximum
electrical output power with the given PVDF beam was about 4 W, and it occurred at
y=0 and x/D=2. The maximum power generation does not occur very close to the cylinder
since the large vortical structures are not fully formed at these locations. The power drops
off the center line because of small values of the non-dimensional parameter Up/U..
Along the center line, the electrical output decays as (x/D)>?, because the vortical
structures attenuate due to viscous dissipation and because they grow in size. It was
demonstrated through analytical work that the distance of the beam from the vortices and
their circulation affect the output power. In particular, it was shown that the induced
velocity by one vortex at the beam’s location and its relation to the flow velocity affects
critically the forcing mechanism of the beam.

The amplitude of the output voltage was further investigated and its probability
density function was found to obey a Rayleigh distribution, which is a feature that
characterizes high-pass filters.

Finally, some scaling considerations are discussed which show that the output
power consists of several contributions. The aerodynamic contribution which provides
the force acting on the piezoelectric beam scales partly with its surface area and partly
with its volume, while the electromechanical contribution scales with its volume. In
addition, this power is more affected by the length and thickness of the beam rather than

its electromechanical coupling coefficient.
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Abstract

In the present experimental work, we explore the possibility of using piezoelectric
based fluid flow energy harvesters. These harvesters are self-excited and self-sustained in
the sense that they can be used in steady uniform flows. The configuration consists of a
piezoelectric cantilever beam with a cylindrical tip body which promotes sustainable,
aero-elastic structural vibrations induced by vortex shedding and galloping. The
structural and aerodynamic properties of the harvester alter the vibration amplitude and
frequency of the piezoelectric beam and thus its electrical output. This paper presents
results of energy-harvesting tests with one configuration of such a self-excited
piezoelectric harvester using a PZT bimorph. In addition to the electrical voltage output,
the strain on the surface of beam close to its clamped tip was also measured The

measured strain and voltage output were perfectly correlated in the frequency range
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containing the first natural mode of vibration of the system. It was observed that about
0.24 mW of electrical power can be attained with this harvester in a uniform flow of 28

m/s.

1. Introduction

In two recent papers by the authors [1 and 2], it has been demonstrated that fluid
flow energy can be harvested by using piezoelectric generators to convert kinetic energy
of the flow into electrical energy. These generators are AC-coupled elements and the
produced energy can be used for continuously powering very small electronic devices or
can be rectified and stored for intermittent use. The available power in a flowing fluid is
proportional to the cube of its velocity, which typically for an air flow velocity of 10 m/s
can be of the order of 500W per m” of flow cross section. In many cases this flow power
is untapped and the energy is thus wasted. Hence, any power harvesting of this wasted
energy is beneficial. Most of the previous research on piezoelectric energy harvesters has
focused on applications involving only structural vibration [3 and 4] and very little work
has been devoted to harvesters of ambient fluid energy with only a few contributions [5-
9].

A steady and uniform fluid flow does not contain oscillating mechanical forces
which are required for electromechanical energy conversion. In such circumstances,
alternating forces need to be utilized to drive these energy harvesters. Such forces may be
created by 1) Using a bluff body separate from and upstream of the harvester to create a
vortex street which conveys a significant amount of velocity fluctuations. 2) Making use

of flow-induced vibrations that can be generated and sustained by harvester body itself.
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Piezoelectric energy harvesting using fluid flow involves the mutual interaction of
three distinct dynamic systems, namely the fluid, the structure and the associated
electrical circuit. Our recent experimental and analytical work has involved testing short
length, flexible PVDF piezoelectric cantilever beams in a large scale wind tunnel under
resonance and random excitation in a high Reynolds number wake of a cylinder and in a
turbulent boundary layer flow, respectively. These tests have demonstrated that it is
possible to generate relatively high voltage outputs from piezoelectric harvesters placed
inside time-dependent flows with high or low degree of spatial and temporal coherence.
Matching the flow’s predominant frequency with the natural frequency of the
piezoelectric beam appears to maximize the piezoelectric output voltage. This generated
voltage depends on the location of the generator within the flow field. This work has also
indicated that the conversion efficiency of fluid energy to vibration energy is of the order
of 0.03% while the efficiency in converting this vibration into electrical energy is of the
order of 11% per piezoelectric layer. This clearly suggests the need for further
understanding of the issues limiting the efficiency in converting fluid energy into
vibration energy which can lead to a substantial increase in generated electrical power.

Our previous work in piezoelectric fluid energy harvesting has been carried out in
originally unsteady flows (i.e. in a turbulent boundary layer) as in [1] or originally steady
flows where the oscillatory forces created using upstream bluff bodies (i.e. in a vortex
street) as in [1 and 2]. In contrast, the present work explores the potential of harvesting
wind energy with the use of piezoelectric devices located inside a steady flow where self-
excited flow-induced vibrations will be generated and sustained by the harvester body

itself. This configuration will extend the potential of using such energy harvesters in
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flows beyond largely unsteady or turbulent cases. A self-excited configuration has
potential advantages of having a smaller form factor, providing power over a broad
frequency band and higher power output than before.

As a part of our efforts towards modeling self-excited piezoelectric harvesters, the
present study shows some preliminary experimental results obtained by a cantilevered
piezoelectric bimorph and a hollow circular cylinder as a tip body in a uniform, steady
velocity field. The corresponding voltage output from the piezoelectric generator was
recorded together with the strain measured by a strain gage attached on the surface of the
beam close to its base as a function of the free stream velocity. Although use of other tip-
mass geometries and beam configurations may result in higher power outputs, use of
cylinder and a beam provides a configuration which can be analytically modeled and

compared with the existing literature.

2. Present Approach

The operation of our harvesters is based on the vortex shedding phenomena
associated with the flow field around circular cylinders in uniform flow of velocity V.
The non-dimensional frequency of this vortex shedding is characterized by the Strouhal
number St=Df.4/V- which dependents on the Reynolds number based on the diameter of
the cylinder Re=pDV../u. St is around 0.2 for a fairly wide range of Reynolds number so

that the shedding frequency

V., St

f?h ed =

= ()

is proportional to velocity for a given diameter D.
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The alternating shedding of vortices off the surface of the cylinder causes an
asymmetry between the pressure distributions on the upper and lower halves of the
cylinder’s surface. This results in a time-dependent [lift force, F,, on the cylinder
alternating in the +y and —y directions with zero mean and frequency fs.q. If the cylinder
is attached to a beam as shown in Fig. 1 the aerodynamic lift creates an equivalent tip
force and moment causing the beam to undergo transverse (y-axis) vibrations. It is this
flow-induced vibration that is used for forcing the piezoelectric generator in transverse
vibrations. In addition there is a time dependent drag force, F,, which also acts on the
cylinder in the direction of the fluid flow and has a non-zero mean value. In the present
configuration, the drag force is ignored since it is much smaller than the buckling load of
the beam. This configuration differs from the common cases of splitter plates in the wake
of a cylinder used to control vortex shedding because the splitter plate in the present case
is fixed at one end while its other end carries the cylinder and is free to vibrate. The flow-
structure interaction aspect of this configuration i.e. its aero-elastic behavior has not been
investigated before and the additional electromechanical characteristics and coupling of

this energy harvester further complicates the understanding of its operation.

Figure 1: The piezoelectric beam with the cylinder attached to its tip.
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In the present experiment, the generator is operated in at its first natural
frequency. Our previous work has indicated the energy output is maximized when the
frequency of forcing mechanisms coincides with the first natural frequency of the

piezoelectric harvester.

3. Experimental Setup

A hollow cylinder with closed ends was attached to the free tip of the
piezoelectric beam in order to induce self-excited vibrations on the harvester. The
cylinder was light and rigid so that no deformation of the cylinder was expected under the
applied aerodynamic loads.

The piezoelectric beam is a PZT bimorph from Piezo Systems, Inc. (model T226-
A4-503X), which was also used in [10], operated in series mode. The beam is composed
of a brass shim sandwiched between two layers of PZT-5A material. The geometric
dimensions and material properties of the beam are listed in Table 1 where &=8.854

pFm™ is the permittivity of vacuum.

Table 1: Dimensions and properties of the PZT bimorph.

Dimensions and Properties PZT layers Shim
Total Length, L; [mm] 63.5 63.5
Overhang (clamped) Length, L [mm] 50.8 50.8
Width, b [mm] 31.8 31.8
Thickness, # [mm] 0.26 0.14
Material PZT-5A Brass
Mass density, p [kg m-3] 7800 9000
Young’s Modulus, Y [GPa] 66 105
Piezoelectric Constant d3; [pm V-1] -190 -
Permittivity &3 [F m-1] 15004 -
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The beam with attached cylinder was clamped between two steel bars of
dimensions 3.18 mm x 12.7 mm x 254 mm which formed a support structure. The
volume occupied by the harvester in the channel is around 9x3.2x2.5=72 cm3. The
support structure is mounted firmly on both ends in a small wind tunnel as shown in Fig.
2. Such a vertical arrangement is chosen in order to eliminate contribution of gravity

from the transverse vibration of the beam.

Figure 2: The harvester installed in the wind tunnel.

The beam in the wake of the cylinder acts as a “splitter plate” which is known to
decrease the strength and frequency of the vortex shedding [11]. Therefore the St in
presence of a splitter plate is expected to be less than 0.2 depending on the ratio L/D.
With the given dimensions of the beam and the cylinder’s length to diameter ratio

[/D=2.5 gives St=0.15 [12]. If it is assumed that the maximum power would occur close
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to the first resonant frequency (fsnes=f7). Thus the speed for maximum output power is
estimated to be approximately 5.8 m/s. At this speed Re is about 9300 with p=1.19 kgm™
and 1 =1.86 kgsm'.

It should be also noted that the vortex shedding may not be strong or present at all
if the //D ratio of the cylinder is small. This is because a greater part of the incoming flow
passes over the ends of the cylinder rather than over its lateral surfaces. In fact, a test of
this harvester with the walls of the wind tunnels at 152 mm above and below the ends of
the cylinder as shown in Fig. 2 showed no significant voltage output. In order to obtain
stronger vortex shedding, the cylinder was placed in a modified test section with a 36mm
x300mm cross section, formed between two bounding walls inside the original wind
tunnel section (Fig. 3). These walls, which act very similarly to the end wall used in
many experiments with cylinders, were about 2 mm above and below either end of the
cylinder. Although the flow was still somewhat three-dimensional due to boundary layer
formation over the walls, the end effects due to the short length of the cylinder are
reduced and visible oscillations of the cylinder were observed. The contraction of the
intake of the wind tunnel was also modified to take as much flow into the narrowed-down
test section as possible for increasing the maximum attainable flow speed within the wind

tunnel.
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Figure 3: The harvester in the narrowed-down flow channel with 36 mm x 300 mm
working section. The top wall is transparent. Note the gaps between the harvester and the
bounding walls.

The charge generated by the piezoelectric beam was collected by two copper foils
sandwiched between the end clamping elements and either surface of the beam. The time-
dependent voltage v(t) on a load resistor R generated by the piezoelectric beam was
measured using a digital oscilloscope. A strain gage was mounted on the surface of the
beam about 3 mm from the clamp as shown in Fig. 5. Type-UHP5000-60 micro-strain
gages fabricated by Kulite were used in this work. These gages have a size of 0.5 mm x
0.75 mm. They possess a frequency response of 10 kHz, high sensitivity (gage factor of
175) and high signal to noise ratio (15:1). While their miniature size allows for localized
measurement of strain mounting and wiring these sub-miniature strain gages require
special attention and skills. The voltage from the strain gage was amplified and recorded
concurrently with v(z). Data acquisition was carried out at a rate 500 S/s with 8 bits of

resolution.
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v

Figure 4: The strain gages attached on the piezoelectric beam. Only the central one was
used while the other two were redundant (used for testing purposes).

4. Results and Discussion

A typical long-duration output voltage v(z) measured at V=28 m/s is shown in
Fig. 5a; a portion of the same signal is shown in the inset Fig. 5b. The corresponding
frequency spectrum is shown in Fig. 5c. The maximum amplitude of the signal is about
20 volts. Of interest is the modulated behavior of the signal which is due to multiple

contributing components with frequencies close to each other. Apparently the vibration at
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high flow speeds does not have a single harmonic component and it exhibits a beating
pattern which is caused by slightly irregular shedding frequency according to our
previous work [2]. The spectrum was computed by taking the FFT of the signal, using
rectangular binning windows of 1000 data points with 50% overlap and resulted in a
frequency resolution of 0.5 Hz. The highest peak in the spectrum at 45.5 Hz corresponds
to the first natural frequency of the piezoelectric beam with the attached cylinder. A
second peak can be also identified at 210Hz, while the second natural frequency is

calculated to be around 290 Hz.
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Figure 5: a) Long and b) short duration voltage signal at V,=28 m/s and c) its
corresponding frequency spectrum
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Figure 6: a) Long and b) short duration measured strain at V,=28 m/s and c) its
corresponding frequency spectrum.

Figures 6a and 6b show long and short duration parts of the measured strain signal
&(7) while its corresponding frequency spectrum calculated in the same way as that of v(z)
is shown in Fig. 6¢. Note that the strain at the measured location barely exceeds 100ue
while the strain exactly at the clamping line is expected be somehow higher. The
maximum allowable strain on the PZT beam which is likely to cause brittle fracture is
approximately 500 pe with a reasonable safety margin, so that much more bending is
allowable and therefore more power can be extracted from this beam under higher
excitation forces. Note that the output voltage and the strain signals are highly correlated
while their frequency spectra are very similar with the amplitude peaks at the same
frequencies. The output voltage of our generator is, in general, a result of multi mode

vibration patterns present in the piezoelectric material which are best characterized by the
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strain signal. The fact, however, that only one dominant mode, i.e. the first one, is present
in the strain signal suggests that no charge cancellation has taken place in the present
configuration with the current electrodes locations.

Further evidence of the high degree of correlation between the strain and the

output voltage is shown in the coherence function defined as

Cr (f)
Chr(f) = XV 2
N (N (7 @

where Cyy is the cross power spectral density between signals X(?) and Y(?) and f is the
frequency. Figure 7 shows the coherence between the strain and the voltage output
signals. The two signals are perfectly correlated with each other with Chr close to 1
throughout the frequency range from O to 65 Hz which contains the first mode of
vibrations at 45.5 Hz. Chr subsequently drops to values less than 0.50 in the range of 100

Hz to 190 Hz. There is also a high correlation between the two signals around 210 Hz.
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Figure 7: Coherence between strain and voltage output signals.
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The average power over a length of time T was calculated by

11 ¢7 ,
=—— | var
TR’ 3)

Figure 8 shows the variation of measured power with the flow velocity for three different
values of load resistance R. The maximum power P=0.24mW was obtained at V,,=28 m/s
by using a load resistance of R=300kC2. It appears that the power peaks around V..=26
m/s for R=33kQ) and R=3.3MQ. The decrease in the slope of the power curve for
R=300kQ however, suggest that such a peak is likely to occur at velocities V..>28m/s, a
value which was beyond the capability of the present wind tunnel setup. It should be
noted that the maximum power occurs at a velocity nearly five times the estimated value
of 5.8 m/s. There are several possible explanations for this disagreement. Firstly, the St
may be actually much lower than the earlier estimation of 0.15. Secondly, although the
piezoelectric generator is operated at off-resonance conditions, the power generated at a
higher speed can be more than that generated at resonant speed due to increased
magnitude of the aerodynamic lift forces. This sort of a response is quite different than
other common sources of vibration where the magnitude of the vibration generally
decreases as the frequency increases. Therefore such piezoelectric harvesters from fluid

flow have an intriguing response that needs to be investigated further.
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Figure 8: The variation of the average electrical power with the incoming flow velocity
for various load resistances. Notice the scatter of the data at the high velocities.

5. Conclusions

A novel self excited piezoelectric energy harvester has been shown to work in
steady, uniform flows. By attaching a circular cylinder to the upstream tip of a bimorph
PZT cantilever beam, unsteady aerodynamic forces can be generated during the
alternating vortex shedding from the surface of the cylinder. The new harvester has been
tested in a narrow wind tunnel and the output voltage and strain on the surface of the

beam have been measured. The maximum power generated by the harvester was
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estimated to be around 0.24mW at maximum strain levels around 100ue. This level of
straining is quite small compared to the PZT damage limit of 500u¢ so it can be expected
that the full power potential is not reached and can be increased to a level close 1 mW by
a careful optimization of the dimensions, shapes and stiffness of the harvester elements.
Power levels of ImW would allow for the continuous operation of a wireless sensor
node.

The present limited experimental results have shown that the new configuration
holds some promises to work as a fully self-sustained and self-excited energy harvester. It
will be further tested in a modified arrangement with the aim of studying the vortex
shedding from the wake of the cylinder and the effect of the splitter plate and
piezoelectric generator holder on suppressing this phenomenon. Additional challenges
associated with the future work is to demonstrate self-excited energy generation in a true
three dimensional configuration and to achieve optimal operation at flow velocities lower

than 28 m/s.
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Abstract

The available power in a flowing fluid is proportional to the cube of its velocity,
and this feature has the potential of generating substantial electrical energy by exploiting
the direct piezoelectric effect. The present work is an experimental investigation of a self-
excited piezoelectric energy harvester subjected to a uniform and steady flow. The
harvester consists of a cylinder attached to the free end of a cantilevered beam, which is
partially covered by piezoelectric patches. Due to fluid-structure interaction phenomena,
the cylinder is subjected to oscillatory forces, and the beam is deflected accordingly
causing the piezoelectric elements to strain and thus develop electric charge. The
harvester was tested in a wind tunnel and it produced approximately 0.1 mW of non-
rectified electrical power at a flow speed of 1.192 m/s. The aeroelectromechanical
efficiency at resonance was calculated to be 0.72%, while power per device volume was

23.6 mW/m’ and power per piezoelectric volume was 233 W/m’. Strain measurements
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were obtained during the tests and were used to predict the voltage output by employing a
distributed parameter model. The effect of non-rigid bonding on strain transfer was also
investigated. While the rigid bonding assumption caused a significant (>60%)
overestimation of measured power, a non-rigid bonding model gave a better agreement
(<10% error).

Keywords: piezoelectric energy harvesting, fluid flow, strain transfer, non-rigid
bonding effects, aeroelectromechanics, fluid-structure interaction, flow induced

vibrations, vortex shedding

1. Introduction

Piezoelectric energy harvesting has been a prolific field of research over the past
decade, with the major focus being on converting ambient structural vibrations into
electric power [1 and 2]. The potential of fluid flow for piezoelectric energy harvesting
has until recently received only limited attention. Interested readers are referred to a
recent review on piezoelectric energy harvesting from fluid flow present in [3]. In our
previous work, the potential of using fluctuations in the flow to induce time-dependent
strains on unimorph piezoelectric beams for electrical energy generation was
demonstrated [4-5]. In that configuration, the piezoelectric cantilever beam vibrates under
resonant or random excitation already present in the upstream flow. The present study
describes a new harvester configuration that can also operate in steady and uniform
flows, i.e. flows which do not contain any temporal or spatial fluctuation upstream of the

harvester.
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The bulk mechanical power available in uniform and steady fluid flow is
proportional to the cube of the flow speed [6]:

A

el

pU’ (M

where 4 is the frontal area of the harvester in operation, ,is the density of the fluid and

U, is the freestream speed (i.e. speed of the oncoming flow). For example, for an airflow

of 1 m/s (typical for HVAC - Heat Ventilation and Air Conditioning systems) the
available mechanical power is about 0.6 W/m®, while airflow of 10 m/s speed (typical for
wind power generation) carries about 600 W/m”.

The direct piezoelectric effect is the generation of electric charge by a material
under an applied strain. However the applied strain must be time-dependent to generate
an electric current. The current generated is proportional to the rate of change of strain
and the piezoelectric coupling coefficient. Two common engineering materials with
strong piezoelectric properties are PZT (Lead Zirconate Titanate) and PVDF
(Polyvinylidene Fluoride). While PVDF is more flexible than PZT, it has a smaller
piezoelectric coupling coefficient.

Time dependent mechanical forces in a structure immersed in a flow can be
generated either by: (a) velocity unsteadiness upstream in the flow, or (b) the mutual
interaction of the structure and the fluid in an otherwise steady and uniform flow. As a
result, time-dependent mechanical strains are developed on the body of the structure.
Fluctuation of the strain can be converted in electrical power by means of the direct

piezoelectric effect. The “aeroelectromechanical efficiency” of the harvester is defined as
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Them = k ()
R

where Z is the average electrical power harvested. Aeroelectromechanical efficiency can

be expressed as multiplicative terms

name = naenem (3)
where 1, is “aeroelastic efficiency” and 7.m is “electromechanical efficiency”. In this

context, 7,c refers to conversion of the bulk flow power to mechanical vibration power (

P):

A 4
T]ae [f)‘

Nem refers to conversion of mechanical vibration power to electrical power, and is given

by
_E Q)
77e1'1'1 En

The harvested electrical energy could be used for powering small electronic
devices such as sensors and wireless transmitters to measure the flow rate, pressure, or
temperature of the fluid. Such a self-charging capability makes it possible to develop
untethered sensor nodes that do not require any wired connection or battery
recharging/replacement. Such a technology could also significantly reduce the installation
and maintenance costs of a metering network, which may include tens to hundreds of
such sensor nodes in a typical HVAC system or process plant.

One of the methods to create the oscillatory forces needed to drive a piezoelectric

harvester in a steady and uniform flow is to place bluff bodies upstream of the harvester.
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At a certain flow speed, vortices start to form on the surfaces of a bluff body. As the

vortices shed from the body, they travel downstream in the wake and form a so-called

“Karman Vortex Street”. The frequency of the vortex shedding, £, can be calculated from

U
/s =Sf7°° (6)

where d is a suitable characteristic length and S¢ is the Strouhal number [6]. Strouhal

number varies significantly depending on the Reynolds number defined as

Re = = (7)

where u is dynamic viscosity of the fluid and for a circular cylinder, d is the diameter [6].

A flexible, unimorph piezoelectric (PVDF) beam in the wake of a circular
cylinder was investigated in our previous work [4-5]. In that configuration, the vortices
shed from the cylinder created a pressure difference across the beam that results in a net
force bending the beam in alternating directions. The maximum power was harvested
when the vortex shedding frequency matched the first natural frequency of the beam. The
aeroelectromechanical efficiency of the harvester was 77,em=0.0035%. The efficiency of
the electromechanical conversion was estimated to be 7.m=11% while the aeroelastic
efficiency 77, was only about 0.032%. It was thus concluded that the major portion of the
losses took place in aeroelastic conversion, i.e. the creation of oscillatory motion of the
beam from the uniform fluid flow.

Another method to induce oscillatory motion in the generator is by direct
utilization of the forces created on the bluff body itself. Vortex shedding causes an
asymmetry in pressure distribution on the surface of the bluff body, which results in time-

dependent forces acting on the body. If the bluff-body is attached to the tip of an elastic
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beam (for example, a cylinder attached to the tip of a cantilever), these vortex-induced
forces will cause oscillatory deflection in the generator. A flow visualization photo
obtained in our investigations using this configuration is shown in figure 1. The deflected
beam, the cylinder attached to the tip of the beam and the vortex street in the wake are
clearly depicted in this figure. Such a configuration can self-start and sustain the
necessary oscillations under uniform and steady flow conditions. In addition to this

advantage, such a harvester will potentially operate at a lower flow speed and have higher

aeroelastic efficiency for the same value of Z, as indicated by equations (1) and (2) .

Figure 1. Flow visualization for the self-excited harvester. [llumination is provided by a
laser sheet and the images were acquired by a high frame-rate digital camera.

A complete mathematical description of the behavior of a piezoelectric structure
immersed in a fluid flow is quite challenging due to the three-way coupling between the
fluid dynamics phenomena, its structural response and the generator’s electrical behavior.

Consideration of the mutual interaction between these three domains ideally requires an
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“aeroelectromechanical” model of the system, i.e. a coupled solution of the system of the
governing equations of the fluid flow, the structural dynamics, and the associated
electrical field [4-5]. The goal of this paper is to introduce a novel flow energy harvester,
predict its power through electromechanical modeling, and validate the results
experimentally. The development of a fully-coupled model to predict the aeroelastic

forces is left for a subsequent article.

2. The present configuration and the experimental setup

The present study explores a particular case where the bluff body is a finite
hollow circular cylinder as shown in figure 2. The cylinder is attached to the free end of a
cantilevered beam. The beam consists of an aluminum shim with piezoelectric patches
bonded near the clamped end. The hollow cylinder has an outer radius 7,, inner radius 7;
and width b.. Both ends of the cylinder are covered. The beam has a length [/, width b
and thickness /. The flow direction is from the free end to the clamped end of the beam.
The aerodynamic forces on the cylinder are resolved into time-dependent lift (L) and drag
(D) components. The aerodynamic moment created on the cylinder is M,. While the lift
force varies around a mean value of zero, drag force varies around a positive value at
twice the lift force frequency. Some test results obtained on a similar configuration with
b/bs=1.00 b./r,=1.25 and l/r,=2.5 were published earlier in [7], from which it was
concluded that the ratios b./bs and b./r, have to be increased in order to reduce the
adverse effects of splitter plate [8] and finite length on vortex shedding. In addition, the

stiffness of the beam should be low enough to lock-in the flow-induced vibrations. This is
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achieved by increasing //r,. By choosing a longer cylinder and a shim in the present

study these ratios were increased to b,/bs=6.25, b./r,=10.2 and /{/r,=13.3.
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Figure 2. a) Top and side views of the self-excited harvester. b) Harvester installed in the
wind tunnel.
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In order to generate electrical charge, four PZT patches (Piezo Systems, Inc.,
model T110-A4E-602, two on each face) were bonded near the base of the shim forming
a bimorph bender (figure 3). Each patch had a length /,, thickness 4, and width b,/2
where b, is the combined width of two patches on one face. A small offset of /,=0.5 mm
between the piezoelectric elements and the clamp was provided to prevent the
piezoelectric elements from touching the jaws of the clamp; s is the local coordinate
along the patched section starting at x=l, Pertinent properties of the harvester

components are given in table 1.
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Figure 3. Close-up view of patches and the strain gage. The strain is sensed by the
resistor grid visible in the center of the gage.

Table 1. Dimensions and properties of the harvester components.

Dimensions and Properties elicezrrl;ents Shim Cylinder
Length, [, [, [mm] 31.8 267 -

Width, b,/2, b, b, [mm] 12.7 32.5 203
Thickness, &, h, [mm] 0.267 0.635 -

Radius, 7,, ri [mm] - - 19.8, 19.2.
Material PZT-5A ﬁlﬁ?;n; (;; 4) Cardboard
Mass density, p [kg m™] 7800 2730 -

Mass, m,, ms, m [gr] 1.68 16 16
Young’s Modulus, Y, ¥ [GPa] 66 73 -
Piezoelectric Constant ds; [pm V'] -190 - -
Permittivity at constant strain &5 [nF m™'] 13.28 - -
Capacitance (calculated, measured) Cp [nF]  20.1,20.3 - -
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The strains on the top and bottom surfaces of the shim near the clamped base
were also measured using strain gages. The strain gages (model EA-06-062AP-120 from
Vishay Micro-Measurements) were centered at s,=3.92 mm along the midline (figure 3).
To amplify the signal and to reduce thermal effects and bridge non-linearity, the strain
gages were used as two active arms of a Wheatstone bridge. The gages were calibrated by
applying a prescribed deflection to the tip of the beam and calculating the corresponding
strain using Euler-Bernoulli beam theory. The gage factor found by this in-situ
calibration method closely matched with that specified by the manufacturer. Therefore,
the gage readings accurately indicate the strain on the shim through the tests.

Data acquisition was performed using a digital oscilloscope (Tektronix model
DP2024) with high impedance (Ro=10MQ) probes. The strain signal was amplified 1000
times using a low-noise preamplifier (Stanford Research Systems model SR560). Signals
for the wind tunnel tests were sampled at a rate of 1.25kS/s for a duration of 100 seconds
and band-pass filtered between 0.03 to 300 Hz before digitization. For free vibration tests
sampling was done for 20 seconds at a rate of 6.25kS/s. Free vibration signals were
further band-pass filtered between 0.3 to 30 Hz with a 4™ order Butterworth filter during
data processing. Software filtering was performed in the forward and reverse directions in

time to eliminate any phase-shift caused by filtering.

3. Electromechanical Model

In the current configuration, the two piezoelectric elements on each face of the
shim are bonded in the same poling direction and connected in parallel for collecting

charges generated by bending strain (Figure 4a). The piezoelectric elements were
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modeled as a current source in parallel with capacitors (figure 4b). Two elements on each

face of the beam were treated as a single element with a total capacitance of

—S
Ky,b [
C, = Y = (8)

p
where b, is the combined width of the piezoelectric elements on one face of the shim, i
is permittivity under constant strain with the assumption of plane-stress conditions. The

equivalent capacitance of both faces is then (_fp= C,/2. Thus the equivalent capacitance

on one face is C, =20.1 nF, although the measured value of (_fp =20.3 nF is used

throughout this analysis. Note that R is the load resistance in parallel with the

oscilloscope impedance, Ro. Total resistance R is then
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Figure 4. a) The electrode configuration for patches b) Corresponding circuit diagram.

The circuit equation is found by using Kirchhoff’s Current Law

— dv(t)
Pode

0

+=v(0) =1, (1) (10)

The piezoelectric current is related to deformation by
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ip(t)=—d31Ypbp%(_[j:08pc (s,t)ds) (11)
where d3; is the piezoelectric coefficient, ¥, is the elastic modulus of the piezoelectric
material and &.(s, f) is the time-dependent strain distribution at y=h,. i.e. the half-
thickness of a piezoelectric element [9-10]. Determination of & (s, #) requires some
elaboration of stress transfer from the structural substrate (i.e. the shim) to the
piezoelectric elements and is presented in the next section.

For free vibration of the shim in the first mode, the measured strain &(f) can be

expressed as

g, (t):ggmax exp[—a)lt(g“l —\/ﬁ)} (12)

where & max=6x(1=0), w: is the undamped frequency for the first bending mode and ¢ is
the corresponding damping ratio which can be determined from free vibration tests. This
strain expression allows the ODE in equation (10) to be analytically solved. The solution

of equation (10) with the initial condition v(#=0)=0 is

V(1) = iy (1) (13)
e )

The ratio of the voltage to average strain in the piezoelectric element is

v(t) d,Yhi

Ve — = _ 14
z.(0) 1 e (14)

Raa(él —@) p

where

g0 =—[" &.(s1)ds (15)
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For a forced harmonic vibration of constant amplitude, the measured strain

expression becomes
g, (t)=‘gg‘exp(ja)Ft) (16)
where ar is the forcing frequency and j=~/—1 . Accordingly the voltage and its ratio to

average strain are found as

i, (1 17
V(f):% (17)
E'f‘ ]wFCp

and
Hv—s = r(t) = _ij d31YpbplP (18)
gD —+ jo,C,
R Fe

The voltage signal leads the strain by the phase angle

@, =Arg(H) (19)

The current over the resistor is always in phase with the voltage and is given by Ohm’s

law:
v(1)
i(t)=—+= 20
(=" (20)
The instantaneous electrical power dissipated on the resistor is then

2
P (1) =it =2 @1
The electrical energy dissipated during a time interval [#y, #1] is

B, =, R @2

while the average power over the same interval is
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|
by

_ L (23)

Note that € o Ip, I, vand P are complex-valued functions.

4. Strain transfer through the bonding layer

In energy harvesting applications, the piezoelectric patches are often bonded to
the host structure using an adhesive agent. The strain developed on the surfaces is then
transferred through a thin layer of adhesive material. The amount of the strain transfer
depends on the relative thickness and rigidity of the adhesive layer as compared to the
host structure and the piezoelectric patch. The strain transfer problem for the case of a
composite cross section undergoing bending was investigated earlier in [11-16] with the
assumption of uniform strain distribution through the thickness of the bonded patch,
which is valid if the patch is much thinner and more compliant than the host structure. A
finite element formulation and solution for a three dimensional patch is presented in [17].
A closed form analytical solution considering the variation of strain along the thickness
of plates bonded to concrete beams was later proposed in [18]. In this section, a strain
transfer model for the case of a PZT patch bonded to an aluminum shim of comparable
thickness and elastic modulus is presented.

The strain distribution through the beam at a cross section with local coordinate s
consisting of the shim and piezoelectric patches is shown in figure 5. If the adhesive layer
had zero thickness and infinite shear strength, then the bonding would be rigid. In this
rigid bonding case, the strain induced on the two bonded surfaces would be identical and

the strain distribution would be &. In practice however, there is some loss of rigidity
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depending on the shear modulus (G,), thickness (%,) and uniformity of the adhesive layer.
Non-rigid bonding lessens the strain transferred between the piezoelectric elements and
the structural shim resulting in a jump from &; on the shim surface to &, on the surface of

the piezoelectric patch through the bonding interface.

h P/ 2 ‘ / gp _ g /8r
3 /'y ; > PZT patch on top
Epe 7 &
i hp/2 ' hpc hpn T & ) /c/ ©
§ y PEaf— ‘;' o adhesive layer
S 7 Gri &
hy, hy2 ] . si
oy ' e N D ehi
A = = g‘ shim
hf hs/z ‘L . P /::',o.y . /'y
§ 1 i S —— ) adhesive layer
]’lp/ 2 P e / pn
b . - PZT patch on bottom
hy/2 - /

—— Strain distribution across the patch (&,) and the shim (&) for non-rigid bonding
— — Strain distribution (&) across the section for rigid bonding

[19%4)
S

Figure 5. Strain transfer from shim to the piezoelectric patches. Subscript is used for

indicating “shim”, “p” for piezoelectric patch, “a” for adhesive, for “interface”, “r”
for “rigid” bonding assumption, “c” for “center” and “n” for neutral. Vertical axis y
indicates the distance from the beam centerline while horizontal axis & indicates the

strain. Strains at particular points are indicated by solid dots.

7332)
1

In general, curvatures of the patches and the shim are not equal when bonding is
non-rigid. In this case, the neutral axes (i.e. zero strain axes) of the patches do not
coincide with that of the shim. The difference is more pronounced when the thicknesses
of the patch and the shim are comparable. The distance from the centerline of a patch to
its own neutral axis is denoted by /p,. The distance from the center of a patch to the
centerline of the cross section is denoted by /4,.. Due to symmetry, the neutral axis of the
shim coincides with the centerline of the cross section. Also because of the symmetry, the

top and bottom patches have the same /,, and A, values. The strain distribution across
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the cross section is thus symmetric around the origin “o” as shown in figure 5. Therefore,
analysis of the strain transfer between the shim and one of the patches is sufficient. The

strain distribution through the shim and the top patch are respectively

ep(s,y)=epi(s>{1+}:ni—%} (24)
—c. 4 25
£.(s,) 8“(S)hs/2 (25)

Note that since the shear modulus and thickness of the adhesive layer are usually
very small compared to the sectional properties of the shim and piezoelectric elements,
the rigidity of the adhesive layer and its effect on the bending strain distribution is
ignored, i.e. 4,=0 is used when finding the stiffness of and strain distribution through the
cross section of the patch. The problem is thus to find &, & and 4, under a given load
on the shim with boundary conditions &,(0, y)=0 and &,(/,, )=0.

For tip-forced vibrations around the first resonant mode, the dynamic mode shape
of a shim with the cylinder and without patches is nearly the same as the static mode
shape of the shim without the cylinder and patches. Therefore, it is assumed that a strain
transfer analysis under static loading is applicable for the dynamic case and the added
difficulty of modeling the dynamic behavior of a shim with non-rigidly bonded elements
is thus avoided. The method presented in [13] was therefore extended to include the
variation of strain along 4.

The equilibrium of axial forces for the top patch and the adhesive layer result in
two coupled ODEs: One for &, and the other for the interfacial shear force, 7: For the

shear force on the adhesive layer
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a

where g is strain on the surface of the shim. The horizontal balance of forces on a cross

section of the patch requires
o€, (s,
r=y, | Mdy (27)

Assuming h,, remains constant along the s-coordinate greatly simplifies the
solution procedure while producing a reasonable strain distribution that satisfies the

boundary conditions. This assumption gives

de.
i R (28)
ds Y;hpnp
where
h_h
pn_p (29)

oo = /2

It is now presumed that strains on the bonded surfaces develop quickly and
bonding becomes rigid near the edges, i.e. towards the middle of the patch. In this case,
the neutral axes of the patches and the shim are coincident for the bulk of the interface
away from the edges, and assumption of /,,=h,. can reasonably be employed in equation
(29). The local boundary conditions require &,(0)=0 and &i(/,)=0. The solution of the

system of equations (26) and (28) is then found to be

T(O) . G s .
£; =—>sinhys———=—| g sinhy(s—&)dé (30)
b Yk, Yoy by, !
—7(0)coshys— 2o’ hy(s—¢)d (31)
t=1(0)coshys p J.Ossicos y(s—&)dé

a

where
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y = |—C (32)
\ Y,

and 7(0) is determined from the second boundary condition as

G, b .
f(0)=hasi—nhﬂpjo g sinhy (1, —£)dé (33)

Since &, is not known a priori, a few iterations are required in order to obtain a
converged solution. The calculation starts with an initial guess for the &; distribution

which is used to calculate the &, distribution (equations 30 to 33); & is then corrected via

the balance of bending moments. The total moment calculated at a cross section is

M (5)+2M(s) = My(s) (34)
where
/2
M()=Yb[" z(s y)dy 35)
hy/2+h,
M, (s)= Ypbpfhx/z &,(s,y)ydy (36)

The moment at a cross section due to the loading conditions is given by
M (s)=M,+L[r,+] —1 —s] (37)
with the parameters defined in figure 2. If the total moment calculated at a cross section

M is less (or more) than the moment load My carried at that section then &g is increased

(or decreased) by

si, new

M
Eg now =Ei—- (38)
ML

The updated distribution of &g is iteratively used in the same procedure until My

sufficiently converges to My. Each cross-section (i.e. shim without piezoelectric patches
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and shim with piezoelectric patches) is divided in 1000 segments along their length. With
the given geometric and material properties, the solution converges to a smooth strain
distribution in less than 10 iterations.

For the present case, adhesive layer thickness is measured to be approximately
h,=25 pm. The value of G, was then adjusted to obtain a consistent result with the strain
measured by the gage, ie. &=&(s=sy), in order find the unique solution for strain
distribution. This condition is satisfied when G,=86 MPa. Strain distributions at different
values of G, are shown in Figure 6. Note the reduction in strain transfer to the

piezoelectric elements (&) near the edges of the patch as G, decreases.
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— : ‘: . . :
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‘= 180fy Y 4 ; :
Z W ESS AN l'l, —02 shim
Sy S siess ‘| E ;
s 120 ||\‘ \\E d G Il ,,I 1= O0f ---center lineg =ssees : .........................
é 1 l‘ \i 45 H <1}’\’{"" = E shim
= VWU _0 2 4 6 810 A -0.2 :
A el o osSMmmjp 7 20 ] i . bottom interface -
-0.4 i patch on bottom
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s [mm] & [microstrain]

"""" location of the strain gage

strain on bonded surface of patch

==="=strain on bonded surface of shim strain with rigid bonding (gr)

===rstrain on shim if no patches were bonded
strain at interface if bonding were rigid

= strain with non-rigid bonding (ap, 85)

Figure 6. Strain distribution a) Along the length of the patched cross section for G,=17
MPa, G,=86 MPa and G,=430 MPa and b) across the patched cross section at the gage
location s=s,.

The equivalent strain at the interface in the case of rigid bonding can be found

from ¢, by

&i(Sg)= Beages (39)

139



Chapter 5: Performance of a Self-Excited Fluidic Energy Harvester

where [ 1s a transfer factor between the equivalent rigid bonding strain and the actual
gage measurement. From the data in figure 6, [gge 1S approximately 0.853. The rigid

bonding strain along the patch is then linear and given by

8,1'(S):3,1'(Sg){8ﬁ(lp)—Ll—gﬁ(lp)J Zp_S] (40)

8l‘i (Sg) 8l‘i (Sg) Zp - Sg
where the ratio &i(/p)/&:i(sg) 1s known from the loading conditions:

el) M (s=1)

£4(s,) M (s=s5,) @

The ratio of the integrals of &, and &; over the length of the patch gives a
correction factor to account for the strain distribution for non-rigid bonding:

£
=T (42)
'[Op &;(s)ds

From the data in figure 6a, this factor is found to be [i,=0.92. Since strain is distributed
linearly across the thickness of the piezoelectric patches, the same correction factor
applies for the integral of &,.. Thus the integral of time-dependent strain for rigid bonding

can be corrected for non-rigid bonding as

A L
L gm(s,t)ds=ﬁmtjo &, (s,1)ds (43)
where
h
. (s,1)=¢, (s,t)ﬁ (44)

The integral of &, is then used in equation (11) to find i,. Note that fgee= 1 and Sin=1 if

bonding between the layers was assumed to be rigid.
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It is worth mentioning that strain transfer effects on the measurements taken by
properly attached strain gages are negligible. This is because strain gage foils ordinarily
have much smaller length, width, thickness, and Young’s modulus than those of the PZT
patches and the shim. In addition, the actual sensing element (i.e. the resistor grid) on the
gage foil is located in the middle of the gage foil, away from the edges. Therefore, the
strain sensed by the gage is virtually the same as that develops on the attached surface.
The fact that strain transfer to the strain gages can be ignored has been confirmed by
applying the proposed strain transfer model and calculating the strain distribution on a

patch having similar dimensions and compliance to the gage foil.

5. Free vibration tests

Free vibration ring-down tests were done to determine w;=2nf; and {; in equation
(12) by deflecting and releasing the tip of the beam. The same tip deflection was applied
in each case; and the portion of the signal between the 20™ and 40" cycles was used for
all analyses. The first resonant frequency of the beam with the tip cylinder was calculated
to be 2.93 Hz using modal analysis and not considering the patches. With the bonded
piezoelectric patches, the resonant frequency increased to f1=3.127 Hz. A range of
resistance values were tested, from which it was found that R=2.46MQ gave the

maximum average electrical power output. For this value of load resistance, the measured

strain &, and the fitted strain € . are shown in figure 7a. The fitted strain expression is

used in equation (11) to calculate the piezoelectric voltage given in equation (13). The
calculated voltage signal is in very good agreement with the measured piezoelectric

voltage signal as shown in figure 7b. In order to show the accuracy of the model, the
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calculated and measured phase differences (@,.;) are compared over the course of the 20
cycles. The measured strain, measured piezoelectric voltage and calculated piezoelectric
voltage signals are scaled with their maximum values as &/max(&;), Vieas/MaxX(Vmeas) and
Veald/MaxX(vealc), respectively. The scaled signals are then plotted together as shown in
figure 8. The phase differences of calculated and measured voltages from the measured

strain signal are in excellent agreement.

50 20 .
_—— N — Measured
gg """ Calculated
30 . A 10 g
g
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E-10
W
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0% 2 4 6 200 2 4 6
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Figure 7. a) Comparison of measured strain (&) and fitted strain ( §g ) using equation (12)

with parameters w; and ¢, determined from free-vibration tests. b) Comparison of
measured piezoelectric voltage signal and calculated piezoelectric voltage signal using
equation (13)
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Figure 8. Comparison of the phase differences of the measured and calculated
piezoelectric voltage signals from the measured strain signal.

Figure 9 shows the response of the harvester to different Ry values under free-
vibration conditions. Note in figure 9a that the rigid bonding assumption results in more
than 60% overestimation in power. When non-rigid bonding is considered, the power is
underestimated by about 10%. Complimentary to figure 8, there is a very good agreement
in measured and calculated phase differences for different resistances as shown in figure
9b. The first resonant frequency and damping ratio were found using the actual strain
gage measurements, i.e. &(#). The first resonance frequency increases with resistance
from short-circuit to open-circuit conditions as shown in figure 9c. This increase is
relatively small (about 0.5% of the short-circuit value). The change in the damping ratio
from short-circuit to open-circuit conditions is however more pronounced (about 24% of
the short-circuit value) as shown in figure 9d. The deviations of the data points near
R~10* and R~10’ are within 0.2% uncertainty and probably due to experimental errors. It

should also be mentioned that a +5% change in s, causes about £10% difference in G,
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around 86MPa when matching the calculated strain versus the measured strain. With the

adjustment made in G,, the variation in P. remained less than 0.5%. If sg 1s changed by

[

+5% but G, is left unchanged, then the variation in Iz is less than +2.5%.
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Figure 9. Effect of load resistance in free vibration tests on: a) average power b) first
resonant frequency c¢) phase difference between voltage and strain d) damping ratio.

To estimate the effect of load resistance on resonant frequency and damping ratio,

a single mechanical degree of freedom (SDOF), coupled piezoelectric generator model

was developed. The model compares well with the distributed parameter model for

1
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vibrations near the first resonance mode [19]. In the case of free vibration and a resistive

electrical load, the model is given by
Myi;, +Cwy, +Kwy, = v =0 (45)
S, +CVv+v/R=0 (46)
where M, C, and K are the dynamic mass, damping and short-circuit stiffness of the
piezoelectric beam, 3 is the piezoelectric coupling coefficient, Ep is the capacitance, R
is the total resistance, wy, denotes the tip deflection and v is the piezoelectric voltage. A
dot above the variable represents a derivative with respect to time. K is taken as the
measured static stiffness, which is reasonably close to the dynamic value. M is then
calculated using fi=3.119 Hz measured close to short circuit conditions (R=10*Q). The

piezoelectric coupling coefficient is found to be 3 = 4.32x10° N/V from

9= \/KEP [{ﬁ_} _1] (47)

where foc=3.132 Hz measured close to open circuit conditions (R=10’Q)). The coupled

ordinary differential equations (45) and (46) were solved using an explicit Runge-Kutta
method (MATLAB®) over a 20-seconds simulation time for various load resistances.
The resonant frequencies and equivalent damping ratios were then calculated between the
20™ and 40™ cycle as in the experiments. The computational results compare relatively
well with the experimental results for both frequency and damping over a range of load
resistance from R=10"Q to R=10"Q) as shown in figures 9¢ and 9d.

The measured strain signal may be used as a method to estimate the voltage

output of a harvester without actually using any piezoelectric elements. If the
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piezoelectric patches are replaced with mechanically equivalent non-piezoelectric patches
then the measured strain can be related to the short circuit performance of the harvester.
If the electromechanical coupling is weak, the effect of the harvested electrical energy on
the dynamics of the harvester can be ignored. In this weak electromechanical coupling
case, the performance of the harvester with finite resistance values may be predicted

using a simple RC circuit model.

6. Wind tunnel tests

The harvester was mounted in a wind tunnel (1.2 mx1.2 m cross section) which
provided a steady and controllable airflow up to U»=11 m/s. One sidewall and the bottom
wall of the tunnel are transparent for optical access. The voltage of the harvester over
R=2.46 MQ was recorded at different flow speeds. In order to eliminate any dynamic
effect remaining from a previous velocity setting, recordings were taken no earlier than a
minute after the flow velocity was set. The electrical power was calculated using strain

measurements and compared against the measured power. Figure 10 shows that a

maximum power of P =0.1 mW is obtained at Ux=1.192 m/s. The measured average
power calculated from the strain gages and measured from the piezoelectric elements
were in good agreement up to three times the resonance speed. At higher speeds,
excitation in higher modes becomes more pronounced and assumption of first-mode

vibration causes overestimation of the average power.
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Figure 10. Electrical power output at various flow speed.

The piezoelectric voltage signal and its frequency content at resonance are shown
in figures 11a and b. Data of the spectrum reveals that the forcing frequency at resonance
is fr=3.140+£0.005 Hz. The corresponding Strouhal number at resonance and Uw=1.192
n/s is found to be 0.105 from equation (6). Reynolds number at this speed is 3078 using
Pair=1.194 kg/m® and 11,;=1.85%10" kg/ms in equation (7). Near Re=3000, the Strouhal
number is approximately 0.21 for a long, stationary circular cylinder clear of any
obstruction in its wake [20]. This would require the forcing frequency to be f7=6.28 Hz at
Ux=1.192 m/s. Such decrease in the forcing frequency for cylinders oscillating due to
flow-induced vibrations has been previously observed [21-22].

Pure structural resonance would occur at fz=f;=3.127 Hz when flow speed is
Ux=1.187 m/s for St=0.105. However peak power occurs at a slightly higher speed and
frequency (Uw=1.192 and f#=3.140 Hz). This shift is most likely because the
aerodynamic forces increase with Uw and translate the power peak to a speed higher than

structural resonance.
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The change in the aerodynamic forcing frequency (from 6.28 Hz to 3.140 Hz)
depending on the motion and dimensions of the structure; and the deviation of the peak
power frequency from the first resonant frequency of the structure (from 3.127 Hz to
3.140 Hz) are clear evidences of an aeroelastic coupling between the flowfield and the
structure. Therefore, in the present case, there is an interaction between the electrical
circuit and aerodynamic forces via the structure albeit relatively weak.

The tip force and displacement of the beam can be calculated from the strain
measurement. At resonance speed, the strain at gage location was periodic with a 60-
microstrain amplitude. Considering non-rigid bonding, the tip deflection necessary to
produce this strain is found to be |wip/=14 mm. The corresponding dynamic tip force,
|Flip.dl, can then be found by using the measured M, C, K and & values in the SDOF model
equations (45) and (46). This is done by using Fiip ¢=|Fiip.d/sin(27frf) as a forcing term on
the right hand side of equation (45) and adjusting |Fipq| to result in |wip|=14 mm in the
solution. The dynamic tip force is found to be |Fipa/=3.05 mN using fr=3.140 Hz from
figure 11b. An approximate comparison of this force to available aerodynamic data can
be done by ignoring the contributions of drag force (D) for small deflections and the
aerodynamic moment (M,) as well as the distributed aerodynamic loads on the beam.
This leaves the lift force on the cylinder as the only load acting on the beam, i.e. |Fip,

dI=IL|. The amplitude of the lift coefficient is then calculated as

o
' % pairUci (zr;:bc )

=10.44 (48)

" Pressure forces on a circular cylinder do not contribute to M, as their lines of action pass
through the center of the cylinder. M, is then only caused by the shear forces and is
negligible at this Reynolds number as compared to other loads.
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This value is in the upper range of lift coefficients for oscillating cylinders shown in [21].
Consideration of the neglected aerodynamic loads would bring the estimated Cp value
down and lead to a better agreement with previously published results. Note that for
stationary cylinders of finite length, Ci values ranging from +0.03 to +0.07 have been
experimentally measured at Reynolds numbers near 3000 [23]. This indicates that when
the cylinder is free to move in the cross-flow direction, there is a significant increase in

the associated lift force.
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Figure 11. a) Voltage signal and (b) spectrum at resonance the first bending mode
(Uo=1.192 m/s). c¢) Voltage signal and (d) spectrum for U,=10.41 m/s showing the first
torsional (10.76Hz) and second bending (26.6Hz) modes.
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Two form factors, power per operational device volume and power per
piezoelectric element volume are now calculated. Operational device volume and

piezoelectric element volumes are respectively

\

device = Af (ls + 2rc) (49)

Vo =20bh (50)
At resonance, power per operational device volume is P/ y,.;., = 23.6 mW/m’ while the
power per piezoelectric element volume is P/vpim= 233 W/m’. The corresponding

numbers for our previous design [4-5] were approximately P /V ..., = 408 mW/m’ and

P/ Vpiezo= 298 W/m’. Note that the P /v,.;.. value calculated for our previous design

does not include the volume of the bluff body upstream of the generator. Had the volume
of the bluff body been included, the power per operational device volume (i.e. 408
mW/m®) would be significantly smaller.
The efficiency of the present harvester can now be calculated using equations (1)
and (2). The frontal area when the harvester is in operation is given by
A, =2(r+wy, )b, (51)
At resonance with wi,=+14 mm and the frontal area is 4=1.38x10” m’. Available power
in flow is then found to be P=13.9 mW using equation (1). Since the electrical power
output at resonance is 0.1 mW the aeroelectromechanical efficiency is 7,em=0.72%,
which is a large improvement on previous designs. To estimate the electromechanical

efficiency, the instantaneous mechanical power is calculated by
W, (52)
The mechanical energy generated during the time interval [#y, #] is then given by
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Em = :l Pmdt (53)

while the average power over the same interval is found to be I3m =0.38mW by

— E
p =—m (54)
tl - to

Using the pertinent values calculated before, the electromechanical efficiency given by
equation (5) is found to be 7.m=26%. The following expression is suggested to predict
the electromechanical efficiency of a piezoelectric system for the case of small
electromechanical coupling coefficient after full-wave diode bridge rectification [24]:

1

C Y
1+——| RC —
+2R92( pw”z}

(35)

nem, rect =

Substituting the measured values in equation (55) Nemreet 1S found to be 16%. This
translates to non-rectified electromechanical efficiency of 7.m=20% if the rectification
process is assumed to be ideal with 81% efficiency. It should be noted that 7emrect 1S
highly sensitive to fscused for calculation of & for very small values of 3. For example, a
0.1% decrease in fi value results in 7.,2=23% which is about 15% larger than the
originally calculated value of 7.,=20%. Therefore, a very precise measurement of f;. is
necessary for a better agreement between the calculated and predicted electromechanical
efficiencies.

The aeroelastic efficiency is then calculated to be 77,.=2.8% using equation (3)
with 17em=20% and 77,em=0.72% found earlier. Comparing the efficiency values and form

factor of our present design and earlier designs [4-5], it is noted that:
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(1)

(i)

(iii)

(iv)

There is nearly a two order of magnitude increase in [lae with the present design
(2.8% compared with 0.032%). This clearly shows the improvement due to the
attachment of the cylinder on the tip of the harvester beam.

The increase in 7y is nearly three-fold with the present, tip-cylinder design (26%
compared with 11%). However, this increase is not only due to change of
harvester configuration but also due to the higher piezoelectric coupling
coefficient of PZT as compared to PVDF (d31= 190 pm/V for PZT and d31= 23
pm/V for PVDF).

Power per piezoelectric material volume is comparable in both designs although
PVDF has a smaller piezoelectric coefficient. This is because the PVDF beam in
earlier designs experienced much larger strains. Note in figure 6b that the
maximum strain on the outer surface of the present beam is about 90 microstrain,
which is far less than damage limit of 500 microstrain for PZT. The piezoelectric
patches in the present design can thus allow for higher applied strains and this
would increase the voltage and power output.

Although the previous design was less efficient, it has a much smaller form factor

as indicated by power per device volume values.

7. Resonance in other modes of vibration

As the flow speed increases past the first bending mode resonance, the generator

is excited in the first torsional mode and then the second bending mode. If the torsion

moment of inertia of the beam, the presence of patches and coupling between the torsion
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and bending modes are ignored then the first torsional mode frequency of the harvester is

calculated by

1 [GJ.

=— 56
2r\[ I, (56)

&

where G is the shear modulus of shim material, J; is torsion constant of the shim’s cross

section given by [25]

b | 192h &1 b
J, =i tanh| (2i —1) == 57
*3 { b Z‘(Zi—l)s " {( 2 }} 7

1= S

and /yy . is the mass moment of inertia of the cylinder along y-axis given by
Ly =m —[3(r2 +77)+8] | (58)

Using G, = 28 GPa for aluminum and the relevant dimensions of the shim and the
cylinder, the first torsional mode frequency is found to be g;=11.20 Hz. The second
bending mode frequency is calculated to be /,=27.43 Hz with modal analysis also without
considering the piezoelectric patches. Figures 11c and 11d show the piezoelectric voltage
signal and its frequency content at U»=10.41 m/s. Note that all three modes of vibration
are excited to some extend as seen on the spectrum. It should be noted that in the current
configuration of electrodes, the torsion mode did not produce any significant
piezoelectric voltage. It is possible, however, to harvest energy in torsional mode with a
special arrangement of electrodes as shown in [26]. Furthermore, contribution of the
second bending mode to the harvested energy can be increased by placing piezoelectric
patches near the middle of the beam where the maximum strains due to second bending

mode occur.
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8. Conclusions

Fluid flow is a significant energy source for piezoelectric energy harvesting. The
focus of the present fluidic energy harvester is the conversion of energy of a uniform and
steady flow into periodic motion of the solid structure with the aim of obtaining high
efficiency, small form factor, and having a capability to self-start and sustain the periodic
motions. In this study, a self-excited piezoelectric energy harvester which can operate in
steady, uniform flows is presented. The harvester is comprised of a cantilevered
aluminum shim carrying a circular cylinder on its tip and partially covered by
piezoelectric material near its base. Due to structural vibrations induced by the fluid flow,
periodic strains are generated in the piezoelectric material, which converts the strain
energy into electrical charge.

In order to characterize the harvester, both free vibration and wind tunnel tests
were performed. The strain developed near the base on the shim was measured to predict
the piezoelectric voltage output using a distributed parameter model. It was observed that
rigid bonding assumptions between the piezoelectric elements and the support structure
may significantly overestimate the strain transferred from the structure to the
piezoelectric elements. In order to consider non-rigid bonding effects, a strain-transfer
model was incorporated into the distributed parameter model. This led to significant
improvement in voltage and power predictions. Variation of the first-mode resonant
frequency and damping coefficient over a large range of resistances were modeled using
a single mechanical degree of freedom system. Furthermore, in the case of weak
electromechanical coupling, strain measurements alone can be used for predicting the

voltage of a harvester without using piezoelectric materials.
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The wind tunnel tests at various flow speeds showed that a maximum of 0.1 mW
non-rectified electrical power was attained at a flow speed of about 1.192 m/s. At this
speed, the vibration frequency and amplitude were 3.14 Hz and +14 mm. The magnitude
and frequency of the lift force was significantly different from what would be anticipated
using a stationary cylinder assumption. Furthermore, the forcing frequency at this speed
was slightly higher than the structural resonance frequency. It can thus be concluded that
aeroelastic interactions play a significant role in fluidic energy harvesters and that this
coupling is critical in future modeling efforts. Attachment of a vibration-inducing body to
the tip of the harvester beam resulted in a tremendous increase in the aeroelastic
efficiency of the harvester. The flow velocity required for maximum power is also greatly
reduced which is desirable for sensing in low velocity flows such as those in HVAC
systems.

The change of resonant frequency and structural damping due to electrical
resistance for the present case is relatively weak but measurable. Had the piezoelectric
patches covered a larger area of the shim, the electromechanical coupling would be
stronger and variation of the damping with electrical resistance would be more
pronounced. In that case, changes in load resistance would significantly alter the motion
of the beam and ultimately the flowfield around the harvester. Such a system is an
“aeroelectromechanical” one. A complete description of the behavior of such a system
then requires an interdisciplinary consideration of all three constituting domains, i.e. the
aerodynamic, structural, and electrical domains. Therefore, future work should focus on

fully coupled aeroelectromechanical modeling of the system which considers both the
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coupled response of the harvester due to electromechanical and the aeroelastic

interactions.
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Chapter 6

Further Work

This chapter presents some of done but not included in the manuscripts published

earlier.

1. Effect of tip-body shape

It was shown in the previous chapter that self-excited vibrations of significant
amplitudes can be created by adding a circular cylinder to the free end of the cantilever
beam. Investigating the behavior of a circular cylinder is advantageous for comparative
research purposes since the flow around circular cylinders has been extensively studied as
a benchmark case; thus a large quantity of both experimental and computational data is
available. However, tip-body shapes other than a circular cylinder may result in more
power as compared to a circular cylinder shape. In this section, we present the
performances of harvesters carrying half cylinder (D-section) tip-body and a flat plate (I-
section) tip-body (Figure 1). The performance of these tip bodies are compared with the
that of the circular cylinder (O-section) tip-body case investigated in the previous

chapter.
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Figure 1: a) The tested tip body shapes. Both the “O-section” and “D-section” cylinder
were 40 mm in diameter with masses of 16 g and 21 g, respectively. Two “I-section”
cylinders were tested: “l-section 1” had a width of 32.5mm and mass of 16 g; “ |-section
2” had a width of 40 mm and a mass of 24 g. All cylinders had a length of 5=203 mm. b)
A photograph of the I-section harvester exhibiting large tip deflections.
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Wind tunnel tests showed that both the D-section and I-section harvesters
significantly increased the harvested power (Figure 2). The D-section and O-section
harvesters exhibited similar resonant power output responses below U,<1.47 m/s. Above
this speed however, the response of the D-section harvester was very different from that
of the O-section one investigated in the previous section. After passing through the first
bending resonance, the O-section harvester resonated in the first torsional mode (at about
11.2 Hz) and then the second bending mode (at about 27.4 Hz) with little tip deflection.
In contrast, the D-section harvester’s tip deflection grew larger with increasing flow
speed, while its vibration frequency remained fixed at 3.2 Hz. This matching of the
vortex shedding frequency to the resonant frequency of the structure with increasing flow
velocity is known as “lock-in” [1] and is observed commonly in galloping instability of
cylinders of non-circular cross sections. [2, 3]. The I|-section harvester did not exhibit a
pronounced resonance as its vibration amplitude increased steadily throughout the
velocity range. The increase in amplitude of oscillations for the D-section harvester was
so rapid that the test had to be stopped before reaching U.=3 m/s to prevent damage to
the piezoelectric patches. The voltage amplitudes obtained at the last data points for the
D-section, I-section 1 and I-section 2 in Figure 2b were approximately +107V, £93V and

+82V, respectively with vibration frequencies near 3.18 Hz, 3.16 Hz and 3.83 Hz.

" Due to the construction and electrical connection of the harvester, the voltage output of
the modes higher than the first bending mode were small and cannot be seen in Figure 2.
However, visual observation of the harvester and FFT analysis of the strain signal
showed resonances in the first torsional mode and the second bending mode as detailed in
the previous section.
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At the highest flow speeds, the oscillation amplitudes of the D- and I-section
harvesters exceeded 100 mm, which was more than 35% of the beam’s length (Figure
2b). When the tip deflections are large, the contributions of the drag force and the
aerodynamic moment to the deflection of the beam cannot be neglected. In addition, the
geometric (and possibly material) nonlinearities in the structure of the beam become
significant. Thus simplified models of the harvester behavior need to be used with
caution, since these models generally assume that (a) the beam undergoes small
deflections, and (b) only lift forces act on the beam.

From a practical point of view, the D-section harvester outperformed the other
tested shapes. At 1.19 m/s, the D-section harvester’s total efficiency is approximately
n=0.80%, which is slightly larger than that of the O-section harvester (17=0.75%) at the
same speed. However, once past the resonant regime, the power output of the D-section
harvester rapidly increases to 2 mW at a flow speed of 2.75 m/s. The total efficiency of
the D-section harvester decreases to 7:=0.31% at this speed since large tip deflections
increase the operational frontal area. However, it should be noted that the efficiency of
O-section harvester at 2.75 m/s is negligible since its electrical power is nearly zero at
this speed. Since strain data is not available for the D-section and |-section harvesters, the
electromechanical efficiencies of these models are not currently known; and a full

breakdown of their efficiency components cannot be performed.
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Figure 2: Electrical power output using different tip body shapes.
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2. Turbulent boundary layer tests

A set of experiments with a PVDF unimorph beam of dimensions 30 mm x 16
mm x 0.2 mm (“long beam”) in turbulent boundary layer was presented earlier in Chapter
1. In order to investigate the effect of the length of the beam, additional experiments were
done with a shorter PVDF unimorph beam of dimensions 15 mm x 13 mm x 0.2 mm
(“short-beam”). The first bending mode frequencies (f;) of the long and short beams
measured using shaker as 48.5 Hz and 198 Hz, respectively. An extra set of data with the
long beam was also taken during these experiments for a better comparison between the
long and short beam cases and for checking the repeatability of the long beam tests. The
measurements were taken at the same location as before, i.e. 5.12 m downstream of the
beginning of the test section. The beam is held at zero degree of angle of attack by a rod
connected to a traverse protruding from a hole on the bottom wall of the tunnel. As
before, a load resistance of 10 MOhm was used. Signals were recorded using a data
acquisition card on a PC at a sampling rate of 1kHz for long beam and of 10kHz for short
beam.

The boundary layer developing over the bottom wall of this wind tunnel has been
extensively characterized in [4, 5]. The thickness of the boundary layer (0) at the position

of be measurements is found from

X,
5=CRGBJS (D)

where the parameter ¢=0.353 is obtained from the experimental data present in [4, 5] and

Rey is the local Reynolds number given by

Re, = % )
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Figure 3: A flow visualization image of the turbulent boundary layer.

The voltage signals obtained at U,=11 m/s for long beam placed at /=34 mm and
for short beam placed at /=22 mm are shown in Figure 3. The intermittent form of the

responses to turbulent fluctuations for both cases is evident.

2) 2 . . . . . . . . .

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time [s]

b)

Voltage [V]

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time [s]

Figure 4: Voltage signals at U,=11 m/s for a) long beam placed at ~=34 and b) short
beam placed at £/=22 mm.
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The “power landscape” of turbulent boundary layer is measured by taking
measurements at different wall distances and free stream speeds. The variation of
harvested power with respect to these variables is shown in Figure 5. It should be noted
in this figure that the wall distance is normalized by the boundary layer thickness whereas
the free stream velocity is reduced to a non-dimensional frequency f*= U./(df1). The
maximum electrical power harvested over a load resistance of 10 MQ was 60 nW for the
long beam and 1.6nW for the short beam. Within the range of flow speeds tested (i.e. 0 to
11 m/s), the harvester power from both beams increased monotonically and reached
maximal levels at U,=11 nmy/s for which =95 mm. However, the wall distance for the
maximum power was in a range of 25 to 50 mm for the long beam whereas this range
was 15 to 60 mm for the short beam. Maximum power is harvested inside a region where
h/6 is approximately 0.4 for both the long and the short beams. However, the use of a
shorter beam expands the region of maximal energy harvesting while decreasing the peak
power magnitude. Contrary to our initial anticipation, the normalized frequency U./dfi
was not close to unity at the maximum values of power harvested since the harvested
power increased monotonically with freestream speed. While this may mean that the
response of the beam to turbulent fluctuations is of “lock-in” type rather than a resonant
type, it invites one to look for expressions other than f*= U,/(df1) for reducing the

freestream speed to make further assessments.
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Figure 5: The contour plots of the electrical power harvested in a turbulent boundary
layer, a) for the long beam and b) for the short beam.
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3. Interaction of a flexible piezoelectric beam with a

vortex ring

In Chapter 3, the mechanism by which the vortices deform a flexible beam in the
wake of a circular cylinder was explained. It was stated that the induced velocity of a
vortex approaching the beam first creates a positive pressure load over a surface of the
beam. Therefore, the vortex first pushes away the cantilevered beam while approaching.
Once the vortex comes on top of the beam, however, the vortex pulls back the beam due
to the low pressure in its core. This mechanism occurs repeatedly on either side of the
beam due to counter-rotating vortices being shed off alternate (top and bottom) sides of
the cylinder. There is a 180-degree phase difference between the events on either side of
the beam: While the beam is pulled by a vortex is on one side, the next vortex
approaching pushes the beam further away from the other side. The reciprocal action of
the counter rotating vortices traveling opposite sides of the beam, if in resonance with the
natural frequency of the beam, results in large deflections.

In this section, an experiment to further study the effect of a vortex on a flexible
beam will be presented. The behavior of an elastic beam subject to the impact of a vortex
ring was investigated recently [6, 7]. The experiment present here, however, investigates
the behavior of a flexible beam as vortex ring travels nearby. The vortex ring was created
using a “vortex cannon”, which is a plastic bucket covered with a silicone membrane and
has a 10-cm circular opening on its bottom (Figure 6). Tension and sudden release of the
membrane creates a shear layer around the periphery of the opening and this shear layer
rolls up and forms a vortex tube in the form of a hollow ring. This vortex ring travels

away from the cannon opening with a speed Using. The vortex rings can be made visible
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by filling the cannon with theatrical smoke prior to the release. With this setup, it is
possible to repeatedly create vortex rings with core diameters of about drin,=15 cm after

some practice.

Atomized Laser beam
oil particles

\ _ Lenses
\\ Enclosure

~ Laser 7
6DoF Sheet . o
balance & 2R Vortex Cannon
s W
| Beam N Vortex ring

% Camera

Figure 6: The configuration of the vortex cannon and the flexible piezoelectric beam.

Figure 7: The flexible and transparent Mylar beam carried by a 6DoF force and moment
balance system. The beam is partially covered with PVDF on top and furnished with two
strain gages and a partially coated by a PVDF layer.
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During the experiments, the cannon was placed on the bottom wall inside the
wind tunnel so that the vortices are sent along the length of the tunnel horizontally. A
flexible and transparent Mylar beam was hold parallel to the wall at a distance of about 8
cm by a rod connected to traverse protruding from an opening on the wall (Figure 7). The
rod and the tip of the traverse were connected to each other with a 6DoF (six degree of
freedom) force and moment sensor (ATI Industrial Automation, model Nano 17). The
Mylar beam was furnished near its first and second mode peak strain locations with two
couples of strain gages in half-bridge configuration. The beam was partially covered on
top with a 28 um-thin PVDF layer (Measurement Specialties, Inc) to generate some
piezoelectric voltage.

For time-resolved PIV (particle image velocimetry) measurements, a continuous
wave (CW) diode laser (Newport Corporation, Spectra Physics Lasers, model Millennia
VS110) was used to produce green laser beam of 532 nm wavelength and 5.5W power. A
thin sheet of laser light was created by directing the laser beam to a cylindrical lens
followed by a spherical lens. The laser was pointed directly on the lenses without using
any mirrors to keep laser power losses to a minimum. The laser sheet is then aligned
perpendicularly on top of the Mylar beam, halving the width of the beam along the
length. Since the Mylar beam is transparent and only partially covered with PVDF, the
laser sheet was able to illuminate through the beam. The shadows in PIV field underneath
the beam were thus greatly eliminated. A high-speed camera (Vision Research, Inc.,
model Phantom v710) was used to capture images for PIV as well as for tracking the
motion of the beam. The images had a resolution of 1280x800 pixels and they were taken

at a rate of 5000 frames per second with 50us exposure using a S0mm Zeiss lens at 1.4

170



Chapter 6: Further Work

aperture. At these settings of resolution and rate, the camera was able to store a video of
about 4.5-seconds long in its memory. An extensive description of this time-resolved PIV
system, explanation of its theoretical background and its applications to flapping wings
inside turbulent boundary layer flows is presented in [8].

With the configuration described above, a cross section of the vortex ring can be
visualized as the ring travels over the top of the flexible beam. The ring can easily be
made visible by filling the cannon with smoke prior to release of the vortex ring. The
vortex ring then coherently carries a part of the smoke, which makes the ring
distinguishable from the rest of the quiescent fluid. However, for PIV images to give
vector data in the entire field, the seed particles must preexist everywhere in the flowfield
before and after the vortex ring passes. This problem was solved by building an enclosure
around the whole setup inside the tunnel and by injecting in this enclosure atomized olive
oil particles. The reason for using atomized olive oil was its crisp light scattering
properties and reasonable settling time. The vortex cannon is then used to send a vortex
ring in this particle-filled volume and the motion of the vortex is traced primarily by
motion of particles in PIV images rather than following visually the displacement of a
bulk of tracer elements.

The data acquisition system for the strain gages, the piezoelectric voltage and the
force and moment sensor was set to a sampling rate of 5000 S/s for 4.5 seconds in concert
with the video acquisition rate. The data acquisition system and the camera shared a
push-button trigger to start their recordings at the same instant. For a typical test, the laser
was first set to full power, particles in enclosure was replenished, the system was

triggered and a few vortex rings were released during a period of about 4.5 seconds. In a
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successful capture, a vortex ring would travel horizontally with its lower side 10-20 mm
above the beam. The signals from the strain gages, the piezoelectric voltage and the force
and moment sensor are all recorded synchronously with the video images. Figure 8 shows
a sequence of images taken by using smoke for flow visualization purposes, along with

the corresponding strain gage, piezoelectric voltage and force sensor data acquired.
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Figure 8: See next page for the caption.
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=to+100 ms =to+150 ms

=ty+200 ms =ty1+250 ms

Figure 8 continued: Flow visualization images taken by using theatrical smoke. Time-
variation of normalized strain, piezoelectric voltage and bending moment signals
recorded simultaneously with the high-speed video. Advancement of pictures is from left
to right to next row.

Figure 9 shows a sample PIV image taken by using atomized olive oil and the
corresponding velocity contours obtained by using Insight 3G software (TSI, Inc.). Note
that the travel speed Using 0f the vortex is subtracted from the entire velocity field in order
to bring contrast to the variations in the contour plots. A closer view of the velocity
contours is shown in Figure 10, along with the superimposed vector field indicating a
counter-clockwise rotation near the location of the vortex. Figure 11 shows the contour
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plots of horizontal and vertical components of velocity field. The core radius of the
vortex is approximately ry,=10 mm while the center of the vortex is about #=10 mm
away from the surface of the beam.

The strength of the vortex is found to be around 7=0.324 m’/s by taking the

contour integral of velocity field over the path C shown in Figure 9b.

r=¢u-ds 3)

The travel speed of the velocity is measured to be around Using.=—1.8 m/s (from
right to left) using the video images. Note that a formula given below for the speed of
vortex rings in viscous fluids [9, 10] produces Using.=—1.21 m/s based on the measured

values of I, ding and 7.

U =L || 1R 558 )
£ A4nr d.

vix ring

While this discrepancy can be due to determination of 7y and din, values based on
imprecise observations, it may also suggest that the actual circulation of the vortex ring

could be higher than the 7" value found by contour integration.
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120

20 40 60 80 100

Figure 9: a) A PIV image taken by using atomized olive oil particles for seeding. The
beam is fixed on the left end, vortex moves from the right to the left while rotating
counter-clockwise. b) The velocity contours obtained from the image after subtracting the
travel speed of vortex Urin,=-1.8 m/s from the entire field. Circulation of the vortex is
found by taking contour integral of velocity field along the red rectangle counter-
clockwise direction. Units of axes are in mm, velocity contours are in m/s.
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Figure 10: A closer view of the velocity magnitude contours shown in Figure 9b near the
center of the vortex. The velocity vectors are also superimposed. Units of axes are in mm,
velocity contours are in m/s.
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Figure 11: Contours of a) u-velocity b) v-velocity. Units of axes are in mm, velocity
contours are in m/s.
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In an attempt to estimate the pressure load on the beam due to the vortex,
potential flow theory was used. A study of a potential vortex near an infinitely long beam
was presented earlier in Chapter 3. In this section, we take it a step further and investigate
the case involving a beam of finite length (Figure 12). The pressure distribution over the
beam in this case is expected to be quite different, especially when the vortex is close to
one of the ends of the beam. Of particular interest is the pressure distribution near the free
tip if the beam is cantilevered. The pressure distribution around the free end is expected
to play a big role on the overall response of the beam due to its long moment arm.

The complex potential for a vortex standing near a straight wall of finite length
with equal distances from the ends beam (i.e. Re{z,=0}) can be found by conformal
mapping and invoking Milne-Thomson’s circle theorem [11, 12]. The mapping function
used is

z=05(S+ 1/¢) (5)
which maps the entire flow field from the physical plane (z-plane) to a solution plane (-
plane) while converting the finite wall of length 2a in (z-plane) to a circular cylinder of
radius a in {-plane. The original configuration is thus converted to another configuration
where a vortex stands near a circular cylinder of radius @, which encloses within two

images of the vortex outside. In this study, the method is extended for the case of a vortex

located at an arbitrary point z, in the physical plane as seen on Figure 12.
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Figure 12: The physical plane (z-plane) for vortex near a finite rigid wall.

The complex potential for the flow of a vortex near a finite wall in quiescent fluid

is found by Milne-Thomson’s circle theorem as
ZO

ir
@:Zln(g )—2—1 [g——]—%mg (6)

when mapped onto the {-plane. Here a is the half-length of the beam (a=//2) and y is the

circulation around the beam given by

(7)

after enforcing Kutta condition only at the free end (i.e. z=a) . The velocity components

in the physical plane are then found by

u(z)=Re {d?/di} and v(z)z—kn{d? dz} ®)

The circle theorem ensures that w(z=z,)=0 where z, is the coordinates of the
points on the solid wall describing the beam, i.e. Im(z,)=0 and —a< Re(zy) <a. Since there

1s no flow across the beam, the beam can be treated as a streamline of the flow field. The

" Enforcement of Kutta condition at both ends is only possible when the vortex is exactly
in the middle of the beam (i.e. Re{z,=0}).
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pressure load on the beam is then found via Bernoulli’s equation written along this

streamline representing the beam:
— _ 1 2 2
Po=P.=p=5p(Ul-u) )

where uy=u(zy) and U,=0 in quiescent fluid. The distributed load on the beam at a given
instant is then found as f=bpne Where b is the width of the beam. We now assume that the
vortex is initially at a distant point z,=2a+ih and it approaches the beam horizontally with
a speed Uring<0. Then the time-dependent coordinate of the center of the vortex is given
by:

z, =2a+U_ t+ih (10)

ring

The motion of the vortex thus creates a travelling load on the beam. In this study,
we estimated this load by first calculating the coordinate z, using the measured travel
speed Using in Equation (10), and then finding the instantaneous pressure load using
Equations (6) to (9). We assume that a quasi-steady approximation on dynamics of vortex
motion is reasonable for a preliminary investigation. Based on the particular PIV video,
in addition, we observed that the vortex broke down and disappeared near the middle of
the beam. Therefore we set a time limit fy—=(2a+a)/Using so that calculations stop when
the vortex reaches to the middle of the beam.

While application of Kutta condition at z=+a yields a reasonable pressure
distribution near the tip, the lack of it at the clamped end results in unbounded velocities
and pressures at z=—a. Therefore, the downstream part of the distribution after the net
pressure decreases to zero was disregarded. The rationale of this workaround was that the
error introduced by doing so would be smaller than those due to the rest of the

approximations. The distribution of pressure load on the beam at various time steps is
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shown in Figure 13. It should be mentioned that the pressure distribution when the vortex
is in the center of the beam is almost identical to that in case of an infinitely long wall.
Once the time-dependent pressure distribution is obtained, it is used as a travelling load

Euler Bernoulli beam equation to calculate the resulting tip deflection.
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Figure 13: Pressure distribution over the beam as a potential vortex travels with Usine=1.8
n/s from right to left with at 10 mm distance from the wall. Time difference between
each curve is 10 ms.

The actual tip deflection in the tests is determined using the stain gage data taken.
In order to do this, the stain gage voltage is first calibrated using the tip deflection value
measured on a video image at a given instant (Figure 14). The measured deflection value
is then used in static bending shape to find the strain at the location of the gage. This
calibration yielded a gage factor of 2.07 which is close to the gage factor specified by the
manufacturer of the strain gages. The deflection at any other instant can then be found
using this gage factor to convert the voltage signal from the gages to strain values at any
other instant. A comparison of the tip deflection measured this way, and calculated using

the PIV data in conjunction with potential flow theory and Euler-Bernoulli beam equation
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is shown in Figure 15. The results agree unexpectedly well despite several factors that
would significantly affect the accuracy of the obtained results. These factors are: 2D
inviscid quasi-steady flow assumption for a 3D viscous unsteady flow, the improper
boundary condition at the clamped end, flow separation at the free end, ignored
deformation of the beam and the vortex, imprecise determination of center, radius and
travel speed of the vortex, and of I value. It may be argued that some cancellation of
counter effects of these simplifications might have resulted in a seemingly good

prediction of tip deflection.

Figure 14: The image taken at /=0.0578 seconds (the first large peak in the strain gage
signal on Figure 15) is used for calibration of the strain gage signal.
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Figure 15: Tip deflection of the beam of the beam found by using PIV data in potential
flow theory for Euler-Bernoulli beam model (piv+model) vs using strain gage data
calibrated by deflections seen on video images.

An estimation of the aeroelastic efficiency is also performed by calculating the
kinetic energy supplied by the vortex and the strain energy transferred to the beam. The
kinetic energy of the vortex at the earliest visible time step was estimated based on
corresponding PIV data using two methods. In the first method, the kinetic energy

density of the flow field in the PIV image was found from

e:%p(uzﬂzz) (10)

Assuming the flow field is axis-symmetric around the centerline of the vortex
ring, the 3D flow field can be reconstructed by revolving the PIV plane around this

centerline (Figure 16). The kinetic energy of the entire vortex ring is then calculated from

0.120

E,=2r| _[yioe(yc — y)dydx (11)

where y.=0.103 m is approximately the vertical coordinate of the centerline of the vortex

ring and x=0.120 m is the horizontal extend of the PIV frame (Figure 16).
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r
Vortex Ring /

Centerline )
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Figure 16: The revolution of planar PIV data around the centerline of the vortex ring.

In the second method, the vortex energy is calculated based on Fraenkel’s second

order formula [9, 13]:
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] . 8RR 7 3(rY. S8R
E =—pRI* 2242 | D) p 22
' 2p { ro 4 16(Rj r} (12)

The kinetic energies found by Equations (11) and (12) are about 13 mJ and 9 mJ
respectively. The difference between the two results is attributed mainly to the rather
crude determination of parameters », R and I' from the PIV images. The elastic

mechanical energy transferred to the beam is found from

1
E, =5kw§p (13)

where £=3.92 N/m is the stiffness of the beam and w;= 5.9 mm is the measured tip
deflection at =50 ms. The mechanical energy transferred to the beam is then found to be
Ey=0.068 mJ. Note that this energy dissipates in approximately 2 seconds due to
structural and viscous damping. Based on the kinetic energy found from Equation (11),

the aeroelastic efficiency of the vortex-beam interaction is calculated as

E, .
N = E—= 0.52% (14)

A\
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Chapter 7

Summary

The major tasks of this doctoral research were stated earlier in Preface section as
follows:

(i) Experimentally investigate the behavior of flexible piezoelectric structures
subject to various flow conditions

(i) Develop and verify a computational framework to predict the electrical output
of a piezoelectric structure subject to a certain flow configuration

In this chapter, a summary of the dissertation will be given based on the work

done for each of these tasks and their outcomes.

1. Experimental Investigations

1.1 Piezoelectric beam in the wake of a circular cylinder

A series of wind tunnel experiments were conducted to investigate the behavior of
several piezoelectric structures subject to various flow configurations. In the first series
of tests, a PVDF unimorph of dimensions 30 mm x 16 mm x 0.2 mm was placed in the
wake of a circular cylinder. The length of the beam was equal to the diameter of the beam
while its width was much smaller than the span of the cylinder. It was found out that the
maximum power is generated at a resonant speed, i.e. when the vortex shedding

frequency, adjusted by the wind speed, matches the first bending mode frequency of the
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beam. It was also found out that, the harvested power is maximum if the beam is placed
along the centerline of the wake and if the tip of the beam is located around two
diameters downstream of the center of the cylinder. The extracted power decays
gradually as the beam is moved downstream or cross stream. The maximum non-rectified
power obtained with this PVDF unimorph was about 4uW over a 100-kOhms resistor at
an airflow speed of 7.2 m/s. At these conditions, the power density based on the volume
of piezoelectric material is found to be 298 mW/m’ of PVDF. The power density based
on operational device volume, including the section of the upstream cylinder was found
to be 78mW/m’. If the volume of the cylinder section is excluded (i.e. only the
operational volume of the vibrating beam is considered), then the power density based on
operational device volume becomes 408 mW/m’. The total efficiency of the configuration
was found to be 0.0035% based on the fluid’s kinetic energy input through the frontal
area of the configuration facing uniform flow upstream. A breakdown of efficiency
revealed that the electromechanical efficiency was around 11% whereas the aeroelastic
efficiency was about 0.032%. It was concluded from these efficiency figures that the

major losses take place during the creation of flow-induced vibrations from uniform flow.

1.2 Self-excited piezoelectric energy harvester

After the key role of aeroelastic interactions were understood, other harvester
configurations were designed and tested in another series of experiments. This
configuration consisted of a cantilevered piezoelectric beam carrying a circular cylinder
on its free end. Such a configuration takes advantage of the aerodynamic forces acting on
the cylinder to create and maintain flow-induced vibrations even if the oncoming flow is
a uniform and steady. The initial designs, which did not perform well, showed that the
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selection of dimensions and material properties of the components are not
straightforward. It was understood that the change of a single design variable affects
more than one leg of the “aeroelectromechanical” tripod introduced in Chapter 2. For
example, a change in the length of the cylinder not only alters the aerodynamic forces,
but also changes the structural response parameters such as bending and torsion mode
frequencies of the beam. The width of the beam not only changes the structural response
of the beam but also affects vortex shedding through splitter-plate effect. This argument
can be extended for the case of high electromechanical coupling where the aerodynamic
forces could be affected by changes in the electric circuit through the altered structural
response of the piezoelectric beam.

A configuration that gave a significant electric output was found after few design
iterations. This design yielded about 100uW of electrical power over 2.46 MOhm load
resistance at an airflow speed of about 1.19 m/s. The geometric dimensions of this design
were such that the end-effects and splitter-plate effect hindering vortex shedding are
significantly reduced. In addition, reduced stiffness of the piezoelectric beam allowed the
harvester to create flow-induced vibrations at speeds much lower than needed by
previous designs. The low-speed operation increased the efficiency of the harvested a
great deal since the input power is proportional to the cube of the incoming flow velocity.
At the maximum power conditions, the power density of the self-excited configuration
based on piezoelectric material volume was 233 mW/m’ of PZT 5A while its power
density based on operational device volume was 23.6 mW/m’. The electromechanical
efficiency of this configuration was about 30% which is comparable to that of the beam-

in-wake design investigated in chapters 2 and 3. However, its aeroelastic efficiency is
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about 2.4% which is two orders of magnitude larger than before. As a result, the self-
excited design has a total efficiency of about 0.75%.

The lift force acting on the cylinder was estimated based on strain gage
measurements. It was found out that the cross-flow motion of the cylinder caused
significantly larger lift forces than what would be created by a stationary cylinder.
Furthermore, low damping ratio of the structure resulted in a dynamic amplification
factor of nearly 60 around resonance. The combined of the increased lift due to cylinder’s
motion and the high dynamic amplification due to low damping resulted in large tip

deflections and piezoelectric strain, and thus yielded a higher electric output.

1.3 Self-excited harvesters with non-circular tip mass shapes

Due to availability of data in literature, the initial self-excited harvester designs
had tip masses of circular cylinders. In order to seek for a possible increase in the power
output, tip mass shapes other than a circular cylinder were also explored in Chapter 5.
Two shapes that gave an outstanding performance were flat plate and half-circular
cylinder (flat side facing upstream). For the most part of the velocity range tested, the tip
deflection and harvested power were much larger than what was obtained by a circular
cylinder. The harvested power increased with the free stream speed for both of the cases,
but the half-circular cylinder shape demonstrated a much rapid increase whereas the
power of the harvester with flat-plate tip mass was more gradual. The harvester using
half-circular cylinder tip mass produced nearly 2mW of non-rectified electrical power at

about 2.75 m/s.
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1.4 Strain measurements to predict power output of a harvester

When an experimental design exploration is to be conducted to find an optimal
harvester, it may be necessary to test several different harvester models. Use of PZT
while building the models can be costly and laborious. In the study present at Chapter 5,
it was demonstrated that there is no need to use piezoelectric materials to predict the
electrical output of a harvester if the electromechanical coupling is negligibly small.
While building the harvesters to be tested, the PZT parts can be replaced by
mechanically-equivalent substitutes made of dummy materials (e.g. aluminum). The
voltage output can then be predicted by measuring strain on appropriate locations on the
dummy model and then using this strain data in a distributed-parameter model to predict
the piezoelectric voltage output.

If the strain measurements are taken somewhere on the shim, it should be noted
that the strain developed on the shim will not be transferred completely to the
piezoelectric (or dummy) elements through the bonding layer. In the study present at
Chapter 5, a strain transfer model was developed for finding the value of strain inside the
piezoelectric elements based on the strain measurements taken on the shim. It was found
out that rigid bonding assumption overestimated the electrical power of the harvester by
more than 60% for that particular harvester. However, consideration of the strain transfer
through non-rigid bonding layer yielded the electrical power about 10% less than the

measured electrical power.

1.5 Interaction of a flexible beam with a vortex ring

The deformation mechanism of a flexible beam due to passing-by vortices was

explained earlier with the flow visualization photos in beam-in-wake experiments
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(Chapter 3). This interaction was investigated quantitatively with a separate experiment
present in Section 3 of Chapter 6. In that experiment, base force, strain and piezoelectric
voltage measurements on a flexible piezoelectric beam were taken simultaneously with
PIV videos as the beam interacts with a vortex ring passing by. The time-resolved PIV
videos provided data on strength, position, and travel speed of the vortex ring. These data
were used in a potential flow solution to estimate the pressure load over the beam. Using
the pressure load estimated, the corresponding deflection on the tip of the beam was
calculated. The tip deflection calculated based on PIV data results are found to be
comparable with the actual tip deflection measured by strain age data. The energy of the
vortex has also been reasonably estimated using PIV data. Aeroelastic efficiency of the

beam and vortex interaction was calculated based on these estimations.

1.6 Piezoelectric beam in turbulent flow

Another set of experiments were conducted to investigate the potential of
turbulent boundary layers for energy harvesting (Chapter 2 and Chapter 6). Flexible
cantilevered beams were positioned parallel to the wall of the wind tunnel at various
distances. Two PVDF unimorph beams of dimensions 30 mm x 16 mm x 0.2 mm (“long
beam”) and 15 mm x 13 mm x 0.2 mm (“short beam”) were found to generate a
maximum of around 60 nW and 1.6nW of electrical power, respectively, over a load
resistance of 10 MOhm. Normalization of the beam’s distance from the wall with local
boundary layer thickness revealed that maximum power is harvested when the beam is
within the neighborhood of 35% boundary layer thickness, and that this neighborhood is

larger for the shorter beam. Turbulent fluctuation length scale with 1* natural bending
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frequency of the beam indicated that electrical response of the beam is not of a resonant

type since the harvested power monotonically grew larger with freestream speed.

2. Computational Framework

An experimental design exploration to find an optimal harvester configuration
may not always be possible due to various practical reasons. A computational framework
is desirable to predict the performance of a given harvester configuration. Such a
framework should capture the aeroelectromechanical aspects of the problem, i.e. it should
take into account the interactions between the fluid flow, structure and the electric field in
a coupled manner.

In this study, a commercial CFD (computational fluid dynamics) program was
integrated through external scripting with an electrical circuit simulation program for
modeling aeroelectromechanical interactions in a “loosely coupled” manner. This
computational framework was used to predict the electric output of a flexible
piezoelectric beam in the turbulent wake of a cylinder. The pressure load on the beam due
to fluid flow was calculated by the CFD program. The corresponding electromechanical
response of the beam was found by an electric circuit simulator that solves the circuit
equivalent of SDOF (single degree of freedom) vibration equations of a piezoelectric
beam connected to a resistor. The results of the simulation were comparable to the
experimental results. It was concluded that a better agreement could be obtained at the
computational expense of performing three dimensional flow simulations with meshes
fine enough to use more advanced turbulence models. It was also stated that it is possible

to add other vibration modes and more complex electrical circuits to the existing
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framework if needed. It should be noted that, to the best of our knowledge, this
simulation was the first in the literature in that it considered the interaction between the

fluid flow, structural dynamics, and the response of the electric circuit at run time.
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