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ABSTRACT

The production of a novel micropump based on the synthetic jet principle is
investigated both numerically and experimentally. The proposed micropump consists of
a synthetic jet actuator driven by a vibrating diaphragm issuing into an inverted T-

shaped channel structure forming the inlet/outlet channels of the pump.

The software package Ansys is used to perform numerical investigations of the
operation of the proposed micropump. Simulations were performed to study the effect
of changing the inlet/outlet channel dimensions as well as the operating frequency,
amplitude and duty cycle of the excitation signal. Inlet/outlet channel widths ranging
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from 200 to 800 um and operating amplitude and frequency of excitation of the 5 mm
square membrane driving the synthetic jet actuator ranging from 20 to 60 um and from

20 to 60 Hz respectively were investigated.

Based on the findings of the numerical simulations, a prototype design was chosen
and produced. Prototype production using microfabrication techniques as well as
micromachining was investigated. The final prototype was micromachined using
plexiglass as the working material. An experimental setup was constructed to test the
performance of the produced prototype, which allowed for measuring the produced

flow rate, pressure head, actuation amplitude and frequency.

The findings of the numerical simulations verified the possibility to produce a
working micropump with flow rates of up to 1.3 ml/min. Simulation results also showed
the dependence of the produced flow rate on both the inlet and outlet channel widths.
An increase in the inlet channel width resulted in a gain in the average flow rate through
the pump while an increase in the outlet channel width results in a reduction in the flow
rate. Increases in either the actuation amplitude or frequency of excitation both
resulted in an improvement in the produced flow rate. Changes in the ejection duty
cycle, or the ejection time relative to the suction time during an actuation cycle, were
found to influence the flow rate produced by the pump. A shorter ejection time
produced a higher flow rate from the pump as compared to a longer ejection time. It

was also found that changes in dimensions or operating parameters affected the
iv
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fluctuations in the flow rate through the pump associated with the pulsating nature of
the synthetic jet. Experimental investigations confirmed the findings of the numerical
simulations in terms of the flow rate and the trends in the dependence of the flow rate
on operating parameters. Values of maximum back pressure of up to 500 Pa were also
reported experimentally and membrane driving powers of up to 122 pW were

calculated numerically.
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Chapter

INTRODUCTION

dvancements in microelectromechanical system (MEMS) devices, especially lab-

on-a-chip and DNA analysis systems, have led to the realization of microfluidic
systems which incorporate networks of microchannels as well as other microfluidic
components. In order to move fluids in such microchannels it was necessary to develop
means to pump fluids on such small scales. The first such attempts were mainly targeted
on miniaturizing macro-scale pumping methods and adapting them to small scales. As
physical phenomena scale differently with diminishing length scales as well as the fact

that manufacturing or fabricating such devices on small scales poses a problem, it was
1
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realized that this approach was not the most efficient way of providing pumping
methods for microfluidic devices. Hence, a lot of research has since emerged
investigating the use of novel micropumping techniques to provide the necessary fluid
transportation. Such pumping methods range from being mechanical, electrochemical,

electromagnetic or even novel techniques that were not realized before.

Mechanical micropumps, specifically vibrating membrane ones, have received a
lot of attention in research due to their ability to produce significantly higher flow rates
and work against higher back pressures as well as being able to accommodate a wider
range of fluids. However, most vibrating membrane micropumps, being essentially
positive displacement pumps, require valves to control the flow direction. Moreover,
they tend to be larger in size compared to other microfluidic pumping methods due to

the necessity of having a cavity, or cavities, with one or more vibrating membranes.

In recent years the concept of synthetic jets has been introduced and has received
a lot of attention in the literature. Synthetic jets are jets formed due to the successive
suction and blowing through an orifice backed by a cavity, as will be discussed in in this
thesis. The successive suction and blowing through the cavity orifice essentially creates
a jet like flow downstream of the orifice without any mass addition. Synthetic jets are
mainly governed by the size of the orifice producing the jet as well as the excitation level
and frequency. Early applications of macro-scale synthetic jets utilized orifice

dimensions of the order of several millimeters and numerous applications were
2
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introduced, ranging from flow control, aerodynamic shaping, jet vectoring, to heat

transfer enhancement.

In 1995 the possibility of producing micro-synthetic jets from orifices with
dimensions of the order of a few hundred microns was investigated. Since then several
publications have investigated the possibility of producing micro-scale synthetic jets
mainly using numerical methods. Moreover, a few publications have discussed possible
application of micro-synthetic jets, mainly in the areas of electronic cooling and

aerodynamic shaping of bodies.

As synthetic jets transfer momentum to the fluid surrounding the orifice by
sucking it into the cavity and then pushing it downstream, and because they can
manipulate flows that are larger in scale than the jet producing orifice, they posses the
ability to perform pumping action. It is the focus of this study to investigate the
possibility of producing a working micropump by utilizing the microsynthetic jet
principle. As the proposed micropump utilizes the synthetic jet itself to direct the flow
from the inlet to the outlet of the micropump, it does not require any valves to perform
this task during the operation of the pump. Moreover, the proposed micropump utilises
a membrane that is slightly smaller than those found in comparable vibrating diaphragm

micropumps.
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Several methods are utilized to produce microfluidic devices, most of which are
adapted from methods used to fabricate electronic devices. Those methods mostly rely
on using photolithography to transfer the geometry of the device from a two-
dimensional mask to a photoresist material that is then etched to reveal the device
geometry. In microfluidic devices, one of the most widely used methods of fabrication is
called rapid prototyping which utilises photolithography to produce a mould which is
then used to pattern a polymer into the required shape. Standard micromachining
methods can also be utilized to machine the required geometries but mainly are
restricted by the size of the cutting tools available. Both methods of fabrication have
been investigated in this study to realize a prototype of the micropump. However, in
this research, the photoresist material itself was used to pattern the microchannel and
synthetic jet structure while the polymer, PDMS in this case, was used to make the
flexible membrane structure. A standard micromachining approach was also
investigated as a means of producing the micropump by milling the micropump

structure in plexiglass while utilizing PDMS moulding to produce the pump membrane.

Given the fact that microfluidic structures are quite small, hence rendering
traditional measuring tools such as hotwires, or pressure transducers, ...etc. unsuitable,
researchers had to either rely on basic macroscale measuring techniques to measure
phenomena such as pressure and flow rates or they had to design and fabricate specific

measuring sensors into their devices. This poses several difficulties and makes such

4
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methods quite complicated. In the current research, measurements are performed
using basic measuring techniques to measure both the flow rate and pressure as well as

the membrane vibration.
1.1 Scope of the Work

The research presented in this thesis investigates the possibility of producing a
working micropump using the micro-synthetic jet principle. This is realized using both
numerical as well as experimental investigations to manufacture a working prototype of
the proposed micropump. The commercially available software package Ansys
(including ICEM and CFX) was used to perform the numerical investigations. These
simulations investigated the effect of different geometrical as well as operating

parameters on the performance of the proposed micropump.

Using the findings of initial numerical investigations targeted towards traditional
microfabrication methods, an initial sample device was designed and fabricated based
on the geometrical parameters that produced the best performance for the pump. For
this design, piezoelectric actuation was utilised as the driving mechanism. Due to
fabrication as well as assembly limitations, it was decided to utilize a standard
micromachining approach to produce the prototype rather than microfabrication. The
design was altered accordingly and numerical investigations were carried out following

the new design and actuation mechanism to investigate the operating and geometrical
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parameters of the pump. Electromagnetic actuation was used for the micromachined

prototype.

The resulting micromachined prototype was experimentally investigated and the
results obtained were used to validate the numerical simulations which were then used
to provide a deeper insight into the performance of the micropump for different

geometrical and operating conditions.

1.2 Thesis Outline

This thesis consists of 7 chapters including the introduction (Chapter 1) and
conclusion (Chapter 7). In chapter 2, the available literature concerning the different
aspects covered in this research is discussed. This includes the literature discussing both
macro- and micro- synthetic jets and their applications, micropumping methods and
their performance. The proposed micropump design is introduced in Chapter 3 along
with the directly related literature that addresses a similar approach to producing a
working micropump. Chapter 4 introduces the numerical simulations performed and
discusses the model, meshing, boundary conditions and operating parameters. The
design and fabrication of the prototype is discussed in chapter 5, including both designs
used for the microfabrication approach and the micromachining method. The chapter
also details the experimental setup used to test the performance of the micropump

prototype. The results of both the numerical and experimental investigations are
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analyzed in chapter 6. The thesis concludes with chapter 7 which summarizes the

findings of this thesis as well as the contributions to the state of knowledge and

suggestions for future work.






Chapter

LITERATURE REVIEW

T his chapter provides a survey of the literature related to the topics covered in
this thesis starting with an introduction to micro-flow characteristics as
compared to macro-flows. Following that, micropumping technologies and macro- and

micro-synthetic jets will be discussed.




McMaster — Mechanical Engineering PhD Thesis —S. Abdou

2.1 Microflow Characteristics

Rapid advancements in the field of microfabrication and the production of
microfluidic devices did not allow for thorough analysis of the underlying physics
involved with the flow of fluids in such small-scale devices. Often classical theories
which have proven to be adequate to describe macro flows are used to deal with micro
flows, however, they don’t seem to correctly predict the behaviour of such flow systems
in some cases. As a result, researchers have begun modifying the classical known
theories or develop new ones to better understand the governing flow physics which

describe the flow of fluids in microscale devices. (Gad-el-Hak 2002)

This section briefly touches upon the main key features that are required to better
understand the behaviour of fluids on the microscale. These features are discussed in
detail in several textbooks and review papers (Gad-el-Hak 2002; Nguyen and Wereley

2006; Gravesen et al. 1993; Ho and Tai 1998; Gad-el-Hak 1999).

2.1.1 Volume vs. Surface Forces

The length scale of a flow device is a fundamental measure that dictates the type
of forces that control the behaviour of such device or flow. Forces mainly scale with
either the volume of the body under investigation, i.e. body forces, or with its surface
area, i.e. surface forces. As body forces scale with the volume, or L3, and surface forces

scale with the area, or L?, an important parameter to govern the dominance of one set
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of forces over the other is the surface to volume ratio. For example, a device with a
characteristic length scale of the order of 1 m would have a surface to volume ratio of 1
m™ while a device with a scale of 1 pm would have a surface to volume ratio of 10° m™.
This huge increase in the surface to volume ratio would lend the dominance of surface
forces over body forces in microflows. Surface forces that dominate in such small scales
include: intermolecular forces, or Van der Waals forces, surface tension, electrostatic

forces, electrokinetic and electroosmotic forces.
2.1.2 Knudson Number & the continuum assumption

Conventional fluid mechanics theory deals with fluids on the macroscale as a
continuum, whereby the fluid is assumed to be continuous and its properties are
defined at each point within the fluid in space and time. This approach assumes the fluid
to be formed of elements that are large enough compared to the microscopic structure
of the fluid but small enough with respect to the macroscopic length scale of the flow

phenomena to allow the use of differential calculus to describe its behaviour.

An intuitive approach to dealing with microfluid flows is to use the same tools
used for macrofluid flows such as the Navier-Stokes equations and the no-slip boundary
conditions. Since these tools hold as long as the continuum assumption is valid, scaling
down of the characteristic length scale of the flow raises a question to whether the

continuum assumption still holds. This is more evident when dealing with gas flows, as

11
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gases have a relatively large mean free path between its molecules. Hence, as length
scales go down, fewer molecules would be present in a certain volume of fluid and the
continuum assumption may no longer be valid. A measure of the relative magnitude of
the mean free path of the molecules of a certain fluid to the characteristic length scale

of a flow is given by the Knudson Number

Kn= [2.1]

SIES

where A is the mean free path of the molecules and L is the characteristic length scale
of the flow. The Knudson number describes how far apart the fluid molecules are
relative to the characteristic length scale of the flow. The Knudson number divides fluid

flows into five main regimes as follows:

For Kn = 0 (Re — o0) Euler equations are used to model the flow (inviscid flow)

and molecular diffusion is neglected;

e For Kn < 1073 the Navier-Stokes equations hold as well as the no-slip boundary
conditions;

e For 1073 < Kn < 107! the Navier-Stokes equations hold but the no-slip
boundary condition is not valid and slip occurs at the boundaries of the flow;

e For 1071 <Kn < 10 is a transitional region where the continuum approach

starts to fail and free molecular flow is used to describe the fluid flow;

12
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e For Kn > 10 the continuum assumption is no longer valid and molecular based

formulation of the fluid flow is required to model the behaviour of the fluid.

It should be noted here that the Knudson number approach is valid only for gas
flows. Liquids, on the other hand, are in a state of continuous collision and hence
behave differently than gases. The concept of mean free path is not very beneficial in
the case of liquid flows and the use of a Knudson number is not relevant. Moreover, the
molecular theory for liquids is not well developed as that for gases and hence no
rigorous understanding of the conditions under which liquids fail to behave as a
continuum is available. A simple comparison, however, of the compactness of the
molecules in the case of liquids to that of gases would suggest that liquids will tend to
fail the traditional fluid mechanics approach at much smaller scales than in the case of

gas flows. (Gad-el-Hak 2002; Nguyen and Wereley 2006)
2.2 Micropumps

Recent advancement in microfabrication techniques facilitated the fabrication of
MEMS (MicroElectroMechanical Systems)-based microfluidic systems. These systems
have a very wide range of applications including, but not limited to, cooling of electronic
circuits, lab-on-a-chip applications, drug delivery, flow control, inkjet printers ... etc
(Gad-el-Hak 2002; Nguyen and Wereley 2006) Early investigations into MEMS devices
mostly utilized macro-scale pumping methods to provide the pumping action required

13
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for the devices through the use of externally pressurized tanks, syringe pumps, pipettes
or other similar means. However, such methods negate the benefits of making MEMS
devices as they make such systems cumbersome and not integrated. Hence, the

necessity of finding integrated micropumping methods became evident.

The main components of any microfluidic system, as in a typical fluid flow system,
are channels, pumps, valves, mixers, sensors and actuators. The need for methods to
transport fluids in microchannels has become a primary concern for the success of such
systems. Scaling down of macroscale pumps has proven to be inadequate, as different
physical phenomena cease to be important on the small scale. Hence, the need for new

pumping technologies is apparent.

A substantial amount of research has been carried out in developing
micropumping techniques over the past few decades and a lot of review papers and
books have been published discussing advancements in micropumping (Nguyen and
Wereley 2006; Iverson and Garimella 2008; Nguyen et al. 2002; Gravesen et al. 1993;
Shoji, Shuchi and Esashi 1994; Singhal et al. 2004; Woias 2005; Laser and Santiago 2004).
The majority of the literature surveying micropumps classifies them according to
operating principle into either mechanical, necessitating moving parts to transfer energy
to the flow, or dynamic or non-mechanical, utilizing some form of direct energy transfer
to the flow to increase its momentum or pressure. In the current discussion,

micropumps will be categorized according to the operating principle into two main
14
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categories as being either mechanical micropumps or non-mechanical ones. In the
following sections, a brief discussion of the different types of micropumps presented in
the literature will be provided with a few examples and then a concluding section will

follow with a comparison summary of different pumps reported in the literature:
2.2.1 Mechanical Micropumps:

This class of micropumps comprises of devices that utilize moving parts within the
device to transfer mechanical energy to the working fluid causing the pumping action.
This class can be further divided into three categories; namely: Rotary (dynamic),
Vibrating diaphragm or Fluid displacement micropumps as discussed below. This
category of micropumps, especially those pumps within the rotary and vibrating
diaphragm categories, closely resembles most commonly used macroscale pumping

methods including centrifugal, gear, and positive displacement pumps.
2.2.1.1 Rotary

Rotary micropumps represent the first attempts to miniaturize macroscale
pumping methods. They rely mainly on rotating geometries such as gears, vanes or
blades inside a confined chamber to transport fluid from the inlet port to the outlet
port. Due to the fact that they usually are quite bulky in size as well as difficult to
microfabricate adding to the fact that viscous forces increase significantly with
reduction in size and hence require large amounts of power to operate, this type of

15
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micropumps did not receive a lot of attention in the literature. Below is a brief

description of some examples found in the literature for rotary micropumps.

Figure 2.1 presents schematics of examples reported in the literature for this class
of micropumps. Figure 2.1.a shows a micropump using a magnetically driven
micromotor to drive the pump rotor (Ahn and Allen 1995). A two-gear rotary
micropump is shown in Figure 2.1.b (Dewa et al. 1997; Deng et al. 1998). An internal
gear micropump as shown in Figure 2.1.c consisting of two gears with the inner gear
having six teeth while the outer one has seven. As the gears rotate relative to one
another, the volume trapped between them changes driving the fluid from the inlet to
the outlet ports. Hatch et al. (2001) utilized the motion of a plug of ferrofluid due to its
interaction with a translating magnetic field, caused due to the rotation of a permanent

magnet to induce the pumping action as shown in Figure 2.1.d.
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Figure 2.1. Examples of rotary micropumps. (a) Rotary blade micropump. (Ahn and Allen
1995); (b) Two-gear rotary micropump. (Dewa et al. 1997; Deng et al. 1998); (c) Internal
gear rotary micropump. (Weisener et al. 1996); (d) Ferrofluid rotary micropump. (Hatch et
al. 2001); (e) Continuous transverse-axis rotary pump. (Sen et al. 1996; Sharatchandra et
al. 1997); (f) Spiral-channel rotary micropump. (Kilani et al. 2006); (g) Disk viscous rotary
micropump. (Blanchard, D. et al. 2005)

Other types of rotary micropumps rely on viscous fluid forces to move the fluid.

Figure 2.1.e shows an example of a micropump that depends on the fact that a rotating

body, placed asymmetrically inside a duct, will generate a net flow through that duct

(Sen et al. 1996; Sharatchandra et al. 1997). Multiple rotors and different channel
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geometries were also reported in the literature (Abdelgawad et al. 2005; Da Silva et al.
2007). The rotation of the top surface of a spiral shaped channel as shown in Figure 2.1.f
to induce viscous forces in the fluid causing its motion towards the outlet was also
investigated numerically (Kilani et al. 2006; Al-Halhouli et al. 2007; Haik et al. 2007).
Similarly, disk viscous micropumps, as shown in Figure 2.1.g generate the pumping
action by using the rotation of a disk that acts as part of the pump boundary (Blanchard,

D. et al. 2005).

2.2.1.2 Vibrating diaphragm micropumps

Vibrating diaphragm micropumps are positive displacement micropumps that
incorporate a cavity bounded on one or more sides by a vibrating membrane as seen in
Figure 2.2. On the other side, there are usually two openings, an inlet and an outlet
port. The inlet and outlet ports are used as flow rectification devices to move the flow in
one direction and not the other. During the suction part of the pumping cycle, the
membrane moves outwards increasing the volume of the cavity and decreasing its
pressure, thus allowing fluid to enter the cavity through the inlet. In the pumping part of
the cycle, the membrane moves inwards decreasing the cavity volume and increasing its

pressure, thus forcing the fluid inside the cavity to exit through the exit port.

18



McMaster — Mechanical Engineering PhD Thesis —S. Abdou

Vibrating membrane

- -—_

Pumpinlet =

—

Pump outlet

_N_

- — p——
~ - -

Figure 2.2. Schematic of a vibrating diaphragm micropump.

Vibrating diaphragm micropumps have received a lot of attention in the literature
mainly due to their simple designs in comparison to other mechanical micropumps, their
ability to accommodate a wider range of working fluids as well as their higher produced
flow rates and pressures they can work against. This category of micropumps can be
further categorized according to either their actuation mechanism as well as according
to the mechanism of flow rectification used at the inlet and outlet ports. Several
actuation mechanisms have been reported in the literature, such as piezoelectric,
electrostatic, electromagnetic, pneumatic, and thermopneumatic. According to flow

rectification, vibrating diaphragm micropumps can be either valved or valveless.

2.2.1.2.1 Piezoelectric
Piezoelectric materials generate internal mechanical stresses, and hence resulting
strains, in the presence of an applied electric potential, and vice versa. This is probably
the most widely used actuation mechanism for vibrating diaphragm micropumps. The
piezoelectric material can be bonded to, deposited on or embedded in the diaphragm.
An applied AC voltage drives the expansion and compression strokes due to the

changing signal polarity. However, in order to achieve large displacements from
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piezoelectric elements, usually bulky actuators have to be used, as usually miniaturized

actuators will only be capable of producing small motions.

In 1988 Van Lintel et al (1988) presented the first piezoelectrically actuated
vibrating diaphragm micropump which uses diaphragm type passive check valves as
shown in Figure 2.3. Similarly, several other micropumps utilizing a similar approach
have been reported with varying geometries, configurations or valve designs (Esashi et
al. 1989; Carrozza et al. 1995; Koch, Harris, et al. 1998; Koch et al. 1997; Cunneen et al.
1998; Stemme, E. and Stemme 1993). Shoji et al (1990) used a similar design to produce
two kinds of rippleless pumps. The first pump consists of two pumps connected in
parallel and actuated with complementary periodic signals. In the second design the
micropump is connected to a buffer in series which is driven complementary to the
pump action, such that in the pumping mode it absorbs part of the outlet flow and

pumps it out in the suction mode.

pump chamber
piezo disc

\

\

Figure 2.3. Vibrating diaphragm micropumps with passive check valves fabricated in
silicon/glass. (Van Lintel et al. 1988)
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Piezoelectrically actuated micropumps which utilize the pump diaphragm as a
means for flow rectification were also reported in the literature. The diaphragm closes
the inlet port during the pumping stroke, while both the inlet and outlet ports stay
opened during the suction stroke. The pumps can accommodate both liquids and gases
and are bi-directional (Stehr et al. 1996; Zengerle et al. 1995; Nguyen et al. 1998). Self-
priming designs require the minimum possible dead chamber volumes and higher
compression ratios in order to be able to prime the pump. Kamper et al (1998)
introduce a self-priming micropump capable of pumping both liquids and gases with a
very small chamber volume when the actuator is at rest. Following a similar approach
Linnemann et al (1998) produced a self-priming micropump using a piezoelectric

actuator glued to a thin silicon membrane.

Olsson et al (1995) produced a piezoelectrically actuated nozzle/diffuser
micropump with two pumping chambers operating in parallel. Olsson et al (1996; 1997)
further investigated their design by producing a miniaturized version of their pump with
a 6 mm diameter pumping chamber and used it to investigate the effect of
nozzle/diffuser element length on the performance of the pump. Olsson et al (1998)
also produced another pump using thermoplastic replication for cheaper fabrication
costs and it used a single pumping chamber. Large angle nozzle/diffuser elements were

also used as the rectification mechanism. This resulted in the rectification effect being
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opposite to elements with small diffuser angles (Koch, Evans, et al. 1998; Gerlach et al.

1999).

Matsumoto et al (1999) introduced a piezoelectrically actuated bidirectional
valveless micropump using a rectification principle based on the temperature
dependence of liquid viscosity resulting in variation in flow resistance. The pumping
chamber is connected to the inlet and outlet ports through small cross-section chokes as
shown in Figure 2.4. Boron-doped silicon heaters locally heat the inlet and outlet
chokes. During the delivery stroke, the outlet choke is heated causing the local viscosity
of the liquid at the outlet to decrease and hence more liquid goes out of the outlet than

the inlet, and vice versa.
Inlet_ choke Heaters Outlet choke

_.\M// \\\m/_.

PZT actuator Pumping chamber

Figure 2.4. Valveless piezoelectrically actuated micropump using temperature dependent
fluid viscosity for flow rectification. (Matsumoto, S. et al. 1999)

Forster et al (1995a) and Gamboa et al (2005) introduced valveless
piezoelectrically actuated vibrating diaphragm micropumps using valvular conduits for
flow rectification. Valvular conduits utilize different pressure drop characteristics for

flow in opposite directions to cause flow rectification.
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2.2.1.2.2 Electrostatic

Electrostatic actuation has received comparatively less attention in the recent
micropump literature than piezoelectric actuation. Electrostatically actuated
micropumps utilize the electrostatic forces generated between two electrodes of
different charge to drive the diaphragm motion (Zengerle et al. 1992). When an
electrical voltage is applied between an electrode and the pump diaphragm, the other
electrode, electrostatic forces are generated as both electrodes act as a variable
capacitor causing movement of the membrane. When the voltage is removed, the
membrane returns to its original position, thus causing the pumping action as shown in
Figure 2.5.i. A bidirectional micropump with a similar design was also reported that
relies on the phase shift occurring between the operation of the valves and the
diaphragm when the diaphragm is activated at frequencies higher than the first

resonance frequency of the valves (Zengerle et al. 1995).

A dual-diaphragm bidirectional gas micropump utilizing electrostatic actuation
was introduced by Cabuz et al (2001). The pumping chamber is shaped so that when the
membranes are fully deflected they conform to the wall they are touching as shown in
Figure 2.5.ii. Both walls and both diaphragms have insulated metal electrodes on them
which are controlled and actuated separately. The pumping cycle starts with both
electrodes on the inlet side. Both electrodes are moved together towards the outlet and

thus expelling the fluid in the cavity out. This is followed by moving the lower
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membrane towards the inlet allowing the fluid to move through the holes in the
membrane to the space created between the electrodes. The upper membrane is then
moved downwards and the air trapped between the electrodes moves to the space
created at the top through the opening in the upper electrode and the cycle starts over
again.

diaph
Pumping chamber I Outlet Upperdiaphragm

A\

Silicon diaphragm X :
Isolation layers \ Counter electrode

\\ / .
L/_ \\ \ \ / /—\J Lower diaphragm TInlet

)T

Inlet valve Outlet valve

Ny
Metal electrode

covered with dielectric

(a)

* Holes in upper diaphragm
°  Holes in lower diaphragm

o Inlet/Outlet ports

(b)
(i) (i)

Figure 2.5. (i) Electrostatically actuated micropumps (Zengerle et al. 1992);
(ii) Dual-diaphragm electrostatic micropump (Cabuz et al. 2001):
(a) Sectional side view, (b) Top view through chamber.

Recent advancements have been considered where the counter electrode is
placed on the opposite side of the pumping chamber and the voltage is applied across
the liquid working fluid to take advantage of the higher relative electrical permeability

of fluids as compared to the air gap utilized in the traditional method (Machauf et al.

24



McMaster — Mechanical Engineering PhD Thesis —S. Abdou

2005). This results in higher electrostatic forces and hence higher flow rates for the

same applied voltage and geometry.

2.2.1.2.3 Electromagnetic

In this method of actuation, a permanent magnet is usually embedded or attached
to the vibrating diaphragm and surrounded by a coil. When an alternating current
passes through the coil, the generated Lorentz forces cause the membrane to vibrate
(Gong et al. 2000; Khoo and Liu 2001; Kallenbach 1999; Jiang et al. 1998). Bohm et al
(1999) introduced a magnetically actuated vibrating diaphragm micropump with
membrane type passive valves using a permanent magnet attached to the diaphragm
and surrounded by a coil. They tested the same pump using piezoelectric actuation as
well using a piezoelectric disc glued to a brass diaphragm. Although the piezoelectric
version was smaller in size, easier to fabricate and had lower power consumption, the
electromagnetic version used a lower actuation voltage, and a simpler design for the

driver electronics.

2.2.1.2.4 Thermopneumatic
Thermopneumatically actuated vibrating diaphragm micropumps utilize the
increase in the pressure of air trapped in a chamber caused by heating the air to deflect
the vibrating diaphragm. When the heaters are switched off, the air contracts and its
pressure decreases causing the membrane to return to its original shape and hence

causing the pumping action. Thermopneumatically actuated micrpumps have an
25
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advantage over piezoelectically actuated ones in that they do not require the alignment
process that is sometimes necessary in order to fix the piezoelectric actuator to the
membrane. However, they suffer from the drawback that they usually require much
lower operating frequencies to allow for the cooling of the air in the pumping chamber

(Van de Pol et al. 1990; Wego and Pagel 2001; Jeong and Yang 2000a; 2000b).

2.2.1.2.5 Shape memory alloy

In this class of vibrating diaphragm micropumps the shape memory effect of some
alloys like TiNi is utilized in the membrane actuation. TiNi transforms from one solid
phase, the low temperature martensite phase, to another solid phase, the high
temperature austenite phase, when heated to a certain transformation temperature.
The martensite phase has a higher ductility than the austenite phase and TiNi can
undergo large deformations when in this phase. However, when heated to the
transformation temperature, TiNi transforms to the austenite phase and returns to its
initial undeformed shape or exerts large forces in trying to assume the initial shape if
constrained. Hence, this shape memory effect can be used as an actuation mechanism
for the pump membrane. As with the case of thermopneumatically actuated
micropumps, this category of micropumps suffers from the necessity of using very small
frequencies as they rely on the relatively slow cooling process of the shape memory

alloy. Several publications have reported on the properties and behaviour of TiNi shape
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memory alloy thin films. (Benard et al. 1998; Xu et al. 2001; Makino et al. 2001; 1999;

Makino, Mitsuya, and Shibata 2000a; 2000b; Krulevitch et al. 1996)

2.2.1.2.6 Other

Other methods of actuation have been reported in the literature pertaining to
vibrating diaphragm micropumps but have not received considerable attention in the
literature. Photothermopneumatically actuated micrpumps rely on the same principles
as a thermopneumatically actuated pumps but the heating process of the air is achieved
by using a laser beam directed at a patch of carbon wool which absorbs the light and
transforms it into heat (Mizoguchi et al. 1992). Magnetostricitve actuation depends on
the change in shape of some materials under the influence of an external magnetic field

(Quandt and Seemann 1995; Body et al. 1997; Quandt and Ludwig 2000).

2.2.1.2.7 Rectification Mechanism
Vibrating diaphragm micropumps require a rectification mechanism to direct the
flow from the inlet to the outlet ports of the pump. This is usually achieved by either

mechanical dynamic valves or through using valveless static rectification mechanisms.

Valved micropumps rely on dynamic geometry check valves which utilize
deformation, deflection, or motion to perform flow rectification. They can also be
divided into being either active or passive. Active valves require an external power

source to achieve the rectification process. Passive ones do not require external power
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sources. Vibrating diaphragms, for instance, as those discussed above for the actuation
of micropumps can be also used as valves by being used to block or open the
inlet/outlet ports of a pump during its operation and are usually actuated in

synchronicity with the pump actuator.

Diapgragm

VA

Inlet valve Outlet valve

Figure 2.6. Example of a valved vibrating diaphragm micropump. (Singhal et al. 2004)

Passive check valves, especially the cantilever type such as that shown in Figure
2.6, are probably the most widely used valve mechanism. These valves use cantilevered
structures designed to open or close in a certain direction depending on the differential
pressure across them. Cantilever type valves can be either passive, where they are
driven by the pressure difference across them and prevented from operating in the
opposite direction by geometrical means, or active by using RF or piezoelectric
modulation (Dissanayake et al. 2007). From the micropump designs discussed above
various valve designs were utilized such as membrane type check valves (Van Lintel et
al. 1988; Esashi et al. 1989; Shoji, Shuichi et al. 1990; B6hm, Olthuis, et al. 1999; Kamper
et al. 1998), cantilever type check valves (Zengerle et al. 1995; 1992; Xu et al. 2001;

Makino et al. 2001; Koch et al. 1997; Koch, Harris, et al. 1998; Linnemann et al. 1998),
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ball valves (Carrozza et al. 1995), and a design that uses the pump membrane itself for

flow rectification (Stehr et al. 1996; Nguyen et al. 1998; Cabuz et al. 2001).

All valve designs discussed here suffer from the risk of fatigue due to prolonged
periods of use, adhesion due to the valves not releasing from their seats as well as from
leakage especially when working with fluids that contain particles that can get stuck
around the valve or its seat and hence prevent the valve from fully opening or closing.
Moreover, due to their dynamic nature, their response times must be taken into
consideration when designing the operating parameters, especially the frequency, of
the pump. However, since they provide actual physical obstructions to the flow they are
not prone to reversed flow and can withstand higher adverse pressures than other kinds

of flow rectification devices.

Valveless micropumps rely on other means of directing flow than moving parts.
They mainly rely on either geometrical properties of some geometries that depend on
the favoured directionality of the flow due to fluid inertia and thus are passive in nature.
Others rely on the addition of energy to alter the directionality of flow and as such are
active. Valveless designs have the advantage of being able to accommodate fluid flows
with suspended particles as they are less susceptible to blockage and clogging.
Moreover, they do not have moving parts and thus do not suffer from wear or fatigue as

with the case of check valves. They, on the other hand, have the drawback of reversed
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flow as well as being inherently irreversible in nature where they cannot be used to

perform rectification or pumping if the direction of flow is reversed.

The most commonly used configuration for passive valveless designs utilize
nozzle/diffuser elements, as those shown in Figure 2.7.a. The rectification principle lies
in the fact that, for small angle nozzle-diffuser elements, with half angles up to 10°, the
flow rate is higher in the diffuser direction than in the nozzle direction for the same
pressure drop. Nozzle/diffuser elements have gained a lot of attention in the literature
in order to better understand their behaviour and performance and have been studied
numerically, analytically and experimentally (Gerlach and Wurmus 1995; Olsson,
Stemme, et al. 1996; Heschel et al. 1997; Gerlach 1998; Olsson et al. 2000). They have
also been utilized for different designs of micropumps as presented in the previous
sections (Stemme, E. and Stemme 1993; Olsson et al. 1995; Olsson, Enoksson, et al.
1996; Olsson, Larsson, et al. 1997; Olsson et al. 1998; Jiang et al. 1998; Jeong and Yang

2000a; 2000b).

Piezoelectric disc Forward operation Reverse operation
Br§s membrane
L — Inlet A l
— s — «—  « ~
—— Outlet Net flow from
Inlet — l = left to right Outlet —
(a) (b)

Figure 2.7. Examples of valveless flow rectification mechanisms. (lverson and Garimella
2008) (a) A valveless micropump using Nozzle/diffuser elements. (Stemme, E. and Stemme
1993) (b) Tesla (valvular conduit) valves (Tesla 1916)
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Large angle nozzle/diffuser elements were also utilized in the literature with half
angles of the order of 35°. However, at these large angles the roles of the diffuser and
nozzle elements are reversed with flow being favoured in the nozzle direction. This is
attributed to flow separation occurring in the diffuser direction and hence a higher
pressure loss coefficient. These have been utilized in the literature as discussed earlier

(Gerlach et al. 1999; Koch, Evans, et al. 1998)

Other methods of valveless flow rectification has been utilized in the literature.
One such example is the use of active valveless flow rectification by exploiting the
temperature dependence of the local fluid viscosity resulting in the change in fluid
resistance. This change is achieved by locally heating the fluid at the inlet or outlet ports

depending on the actuation stroke. This method was utilized by Matsumoto et al (1999).

Other geometrical rectification mechanisms used were Tesla valves (valvular
conduits) (Tesla 1916), shown in Figure 2.7.b. These valves are bifurcated channels in
which, when operating in the reverse direction, flow is separated from the main flow
and re-enters the main channel perpendicularly. These valves have been studied in the
literature in order to optimize their performance (Gamboa et al. 2005) and have been
utilized in micropump designs (Forster, Bardell, Afromowitz, Sharma, and Blanchard

1995b; Bardell et al. 1997; Jang, L. S. et al. 2000; 1999).
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2.2.1.3 Peristaltic micropumps

This type of micropumps utilises the operation of a series of actuators in series to
induce the pumping action using peristaltic motion. The minimum required number of
actuators to be able to cause peristaltic pumping is three and most of the work cited in
the literature uses three chambers with diaphragm actuators in series as can be seen in
Figure 2.8 (Singhal et al. 2004; Nguyen and Huang 2001). Most peristaltic micropumps
are reversible by reversing the order of actuation of the diaphragms. Given the fact that
most peristaltic micropumps are essentially vibrating diaphragm ones with multiple

chambers, pretty much the same actuation principles can be used to operate them.

Diaphragms
InWﬂtlet
P‘umping chambers
@) (©)
Ny W A\ o
(b) (d)

Figure 2.8. Sequence of operation of a peristaltic micropump. (Singhal et al. 2004)

One of the early works discussing micropumps in the literature was the work of
Smits (1990) discussing a peristaltic micropump for insulin delivery applications.
Grosjean and Tai (1999) discuss a thermopneumatically actuated peristaltic micropump.
The pump uses island heaters suspended in cavities filled with a fluid and bounded on

one side by the membrane and the other by a glass back plate as shown in Figure 2.9.
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The pressure inside any of the cavities increases when the heater in that cavity is turned
on and causes the membrane of that chamber to deflect pushing the working fluid to

the next chamber.

Inlet Compos1te membrane Outlet
/ / \/ \

/
Island heaters \ Workmg fluid
Glass backplate

Figure 2.9. Thermopneumatically actuated micropump. (Grosjean and Tai 1999)

Cao et al (2001) demonstrated a normally closed piezoelectrically actuated
peristaltic micropump used for microdosing applications. This is achieved by attaching
valve closers to the membranes of the first and last pumping chambers which block the
inlet and outlet valves when the membranes of those chambers are not actuated. When
the membrane is actuated, it deflects and the valve closer moves away opening the

corresponding port.

A photothermopneumatically actuated peristaltic micropump was investigated by
Mizoguchi et al (1992). The pump uses the same principles as the pneumatically
actuated micropumps with the heating of the fluid in the pneumatic chamber achieved
by subjecting a piece of carbon wool (a material that absorbs light and converts it to

heat) to a laser beam through an optical fibre.
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2.2.2 Non-Mechanical Micropumps

This group of micropumps relies mostly on the direct transfer of energy to the
fluid causing the pumping action. As such, this class of devices usually provides
continuous, steady flow rates due to the constant transfer of energy. This category of
micropumps can be further divided into several categories as seen in the following
sections. It should be noted that most dynamic micropumps are valveless as they rely on

the directionality of the applied force to determine the flow direction.
2.2.2.1 Electrokinetic and Magnetokinetic:

Electrokinetic and magnetokinetic micropumps convert either electrical or
magnetic energy, respectively, directly into fluid motion. Electrokinetic pumps utilise an
electric field applied to the fluid being pumped to cause ions within the fluid to move in
reaction to the applied electric field while dragging the bulk of the fluid with it by
momentum transfer due to viscous forces. Magnetokinetic pumps utilize Lorentz forces
generated due to the pumped fluid being subjected to a magnetic field to drive the
pumping action. Electrohydrodynamic micropumps rely on the interaction between
electrostatic forces with ions in dielectric fluids. The main distinction between the
different types of EHD micropumps is the mechanism used to introduce charged

particles into the pumped fluid.
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In induction-type EHD pumps a gradient in either the electrical conductivity or
permittivity of the working fluid is created by either anisotropic heating of the fluid or
by using layers of non-mixing fluids or with suspended particles in the fluid. When an
alternating electric field is applied to electrodes on the walls of the microchannel, it
induces charges in the fluid which exhibit coulomb forces. These forces cause the
charges in the fluid to move and the bulk of the fluid then moves due to viscous effects.
Induction-type EHD micropumps depend on the electrical properties of the fluid, such as
the conductivity and permittivity. This limits the choice of fluids being able to be used in
such designs, generally to non-conducting or non-ionic fluids such as alcohols and
organic liquids (Woias 2005). The main advantage of induction EHD lies in part in the
ability of fabricating the pump components using standard surface micromachining
techniques directly in the fluid microchannels. Several examples of induction-type EHD
micropumps are found in the literature (Bart et al. 1990; Fuhr, Hagedorn, Miiller,

Benecke, and Wagner 1992b; 1992a; Fuhr et al. 1999; Moesner and Higuchi 1995).

In injection-type EHD micropumps, free ions are injected into the bulk of the liquid
due to electrochemical reactions at the electrodes. Due to the presence of the external
electric field, the ions experience Coulomb forces which result in the movement of ions.
The motion of the ions in turn drags the bulk of the fluid due to viscous effects.

Injection-type EHD micropumps are usually used with low-conductivity fluids such as
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some organic fluids and non-polar fluids. (Richter and Sandmaier 1990; Richter et al.

1991; Wong et al. 1996; Darabi and Wang 2005; Go et al. 2007)

Polarization-type EHD micropumps utilize non-homogeneous electric fields
through dipolar fluids which lead to the creation of a variation in the electric field
density. This results in motion of the dipoles in the fluid from regions of low electric
fields, and hence higher dipole energy, to regions of high electric fields, with lower
dipole energies causing the pumping action. (Darabi et al. 2001; Moghaddam and Ohadi

2005; Darabi and Wang 2005).

Electroosmotic micropumps utilize the surface charge that develops on the
contact surface between a liquid and the surface of the channel. This surface charge can
spontaneously develop on the surface or be artificially introduced using surface
electrodes and in both cases oppositely charged ions in the fluid form a shielding layer
that shields the surface charge. This layer can be manipulated using either AC or DC
electric fields. DC electroosmotic micropumps have received considerable attention in
the literature due to their simple construction. They can be constructed using glass or
fused silica capillary tubes or channels with electrodes at both ends of the channel to
provide the electrical field along the length of the channel as seen schematically in
Figure 2.10.a. They face some challenges, however, as they require electrolytic solutions
and usually require considerable electric fields and hence high voltages and currents,

this in turn causes problems of bubble generation and electrolysis and reactions at the
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electrodes. Some of these problems can be avoided by using electroosmotic pumps in
series or parallel. (Zeng et al. 2001; Zheng et al. 2000; Zeng et al. 2002; Chen, Z. et al.
2005; Chen, L. et al. 2005; Kang et al. 2007; Piyasena et al. 2006; Brask et al. 2005;

Broderick et al. 2005; lverson et al. 2004)
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Figure 2.10. Schematic of electroosmotic micropumps. (a) DC electroosmotic micropump.
(b) AC electroosmotic micropump.

AC electroosmotic micropumps have received increasing attention in the literature
recently. They are capable of producing higher flow velocities for smaller operating
voltages than DC electroosmotic micropumps. They rely on having electrodes on the
surface of the flow channels to provide the charges to establish the electrical double
layer as shown schematically in Figure 2.10.b. Most commonly, asymmetric electrodes
are used to induce the electric field and cause the motion of the diffuse layer charges
along the surface of the electrodes. Bidirectional operation of such micropumps is also
possible. (Debesset et al. 2004; Mpholo et al. 2003; Garcia-Sanchez et al. 2006;

Vijendran et al. 2006; Urbanski et al. 2006; Jie Wu 2006)
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Magnetohydrodynamic micropumps rely on the Lornetz force generated when a
current-carrying conductor is placed in a magnetic field. When a conducting fluid flows
inside a channel with electrodes on one set of opposite channel walls and magnets on
the other opposite channel walls as shown in Figure 2.11, the fluid is subjected to a
force acting along the length of the channel which causes the pumping action. (Lemoff
et al. 1999) Several designs have been reported in the literature using the same
principle of operation. (Lemoff and Lee 2000; Heng et al. 1999; 2000; Jang, J. and Lee
2000; Duwairi and Abdullah 2007; Patel and Kassegne 2007; Homsy et al. 2007) MHD
micropumps suffer from the drawback of requiring electrically conducting fluids as well

as being prone to Joule heating and electrolysis.

Magnetic field ﬁ

‘ Current

Fluid| flow

Figure 2.11. Schematic of a magnetohydrodynamic micropump.
(Ilverson and Garimella 2008)

2.2.2.2 Phase change:

This class of micropumps relies on the change in the phase of the liquid being
pumped to perform the pumping action. Bubble pumps utilize the successive operation

of independently controlled heaters placed along the length of the flow channel as
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shown in Figure 2.12.a to generate a vapour bubble in the fluid and convect it
downstream causing the pumping action. This convection is due to the change in surface
tension and vapour pressure gradients caused by the action of the heaters. (Jun and Kim
1996) Other actuation mechanisms for bubble pumps have been reported in the
literature (Jun and Kim 1998; Ozaki 1995; Sammarco and Burns 2006; Geng et al. 2001;

Tsai and Lin 2002)
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Figure 2.12. (a) Schematic of a bubble micropump. (Jun and Kim 1996) (b) Schematic of an
electrochemical micropump. (Bohm, Olthius, et al. 1999)

Electrochemical micropumps are another class of phase change pumps which rely
on gas bubbles generated in the pumped fluid to push the fluid in the pumped channel

as shown schematically in Figure 2.12.b. (Bohm, Olthius, et al. 1999)
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Both of those classes of micropumps usually require certain features in the fluids
they can pump which hinder their applicability to specific scenarios. They are also not

capable of producing high flow rates or heads which in turn limits their applications.

2.2.2.3 Other micropumps:

Several other mechanisms have been studied in the literature to produce pumping
action in fluids. For instance, flexural plate wave pumps utilize high intensity acoustic
fields generated near the surface of the channel due to flexural waves generated in
piezoelectric fingers deposited on the surface to induce the pumping action in the
direction of the wave. (Moroney et al. 1990; Moroney, White, and Howe 1991b; 1991a;

Luginbuhl et al. 1997; 1998)

Electrowetting micropumps utilize the charges produced in the electrical double
layer at the interface that is formed when a liquid metal comes in contact with an
electrolyte solution. These charges that develop on the interface act as a capacitor and
when an electric voltage is applied along the interface, a gradient in the surface tension
occurs due to charge redistribution causing the movement of the droplet. (Yun et al.
2001; Matsumoto, H. and Colgate 1990; Lee, J. et al. 2001; Lee, J. L. J. and Kim 2000;

Pollack et al. 2000)

40



McMaster — Mechanical Engineering PhD Thesis —S. Abdou

2.2.3 Concluding remarks

Micropump scales are still quite bulky with dimensions generally in the range of
tens of millimetres especially for mechanical micropumps. Moreover, most of them
require flow rectification components, which constitute added complexity to their
design as well as potential problems when dealing with fluids containing particulate
matter. Nonetheless, vibrating diaphragm micropumps provide better performance in
comparison to other methods of pumping in that they require lower power
consumption, provide higher flow rates, and are able to accommodate a wider range of

operating fluids.

Several excellent reviews have addressed the available literature discussing
different micropump designs and principles. They also provide extensive summaries and
comparisons between the different pumps reviewed (Laser and Santiago 2004; Iverson
and Garimella 2008; Nguyen et al. 2002; Singhal et al. 2004). Two of such publications
provide an extensive survey of the literature available up to 2008 (Singhal et al. 2004;
Iverson and Garimella 2008). They provide an excellent review of not only the working
principles of micropumps, but also provide a tabulated summary of the approximate
sizes, flow rates, pump heads, power consumptions, operating conditions, actuation
methods as well as advantages and disadvantages. They also provide a graphical

comparison between those pumps reported in the tables in terms of maximum
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backpressures and maximum flow rate per device area (Figure 2.13 and Figure 2.14). It
has to be noted here that both figures are plotted using a logarithmic scale which shows

the large variability in the performance of the reported micropumps.

The reviews delineate the fact that although micropumps are much smaller in
dimensions than their macroscale counterparts, they are still bulky as compared to
microfluidic devices developed recently. Moreover, the operating characteristics and

limitations continue to hinder their integration into microfluidic devices.

Both reviews also discuss general guidelines for choosing which pumping method
is better suited for which application and comment on possible considerations in terms
of potential problems inherent in the different designs or limitations to their use. In
summary, although some pumping technologies do provide superior performance to
others, limitations in the working fluid or the technology used or the fabrication method
or the possibility of being integrated in a microfluidic system can make them

unacceptable options for certain systems which makes the comparison quite difficult.
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Figure 2.13. (a) Maximum flow rate per unit cross-sectional area and (b) Maximum back

pressure for various micropumps reported in the literature. (Singhal et al. 2004)
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Similar analyses and comparisons were also provided by two other extensive
reviews (Laser and Santiago 2004; Nguyen et al. 2002). In addition to providing a survey
of the available pumping methods and providing tabulated summaries, these two
publications also try to provide graphical summaries of the performance of different
pumping technologies (Figure 2.15). These two reviews also use a logarithmic scale for
their plots which confirms the large variability in performance between different

micropumps.

In conclusion, it can be seen, from the wide ranges of pump sizes, flow rates,
backpressures, fabrication methods, and operating principles reported in the literature,
that summarizing a general trend that one design principle is more superior than
another is not possible. There are several factors to consider when it comes to the
choice of a pumping technology such as the type of fluid being pumped, the ease of
integration of the pump with the fluidic system, the application for which the fluidic
system will be used ... etc. The field of micropump design is yet a developing field with
new ideas and technologies being implemented and improvements in fabrication
methods as well as actuation mechanisms and flow rectification can improve the

performance of pumps greatly, especially mechanically actuated ones.
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2.3 Synthetic Jets

A Synthetic jet is a mean fluid motion created by an oscillating flow through an
orifice or a slit. The fluid oscillations necessary to synthesize the jet are typically
provided by intermittent suction and blowing through the jet orifice or slit. The device
that produces the jet usually consists of a neck driven by a pulsating diaphragm in a
cavity as shown in Figure 2.16. Flow enters and exits the cavity through the orifice. On
the intake stroke, fluid is drawn into the cavity from the flow surrounding the orifice. As
this fluid is driven out of the cavity, a shear layer is formed between the expelled fluid
and the surrounding one. This layer of vorticity rolls up to form a vortex ring, a vortex
pair in case of a 2-D slot. This vortex ring, or pair, convects downstream due to its
induced velocity. By the time the diaphragm starts another intake stroke, the vortex ring
has gained enough momentum and moved far enough away that it is virtually
unaffected. Thus a train of vortex rings is created by the actuator. In the mean, the

velocity profile appears similar to a steady jet. (Abdou 2003)
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Figure 2.16. Schematic diagram of a synthetic jet actuator.

The driver, or the diaphragm, that is responsible for the production of the
oscillating pressure drop across the neck necessary for the formation of the jet, can take
a number of different forms including acoustic waves (Ingard and Labate 1950;
Lebedeva 1980; Ziada 1995; 1999; McCormick 2000; Smith, B. L. and Swift 2001; 2003;
Wolfe and Ziada 2003; Abdou and Ziada 2004; 2006), piezoelectric diaphragms (Smith,
B. L. and Glezer 1997; 1998; Mallinson et al. 1999; Gilarranz and Rediniotis 2001;
Utturkar et al. 2003; 2002; Gallas et al. 2002; 2003), and electromagnetically driven
pistons (Rediniotis et al. 1999; Crook and Wood 2001). Since the dimensions of the
synthetic jet scale with the dimensions of the orifice or slit producing the jet, it would be
possible, theoretically, to produce jets over a wide range of scales including

micromachined jets (Coe et al. 1995; 1994; Ho and Tai 1998).
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2.3.1 Characteristics of Synthetic Jets

Since their first application in 1994 for flow manipulation, considerable research
has been done to characterize synthetic jets and study their behaviour both
experimentally (McCormick 2000; Smith, B. L. and Swift 2001; 2003; Smith, B. L. and
Glezer 1997; 1998; 2002; Glezer and Amitay 2002) as well as numerically (Utturkar et al.
2003; 2002; Gallas et al. 2002; 2003; Rediniotis et al. 1999). Several excellent studies
have been published discussing the characterization of synthetic jets covering different
geometries, slit sizes, actuators and operating conditions. The work of Smith and Glezer
(1998), Smith and Swift (2001; 2003), Utturkar et al. (2003; 2005), and a review paper by
Glezer and Amitay (2002) provide outstanding comprehensive analysis and

characterization of synthetic jets.

The work of Smith and Glezer (1998) discusses the formation and characteristics of
a high aspect ratio, piezoelectrically driven, synthetic jet formed in air. Smith and Glezer
introduce two primary dimensionless parameters characterizing the synthetic jet,

namely: a dimensionless “stroke” length, L,/d, where

L,=[u,@)dt [2.2]
0

where u, (t) is the velocity at the exit plane of the orifice and T = T /2 is the half period
of the cycle or the discharge time and d,, is the width or the hydraulic diameter of the

orifice; and two Reynolds numbers based on either the average orifice velocity
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U,d
Re, =22 [2.3]
’ H
where U, = L, /T, or based on the impulse per unit width of the orifice
1
Re, =—* [2.4]
©oud,
where
1,=pd, [u(t)dt [2.5]
0

and p and u are the density and viscosity of the fluid respectively. The studied synthetic
jet ranged in stroke length, L,/d,, from 5.3 to 25 and the Reynolds number, Rey,,
ranged from 104 to 489. They conclude that the synthetic jet is dominated in the near
field by the time-periodic formation and advection of vortex pairs which ultimately
transition to turbulence, slow down and lose there coherence forming an essentially
two-dimensional turbulent jet in the far field of the orifice. Moreover, they state that
synthetic jets are similar to conventional two-dimensional turbulent jets in that cross-
stream distribution of the time-averaged jet velocity components and their
corresponding rms fluctuations collapse when plotted in the usual similarity

coordinates.

In more recent studies, Smith and Swift (2003; 2001) compare synthetic jets, with

forcing parameters L,/d, and Re, in the range of 13.5 to 80.8 and 695 to 14,700
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respectively, to continuous and pulsed jets. They developed a jet formation criterion
whereby a minimum stroke length (or pulsation amplitude), L,/d,, of 4/+/m is required

for the formation of the jet.

Utturkar et al. (2003) investigated the formation parameters of synthetic jets in
search for a jet formation criterion. The study uses the same stroke length and Reynolds
number based on U,. They concluded a formation criterion, based on a simple order-of-

magnitude analysis, of

—=—>K [2.6]

St= =—= [2.7]

and the constant K is approximately 2 for two dimensional synthetic jets and 0.16 for
axisymmetric ones. This criterion is in good agreement with that suggested by Smith and
Swift (2001; 2003) and with their own experimental results, shown in Figure 2.17.
Holman et al. (2005), in 2005, revisit the subject and enhance their formation criterion
formulation by introducing some corrections to their criterion to accommodate for the

different geometries as well as provide a more detailed analysis of the theory.

51



McMaster — Mechanical Engineering PhD Thesis —S. Abdou

QIO e v e e e e e e et i R
o
{»]
[ (]
K] 0°%%
£ o oo
2 Y
g °
%10 I, o .................................................................
o« ° o d=05cm
s g d=1.0cm
A d=15cm
o d=21cm
— Re/S?>=2
10°% ,
L Stokes Number s

Figure 2.17. Reynolds number vs. stokes number for the experimental data
obtained by Smith and Swift (2001) for different jet widths. (Utturkar et al. 2003)

Glezer and Amitay (2002) provide an excellent review of synthetic jet
characteristics as well as interactions of synthetic je