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ABSTRACT

Numerical and Experimental Investigations of the Acoustic Standing Wave

Resonator, Pump, and Micropump

Majid Nabavi, PhD.

Concordia University, 2008

The interactions of acoustic waves and thermoviscous fluids in closed cavities
lead to some important physical phenomena such as, linear and nonlinear acoustic
standing waves, and acoustic streaming which are very important in a wide range of
engineering applications. The present dissertation is focused on the detailed investi-
gation of standing wave dynamics in closed cavities. As a part of this research, novel
numerical and experimental techniques are developed to analyze different phenomena
caused by acoustic-fluid interaction. Using these techniques, the behavior of pressure,
acoustic and streaming velocity fields inside the standing wave resonator, as well as
the valveless acoustic pump and micropump are investigated.

A new sixth-order accurate compact finite difference method for solving the
Helmholtz equation with Neumann boundary conditions is developed. This scheme
showed a better performance at higher wave numbers than the finite element method.
A new fourth-order numerical scheme is also developed for solving highly nonlinear
standing wave equations with no restriction on nonlinearity level and type of fluid.
For highly nonlinear waves, the simulation results show the presence of a wavefront
that travels along the resonator with very high pressure and velocity gradients. The
slopes of the traveling velocity and pressure gradients, and the asymmetry in the
pressure waveform are higher for CO, than those for air.

The spatial and temporal variations of the nonlinear pressure and particle velocity
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fields inside a resonator are experimentally investigated at different frequencies and
intensities. The effects of the excitation frequency and displacement on the streaming
structure are also studied. It is found that, the classical streaming is not developed for
Re; <6.5, and the irregular streaming patterns are observed at Rez,, >50. Acoustic
streaming patterns are also found to be significantly affected by transverse tempera-
ture gradient

A valveless acoustic standing wave pump is developed and the velocity fields in-
side this novel pump are analyzed. It is found that, the net flow rate of the pump
increases with an increase in the pressure amplitude. The behavior of a novel acoustic
micropump is also studied at a high frequency. The effect of the diffuser geometry on
the pump performance is investigated. The results show that the maximum diffuser

efficiency is achieved at the diffuser-nozzle element’s half-angle of approximately 45°.
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CHAPTER 1
Introduction

1.1 Background

A standing wave pattern is a vibrational pattern created within a medium when
the vibrational frequency of the source causes reflected waves from one end of the
medium to interfere with incident waves from the source. This interference occurs
in such a manner that specific points along the medium appear to be standing still.
Because the observed wave pattern is characterized by points which appear to be
standing still, the pattern is often called a standing wave pattern. Such patterns are
only created within the medium at specific frequencies of vibration. These frequen-
cies are known as resonance frequencies. At any frequency other than a resonance
frequency, the interference of reflected and incident waves leads to a resulting distur-
bance of the medium which is irregular and non-repeating. To establish the stand-
ing wave, we need a chamber and an acoustic driver (see Fig. 1-1). The acoustic
driver provides excitation energy to establish a standing wave in the chamber. The
frequency of excitation source is matched to the medium and to the length of the
excitation chamber so that a traveling wave generated by the excitation source is
reflected upon itself within the chamber to create the standing wave. The length of
chamber should be equal to an integer times half the wavelength of the acoustic wave
(nA/2,n = 1,2,..). The standing wave results in one or more pressure nodes and
pressure anti-nodes within the chamber (see Fig. 1-1). The number of nodes and
anti-nodes depend upon the length of the chamber and the frequency of oscillation of
the excitation source. Generally, the pressure at a pressure node is relatively constant

at approximately the same level as the undisturbed pressure of the fluid while the
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Figure 1-1: Schematic of the standing wave resonator.

pressure at a pressure anti-node fluctuates above and below the undisturbed pressure
level.

Acoustic standing waves can be categorized in three groups:

1. Linear standing wave: Small amplitude acoustical disturbances (in which the
amplitudes of the perturbations are small compared to the static values) in
a lossless (inviscid and thermally non-conducting) medium.

2. Finite-amplitude nonlinear standing wave: Small amplitude acoustical dis-
turbances in a thermoviscous (viscous and thermally conducting) medium.

3. Highly nonlinear standing wave: Large amplitude acoustical disturbances (in
which the amplitudes of the perturbations are comparable with the static

values) in a thermoviscous medium.

The study of linear and nonlinear acoustic standing waves in closed tubes is
very important in designing a wide range of systems such as, thermoacoustic devices
(1, 2, 3, 4, 5], high quality resonators [6, 7], high power sonic and ultrasonic equip-
ment [8], standing wave motor [9], standing wave pump [10], particle filtration and
levitation [11] and biomedical test and therapy equipment [12, 13, 14].

Interaction of acoustic waves and solid boundaries creates some nonlinear phenom-

ena. One of them is acoustic streaming. Acoustic streaming is a stationary flow



which always has rotational character and its velocity increases with the sound inten-
sity. But, even at the high intensity levels, the secondary streaming velocity remains
smaller than the primary oscillatory particle velocity in the sound wave. The study
of acoustic streaming is very important in different scientific fields such as, thermoa-
coustic devices [15], heat transfer enhancement [16], convective cooling systems [17],
ultrasonic levitators [18], non-contact surface cleaning [19], biosensors [20] and biol-
ogy [21].

In addition to the above-mentioned applications, acoustic standing waves can be
utilized to perform pumping action. Pumps are typically categorized as displacement
pumps and dynamic pumps. Displacement pumps use a volume change to displace
the fluid. In a positive-displacement pump a moving boundary forces the fluid along
by volume changes. A cavity opens, and the fluid is admitted through an inlet. The
cavity is then closed and the fluid is squeezed through an outlet. The classic ex-
ample is the mammalian heart, but mechanical versions are in wide use which may
be classified as rotary pumps and reciprocating pumps. All positive-displacement
pumps deliver a pulsating or periodic flow as the cavity volume opens, traps, and
squeezes the fluid. Their advantage is the delivery of any fluid regardless of viscosity.
Dynamic pumps simply add momentum to the fluid by means of fast moving blades
or vanes or certain special designs. There is no closed volume. The fluid momentum
increases while moving through open passages and then converts its high velocity
into a pressure increase by exiting into a diffuser section. Dynamic pumps can be
classified as rotary pumps and jet pumps. Dynamic pumps generally provide a higher
flow rate and a much steadier discharge than positive-displacement pumps but they
are ineffective in handling high-viscosity liquids. A positive displacement pump is
appropriate for high pressure rise and low flow rate, while a dynamic pump provides
high flow rate with low pressure rise.

In any event, the majority of conventional pumps use moving parts. The use of



moving parts lowers the pump efficiency through energy losses mainly against the fric-
tion. Moving parts also reduce overall pump reliability and increase cost of operation
since they are subject to mechanical failure and fatigue, and require maintenance.
Moving parts also generally require the application of a lubricant, which needs to be
replenished and which must be isolated from the pumped fluid. In recent years, effort
has been made to design a pumping apparatus which lacks these traditional moving
parts and their associated disadvantages.

The acoustic standing wave pump (ASWP) which achieves a pumping action us-
ing the properties of standing waves, is a good example of these kinds of pumps [22].
With fewer moving parts, this pump is also typically lighter than moving pumps ca-~
pable of pumping fluids at the same rates and pressures. The ASWP consists of a

chamber defining a pump cavity and an acoustic driver (see Fig. 1-2). The chamber

Inlet

Itl

Valve

Outlet

Figure 1-2: Schematic of the standing wave pump.

has a fluid inlet and outlet through which the pumped fluid enters and exits. The
excitation driver establishes a standing wave in the chamber. The inlet and out-
let could be placed proximate to the pressure nodes and anti-nodes of the chamber,
respectively. Due to significantly large pressure inside the cavity at the pressure anti-
node, the fluid is discharged through the outlet. As the fluid discharges, there is a

reduction in the fluid mass inside the tube which will cause a reduction in the static



pressure. The pressure will now be lower than the pressure of the inlet fluid. As a
result the fluid will be sucked into the tube. (see Fig. 1-2). A check valve must
be placed at the outlet to prevent the pumped fluid from re-entering the chamber
during low pressure portions of the cycle at the pressure anti-node [22]. Refrigeration
and air-conditioning compressors [10], thermoacoustic engines [23, 24], micro fluidic
pumps [25] and bio-fluid pumps [26] are some examples of a wide range of practical

applications where standing wave pump can be used.

1.2 Literature review

In this section, the relevant literature on the different aspects studied in this
dissertation is reviewed. The previous studies on the analytical, numerical and ex-
perimental analysis of the linear and nonlinear standing waves are given first. The
section continues with the review of the acoustic streaming. At the end, the previous

works on the ASWP have been reviewed.

1.2.1 Linear standing wave

Linear acoustics is devoted to waves propagate in a lossless medium with am-
plitude small enough that the small-signal approximation, |¢/| < po, || < P, is
satisfied. The linear wave equation can be written in terms of the axial velocity (u)
as?

CSUIZ — Ut — 0, (11)

and in terms of pressure (p) as,

cgpww — Pt = 0. (12)



Numerical studies

The time-harmonic linear wave propagation in a lossless medium is governed by
the Helmholtz equation . In addition to linear standing wave, the Helmholtz equa-
tion governs some important physical phenomena including the potential in time
harmonic acoustic and electromagnetic fields [27, 28], acoustic wave scattering from
submarines [29], noise reduction in silencers and mufflers [30], water wave propagation
[31], membrane vibration [32] and radar scattering [33]. Obtaining an efficient and
more accurate numerical solution for the Helmholtz equation has been the subject
of many studies in recent years. The numerical solution of the Helmholtz equation
has been developed using different approaches such as the boundary element method
(BEM) [34, 35], the finite element method (FEM) [36, 37, 38|, the spectral element
method (SEM) [39] and the finite difference method (FDM) [40, 41, 42].

The BEM is derived through the discretization of an integral equation that is
mathematically equivalent to the original partial differential equation. The disad-
vantages of the BEM are the restriction to linear problems in homogeneous and
isotropic media, as well as the large computer storage space and lengthy process-
ing time requirements to solve the inherent problems encountered with characteristic
wave numbers [43] .

The FEM is used extensively to solve the Helmholtz equation. In addition to the
high computational cost, another disadvantage of the Galerkin FEM for solving the
Helmholtz equation is the so-called pollution effect, which results in the less accurate
solution at higher wave numbers for the given nodes per wavelength. Thus, in or-
der to obtain the same solution accuracy for higher wave numbers, more nodes per
wavelength are needed than that for the lower wave numbers [37, 38]. That is, wave
resolution (kh) should be kept as even as possible. Although some modifications in
the standard Galerkin approximation have been developed to minimize the pollu-

tion effect [44, 45, 46, 47, 35], finding an optimal method is still a challenge. The



performance of the BEM and FEM for the Helmholtz equation in two dimensions
was investigated by Blyth and Pozrikidis [48]. Their numerical investigations showed
that the BEM is generally more accurate than the FEM when the size of the finite
elements is comparable to that of the boundary elements, especially for the Dirichlet
problem where the boundary values of the solution are specified. Exceptions occur in
the neighborhood of isolated points of the Helmholtz constant where eigenfunctions
of the boundary integral equation arise and the BEM fails to produce a unique solu-
tion.

For the SEM, it is shown that it requires fewer grid nodes per wavelength com-
pared to the FEM for the Helmholtz equation [39]. However, due to the less sparse
resultant matrix compared to the resulting finite element matrix, the computational
time of both methods are almost the same [39].

For the traditional FDM, in order to increase the order of accuracy of the ap-
proximation, the stencil of grid points needs to be enlarged, which is not desirable.
Generally, obtaining a more accurate numerical solution means adding more nodes
and using smaller mesh size, which requires more computation time and storage space.
In order to obtain a more accurate result for constant mesh size, an increase in the
order of accuracy of the numerical approximation is required, which in turn, enlarges
the stencil of grid points. This, however, leads to some problems including difficult
treatments of the boundary conditions and approximation of the points next to the
boundaries, and increasing the bandwidth of the stiffness matrix, which makes fast
direct solver difficult. Therefore, compact FDMs are desired to solve partial differen-
tial equation numerically. A notable work in this field has been performed by Singer
and Turkel [40]. They developed a fourth-order compact FDM using two schemes.
One scheme was based on the generalization of the Padé approximation and the other
used the Helmholtz equation to calculate higher-order correction terms. They imple-

mented these schemes for Dirichlet and/or Neumann boundary conditions.



As the literature review indicates, one of the major disadvantage of the FEM,
BEM and SEM is the high computational cost and the disadvantage of the existing
FDM is the low accuracy. Thus, development of compact FDM with higher accuracy
is necessary. Furthermore, the challenge of efficient computational scheme at high
wave numbers has been designated as one of the problems still unsolved by the cur-
rent numerical techniques [49]. Recently, two sixth-order compact FDMs for solving
the Helmholtz equation have been reported by Singer and Turkel [41] and Sutmann
[42]. In both studies, the authors implemented their schemes only with Dirichlet
boundary conditions. However, most of the practical problems need to be solved
with both Dirichlet and Neumann boundary conditions.

Non-standard techniques have also been applied to solve the Helmholtz equa-
tion. The polynomial-based differential quadrature (PDQ) and the Fourier expansion-
based differential quadrature (FDQ) methods were applied by Shu and Xue to solve
the two-dimensional Helmholtz equation [50]. They found that the FDQ approach
can generally provide more accurate numerical results than the PDQ approach. El-
Sayed and Kaya [51] used the Adomian decomposition method and compared it with
the traditional FDM. They argued that the decomposition method provides a more
efficient scheme than the FDM to solve the Helmholtz equation. However, they did
not comment about the accuracy and the computational cost of the decomposition

method.

Experimental studies

Different techniques have been used to measure the linear acoustic standing
wave velocity fields. Huelsz and Lopez-Alquicira {52, 53] used hot-wire anemometry
(HWA) to measure acoustic velocities in the linear range (maximum velocity of 0.8
m/s). Vignola et al. [54] assembled and tested a differential laser Doppler anemom-

etry (LDA) to provide noninvasive measurements of the acoustic velocities of linear



standing waves generated in a water-filled tube. Thompson et al. [55] used LDA
with burst spectrum analysis (BSA) to study the acoustic velocities of amplitude less
than 1.3 m/s (linear range) generated in a cylindrical standing-wave resonator filled
with air. Gazengel and Poggi [56] assessed the performances of two LDA systems
adapted for measuring the acoustic particle velocities in an enclosed acoustic field.
This assessment was performed by comparing the acoustic velocities measured by
means of LDA to reference acoustic velocities estimated from sound pressure mea-~
surements. In their experiments, the maximum velocity amplitudes were 0.1, 1 and
10 mm/s (linear range) and the corresponding relative errors were 11%, 5% and 3.6%.
HWA is an intrusive technique which disturbs the velocity fields inside the resonator.
Whereas, LDA is non-intrusive technique where the particle velocity is measured re-
motely based on the Doppler shift in the frequency of the laser light scattered from
small particles. Both HWA and LDA suffer a main drawback. They can only pro-
vide velocity measurements at a point in space. As a result, detailed simultaneous
two-dimensional flow structure cannot be obtained from these techniques.

Particle image velocimetry (PIV) provides two-dimensional velocity fields with
high spatial resolution and measures velocity vectors in a plane simultaneously at
many points (e.g. thousands) in a flow field. Very few studies have reported velocity
measurements of the standing wave using PIV. Hann and Greated [57, 58] have shown
the ability of PIV to measure the amplitude of the sinusoidal sound field and the mean
flow. They measured particle velocities of an acoustic standing wave inside a square
channel at a frequency of 1616 Hz. However, they did not present detailed velocity
characteristics. Campbell et al. [59] reported a review of PIV with its application
to the measurement of sound. Shin et al. [60] studied the velocity field of acoustic
standing wave in liquid within small tube using PIV. They conducted study for two
different liquid mediums; water and a mixture of glycol and water. The tube was

square shaped with the inner dimensions of 3 mm x 3 mm. A bimorph piezo disk was



used as the acoustic driver at one end, while the other end of the tube was open. The
velocity fields were measured at different temporal locations with respect to the driv-
ing sinusoidal signal using a set of delay generators. They observed acoustic boundary
layer in a very thin region near the wall and flat velocity profiles outside this region.
They also observed that the thickness of the acoustic boundary layer decreases with
an increase in the frequency. Their experiments were in the linear range of acoustic
intensity and they measured the velocity field in a small field of view (190x 150 um)
near the wall to investigate the boundary layer effect. Recently, Castrején-Pita et
al. [61) used PIV and LDA to measure amplitude and phase velocity on the laminar
oscillatory viscous boundary layer produced by acoustic standing wave. They found
a good agreement between the experimental data and the predictions made by the

Rayleigh viscous boundary layer theory.

Summary

As the above literature review indicates, all the existing numerical solvers for
the Helmholtz equation, either have low accuracy (fourth-order or less) or were im-
plemented only with Dirichlet boundary conditions. However, most of the practical
problems need to be solved accurately with both Dirichlet and Neumann boundary

conditions.

1.2.2 Nonlinear standing wave

When the amplitude of acoustic standing wave is infinitesimal, the acoustic wave
can be described by linear laws. However, when the acoustic wave is driven into high
amplitude oscillations, the equations of motion are nonlinear and the nonlinear effects
could distort originally harmonic waves, shift the resonance frequency, and transform
acoustic energy into higher harmonic components [6, 62, 63]. The investigation of

nonlinear standing wave in acoustics has a rich history. Several studies dealing with
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the analytical, numerical and experimental studies of the finite-amplitude and high-

amplitude nonlinear standing waves can be found in the literature.

Analytical and numerical studies

An early analytical study of finite amplitude standing waves was performed by
Coppens and Sanders [64]. They presented a perturbation expansion for a second-
order one-dimensional nonlinear wave equation. In a later work, they extended their
method to a three-dimensional model for lossy cavities [65]. Maa and Liu [66] have
shown that the motion of a particle at a point fixed on the waveform of a standing
wave is readily soluble from the Riemann equations, and an exact, stable solution of
the nonlinear standing wave is obtained. Different resonator shapes and boundary
layer effects are studied by Bednaiik and Cervenka [67].

When nonlinear terms in the conservation equations are retained, great mathe-
matical difficulty is encountered and the analytical solution even in special cases is
very difficult or nearly impossible. Therefore, numerical approaches are frequently
used. Several numerical algorithms for the solution of finite-amplitude nonlinear
standing waves in the frequency and time domains have been reported in the lit-
erature. Ilinskii et al. [6] developed a one-dimensional model to analyze nonlinear
standing waves in an axisymmetric acoustical resonator of arbitrary shape. They pre-
sented the results for three geometries: a cylinder, a cone, and a bulb. However, they
did not take into account the nonlinear terms with dissipation. A numerical model
for nonlinear standing waves, based on a nonlinear differential equation written in
Lagrangian coordinates, was presented by Vanhille and Campos-Pozuelo [68]. They
presented a numerical formulation to model the standing acoustic wave of finite but
moderate amplitude based on the FDM and the finite volume method (FVM). Later,
they have extended their methods to two-dimensional nonlinear resonators filled with

thermoviscous fluid [69]. Comparison between FDM and FVM for nonlinear standing
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ultrasonic waves in fluid media was performed by Vanhille and Campos-Pozuelo [70].
They found reasonable agreement between the two schemes. A numerical model
for quasi-standing nonlinear standing waves in a viscous fluid, based on a second
order Taylor expansion of the state equation was presented by Vanhille and Campos-
Pozuelo [71]. Their second order accurate model is valid for any viscous fluid but for
a limited range of amplitudes. In a later work, they proposed a nonlinear equation
based on conservation laws (written in Lagrangian coordinates) and the isentropic
state equation, and numerically solved the equation using a second-order accurate
implicit FDM [72]. They did not impose any restriction on the nonlinearity level in
the momentum equation. However, they used a simplified form of continuity equation
which is only valid for finite-amplitude waves. Furthermore, they considered the fluid
to be viscous but thermally non-conducting.

The FEMs have also been used for the study of nonlinear standing waves in an
rigid-walled air-filled and water-filled tubes [73]. The comparison between the results
of different methods developed in these studies shows that, although the FEM and
FVM may have some advantages over the FDM to simulate 3-D nonlinear fields and
irregular geometries, for simple geometries in 1-D and 2-D, the FDM is preferred
because of its lower computational cost.

Numerical analysis of the effect of the tube shape on the pressure and resonant
frequency of an axisymmetric tube has been performed by Chun and Kim [74]. They
found that the half cosine-shape tube is more suitable to induce high compression
ratio than the other shapes. Optimized shapes of resonators for generating high-
amplitude pressure waves has been numerically investigated by Li et al. [75]. They
used a quasi-Newton type numerical scheme and validated the numerical results with
the experimental ones. They found the optimized shape parameters, resonance fre-
quency and excitation amplitude for cone, horn-cone and cosine shaped resonators.

A large numbers of studies dealing with the numerical solution of the highly

12



nonlinear acoustic standing waves can be also found in the literature. A study of
nonlinear acoustic waves in homentropic ,i.e. uniform and constant entropy, per-
fect gas was presented by Christov et al. [76]. They solved the unsteady nonlinear
wave equation using a Godunov-type FDM which is second-order accurate in space
and time. They however, did not consider the effect of thermoviscous attenuation.
Bednaifk and Cervenka [77] developed a model for finite-amplitude standing waves
in acoustical resonators of variable cross-section. Their model takes into account ex-
ternal driving force, gas dynamic nonlinearities and thermoviscous dissipation. They
solved the model numerically using central semi-discrete difference scheme developed
by Kurganov and Tadmor [78]. Later, they extended their method to nonlinear stand-
ing waves in two-dimensional acoustic resonators [79]. Their model is second-order
accurate in space and third-order accurate in time. They however, did not present
any details about their numerical scheme. Periodic gas oscillations in closed tubes
has been investigated experimentally and numerically by Alexeev and Gutfinger [80].
A two-dimensional numerical model of turbulent gas oscillations is developed and
verified by a comparison with experiments. They observed that at resonance, gas
oscillations are accompanied by shock waves traveling back and forth along the tube.
They found that the gas temperature changes substantially along the tube. They also
found that the experimental data of temperature and pressure inside the resonance

tube are well correlated by the numerical model.

Experimental studies

As the literature review of section 1.2.1 indicates, all previous studies related
to the acoustic velocity méasurement have been performed in the linear range and
consequently, no experimental study has reported the spatial and temporal varia-

tions of the velocity field inside a nonlinear acoustic standing wave resonator. The
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previous experimental studies about nonlinear standing waves focused on the acous-
tic pressure measurement only. Historically, these studies may be traced back to
Coppens and Sanders [65]. They presented experimental analysis and perturbation
model of complicated modes in realistic cavities. A rectangular cavity was exper-
imentally studied in this reference. Another notable work was performed by Maa
and Liu [66]. They reported the gradual spectral variation of the standing wave
with increasing excitation. They measured the sound pressure only at the ends of the
standing wave tube. Measurements of macrosonic standing waves in oscillating closed
cavities of four axisymmetric shapes: cylinder, cone, horn-cone and bulb, have been
reported by Lawrenson et al. [81]. Cavities were filled with nitrogen, propane and
refrigerant R-134a. They concluded that, for a given gas and a fixed power delivery,
the dominant factor affecting the peak pressure amplitude is the geometry of the
resonator. A recent experimental study in this field has been reported by Vanhille
and Campos-Pozuelo [82]. They develbped an experimental setup to measure high-
amplitude pressures inside a rigid axisymmetric cylindrical resonator and compared
the experimental results with the numerical ones. They measured the pressure at
the tube end and compared the frequency spectrum of pressure obtained from exper-
imental and numerical data. They found a good agreement between the numerical
and experimental values of pressure in the frequency domain. However, they did not
provide any comparison between the instantaneous numerical and experimental data
in time domain. Furthermore, they measured the pressure at only the end of the
tube and did not study the pressure dynamics along the channel. Good agreement
between the numerical and experimental data in the frequency domain and only at

the tube end wall is not enough for the validation of the model.
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Summary

As seen in the above literature review, the accuracy of all previously developed
numerical schemes for solving highly nonlinear standing wave equation is of second
order in space and of second or third order in time. In the experimental part, no
experimental study has reported the spatial and temporal variations of the velocity
field inside a nonlinear acoustic standing wave resonator. Furthermore, regarding
to the nonlinear acoustic pressure, no study provided any comparison between the
instantaneous numerical and experimental data in time domain at different locations

along the resonator.

1.2.3 Acoustic streaming

Acoustic streaming is a second-order, steady, circulatory fluid motion generated
by mechanically driven sound waves. Acoustic streaming can be classified on the
basis of the different mechanisms by which the streaming is generated [83]:

Rayleigh streaming is a vortex-like structure generated outside the boundary layer
in a standing wave resonator. The interaction between the acoustic waves in viscous
fluids and solid boundaries is responsible for this kind of streaming [84]. Rayleigh
streaming can be referred to as boundary layer driven streaming as well as outer
streaming.

Schlichting streaming (also known as inner streaming) is the mean fluid motion
inside the boundary layer of a standing wave field [85, 86]. The length and width of
Schlichting streaming vortices are estimated to be A/4 and 1.94,, respectively. Inner
and outer streaming can be formed inside a channel where the acoustic wave propa-
gates longitudinally (see Fig. 1~—3).‘

Eckart streaming is driven by the dissipation within the fluid volume and is pre-
dominant in the high frequency range. This kind of streaming has been used in

ultrasonic applications and can be referred to as bulk dissipation driven streaming
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Figure 1-3: Schematic of acoustic streaming in a channel.

[87].

Jet-driven streaming is associated with the periodic suction and ejection of a vis-
cous fluid through an orifice or a change in resonator cross section. The mechanism
of jet-driven streaming relies on the fact that a viscous fluid behaves quite differently
during the suction and ejection periods. During suction, the flow in the orifice comes
effectively from all directions. However, in the ejection period, a jet is generated that
induces a mean flow in a certain direction. The vortices in the jet shear layer in the
vicinity of the orifice or change in cross sectional area are responsible for this kind of
streaming.

Finally, traveling wave streaming occurs in the presence of a progressive wave
and exhibits certain unique features. A perspective on the several different classes of
acoustic streaming has been provided by Boluriaan and Morris [88].

Rayleigh or outer streaming can be classified to regular (classical) and irregular

streaming patterns. The classical streaming structure is typically comprised of two
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outer streaming vortices per quarter-wavelength of the acoustic wave which are sym-
metric about the channel center line (see Fig. 1-3). In irregular streaming, the shape

and number of the streaming vortices are different from the regular case.

Analytical and numerical studies

The phenomenon of acoustic streaming has been extensively studied using the
analytical methods. Lord Rayleigh [84] was the first to consider the streaming that
occurs in the case of the imposition of an acoustic field on a channel consisting of
two plane-parallel plates. He used a successive approximation technique to study the
vortex flows occurring in a long pipe as a result of the presence of a longitudinal
standing wave. In the successive approximation technique, the governing equation
(i.e. the momentum equation) is scaled to the first-order linear equation and the
second-order nonlinear equation. The solution for the first-order linear equation
provides the forcing function for the second-order streaming equation [84]. This ap-
proach has become a dominant analytical tool for the study of acoustic streaming.
Westervelt [89] evaluated the streaming velocity induced by acoustical disturbances
by developing and solving a general vorticity equation. Andres and Ingard [90, 91]
analytically investigated acoustic streaming around a cylinder and discussed the dis-
tortion of the streaming flow patterns as a function of sound intensity, under different
Reynolds numbers. Lee and Wang [92] studied the effect of compressibility on the
streaming patterns. They concluded that compressibility can affect the inner but not
the outer streaming for the flow between parallel plates, however, for two or three
dimensional objects such as cylinder or sphere, the compressibility also affects the
outer streaming pattern. They used the limiting velocity at the edge of the inner
streaming layer as a slip boundary condition to solve for the large outer streaming
for different geometries.

The compressibility is a necessary condition for the propagation of acoustic waves.
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However, previous studies on acoustic streaming were limited to incompressible fluids.
This inconsistency is due to adapting the incompressible boundary layer solutions ob-
tained by Schlichting [85] to solve acoustic streaming near rigid boundaries. Qi [93]
investigated the effect of compressibility on acoustic streaming near a rigid boundary
to resolve this inconsistency. Qi’s results showed that the consideration of compress-
ibility leads to a larger streaming velocity outside the boundary layer. The effect
was found to be significant in gases, but not in liquids. The study was extended to
investigate acoustic streaming in a circular tube [94]. By fully including the effects
of compressibility and heat conduction, they made corrections to their earlier work.
The leading order acoustic wave solution was analyzed using matched asymptotic
expansions. The matching gave the dispersion relation and from this a model prop-
agation equation was proposed. Their results agreed with earlier ones derived quite
differently.

Menguy and Gilbert [95] studied nonlinear acoustic streaming in a guide with a
perturbation calculation using asymptotic expansions. A notable distortion of the
acoustic field due to the fluid inertia was demonstrated and a comparison of slow and
nonlinear acoustic streaming was presented. Hamilton et al. [96] derived an analytic
solution for acoustic streaming generated by a standing wave in two-dimensional
channel of arbitrary width, filled with a viscous fluid. Their solution showed the
inner streaming vortex confined to the boundary layer, in addition to the outer
Rayleigh streaming. Moreover, it showed that the Rayleigh streaming disappears
when the channel is sufficiently narrow. In their study, both the streaming structure
and streaming velocity were described for various channel widths. They found that
the inner vortices increase in size relative to the outer vortices zis channel width is re-
duced, and the outer vortices disappear when the width of channel is less than about
10 times the boundary layer thickness. Hamilton et al. extended their method to a

gas in which heat conduction and dependence of viscosity on temperature were taken
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into account [97]. They found that for channel widths 10-20 times the viscous veloc-
ity penetration depth, thermal effects may alter the streaming velocity substantially.
For significantly wider or narrower channels, thermal effects influence the streaming
velocity by only a few percent. Carlsson et al. [98] performed an analytical study
of the steady streaming flow induced by vibrating solid walls and argued that both
vibrational frequency and normalized channel width affect the streaming flow.

The classical theory of acoustic streaming is restricted to slow or linear streaming
. It is assumed that in the second-order governing equations (continuity and momen-
tum equations), any nonlinear term that involves a second-order quantity is negligible.
As a result, the second-order equations are linear in the dependent variables. This is
why it is usually referred to as linear streaming. The numerical methods that directly
solve the Navier-Stokes equations provide new approaches to overcome this limit. The
two-dimensional numerical analysis of acoustic streaming induced by finite amplitude
oscillation of air in a closed duct has been performed by Kawahashi and Arakawa [99].
They concluded that the structure of acoustic streaming changes with the oscillation
amplitude. When the amplitude is very small, the theoretically predicted circulatory
streaming does not occur. As the amplitude increases, circulatory streaming develops
and is then distorted to a complicated and irregular structure at very large oscilla-
tion amplitude. Aktas and Farouk [100] simulated the acoustic streaming motion in
a compressible gas-filled two-dimensional rectangular enclosure by direct solving the
compressible Navier-Stokes equations using the LCPFCT (Laboratory for Computa-
tional Physics Flux-Corrected Transport) scheme. They numerically investigated the
effects of sound field intensity on the formation process of streaming structures. They
found that up to a certain value of the enclosure height to wavelength ratio, the vibra-
tional motion causes classical and steady streaming flows that usually appear as two
streaming rolls per half-wavelength, as reported in the previous studies. However,

when the enclosure height is increased beyond this limit, the streaming structures
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become irregular and complex. Yano [101] used an upwind TVD (Total Variation
Diminishing) scheme to solve the full Navier-Stokes equation to investigate the tur-
bulent acoustic streaming in a resonator. When M << 1 (M = Xmaw/co), shock
waves are formed and the gas oscillation attains a quasi-steady state, where the mag-

nitude of the streaming velocity is linearly proportional to the acoustic Mach number.

Experimental studies

The acoustic streaming in a resonator has also been investigated experimentally
by several researchers. Acoustic streaming at resonance was observed experimen-
tally by Gulyaev and Kuznetzov [102]. The authors tracked the motion of small
oil droplets on the inner tube wall and found that they migrated along the tube
from its middle part toward the ends. They assumed that the migration is caused
by acoustic streaming and, therefore, concluded that the presence of periodic shock
waves does not prevent the formation of streaming patterns. Coppens and Sanders
[64] measured the acoustic pressure in a resonator. They found that the microphone
output waveforms become irregular when the sound intensity increases. This kind
of nonharmonic wave shape was believed to be the non-linear source of the acoustic
streaming. A similar measurement was carried out by Cruikshank [103]. On the
basis of these experimental observations, a qualitative argument was presented to
explain the disagreement between theory and experiment due to presence of acous-
tic streaming. Alexeev and Gutfinger [80] reproduced the Gulayev and Kuznetzov’s
experiment using a resonance tube. They argued that, when a tube is driven at the
resonance frequency, shock waves traveling along the tube affect strongly the motion
of particles suspended in the gas [104]. In particular, the shocks cause particle drift
toward the tube ends. Using the analytical model proposed by Goldshtein et al. [104],
for their experimental conditions, a shock induced drift velocity of about 8 m/s can

be calculated. On the other hand, the streaming velocity obtained in the numerical
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simulation is about 2 m/s. Hence, drift due to periodic shock waves dominates and
they conclude that in their experiment, as well as in the experiments of Gulayev and
Kuznetzov [102], the drift of droplets was caused by periodic shock waves, rather
than by acoustic streaming, as was assumed by Gulayev and Kuznetzov.

PIV and LDA techniques have been used to measure acoustic streaming. Arroyo
and Greated [105] used stereoscopic PIV technique to measure all three components
of the streaming velocity field. They however, measured the streaming velocity field
only in a region within 2 cm around the velocity node (in a 62.5 cm long tube).
Hann and Greated [58] measured two components of both acoustic and streaming
velocity fields simultaneously in the vicinity of a velocity node in a 70 cm long res-
onator excited by 1616 Hz sinusoidal signal. Thompson et al. [55] used LDA to
study the acoustic streaming generated in a cylindrical standing-wave resonator filled
with air. They observed that as the excitation amplitude increases, the difference
between the experimental acoustic velocity and theoretical ones increases due to the
fluid inertial effect. Recently, Moreau et al. [106] have used LDA for measurements
of inner and outer streaming vortices at different streaming Reynolds numbers and
frequencies (f=88, 113 and 150 Hz). They observed that for high values of streaming
Reynolds number, the axial streaming velocity starts to depart from the theoretical
slow streaming. It should be noted that their experiments have been performed at
uncontrolled thermal boundary conditions. However, the LDA measures velocity at
one spatial location at a time is not capable of simultaneously mapping the flow in
a two-dimensional region. Due to the large magnitude of acoustic velocity which is
superimposed on the streaming velocity, the previous PIV measurements were con-
ducted only in the vicinity of a velocity node, where the magnitude of the acoustic

velocity is negligible.
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Influence of temperature gradient on streaming shape and velocity

The influence of the axial temperature gradient (i.e. the temperature gradient
in the direction of the acoustic wave propagation) on acoustic streaming has been
extensively studied analytically, numerically and experimentally. Rott [107] derived
a simplified analytical formula for the acoustic streaming including the effect of vari-
able tube wall temperature. Aktas and Farouk [16] numerically investigated thermal
convection in a 2-D resonator. In their model, the left and right sidewalls were kept
at different temperatures, while the top and bottom walls were kept insulated. They
reported that the influence of mechanically-induced periodic oscillations on the heat
transfer characteristics of the system is significant only in the presence of steady
streaming flows. Thompson et al. [108] experimentally investigated the influence of
axial temperature gradient on the behavior of the streaming flow. They observed that
as the magnitude of the axial temperature gradient increases, the shape of streaming
vortices becomes distorted.

Unlike the axial temperature gradient, the influences of transverse temperature
gradient (i.e. the temperature gradient orthogonal to the direction of acoustic wave
propagation) on acoustic streaming have been scarcely investigated. Very recently,
only one study has numerically investigated this behavior [109]. They considered
the temperature dependent conductivity and viscosity in their model and conducted
simulations at top-bottom wall temperature difference of 0°C, 20°C and 60°C. At
20°C and 60°C, they found that the classical two symmetric streaming vortices are
distorted to one vortex. However, they did not study the transition behavior of
streaming vortices due to the gradual increase in the temperature gradient. Further-

more, they did not provide any validation of their numerical model.
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Summary

As seen in the above literature review, all of the reported measurements of
streaming velocity fields are either point measurement or have been performed in the
vicinity of a velocity node. There is no reported study on the measurement of two-
dimensional streaming patterns along the resonator. Furthermore, no experimental
study investigated the formation process of the regular and irregular acoustic stream-

ing, as well as, the effects of transverse temperature gradient on acoustic streaming.

1.2.4 Acoustic standing wave pump and micropump

In recent years, intensive efforts have been made to design an efficient ASWP.
These efforts can be traced back to Mandorian [22]. The pump invented by Man-
dorian works based on the principle described in section 1.1. Due to the pressure
differential between the pressure node and the pressure antinode, fluid outside the
chamber at the pressure node will be forced into the chamber and fluid outside the
chamber at the pressure antinode will be forced out, thus achieving a pumping action.
Later, Lucas [110] and Bishop [111, 10] reported the similar devices for refrigeration
and air-conditioning compressors. Recently, Kawahashi et al. [112] claimed to invent
an acoustic fluid machine that works similar to the previous inventions except that
they used a chamber with the optimized shape to achieve more pumping flow rate.
The pumping action of the above-mentioned pumps requires one check valve at inlet

and outlet, and therefore, moving mechanical parts are involved.

1.3 Motivation and objectives
1.3.1 Motivation

Although, there are several studies dealing with the numerical investigation of
linear and nonlinear acoustic standing waves, there is still need to more accurate

numerical schemes for solving both linear and nonlinear standing wave equations.
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The experimental investigations of acoustic velocity fields of linear and nonlinear
standing wave are scarce and there is no two-dimensional velocity measurement of
nonlinear standing wave using PIV system. Furthermore, all of the reported mea-
surements of acoustic streaming velocity fields are either point measurements or have
been performed in the vicinity of a velocity node only. There is no reported study
about measuring the two-dimensional streaming patterns along the resonator. More-
over, there is no experimental study about the influences of transverse temperature
gradient on acoustic streaming.

Another motivation of this research is that, in spite of the importance of the
ASWP as a unique solution for many applications, there is no academic investiga-
tion of the standing wave pump. Only a few patents regarding to fabrication of the
standing wave pump with no numerical and experimental analysis can be found in
the open literature. Thus, the design and development of such pump would be chal-
lenging. Furthermore, the waves inside the pump could be nonlinear. The dynamics
of nonlinear waves even in simple cavities is still not well understood. This makes the
analysis and design of standing wave pump, even more challenging. Furthermore, the
existing ASWPs have one main drawback. They need one or more check valves for
their operation. The significant problems associated with these pumps include the
fatigue of moving valves, clog, high pressure loss of valves and low driving frequency.
Therefore, developing a valveless version of the ASWP would be a great step forward
in the field of valveless pumping.

Since the valveless ASWP needs no check valve, its driving frequency can be
increased to high frequencies (20 kHz or more). Therefore, the length of the pump
chamber can be decreased to the order of millimeter. Thus, the acoustic standing
wave micropump (ASWMP) could be able to pump fluids at micro scale and it can

be consider as a new pumping actuation mechanism for micropumps.
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For the characterization of acoustic resonators, thermoacoustic devices, the valve-
less ASWP and ASWMP, and to obtain some knowledge closer to the practical needs,
a thorough knowledge of linear and nonlinear acoustic standing wave and acoustic

streaming dynamics is essential.

1.3.2 Objectives

The main objectives of the proposed research are:

e To understand the linear and nonlinear acoustic standing wave and acoustic
streaming dynamics through numerical and experimental investigations.
e To design and development of a valveless acoustic standing wave pump and
micropump.
In order to achieve these objectives, linear and nonlinear standing wave equations
have been solved numerically using the new schemes. The variation of the nonlinear
pressure and velocity have been measured. The nonlinear behaviors of the tempo-
ral and axial pressure and velocity waveforms have been described and highlighted.
The two-dimensional pattern of the nonlinear phenomenon of acoustic streaming has
beén measured using a novel technique. The formation process of regular and irreg-
ular acoustic streaming, as well as, the effects of transverse temperature gradient on
acoustic streaming have been investigated. The application of the acoustic standing
wave in fluid pumping has been studied. New valveless acoustic standing wave pump
and micropump have been introduced and the velocity fields inside this novel pumps
have been analyzed.
1.4 Scope of the thesis
In this context, the research is focused on the study of acoustic standing wave
and streaming as well as acoustic standing wave pump and micropump. In chapter 2,
the linear standing wave is investigated using a new sixth-order accurate numerical

scheme. New numerical models for nonlinear standing wave equation are presented in
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chapter 3. The experimental investigations of the acoustic pressure and velocity fields
are described in chapters 4 and 5, respectively. The experimental investigations of
the acoustic streaming are presented in chapter 6. Finally, the novel valveless ASWP

and ASWMP are described in chapters 7 and 8, respectively.
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CHAPTER 2
Sixth-order Accurate Compact Solver for the Helmholtz Equation

2.1 Introduction

Linear standing wave is governed by the Helmholtz equation. Intensive re-
search has been performed in recent years to develop efficient and accurate numerical
schemes to solve the Helmholtz equation. A key study work in this field has been
performed by Singer and Turkel [41]. They developed a sixth-order compact FDM
for the two-dimmensional Helmholtz equation. They used the Helmholtz equation to
calculate higher-order correction terms. Sutmann [42] extended the same scheme for
the three-dimmensional Helmholtz equation. However, for both papers, the authors
implemented their schemes only with Dirichlet boundary conditions. Whereas, some
practical problems such as acoustic scattering and structural acoustic interactions,
need to be solved with Neumann boundary conditions [113, 114]. In the present
study, a new 9-point stencil, sixth-order accurate compact FDM has been developed
and implemented for solving the Helmholtz equation in one-dimensional and two-
dimensional domains with Dirichlet and/or Neumann boundary conditions. To the
best of our knowledge, this study is the first that developed a sixth-order compact

FDM with the Neumann boundary conditions.

2.2 Helmbholtz equation

Linear wave propagation in a lossless medium is described by the wave equation,

(== — VI)¥(r,t) = F(r,t), (2.1)
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where V(r,t) is the velocity potential at any time ¢ and any point r = (z,y, 2)
and F(r,t) is a prescribed source function. The time harmonic linear acoustic wave
propagation is governed by the Helmholtz equation. That is, the Helmholtz equation
is obtained from the wave equation when the solution is time-harmonic. For instance,
we might have

F(r,t) = f(r)e™*. (2.2)

Assuming function of this type, we can look for time-harmonic solutions of the forms
of the Helmholtz equation,

U(r,t) = p(r)e™. (2.3)

2~ Pt - e
-%;so(r)em = Vip(r)e = f(r)e™,
(k> + V)p(r) = — f(r), (2.4)

where k = w/c is wave number [115].

The solution of Eq. (2.4) requires boundary conditions. Dirichlet and Neumann
boundary conditions for the Helmholtz equation are common in acoustics. The Dirich-
let boundary condition ¢ = ¢ is associated with the known pressure amplitude on
vibrating boundaries. Homogeneous Neumann boundary condition dp/0n = 0 (n is
the unit vector normal to the boundary surface) is associated with zero velocity on a

boundary, which occurs on rigid walls.
2.3 Nine-point sixth-order accurate compact finite difference scheme

The proposed method is based on a sixth-order accurate approximation to the

derivative calculated from the Helmholtz equation. The scheme has been developed
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for both one-dimensional and two-dimensional uniform Cartesian grids with grid spac-
ing Az = Ay = h. The notation 62 is used to denote the first order central difference

with respect to z, which is defined as

8u; = Uit1 — Uim1 25

where u; = u(z;). The standard second-order central difference is denoted by 62 and

is defined as
Uip1 — 2U; + Ui
h? '

2
6Iui =

(2.6)

The other difference operators (52 and (55 are defined in a similar manner.

2.3.1 One dimensional case
In one dimensional case, the Helmholtz equation becomes the following ordinary
differential equation

u' + K*u= f(z) for z € [a,b]. (2.7)

A sixth-order accurate finite difference estimate of Eq. (2.6) is

h? ht
62u; = u 4+ —ul £ =y ® hS). 2.8
U = U + 12“1 + 360“1 + O(h®) (2.8)

Both O(h?) and O(h*) terms are included in Eq. (2.8), because we want to approxi-
mate all of them in order to construct a sixth order accurate scheme. Applying 62 to
O

U,

., we get

u¥ = 820 + O(h?). (2.9)

Substitution of Eq. (2.9) into Eq. (2.8) yiel