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ABSTRACT

Acoustic liquid manipulation, or ALM, is a term used to qualify three effects of
nonlinear sound transmitted through fluid: radiation pressure, streaming, and heating.
ALM is harnessed for a number of uses, such as the creation of fountains, formation of
jets, and the destruction of cancerous tumors. As with any physical phenomenon, a
computational model is desired to allow prediction of ALM.

Since prior work associated with this study produced a model for nonlinear sound,
this thesis focused on developing computational fluid dynamic code to predict fluid
velocity and heating. The model was compared with experimental data for water at room
temperature and found to produce similar flow paths, although the code produced
velocities orders of magnitude below the empirical setup. A number of cases were also
examined to determine effects of fluid property variation. The conclusions discuss the

merits of the model, as well as improvements for future work.
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CHAPTER 1. INTRODUCTION

1.1 Acoustic Liquid Manipulation

As stated by Richard Oeftering (1999) of the NASA Glenn Research Center,
“Acoustic Liquid Manipulation (ALM) is a term coined to describe the use of non-linear
acoustics to move liquid, manipulate liquid surfaces, and propel buoyant objects.” In
essence, ALM is the management of fluid and buoyant object motion within fluids using
the nonlinear effects of high-frequency, high-power sound. ALM phenomena are created
using focused and directed sound beams at radio frequency (RF) levels using burst
modulation (Oeftering, 1999). Sound levels to create the nonlinear sound are typically
above 130 dB (Faidley, 2001) and may be in excess of 200 dB for frequencies above 1
MHz (Mann et al., 2003). Two major physical effects are typically considered to be
ALM phenomena: radiation pressure and acoustic streaming (Oeftering, 1999). A
third—fluid heating—was cited by Faidley (2001) and is an integral part of the research
at hand. These three phenomena may be described as follows.

1. Radiation Pressure: Radiation pressure may be described as a pressure or force
on an object in the direction of sound wave propagation (WordReference.com).

2. Acoustic Streaming: Acoustic streaming is the bulk motion of a fluid due to
sound wave attenuation by the fluid (Nightingale, 2000). This bulk motion is
described as the non-zero time-average of a fluctuating flow (Riley, 1998 and

2001). Although pressure and velocity vary with time in a sound field, their

temporal averages are non-zero.
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3. Fluid Heating: Fluid heating within the context of ALM is the conversion of

absorbed acoustic energy to heat (Faidley, 2001).
1.2 ALM Applications

Acoustic Liquid Manipulation phenomena have relevance in many research and
practical applications. Radiation pressure and streaming, particularly, show great
potential in such areas as aerospace and manufacturing, offering benefits over traditional
fluid and buoyant object management techniques, as well as process improvements.
These prospective fields of utilization have resulted in a great deal of research interest—

particularly in the domains of model generation and empirical testing.

1.2.1 Radiation Pressure/Force Applications

As alluded to in section 1.1, radiation pressure is created in the presence of
nonlinear sound. This pressure results in forces on bodies within a fluid, such as bubbles
and other buoyant objects. As can be seen through the literature research process, many
applications exist or have the potential to exist due to the phenomenon of radiation
pressure. Although the focus of this thesis is not on this force creation phenomenon per
se, it 1s an integral part of ALM. As such, this section addresses a small subset of the
applications of radiation pressure within the boundaries of the definition for ALM set in

section 1.1.
1.2.1.1 Fluid Surface Manipulation
Mitome (1990) demonstrated through a series of visualization experiments that a

result of radiation pressure when a transducer is placed below the surface of a liquid

facing upward is the creation of an ultrasonic fountain. He showed that this phenomenon
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(Oeftering, 2003). This work is being performed using high-intensity directed acoustic

beams.

Another application of radiation pressure in microgravity is the control of gaseous
bubbles within fuel lines (Mann et al., 2000). Unlike significant gravity environments,
which for the large part allow bubbles to rise to the surface in a liquid fuel tank due to
buoyant forces, microgravity environments lack the acceleration to cause this movement.
As a result, transducer arrays may be employed where needed (likely near the outlet of
the fuel tank) in order to create a radiation pressure force on the gas bubbles and thus
direct their movement out of the fuel lines. This application has the potential to reduce or
eliminate the negative effects of current methods, which oftentimes disrupt microgravity
experiments within the shuttle or space station or even limit the amount of available fuel.
1.2.2 Acoustic Streaming Applications

Since Raleigh observed streaming caused by standing sound waves between plane
walls (Riley, 1998), a number of researchers have investigated the effects of acoustic
streaming in an effort to characterize and utilize its effects. For the past few years, this
interest has been focused in large part on streaming caused by ultrasonics. A small subset
of past and current work in the area of acoustic streaming—covering both the theoretical
and experimental—is presented in this section.

1.2.2.1 Streaming Jets

In addition to his work with the surface manipulation effects of radiation pressure,
Mitome (1990) studied jets created through streaming. He explained that unlike

conventional jets, streaming jets do not have resultant spreading. In fact, a streaming jet
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will continue to accelerate away from the transducer, resulting in the recruitment of
surrounding fluid into the jet.

Yu and Kim (2003) at the University of Southern California investigated using
acoustic streaming to create atomization of liquid or air. For their application, they
demonstrated the use of microfabricated liquid atomizer using both singular and arrayed
ultrasonic transducers. Potential benefits of such an acoustically-enabled device are
enhanced delivery of drugs, vapor production, and chemical reaction acceleration

benefiting from an increase in surface area.

1.2.2.2 Medical Applications

In medical applications, acoustic streaming has the potential for many useful
purposes. As Zauhar, Starritt, and Duck (1998) explain, one of the promising uses for
streaming is in diagnostics. In addition to safety improvements, streaming within cells
has been detected.

One particularly interesting medical application of ultrasonic streaming is the
prediction of streaming velocity in cystic breast lesions (Nightengale and Trahey, 2000).
Streaming detection is employed to find cystic breast lesions using ultrasonic pulses in a
patient when sonographs present indeterminate results. The goal of this application is to
determine methods of increasing streaming velocity within the lesion to improve
detection while at the same time decreasing the exposure a patient has to high intensity
ultrasound during streaming detection. In their study, Nightengale and Trahey developed
a finite element model to make streaming predictions.

Another usage of acoustic streaming lies within the realm of nebulisers, which are

used to deliver drugs into lungs via fine mist (Jenkins, 2003). An oscillatory
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piezoelectronic crystal can be designed to generate a liquid fountain. This fountain is

created with the ultrasound produced by the crystal.
1.2.2.3 Microgravity

Quite a bit of research into acoustic streaming effects in near-zero gravity has
been performed as of late. In microgravity environments, the lack of buoyancy
practically eliminates natural convection heat transfer within fluids (Trinh, 1998). This
results in a need for artificially-produced flows, which historically have required
significant mechanical mechanisms. Oftentimes, though, these mechanical systems are
quite large or unreliable.  Acoustic streaming can be employed to create fluid motion in
precise locations in order to enhance convection and thus improve heat transfer.

Another use of acoustic streaming is in the area of propellant mixing for space
applications. Unlike current methods which utilize mechanisms (i.e., moving parts),
which can be unreliable, acoustic streaming has the potential to allow the mixing of
propellants with no intrusion into the fluid (Oeftering, Chato, and Mann, 2003). Acoustic
streaming can be employed within liquid propellant to induce currents without the use of

nozzles or mechanical propellers.
1.2.2.4 Manufacturing Processes

Acoustic streaming holds the potential to improve a number of commonly-used
manufacturing processes. Various research studies have shown that acoustic streaming
can be used for both maskless etching and maskless electroplating processes (Oeftering,
1999). Masking of components prior to plating is oftentimes a primary cost driver for the
completed component. Eliminating these steps would certainly reduce costs of plating

and etching, as well as possibly increasing the accuracy of the process.



1.2.3 Heating Applications

As mentioned previously, ALM can result in the localized heating ofia fluid. This
heating may be beneficial or detrimental, depending on the application. Some examples
of heating due to ALM are discussed in this section.

Huang et al. (2004) discuss the creation of high intensity focused ultrasound for
the controlling of bleeding. In addition, they explain that ultrasound is useful for the
gentle heating of tumors. Their research included a presentation of a model and
numerical simulation, which included a demonstration of convective heat transfer due to
acoustic streaming. Additionally, ultrasound is used for the precise destruction of
cancerous cells while allowing for nearby healthy cells to remain unscathed (Mann et al.,

2000).

1.3 Importance of a CFD Model for ALM

As discussed in the previous section, ALM phenomena provide the potential for a
variety of useful research and practical applications in industry, government, and
academia. As with any physical process, an accurate model describing ALM is desired to
reduce both the cost and the time required for analyzing an ALM application. A simple
yet concise model provides the benefit of cost savings over the design and purchase of
experimental equipment and setups and allows the investigator to consider multiple use
cases and scenarios rather speedily. Previous work undertaken by Faidley and Mann
resulted in such a model being developed for radiation pressure, radiation force on a
buoyant object, fluid body force divided by density, and rate of temperature increase due
to high-powered, high-frequency sound. An attempt was made by Faidley to develop an

appropriately simplified form of the Navier-Stokes and energy equations and solve for
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the streaming velocity and temperature field using finite element code available in
Matlab®. However, since the primary work was focused on the acoustic aspects rather
than the fluid dynamic and heat generation aspects of ALM, not much time or effort was
expended to create a CFD model. Therefore, the next step is to develop such a model for
the streaming velocity and temperature profile of a fluid experiencing ALM effects based
on (and to complement) their works. A number of researchers using a variety of
numerical techniques have attempted to create models with varying degrees of success—
these methodologies include CFD methods (Wan and Kuznetsov and Amari, Joly, and
Gusev, 2003), finite element methods (Nightengale and Trahey, 2000). However, much

work is yet to be completed or even undertaken in this important field.

1.4 Outline of Thesis

This thesis primarily presents the development of a numerical model of the fluid
streaming and heating facets of ALM. A detailed derivation and development of the
fundamental equations for acoustic streaming and heating is given in CHAPTER 2. This
chapter presents the development and simplification (due to various assumptions) and
subsequent expansion of forms of the Navier-Stokes and energy equations useful for
evaluation of two-dimensional flow and heat transfer, along with boundary conditions.
CHAPTER 3 details the discretization of the derived Navier-Stokes and heat transfer
equations using a finite differencing method. The chosen scheme, along with the
corresponding solution algorithm for solving the discretized equations through iteration
techniques, is explained in detail. The development and function of a Matlab® graphical
user interface (GUI) called simply “ALM Program” is discussed in CHAPTER 4. This

program was originally designed for use by Rich Oeftering at NASA and allows the
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ALM investigator to select and/or specify parameters such as fluid field, fluid properties,
transducer geometry and frequency, and transducer heat dissipation in order to calculate
the radiation pressure, fluid acceleration, force on a bubble, rate of change of temperature,
and the velocity and temperature fields for the chosen tank. CHAPTER 5 is dedicated to
the analysis and comparison of simulation and experimental results for the case of water
at room temperature. Additional simulations for non-aqueous, cryogenic fluids—along
with evaluations of property variation effects for water at room temperature—are also
presented. Finally, the thesis closes with CHAPTER 6 in a brief discussion of the
conclusions drawn from the comparisons between the simulation and experimental results.
Interpretations of model and experimental data, as well as recommendations for future
work in light of conclusions drawn, are posited for evaluation by the reader and are

intended to inspire future research and development work.
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CHAPTER 2. THEORETICAL DEVELOPMENT

This chapter presents—in detail—the theoretical development of the fundamental
fluid and energy equations undertaken as a first step to establishing a model of
temperature and velocity behavior of a fluid due to ALM phenomena. The chapter
begins in section 2.1 with a brief discussion of a fluid tank model setup and assumptions
levied on it. In section 2.2, the critical ALM equations are briefly presented and
discussed (but not fully developed). Four primary terms are shown: nonlinear sound
pressure, force on a spherical object in a fluid due to the nonlinear sound, fluid
acceleration due to the nonlinear sound, and heating rate of the fluid. Emphasis in
section 2.3 is placed on the development of useful but simple and appropriate forms of
the Navier-Stokes and energy equations. Elements of this section which are of particular
interest include the integration of ALM eftects to formulate the streaming solution and
the presentation of a vorticity-stream function approach to the Navier-Stokes equations to
simplify the CFD calculation process. The former is accomplished using two methods—
herein referred to as the Nyborg streaming formulation and the Lighthill streaming
formulation, the details of which will be discussed later in the chapter. The final section
of this chapter—2.4—is dedicated to a derivation and discussion of the heating equation.
In sections 2.2, 2.3, and 2.4, the basic equations are given, transformation of the
equations into a form conducive to the CFD environment is performed, the streaming
body force is applied, and boundary conditions are developed.

The ultimate goal of this chapter is to lay the analytical foundation for a numerical
model which will calculate the velocity at which streaming occurs due to nonlinear sound

determine heating effects caused by the streaming.
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2.1.2 Assumptions

A number of assumptions were decided upon in order to simplify the equation
development process. These were based on the physical properties and constraints of the
planned test setup which was eventually constructed to validate the computational fluid
dynamic code developed. The assumptions driving the analysis of this system are listed
as follows.

1. The fluid medium is homogeneous.

2. The fluid medium is incompressible.

3. The fluid viscosity is constant over time and space.

4. Fluid flow is steady-state.

5. Fluid flow is laminar."

6. Fluid flow is two-dimensional.

7. The fluid is Newtonian.

8. Gravity has no effect on fluid flow.
Although the above assumptions should pertain to a number of fluids investigated for
ALM, they were verified experimentally for the specific case of water in a tank at room
temperature since this was deemed to be the most practical method of validating the
streaming results (again, see CHAPTER 5). In the remaining sections of this chapter,
these assumptions are applied to the Navier-Stokes equations and energy equations to

simplify the computational process.

! During development of the Navier-Stokes equations, a time-averaged Reynolds stress is called upon,
although this is for the streaming body force. No attempt is made at turbulence modeling. The assumption
of non-turbulence is not claimed to be necessarily correct, rather just a simplifying assumption.
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The model was designed such that any combination of . and W could be investigated by

simply changing their values.

2.2 Acoustic Model

As a prerequisite for the study of ALM effects, the underlying influences
involved—namely radiation pressure, streaming, and heating—must be discussed. This
section gives a brief description of the acoustic theory important to—but not developed
by—this study of streaming due to ALM.

The foundation of this thesis lies in the development of a nonlinear acoustic
model previously undertaken by Faidley (2001) and Mann et al. (2000). Of particular
importance to the development of a CFD model of the fluid streaming and heating is the
existence of the nonlinear sound pressure field. Although none of the theory presented in
this section was developed during this study or is expounded upon in great detail during
the course of this thesis, it is presented as an essential component of the development of a
CFD model of ultrasonic acoustic streaming. This section begins with a discussion of the

foundation of ALM—the linear approximation model of nonlinear sound radiation.

2.2.1 Sound Pressure

Two sound pressure models are presented in this section—acoustic model for a

single transducer and acoustic model for a transducer array.

2.2.1.1 Acoustic Model for a Single Transducer

For a single transducer, Faidley (2001) models the generated sound (pressure,

p(F )) field in a fluid using the Helmholtz integral:
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p(F)= ];)—EPIIG(F |’70 )ﬁlmnsducerdS transducer 3 (2.1)

where pis the fluid density, o is the transducer circular frequency, 7, is the position on

the transducer (in radial coordinates), 7 is the observation position, G(r_ |70) is Green’s

function, # is the velocity at the surface of the transducer, and Sy ansaucer

transducer

represents the surface of the sound source which—in this case—is the transducer itself.

2.2.1.2 Acoustic Model for an Transducer Array

Mann, Clinkinbeard, Laage, Olsen, & Subramaniam (2005) present a model for a
rectangular array composed of rectangular sound transducer source elements. Figure 2.3
gives a simplified view of such an array, along with element x- and y-dimensions (a and b,
respectively), x- and y-spacing (dx and dy, respectively), and number of elements in the x-

and y-directions (N, and N,, respectively).



www.manharaa.com

o AJLb



18

and N, and N, are the number of transducers in

for the transducer located at position 7,

the x- and y-directions, respectively.

2.2.2 Force Due to Nonlinear Sound

Although not an essential component of the fluid streaming or heating effects
discussion of ALM in this thesis, the force on a gaseous sphere in a liquid medium (i.e.,
bubble) due to nonlinear sound is presented here. This term is calculated using a linear
model. The resulting linear approximation was developed by Wang (1998), as modified

by Faidley (2001), to be

_ 272(p(F)) k*R*
f(7)= : ) v (2.3)
2065 Leope | 3P kRpfj
P, =Tk R +| ——| ——
f=r cb4 [pf { 2,

where p(F ) is the sound pressure, 7 is the position of the bubble, R is the bubble radius,
pris the density of the fluid medium, cris the speed of sound through the fluid medium,

p» 1s the density of the bubble gas, ¢; is the speed of sound through the bubble gas, and £

is the acoustic wave number. The acoustic wave number is calculated as

k=22

Cr

(2.4)

2.2.3 Streaming Body Force

Perhaps the most important term for a direct analysis and discussion of acoustic
streaming—the fluid streaming body force—is presented in this section. Although two

philosophies for calculating acoustic streaming motion are shown in this thesis, both rely
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on the existence ofa time-averaged Reynolds stress, which is essentially the streaming
body force. Although presented with a fair amount ofidetail by Faidley (2001),
manipulation of equations to derive the streaming body force is shown in this section due

to its criticality with subsequent model development.

2.2.3.1 Euler’s Equation

To begin the discussion and derivation ofithe streaming force, Euler’s equation is

invoked:

d(pu)
o

=-Vp, (2.5)

where u is the velocity vector, pis the fluid density, p is the acoustic pressure, and t

represents time. Written in vector form, this becomes

olpn) » 5(W),;:_5_P;_5_P,;,

1+ (2.6)
ot ot ox Oz
where # is the x-component of velocity and w is the z-component of velocity. Since
density is assumed to be constant, separating Euler’s equation out into its separate
components gives
ou aop
ou__pP (2.7)
P e
and
ow ap
— =, (2.8)
o ot oz

Faidley (2001) shows that the values for pressure and velocity take the following form

assuming ox and ¢z are small and can be approximated as plane waves, resulting in
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plx,z,t) = Pelto ) (2.9)

ul(x, z, 1) = Ue ™+ (2.10)
and

w(x, z,1) = We ™) (2.11)

where P is the pressure amplitude, U is the x-component velocity amplitude, W is the z-

component velocity amplitude, o is the circular frequency of the sound, k is the acoustic

wave number vector defined as kx; + kzlg (where £, is the x-component of the wave

number and £. is the z-component), and x is the displacement vector xi + zk. Asa result,

the first derivatives of the pressure term with respect to the x- and z-directions are

‘;_1; = — jk Pe’ ) = _ jkp (2.12)
and

ap . j(a)sz-x) .

g:—]kzPe =—Jjkp. (213)

Likewise, the first derivatives of the velocity terms with respect to time are written as

%:ja)Ue"(“”k"‘) = jou (2.14)
and

%:]’a)We"(“”k"‘) = jow. (2.15)
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Replacing equations 2.12, 2.13, 2.14, and 2.15 into the x- and z-components of Euler

equation (i.e., equations 2.7 and 2.8) gives the following relationships between velocity

and pressure:

=)
u=|—|p, (2.16)
ol

and

=)
w=| —|p. (2.17)
o2t

2.2.3.2 Time-Averaged Reynolds Stress

A body force due to a time-averaged Reynolds stress can be found to satisfy the

equation

f=p{(uV)u). (2.18)

Assuming that the fluid is incompressible with constant density, (i.e., the divergence of:
velocity is equivalent to zero—shown to be true in section 2.3.1.1 but assumed as fact for

this portion of the analysis), the body force can be written as
f= ,0<(u . V)u + u(V . u)> . (2.19)

Expanded into its vector terms, the body force is

ou ou \» ow ow \»
f=pllu—+w—1ji+|u—+w— 1k
ox oz ox oz

ou  ow). ( ou  ow)\
+lu—tu—fi+|w—+w— |k
Oox oz Oox oz

(2.20)

which simplifies to



Ox oz Ox

ou ou ow \» ow ow ou
f=p 2ua+w—+u71+ Uu—+2w—+w— |k ). (2.21)

Using the multiplicative property of derivatives which states that for two functions, fand

g, the derivative ofithe product of these functions with respect to variable a is

olfg)  alf) . ,alg)
oa -8 oa v/ oa (222)

the body force becomes

2 2
f=p e +Mf+ MJraw k). (2.23)
ox Oz ox oz
Substituting pressure, p, for the velocity terms # in the x-component of the forcing term

and w in the z-component gives the following representation of the body force:

AR (e e

which simplifies to

- £} (. ). (e, )

@ Oox oz

The x- and z-component terms of sound intensity are defined as pu = I, and pw =L,

causing the forcing term to become

{k} ol. oI \. (ol. oI\~
f=<— =+ —=i + =+ —=1k). (2.26)
) ox oz ox oz

Further simplification results in

f= {f} [a]’“ + a]ZJ(li +ll€) : (227)
1%, ox Oz
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Given that the term 4/@ = 1/c (equation 2.4) and the bracketed value containing the

intensity terms is the dot product of the del operator, V, with the intensity vector, the

forcing term is written as

f= [%(V Ie), (2.28)

c

where I is the intensity vector and é is the unit normal vector 1i + k.
The existence of the sound intensity term presents an intriguing, yet
desirable simplifying consequence. According to Lighthill (1978) and Pierce (1981),
when sound waves are unattenuated, the following holds true for the divergence of
intensity:
V-1=0. (2.29)

However, in the presence of attenuation, this divergence has a non-zero value and can be

written as
V-l=-da, (2.30)

where / is the magnitude of intensity and « is an attenuation coefticient, which is “the

proportional loss of acoustic energy per unit distance covered by a traveling wave,”

(Lighthill, 1978). Therefore, the body force becomes

f= —[gjlé (2.31)

c

Thus, the body force used in this study of acoustic streaming takes the form of

f=p(u-Vu)= —[leé. (2.32)

c
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The attenuation coefficient is presented in the next section.

2.2.3.3 Attenuation Coefficient

According to Pierce (1981), the classical form of the attenuation coefficient is

o’
o= | (2.33)
c

where o is the circular frequency of the sound source, ¢ is the speed of sound through the

represented as

fluid medium, and Jis a proportional ratio of the fluid viscosity and density known as the
diffusivity of sound. The sound diffusivity can take one of a number of forms, including

the following common version:

o= —i[i—i-}/—_l}, (2.34)
2p\3 Pr

where £ 1s the dynamic viscosity, yis the specific heat ratio, and Pr is the Prandtl number
of the fluid (Pierce, 1981). Evident from equations 2.33 and 2.34 is the fact that the

attenuation coefficient takes on dimensions of the inverse of length.

2.2.4 Fluid Heating

One final effect discussed in this study of ALM is the heating of a fluid. Mann et

al. (2005) give the rate in temperature change in a fluid undergoing ALM as

- i J (p(F))°, (2.35)
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where 4 1s the fluid dynamic viscosity, yis the specific heat ratio, Pr is the fluid Prandtl
number, and C7 is the isothermal specific heat of the fluid. The extent of this equation’s

purposefulness is evident in section 2 4.

2.3 Streaming Velocity

As stated in the introduction, an important facet of ALM (and one verifiable
through experiments) is acoustic streaming. The purpose of focusing this study on
streaming is to develop—beginning with the Navier-Stokes equations—computational
fluid dynamic code that will be used to determine the velocity, pressure, and acceleration
fields. Later in the study, the calculated velocity is compared with the experimental data
and the values of computational parameters (such as viscosity, density, and attenuation
coefficient) adjusted to determine the eftects of their variation on the flow fields.

This section is devoted to the development of equations that will be used in

following chapters to determine the flow field due to the acoustic streaming phenomenon.

2.3.1 Navier-Stokes Equations

To facilitate a numerical solution to the velocity flow field for acoustic streaming
due to ALM (and any fluid mechanics problem, for that matter), the necessity arrives to
first derive the correct form of the Navier-Stokes equations. This is comprised of the
development of both the continuity equation (otherwise known as conservation of mass)
and the conservation of momentum relations. Although derivations of fundamentals are
left to the reader, the development of both sets of equations (based on the fundamental

forms) is shown in detail for the remainder of this section.
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2.3.1.1 Continuity Equation

In order to do justice to the development of the streaming equations, the basic
equations of motion are presented beginning with their most raw forms. The
development originates with the idea of continuity, otherwise known as conservation of
mass. As Tannehill, Anderson, & Pletcher (1990) explain, the two-dimensional form of

the continuity equation can be written as

‘Z—fw-(pu):o, (2.36)

where u is the particle velocity vector. This equation is expanded to separate its density-

variant and velocity-variant terms:

%—erquerVu:O, (2.37)

where dp/dt + u Vp is defined as the material derivative Dp/Dt. Since one of the driving
assumptions is that the ALM phenomenon under study is for an incompressible fluid, the
material derivative is presumed to be zero over time and space (essentially, the fluid
density is constant over ¥, z, and ), and the conservation of mass equation simply

becomes the divergence of velocity,
V-u=0, (2.38)
which, considering its x- and z-components of velocity, can also be represented as

ou ow
—+—=0. (2.39)
ox oz
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Based on the assumptions given, this is the simplest and perhaps most useful form ofithe
continuity equation for the problem at hand and will be later used to simplify the

conservation of momentum and energy equations numerous times.

2.3.1.2 Conservation of Momentum

For the conservation ofimomentum equation, Tannehill et al. (1997) give the

following Cartesian form (in mixed vector and Einstein summation notation):

Du 0 ou, Ou; | 2 Ou
e -Vp+ |y —+—L |25 u—E |, 2.40
P i P ﬁx{u[ﬁxj 8x1} 3 ”“ax,l (240)

i

where fis a body force per unit volume, p is the particle pressure, yis the dynamic
viscosity of the fluid, and & ;; is the Kronecker delta function, where 0=1ifii =j and 0 =
0ifii # j. The body force, f, is typically due to gravity. However, as mentioned in
section 2.1.3 ofithis thesis, the model and experiments were set up to remove gravity
from the equation. This was accomplished by orienting the fluid tank such that the
gravity vector was normal to the plane on which ALM effects were being recorded. As
will be seen with further development of the Navier-Stokes equations, the body force in
equation 2.40 is used to represent the streaming body force.

Similar to the case with density in the previous section, the material derivative for

the fluid velocity—Du/Dt—is defined as

Du Cu
E_5+(u-v)u. (241)

In order to simplify the calculation process, more of the assumptions driving this

study—that fluid viscosity is constant in space and time and over the temperature ranges
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studied and that fluid motion is at steady-state and is incompressible—are called upon.

As a direct result ofithe underlying assumptions, the conservation of momentum equation

takes the following simplified form:

i

ou 0 ou, 2 ou
—+-Vu|=f-Vp+—| g —+—L|-=6,u—L]|. 2.42
p{az ( )"} p ﬁx{u[ﬁxj 8x1} 3 ”“axj (242)
The following relations are formed when this equation is split into its x- and z-

directional components. (To save time and space, only x-direction equation derivation is

shown.)

The x-component of the conservation ofi momentum relation is

[@M%W@J_f_a_mg [zﬁ_zv.uj W2 [%@j (243)
Ao "o e e M 3 oz| M\ o oz '

where £, is the x-component of the body force. This equation is further expanded to give

the following:

[81! ou 8u} ap
ol —Fu—+w—|=f —=—
ot ox oz ox
: (2.44)
N 282u_g[@+@J . 82w+82u
P 3\ a2 )| | M ave: " o

Finally, after making use of the continuity relation, equation 2.44 is simplified into the

following form:

Ou o*u azuj
. (2.45)

[@-i—u@-i-w—J_ N +
Pa "o e )T T w ae a

Developed in a similar manner, the z-directional component ofithe conservation of

momentum equation is written as
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[8\4/ ow 8\4/} op
pl—+u—+w—|=f ——+
ot ox Oz ox

o'w  Ow
vl (246)

where f. is the streaming body force in the z-direction. Recombining the x- and z-

directional components into vector notation results in

p{%Jr(u-V)u}:f—Ver,uvzu. (247)

One last assumption must be accounted for to give the basic model of the Navier-Stokes

equation as used in this study, which is the idea that the streaming is a steady-state
ou . .
process. Therefore, > is set equivalent to zero and the fundamental steady-state
Navier-Stokes equation for acoustic streaming is
plu-Viu=f -Vp+ uVu. (248)

This is the simplest form ofithe Navier-Stokes equation which can be used to develop the

streaming solution.

2.3.2 Navier-Stokes Equations using the Vortcity-Stream Function

Methodology

Evident from equation 2.48 is that the Navier-Stokes relation developed in section
2.3.1.2 actually represents two equations (in the x- and z-directions). When numerically
approximating this expression, two equations are actually required and are interlaced
during calculations, drastically complicating the computational process. Thus, a
simplification which would result in their consolidation into one equation is desired for
ease of developing the CFD code. This becomes possible with the consideration of one

ofithe driving assumptions in this analysis oft ALM, which is that the fluid is
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incompressible. This incompressibility state allows the vorticity-stream function
approach to serve in solving the Navier-Stokes equations, which is the process developed
and presented in this section. This is accomplished by first defining vorticity, next
developing a stream function, and finally integrating the terms into the Navier-Stokes
equations to form the vorticity transport equation. As concluded in this section,
development of the vorticity transport equation—based on the assumptions that flow is
incompressible and viscosity is constant—allows the simplification of the two
components of the conservation of momentum relation into one equation.

Development of the vorticity-transport form of the Navier-Stokes equations was
inspired through an early study by the author to calculate the lid-driven cavity flow
problem. Tannehill et al. (1997) present a detailed solution to lid-driven cavity flow
utilizing the vorticity transport concept, which was drawn upon for the development of

the streaming equations shown here.

2.3.2.1 Vorticity Development

The vorticity function, £, defined by Tannehill et al. (1997) as twice the value of
the fluid angular velocity (@ ), is represented for the two-dimensional flow under study

as

szxu:[@_@jqzzw, (249)
ox 0Oz
where the magnitude of vorticity is written as
(= ow _ou (2.50)
ox 0z '

The first and second spatial derivatives of vorticity in the x-direction are as follows:
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o _&w  Ou (251)
o ox  oxoz )
2 3 3

°¢ _w (252)

o’ axlor

Likewise, the first and second order derivatives with respect to the z-direction are written

as
og 82w_82u (253)
& oxdz ozt '
and
2 3 3
0°¢ w  Cu (254)

oz oxoz o

These derivatives will prove quite useful in the following section.

2.3.2.2 Stream Function Development

In addition to the vorticity concept, a stream function which satisfies the
continuity condition is introduced. However, the form ofithe stream function is
dependent on whether or not density is treated as a constant. This results in the
presentation ofitwo stream function derivations, one of which will be used in the final

CFD code generation.

2.3.2.2.1 Vorticity for Constant Density

For a fluid with constant density, a stream function yAx,z) can be found which is

related to the x- and z-components ofivelocity in the following way:



oy
Shad 2.55
u . (2.55)
and
oy
=——. 2.56
w » (2.56)

As mentioned by Tannehill et al. (1997), the change in the stream function is related to

the change in flow rate of the fluid as

pAl//:pa—l//Aerpa—l// . (2.57)

Oox oz

Using the definition for stream function recently derived, this relation becomes

PAY = pulx + pwAz (2.58)
PAy = pir - AA (2.59)
PAy = Anr. (2.60)

An obvious result of equation 2.60 is that the stream function term has units of length
cubed per unit time, which equates it—in essence—to volumetric flow rate.

The first derivatives of the x-component of velocity with respect to the x- and z-

axes are
ou o°
— = (2.61)
ox  Oxoz
and
ou 0*
— = (2.62)
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Likewise, the first derivatives of the z-component of velocity with respect to the x- and z-

axes are
% =— (j;/z/ (2.63)
and

As a result of the above derivations, the stream function can be related to vorticity in the

following manner:

O’y 0’
C:—|:ax—l/2/+871/2/:|. (2.65)

Note that this is the elliptical Poisson’s equation, where f (x, z) =—C.

2.3.2.2.2 Vorticity for Variable Density

If the fluid density is not constant, then a stream function term is derived in the
following manner (Tannehill et al., 1997). The steady-state form of the continuity

equation from section 2.3.1.1 is

o) , Aow) _,

2.66
Oox oz ( )
The stream function term is then defined as
o = oy (2.67)
oz
oW = Oy (2.68)
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To satisty the vorticity equation, the first spatial derivatives of x- and z-velocity with

respect to the z- and x- directions, respectively, are

ou 010y
ar_c|_c¥ (2.69)
0z oz\ p Oz

and
ow__Oofloy (2.70)
ox ox\ p oOx

Therefore, the vorticity term becomes

é’:_ila_l// +g la_l// . (2.71)
ox\p ox ) oz\ p oz

Note the complexity in the vorticity equation which is added due to the lack of the
constant density assumption. Also evident is the fact that holding the density constant in
equation 2.71 gives a similar form to the vorticity of equation 2.65, separated only by a
proportional factor of 1/p. Therefore, the stream function used for the ALM calculations

is the constant density version developed in section 2.3.2.2.1.

2.3.2.3 Vorticity Transport Equation Development

In this section, the Navier-Stokes (continuity and conservation of momentum),
vorticity, and stream function relations are combined to give the vorticity transport
equation. This form of the Navier-Stokes equations is that for which the CFD code is
developed in CHAPTER 3.

To begin the analysis, the curl is taken on both sides of the conservation of

momentum equation developed in section 2.3.1.2 (equation 2.48):
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Vx[p(u-V)u]:Vx[f—Vp+uV2u]. (2.72)

To further expand this equation, each term is developed separately. The convection

expression is expanded to give

Vx[p(u-V)u]= Vx{p{["%+wg—zj;+(”@+W@J’;}}

ox Oz

o ow 8w} 8[ ou 8u}
=p|l—|U—+w— |- —|u—+w— (2.73)
ox\ Ox oz oz\  Ox oz

0 [8\4/ 8u} 8[8\4/ 8u}
=pltt—| ——— |+ Ww—| — ——
ox\ Ox Oz oz\ Ox Oz

Using the definition of vorticity, the convection becomes

Vx[p(u-V)u]:p{u%er(Z—f] (2.74)

The forcing term—V x f —is left for section 2.3.3.

The pressure term——V x Vp —is eliminated:

ox ox
_dp dp (2.75)
ooz oxoz )
The viscous term is written as
O*u o'ul. (0w 0w ).
VxuViu=uv + |+ + k
e XKaxz 822} (8x2 aﬁj }
B 83w+83w_83u _83w (276)
A ez vz o '

o’ [aw auJ o’ [aw auJ
ox*\ox oz oz ox oz
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Taking the second derivative relations for vorticity, equation 2.76 becomes

0°C o¢
Vx iV =y —+ , 2.77
e N{ oxt ozt ( )

which is again elliptical. Thus, the Navier-Stokes relations as put into vorticity-stream

function transport form are rendered as:

o, o, 0’¢ ¢
—= |-w = ||=Vxf+ + . 2.78
pH 8xj w[ P ﬂ s “(axz P (27%)
The vorticity transport equation can also be written as
oy \ o¢ 81//}[8(} o’ o ¢
— | = |-| = | =||=Vxf+ + . 2.79
pK oz j[@xj [8x oz AR (PP (27

The development ofithe forcing term, f, is somewhat unique to the philosophy through
which it is employed in the vorticity transport equation, i.e., whether the Nyborg (section
2.3.3.1) or Lighthill (2.3.3.2) streaming formulation—alluded to in the opening paragraph
ofithis chapter—is employed. Therefore, derivation ofithe vorticity transport form ofithe

forcing is left to these sections.

2.3.3 Streaming Equations

The primary goal of the Navier-Stokes derivation process is to develop the
simplest form of an acoustic streaming equation or equations which will enable
computation fluid dynamic modeling ofithe sound transducer-induced flow field.
However, a number of different models exist for describing this flow. For this thesis, two
primary formulations are first explored before developing the numerical code—herein

named the Nyborg streaming formulation and the Lighthill streaming formulation. Both
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formulations basically develop a body force term within the Navier-Stokes equations,

which is the mechanism by which acoustic streaming occurs.

2.3.3.1 Nyborg Streaming

Nyborg (1998) developed an acoustic streaming model based on the separation of
Navier-Stokes terms of different orders. The derivation of the Nyborg streaming model

is presented in detail in this section.

2.3.3.1.1 Navier-Stokes Approximation

Nyborg (1998) derived the streaming force term by separating the Navier-Stokes
equation into summations of terms of increasingly higher order. He then set the terms of
like order equal to each other in order to develop the final form of the Navier-Stokes
equations used for analysis. In order to accomplish this separation of different-order
terms, pressure, density, and velocity values (in consecutive order) are approximated as

infinite summations of increasing order:

P=PotP+DP,+
PL=pP, TP tp,+-- (2.80)

u=u, +u, +---,
where the subscripts “0,” “1,” and “2,” indicate the zeroth order (constant), first order
(periodic), and second order (fluctuating) terms, respectively, of the variables. The major

assumption driving this particular simplification of the Navier-Stokes equation (and one

argued against by Lighthill (1978)) is that terms of order higher than second order are
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significantly smaller than lower order terms. Therefore, given that individual third order

and higher terms are ignored, the Navier-Stokes equation becomes

(,00 O +p2)[(u1 +u2)-V](u1 +u2): _V(po TP +p2)+,uV2(ul +u2)° (2.81)

Since density is considered as constant in this analysis, only its zeroth order term remains,

resulting in the following simplification:

Po [(ul : V)“l + (uz : V)“z]: —V(po +p p2)+ /Uvz(ul + u2)° (2.82)
As Nyborg discusses, the order of a term of the form a, (xm -V)xn is/+m+ n, where [, m,

and » represent the order of each individual component of the term. Following from this,
terms of the same order in the derived Navier-Stokes equation can be set equal. Thus, the

partial derivative of the zeroth order of pressure (the constant pressure value) equals zero:
Vp, =0. (2.83)
Likewise, a conglomeration of first order terms yields the following equation:
~Vp, +uV’u, =0 (2.84)

The second order relations give the form of the Navier-Stokes equation useful for the

Nyborg formulation:

p.(u, - Vu, =-Vp, + 1V, (2.85)

Finally, as is evident from the form of the Navier-Stokes equation (2.81), the fourth-order

convection term is zero:

(u, V)u, =0 (2.86)
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In order to simplify the derivation process, the x-component of the Navier-Stokes

equation is now considered with relation to equation 2.85 and is represented as

(2.87)

+w
ox oz oz

2 2
p{ aau ]Z}:_apz ﬂ{a (i, +11y) | &, )

Since the body force developed in section 2.2.3 is a temporal average, the necessity
arrives for taking the time average of the Navier-Stokes relation. This is accomplished

by taking the average of both sides of equation 2.87:

ou, Ou, ap, o'u, Ou,
AN [P, AR 1Y (288)
a °<ulax " az> < o e &

where ( ) indicates that the time average value of the terms is being calculated. Since the

density term is constant, its average is equal to its zeroth order term. Therefore, it is
removed from the averaging brackets for simplification. Thus, the following simplified

form of the x-component of the Navier-Stokes equation is derived:

ou ou oAp 0 {u 0% (u
oo G G- ) T 2

Likewise, the z-component is

Ox oz oz oz Fo

,00<ul%erl%>=—a<pz>+#{a <W2>+a <W2>} (2.90)

Finally, the vector form of the Navier-Stokes equation is written as

polla, - Vu)=-V(p,)+ V> {u,). (2.91)

This is the basic form of the Navier-stokes equation used to calculate streaming effects

using the Nyborg formulation. The term u; is the streaming velocity of interest. The
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,00<(u1 -V)u1> term is the convective term due to nonlinear sound and is further

developed in the next section.

2.3.3.1.2 Forcing Term

Evident from the final form of equation 2.91 is the following body force within

the fluid of interest:

f=p,((u, Vi), (2.92)

where f is a second-order body force which acts on the fluid due to first-order convection.
Since the individual velocity terms involved in this expression are of first order and can
thus be considered as periodic, this force can actually be represented as the Reynolds

stress term discussed in section 2.2.3.2. Therefore,
o .
£= oy {(, - V)u) = _HQZ %, (293)

where <1 2> is the time-averaged acoustic intensity. Finally, the fundamental Nyborg

formulation ofithe Navier-Stokes equation is
a n )
) [_J(fz Ve = -V(p, )+ 4 (u,). (294)

2.3.3.1.3 Nyborg Streaming in Vorticity Transport Form

In this section, the Navier-Stokes equations (continuity and conservation of
momentum) and vorticity and stream function relations are combined to give the vorticity
transport form of the Nyborg streaming equation. To begin the analysis, the curl is taken

on both sides of the conservation ofi momentum equation:
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vaﬁJme} V() 9 ). (295)

c

This results in

_[%J[VXQZ)&]:—<V><Vp2>+,uV><V2<u2>. (2.96)

The curl ofithe body force term is
(L= {2 <l ]
(2.97)
(2%

As derived in section 2.3.2.3, the pressure term is

VxV(p,)=0, (2.98)
while the viscous term becomes
0(¢,) | 0NE)
2 _ 2 2
V x uV (u) = ,u( P + pcand b (2.99)

Thus, the Navier-Stokes relations are now put into vorticity-stream function transport

form:

c Ox Oz ox? oz

_[ZJ{M_MJ = u[az<@> + 82(@}} (2.100)

which is an elliptical equation.
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2.3.3.2 Lighthill Streaming

Sir James Lighthill (1978) took a different approach to acoustic streaming from
Nyborg. He explained that approximating terms above second order to be significantly
smaller than terms at or below second order may be detrimental to correct development
of the Navier-Stokes equations. Lighthill contended that streaming is due to and should
be modeled using a body force which acts on the fluid subjected to a nonlinear sound

field. This body force is also actually a time-averaged Reynolds stress.

2.3.3.2.1 Streaming Force Development
Once again, as shown in section 2.3.1.2, the fundamental Navier-Stokes equation
is
plu-Viu=f-Vp+uViu. (2.101)

Lighthill (1978) explained that the forcing term in the Navier-Stokes equation due to
acoustic streaming is the spatial derivative of the time average of the Reynolds stress

term (in the direction of sound propagation):

8<pul.uj>
/= —T (2.102)
In vector notation, this becomes
f= —<p[(u Vu+u(V- u)]> (2.103)

As previously, conservation of mass is held. Thus,
u(V-u)=0. (2.104)

Consequently, the forcing function (with constant density) now becomes
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f=—p{(u- V), (2.105)

which is strikingly similar to that developed using the Nyborg formulation of the
previous section. In fact, it is also of the same form as the streaming body force
previously developed. Therefore, the following equation holds true for Lighthill

streaming:

f=—p((u-Viu)= [%J(l )e. (2.106)

As a result, the Lighthill streaming form of the Navier-Stokes equations become
plu-Viu= [KJ(I)é ~Vp+ iV u. (2.107)
¢

2.3.3.2.2 Lighthill Streaming in Vorticity Transport Form

Since the Lighthill streaming formulation utilizes the basic form ofithe Navier-

Stokes equation, it takes the form of

oy o) (awYog)]_ 02 8¢
p{[a_j[aj [&J[aﬂ vxf+u[8x2+azzj (2108)

as presented in section 2.3.2.3. Therefore, only the forcing term V xf needs to be

expounded upon here.

Because the force is developed for the Navier-Stokes equations in primitive form,
for the streaming force to be in a consistent form with the vorticity-stream function
transport equation, it is necessary to develop the force in a consistent structure. This is

accomplished by taking the negative of the curl ofithe forcing function:
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o 0

fo:[%J% %[g}{%%} (2.109)

Combining this forcing function with the vorticity-stream function form of the Navier-

Stokes equation gives its final form:

{2l () QL)) o

2.3.3.3 Boundary Conditions

An important (and absolutely necessary) consideration in computing the
streaming solution is the development of correct boundary conditions of the tank.
Although for the acoustic solution the problem is considered to be unbounded, this does
not hold be true for the streaming solution (velocity profile). For example, recirculation
may occur in the tank while it is subjected to acoustic streaming. The boundaries of the
tank would act to route the recirculation paths. As a result, the streaming solution for this

study is formulated for a two-dimensional tank with solid boundaries.

2.3.3.3.1 Primitive Variable Boundary Conditions

From the no-slip condition imposed on the solid boundaries, the velocity

components along the tank walls are found to be
u(O, z) = u(W, z) = u(x,O) = u(x,L) =0 (2.111)
and

w(O z) = w(W, z) = w(x,O) = w(x,L) =0, (2.112)

2



45
where [ and W represent the tank length and width, respectively. In addition, the

following relation holds true at the left and right tank walls, respectively:

ow

=0. 2.113
pe ( )

x=W,z

x=0,z

Likewise, the following relation holds true at the front and rear tank walls, respectively:

Ou|
oz

_ Ou

- 0. (2.114)
x,z=0 aZ

x,z=L

2.3.3.3.2 Vorticity Transport Equation Boundary Conditions

Finally, the stream function term— yAx,z)—has a value of zero at the tank
boundaries (Tannehill et al., 1997). In the next chapter, the discretized forms of these
relations are combined using a Taylor series expansion of the stream function to represent
the boundary conditions using vorticity terms.

Following from equations 2.111 and 2.112 in the previous section and equations

2.55 and 2.56 in section 2.3.2.2.1,

vl _ov|  _ov|l _oy —0 (2.115)
ax x=0,z ax x=W,z ax x,z=0 ax x,z=W
and
aZ x=0,z aZ x=W,z aZ x,z=0 aZ x,z=W

A Taylor series expansion of the stream function term with respect to z at the tank

front wall boundary is represented as
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2 n
e A)=p(60)+ Y A+ L9 (ay e LY () 2y
aZ x,2=0 2 aZ x,2=0 n 6Zn x,z=0
Since
oy =u(x,0)=0, (2.118)
0z |0

ifiterms higher than second order are approximated to be negligible, the equation can be

rewritten as

_ 2fplx, Az) - p(x,0)]
ermo (Az)?

oy
oz’

(2.119)

Using similar representations ofi Taylor series expansion for the other three wall locations,

the following expressions at wall boundaries are determined:

0%y _ Z[W(x,L—Az)—l//(x,L)]’ (2.120)
822 x,z=L (AZ)2
Syl 2pl(Axz)-p(0,2)] (2.121)
axz x=0,z (Ax i ’
and
2
8_1/2/ _ 20y (W - Ax, Z)Z— w(,z)] (2.122)
ax x=W,z (Ax)

Finally, the vorticity term at the walls is evaluated. At the front wall, the vorticity

magnitude is written as

2
+a L
oz?

ox?

£(x0)= —(62‘”

J (2.123)
x,z=0

x,z=0
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The first term on the right hand is found to be zero. This is due to the fact that

821//|
8x2

=0, (2.124)

x,z=0

which falls from developments in the previous section. Therefore, after substituting for

the second right-side term, the vorticity at the front wall becomes

2w (x,A2) —w(x,0)]
AZZ

£(x0)=

(2.125)

Since the stream function is a constant at the boundaries (Tannehill et al., 1997), an
assumption can be made which allows the stream function at the boundaries to be set to

zero. Therefore, equation 2.125 becomes

¢(x,0)= ——ZWE;AZ) (2.126)
Likewise, the following are found to be true at the remaining tank walls:
£(x L)Z——zw(x’L_AZ) (2.127)
2 AZ2 2 .
¢(0,z)= ——2W§f’ 2) , (2.128)
and
cw Z)Z——zw(W_Ax’Z) (2.129)
2 sz . .

As will be shown in CHAPTER 3, these boundary conditions will be called upon for the
numerical computation of the vorticity transport equations prior to retransformation of

the stream function into the primitive velocity terms.
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2.4 Heating Effects

An additional effect of ALM is heating of the fluid due to nonlinear sound. This
section shows the methodology used to calculate the temperature profile of the tank while
the transducer was excited. As will be presented, the temperature profile is only achieved

after derivation of the energy equation.

2.4.1 Theoretical Development

The following two-dimensional representation of the energy equation was given
by Incropera and DeWitt (2002) and is modified here to account for the time rate of

temperature change within a fluid:

—tu—+w—
ot ox Oz

[8T orT 8Tj
p

o’T T auY (owY (ou owY 2(eu owY
A—t— |t 2 —| t2/ —| t|—+t— | —=|—+—| |, (2130)
ox oz Oox oz Oz Ox 3\ox Oz

where 7'is the fluid temperature, ¢, is the specific heat of the fluid, 4 is the thermal

conductivity of the fluid, pis the fluid density, and g is the viscosity of the fluid.

However, after considering the form of continuity previously developed in section 2.3.1.1,

specifically % + ? =0, the energy relation reduces to
V4

ar ooy
Pl e T

o’T 8T ouY (owY (ou owY
M—t—|tH2d—| +2—| | —+t—| |- (2.131)
ox oz ox oz Oz Ox
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Using the stream function, this becomes
o’T  o'T pe, | ar [c%x}[@T} [81@[%}
- + =— — == |- == |+
o’ oz’ A ) ot 0z N\ Ox oz \ Oz
2, \? 2, \? 2 2 N\ [
+[£} [ OV L v (2w oy
A 0x0z 0x0z ozb  ox’

Equation 2.132 is the basic form ofithe energy equivalence and is discretized in the next

(2.132)

chapter in order to allow the temperature profile ofithe fluid tank to be calculated.

2.4.2 Time-Varying Temperature Term

Although the time-dependent terms were ignored for the Navier-Stokes equations,
they are considered when dealing with the temperature equation. As seen in section 2.2.4,
Mann et al. (2005) show that the time rate of change in fluid temperature term due to the

nonlinear sound is

d1(F) _ ”Z“G " 1;;/} () (2133)

dt 2p°c,*C,

where o is the sound frequency in radians per second, p(F ) is the time-averaged sound

pressure, k 1s the acoustic wave number, pis the density of the fluid, cris the specific heat
of the fluid, g 1s the fluid viscosity, yis the specific heat ratio, Pr is the fluid Prandtl
number, and C7 is the isothermal specific heat of the fluid.

The term developed above acts as the thermal “forcing,” or heat generation, that
drives temperature differences in the fluid caused by the nonlinear sound. However, it
does not serve as the only possible mechanism for heat generation. Dissipation within

the fluid due to viscous motion is a major contributor. Additionally, heat dissipated by
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the sound transducer itself could be considered as a boundary condition and is developed
in the next section.
2.4.3 Boundary Conditions

The tank model was investigated for two boundary condition sets. The first is
simply for a tank with sidewalls held at a constant temperature. For this set, heat
dissipated by the transducer is considered to be negligible. The purpose of this particular
set of boundary conditions is to observe the extent of any heat that would be dissipated
within the fluid itself. The idea is to determine the magnitude of heating effects caused
by the nonlinear acoustics of the transducer and the fluid motion itself.

The second set of boundary conditions is identical to the first, with the exception
that a uniform heat load is assumed at the tank boundary where the transducer is located.
This heat load is due to inefficiencies within the transducer itself. The assumption of a
uniform heat load is considered by the author to be a conservative estimate of heating
within the tank since the only heat dissipation path will be for heat to spread within the
fluid itself. This would potentially give a maximum temperature differential within the
fluid.

The boundary along the wall with the transducer is developed using the one-

dimensional form of Fourier’s equation (Incropera & DeWitt, 2002):

_Mﬂ —q, (2.134)
dZ z=0

where ¢ is the power dissipated by the transducer transformed into heat and A4 is the area
of the transducer. This condition is only valid in the transducer location along the wall of

the tank at z = 0 and over the surface of the heat source.
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2.5 General Comments

This chapter presented an overview ofithe required theory for full development of
an acoustic streaming and heating model. Although general in nature, the concepts
explained in this chapter lays the foundation for the computational fluid dynamic
formulation presented in CHAPTER 3. However, the theory must be evaluated with
respect to the assumptions levied upon it, which come into play during the closing

chapters ofthis thesis.
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CHAPTER 3. NUMERICAL DEVELOPMENT

With the goal of computing the tank fluid velocity and temperature fields due to
the acoustic streaming effects of ALM, utilizing a finite difference scheme, the
fundamental fluid dynamics and heat transfer equations developed in CHAPTER 2 were
discretized over a grid of nodes and spacing identical to that established for the acoustic
solution. This chapter describes the development ofithe discrete form ofithe fundamental
fluid and energy equations. However, prior to presenting the numerical approximations
to the Navier-Stokes and heat transfer relations, general terms using an arbitrary function,
g(x,z), are investigated in order to fully describe the necessary expressions for obtaining a
solution. The study of this dependent variable results in discrete terms for the first,
second, and mixed partial derivatives, which are subsequently applied to the fundamental

fluid and heat transfer equations.

3.1 Generalized Discretization

Discretization ofithe continuity, conservation of momentum, and conservation of
energy equations was conducted using a mixture of finite difference relations. The
discrete form for each ofithese relations was derived using a combination of terms
derived from a number of forms of Taylor series. The methodologies and philosophies
drawn on to eventually create a CFD model are presented in this section, beginning with

an analysis based on various forms of Taylor series.



www.manharaa.com

o AJLb



54

To extract an approximation of the first derivative of the generic function g(x,z) with
respect to the x-direction, the forward and backward Taylor series are subtracted and

terms higher than second order are eliminated to get

g(x+Ax,z)—g(x—Ax,z):Zaggx’Z)Ax. (3.3)
Y

The equation is rearranged as

8g(x, z) g(x + Ax, z)— g(x - Ax, z)

= . 3.4
ox 2Ax (34)
Next, the addition of the forward and backward equations and elimination of terms
beyond second order is performed to achieve the second derivative of g(x,z) with respect
to the x-direction:
azg(x, Z) 2
g(x+Ax,z)+g(x—Ax,z):2g(x,z)+T(Ax) , (3.5)
which is rearranged for simplification:
O°glx,z) _ glx+Ax,z)-2g(x, z)+ glx — Ax, 2) (36)

8x2 (Ax)2
Following the same line of reasoning, the first and second derivatives approximations of

g(x,z) with respect to z are established:

0g(x,z) _ glx,z+Az)—g(x,z— Az) (3.7)

oz 2Az

and

og*(x,z) _ g(x,z+Az)-2g(x,z)+ glx, z — Az) .
oz’ (Az)’

(3.8)
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When reflecting back on equation 2.132, one notices that in addition to the partial
derivatives found in during the derivation of the fluid motion and energy equations,

mixed partial derivatives are present and therefore must be approximated for

) . . 0 glx,z
completeness. In order to find a mixed partial derivative, M, one must
z

necessarily evaluate the function g(x,y) at the coordinates (x + Ax, y + Ay), (x - Ax, y +

Ay), (x + Ax, y - Ay), and (x - Ax, y - Ay). The following succession of equations shows

the form of the Taylor series for each coordinate point required:

g(x+Ax,z+Az)—g(x,z):

2
[Ax%JrAza—aZ}g(x,z)Jr%[AxiJrAzaﬁJ glx,z)+ ., (3:9)

g(x—Ax,ZJrAZ)—g(x,Z):
2
[_Axg_i_AZ a}g(sz)—i—l[—Axg-FAZagJ g(x,z)+..., (3.10)

ax oz 2

2
[Axg—Az a}g(x,z)Jr%[Axg—Ang g(x,z), (3.11)

and

g(x —Ax,z— Az)g(x, Z) =

2
[—Axﬁ-i-—AZ a}g(x,z)Jrl[—Axg—AzagJ g(x,z). (3.12)
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Now that the previous four relations have been derived, equations 3.9 and 3.12 are added.
Subtracted from the sum of these two equations are equations 3.10 and 3.11. The

combination of these relations results in the following second-order approximation:

g(x+Ax,z+Az)—g(x—Ax,z+Az)—

2
g(x+Ax,z—Az)+g(x—Ax,z—Az)=4AxAz%. (3.13)
xXoz

&’g(x, z)

zZ

Solving for the mixed partial derivative term gives the final expression:

0° 1
£ L foer anz s ac) gle-aez )

(3.14)
—g(x+Ax,Z—Az)+g(x—Ax,Z—Az)]

In addition to this numerical treatment of the mixed partial derivative, Tannehill et al.
(1997) explains a number of other representations that are possible. However, these
alternative representations are deemed unnecessary and contrary to the desired

methodology at hand and are neither presented nor discussed during this study.

3.1.2 Discretized Terms in Subscript Form

With the intention of shortening the form of the above equations and provide
continuity between “pen and paper” representation and symbolization within the
Matlab® code environment, the functional g(x,z) rendering is dropped in favor of a

subscript notation. Thus, the function g(x,z) is represented as

g(x, z) =8k (3.15)

The first and second derivatives are likewise shown to be



and

8g(x, z) B 8_g
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o ox

og*(x, z) 82g|

ik

_ ik 28 T &k

8k — ik

2Ax

b

ox’ ox’ |

8g(x, z) B 8_g

ik

&z oz

ik

(Ax)

ik ~ 8ik

2Az

b

b

agz(x, Z) _ 82g| _ &k —2g, + 84

oz’ 822|

ik

(Az)’

which—in subscript notation—is represented as

agz(x, Z) B 52g| _ Einin ~8ipn —&rrpa T8 )

oxdz  oxle|

4AxAz

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

While x and z insinuate continuity, the subscripts i and & indicate a particular (discrete) x-

and z-coordinate point. Specifically, the subscripts represent the nodal coordinates on the

(i,k) plane. The analogue to the five-point grid shown in Figure 3.1 is apparent in Figure

3.2.
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¢ Second Partial Derivatives

82g :gm,k —28,, T8 (3.24)
o |, (Ax)’
82g :gi,k+l —28,, t 8 (3.25)
oz’ |, (Az)’
e Mixed Partial Derivative
(32g ‘ _ ik ~ 8w —&rrka TEiua (3.26)

oxéz 4AxAz

These six discretized terms lay the foundation for the discretization of the Navier-Stokes

and energy equations.

3.1.4 Comments on Discretization Methods

As with most numerical approximation methodologies, numerous methods for
discretizing the Navier-Stokes and energy equations are available and each is valid in its
own right. For example, rather than choosing to transform the expressions into an
approximate form which contains a solution only at discrete points (using a Taylor series
or integral method), one might opt instead to model the equations using a finite volume
philosophy and perform an energy balance on each element. Or, one may utilize decide
to adopt a finite element approach and utilize polynomial relations to approximate the
fluid flow. As alluded to in the previous paragraphs, the above derivations by no means
serve as a “standard” or “all-inclusive” method of obtaining an approximation ofithe
dependent variables. However, this methodology proved to the author to be very

straightforward and simple in its implementation.
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3.2 Streaming Velocity Field Discretization

The streaming velocity as developed in CHAPTER 2 using two methods—
Nyborg streaming formulation and Lighthill streaming formulation—is further developed
in this section to facilitate computation of the streaming velocity fields using CFD code.
Results of the discretized equation derivation shown in the previous section are

substituted into vorticity-stream function form ofithe Navier-Stokes expressions.

3.2.1 Nyborg Streaming Discretization

As developed in section 2.3.3.1, the Nyborg streaming equation is

_[QJ(M_M};{@Z@+52<@>j, (3.7)

C oz ox ox? oz’

where the right side ofithe expression is elliptic and thus amenable to the five point
solution. The form of the left side of the equation is irrelevant due to the fact that it was
determined from the acoustic solution and is thus a known value at each grid point (i k)
for this study.

Using the discretization methods developed in section 3.1, the equation is

approximated as

_ /u( <CZ >z‘+1,k - 2<4/2 >i,k + <CZ >H,k n <CZ >i,k+1 - 2<4/2 >i,k + <CZ >i,k71
(Ax) (Az)’

Solving for the vorticity term gives
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As presented in section 2.3.3.1.3, vorticity transport equation is

(Cz>={az<%>+az<%>}, (3.30)

<CZ >i,k -

. (3.29)

o’ oz’
which is also an elliptic partial differential equation. In discretized form, this equation is

approximated as

(Ax) : (ac)

<4/2>i,k _ |:<l//2>z+1,k - 2<l//2>i,k +<‘//2>H,k <l//2>i,k+l _2<l//2>i,k + <‘//2>1-,k71 } (331)

Finally, solving for the stream function term at the point of interest results in

v =3 | Kb
RS D T D N }

(Ax) (Az)°

(3.32)

One last step is required in order to achieve the necessary terms for
characterization of the velocity field. Similar to that shown in section 2.3.2.2.1, the

stream function used in this analysis is described by the following two equations:

= (3.33)

and
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(wz):—a<gxz>. (3.34)

Using the first-order finite difference relations derived in the previous section, the

discretized versions of these equations are

W) — (W),
(n,) =14 12Az 2kl (3.35)

and

W) s —(v2),
(w,),, =- : LkZAz 2tk (3.36)

These two equations can subsequently be used to plot the velocity field of the tank since

the terms (u2 >l_ , and <w2 >l_ . are the velocities at each node point on the grid.

Another useful value is the scalar velocity at each point. This is calculated simply

as

(0., =), + (), F - (337)

3.2.2 Lighthill Streaming Discretization

In order to determine the streaming velocity using the Lighthill streaming
formulation, discretization is initially performed for the modified vorticity-stream
function method of the Navier-Stokes equations. Using relations previously developed,

the equation for vorticity is represented as

2 2
C:—{a—vﬁraw}. (3.38)

ox? ozl
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Using the finite difference method of discretization presented in section 3.1, the

discretized version ofithis equation (using the finite difference method) is found to be the

following:
ékzﬁ?mw—2%€+wﬂk+wgﬂ—2%€+wwl} (339)
(Ax) (Az)
This equation is solved for the stream function at location (7,k):
[ 1 1 1[
V=l T | £
‘ zLAx)Z (&)2} ‘ )

Viak YWk N Viikn TVWiea .
(Ax)’ (Az)’

In addition, as developed in sections 2.3.1 and 2.3.3.2.2, the vorticity transport

equation is defined as

SEEEHELY

Ox oz \ph\ox® oz° pc )\ 0z Ox

When approximated using the finite difference method, the vorticity transport equation is

found to be

Vika ~Wika CHl,k _Ci—l,k | Vi — Vi Ci,kﬂ _Ci,k—l
2Az 2Ax 2Ax 2Az

_ H {Cﬂl,k - 2Ci,k +Ci—l,k Ci,kﬂ _2Ci,k +Ci,k1j

P -
. (KJ( <]>i,k+l B <]>i,k—l _ <]>i+l,k B <1>H,k J
fos 2Az 2Ax

In order for this approximation to prove useful, the equation is solved for the vorticity

term, ¢,
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2Ax 2Az
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Similar to the Nyborg streaming formulation, the velocity terms are calculated as

Viekn ~Vika

Uy = > 3.44

ik 2AZ ( )
Ving ~Viax

Wy =" 7—> 345

ik 2AZ ( )
and

U, = \/(ui,k )2 + (wi,k )2 . (3.46)

3.3 Temperature Field Discretization

Section 2.4.1 showed the development of the energy equation from its most basic
form. The purpose of energy equation development for characterizing ALM is to
determine the temperature profile of the water-filled tank during transducer operation.

This will show any heating that occurs in the fluid as a result of its being subjected to
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nonlinear sound from the transducer. As a result, the following form of energy

. . . 2
conservation was determined valid for use”:

e e R E:

oY FuY (v dw)]
+[EJ y) [y I L N aaa
A Ox0z Ox0z oz*  ox’
where the temporal term is
4 1-y
o —+
or arF) “* [3 Pr j v
- = = — ( p(r)> (3.1)
ot dt 2p%c, C;
as presented in section 2.2.4. Discretization ofithis relation gives
_ Tm,k - 2Ti,k +7;—1,k n Z,kﬂ _27;,1{ +Tz,k71 ) pcp a_T
(Ax)’ Az)’ A )| eétl,
N Vika ~WVisa | Loe =T | Vi Vi Tpn =T
2Az 2Ax 2Ax 2Az
(3.48)

2
N u 4 Viaka " Vicia = Vinsa = Vi
A 4AxAz

Wipn =2 Wi Wi =2V, TV, 0, i
J’_ —_
(Az)’ (Ax)’

This equation is then solved for the temperature 7;:

* Note that this equation is assumed to be valid for both the Nyborg and the Lighthill streaming
formulations. In Nyborg streaming, the subscript denoting the second-order nature of the terms is implied
in the energy equation presented in this section.



66

T _ Tz‘+1,k +Tz‘—1,k + Tz‘,k+1 +Tz‘,k—l i ,OCp a_T
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N Vien Wi Ti+1,k - 7;71,1{ | Vi — Vi Z,kﬂ _Z,k—l
2Az 2Ax 2Ax 2Az

2
N H 4 Viaka ~WVicina = Vinsea Vi
A 4AxAz

2
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(3.49)
Previously developed in 2.4.3 were the boundary conditions for energy considerations
within the tank. For the case of constant wall temperatures, the discretized boundary
conditions are simply
Tl,k = TM,k = 7;,1 = Ti,N = Tparr (3.50)

where Ti4z; 1s the temperature at the tank walls. For the special case where heat
dissipation from the transducer is considered, the boundary condition along the wall in

the location of the transducer was previously determined to be

-AMd— =gq. (3.51)

In order to have a useful form for a numerical solution, the above equation is discretized
using the same dimensional iterations as used with the rest of the tank. Assuming that the
power dissipation from the transducer is uniform over the wall surface at the location of'

the transducer, discretization is accomplished by breaking up the transducer length into
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and heat transfer portion of the ALM problem. This complemented the development of

the ALM Program nicely since the ALM Program code was also written using Matlab®,

and the CFD code was ultimately integrated with the ALM code.

3.4.1 Iteration Methodology

In order to calculate the velocity and temperature fields, the discretized equations
were used in a Gauss-Siedel iterative manner of computation similar to that posed by
Tannehill et al. (1997). Since the form of the Navier-Stokes equation used to calculate
the velocity terms was decoupled from the energy equation (and thus did not depend on
temperature as a driving factor, although temperature depended on velocity), the velocity
and temperature fields were not calculated simultaneously, rather in sequence, beginning
with the fluid dynamics equations. The following two sections outline the steps which

are performed after the acoustic solution (radiation pressure, sound intensity) is obtained.

3.4.1.1 Velocity Field

The following steps outline the process taken to calculate the streaming velocity
using a simple iteration schema.
(1) Each point in the vorticity and stream function fields is arbitrarily chosen to have
an initial value of zero.
(2) The vorticity and stream function values at each point (i,k) are calculated based
on the initial values within their respective fields for the (i+1,k), (i-1,k), (i,k+1),
and

(i,k-1) locations.
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(3) The errors for the dependent variables are calculated using the methodology
described next.

a. Stream Function: The error in stream function is calculated as

& =\Wir ~VWiromn|s (3.53)

where g, is the error in stream function for the current iteration, y, , is the

value of the stream function calculated for the current iteration, and
¥, op 18 the value of the stream function calculated for the previous
iteration.

b. Vorticity: The vorticity error is calculated as

, (3.54)

&, = |Ci,k —Cirow

where ¢, is the error in vorticity for the current iteration, ¢, is the value
of vorticity calculated for the current iteration, and ¢, ,,,, 1s the value of

vorticity calculated for the previous iteration.
As the calculation process continues for each iteration step, the solution is
assumed to become more and more accurate, which is reflected in the reduction of
& and & in value.

(4) After the error in vorticity has reached the predetermined “convergence” value,
the iteration process for calculating vorticity ceases. Once the stream function
converges with a predetermined acceptable error, it will likewise cease iterating.
If the errors for either terms have values greater than the maximum allowed, the

steps 1 through 3 are repeated.
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(5) Once the errors have reached the predetermined convergence value, the x- and z-
components of velocity—as well as the velocity magnitude—for each grid point

are calculated:

Wik Vi

", e , (3.55)
Wik = _{%} s (3.56)
and
U, = \/(ui)k )2 +(Wz-,k )2 ) (3.57)

Ifithe error calculated is smaller than or equal to some predetermined
value, the solution is assumed to have converged. Ifithe error is greater than the

predetermined value, steps 1 through 3 are performed again.

3.4.1.2 Temperature Field

Once the velocity field is determined, the temperature field is calculated as
follows.
(1) Each point in the temperature field is initially set to the ambient temperature of:
the tank.
(2) The temperature values at each point (i,k) are calculated based on the initial
values within their respective fields for the (i+1,k), (i-1,k), (i,k+1), and (i,4-1)
locations.

(3) The temperature error is calculated as
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&=\l =T som (3.58)

where &, is the error in temperature for the current iteration, 7, is the value of
the temperature calculated for the current iteration, and 7}, ,,, is the value of

temperature calculated during the previous iteration.
(4) Once the error in temperature reaches the predetermined “convergence” value,
the iteration process for calculating temperature ceases. If the error is greater

than the predetermined value, steps 1 through 3 are performed again.

3.5 Code Validation—Lid-Driven Cavity Problem

To determine the validity of the methodology described in this chapter, the lid-
driven cavity problem was solved using a slight modification of the final code. This
modified code removed the acoustically-induced body force and inserted a boundary
condition at the maximum z-dimension of a steady velocity in the positive x-direction.
Figure 3.4 through Figure 3.6 display results of a driven cavity calculation for a fluid in a
one unit length by one unit length tank with a Reynolds number value of 400 and a lid
velocity of one unit velocity. The results compare well with those produced by Pereira

and Campos Silva (2005).
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CHAPTER 4. “ALM PROGRAM” DEVELOPMENT

In order to efficiently calculate the effects of nonlinear sound on streaming and
heating phenomena within a fluid medium using the simple geometric setup for which
theoretical and numerical development presented in CHAPTER 2 and CHAPTER 3 was
performed, a graphical user interface (GUI) integrating the nonlinear sound, streaming,
and heating effects of ALM was created in the Matlab® environment. “ALM Program”
was realized using Matlab® Student Version 6.0.0.42a Release 12 due to its
preprogrammed codes and ease of implementation. The purpose of this program was to
conduct the following ALM calculations:

e sound pressure,
e change in temperature over time,
e force on a bubble due to radiation pressure,
e velocity field, and
e temperature field.
These computations were performed using a three-step process:
(1) determine the fluid properties;
(2) calculate the acoustic solution (sound pressure, change in temperature, force on a
bubble, and streaming force); and
(3) compute the velocity and temperature fields of the fluid using computational fluid
dynamic code.
The remainder of this chapter is dedicated to a discussion of the highlights of “ALM

Program,” as well as a brief overview of how to use the program.
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4.1 “ALM Program” Background

The “ALM Program” code was implemented using an existing Matlab® program
created by Dr. Adin Mann. The original code utilized the acoustic solution relations for
radiation pressure, change in temperature over time, streaming body force, and radiation
pressure force on a bubble as presented in section 2.2. “ALM Program” was then
expanded to perform CFD calculations to determine the streaming and temperature
profiles of a rectangular tank. Other features included in the expanded version were a
built-in database of various fluid properties for evaluation and instructions on how to use
the property retrieval system. Although integrated with and vital to the program at hand,

the details ofithe acoustic solution (section 2.2 material) are not discussed in this study.

4.2 “ALM Program” Description

As touched upon in the previous section, the CFD solution was integrated into the
“ALM Program” using the framework which already existed for the original code. This
allows the acoustic solutions—such as radiation pressure and streaming body force—to
be saved and reused for the CFD solution during an analysis session. Additionally, the
property values entered into or selected from the ALM Program GUI are retained and
thus useful for the CFD calculations. Figure 4.1 shows the “ALM Program” in its startup

state.
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4.2.1.2 Solution Parameters

A section of the GUI was designed to input parameters of the transducer, tank,
and bubble under scrutiny. These parameters are follows:

e transducer type (rectangular or disk);

e transducer size (x- and y-dimensions for the rectangular option, radius for the disk
option);

e transducer frequency (in MHz),

e transducer power dissipated as heat;

e tank dimensions;

e number of grid points in the x- and z-directions; and

e Dbubble diameter.

4.2.2 Program Execution

Once all property values and solution parameters are chosen, “ALM Program”
execution is accomplished in two phases:
1. execution of “ALM Program” and
2. execution of “CFD Solution.”
This is accomplished by using a mouse to left click on the buttons corresponding to each.
(Note that one must find the acoustic solution first, which requires activation of the

“ALM Program” button as a primary step before activating the “CFD Solution” button.)
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the user to the temperature and pressure values contained in the drop-down menus. Also,
once calculations commence, property values are not adjusted to account for changes in
pressure and/or temperature. One final major limitation of the ALM Program is the fact
that assumptions levied on the model during development—such as incompressibility and
constant properties (density, viscosity, etc.)—are levied upon each and every calculation
made using the program. However, the code could be updated to change these
restrictions in the future were a suitable model developed.

Despite all its drawbacks and disadvantages, the ALM Program has its high points.
The property retrieval feature potentially saves the user time in researching property
values, while the property value save feature allows the user to save the values for a
particular run and recall them, allowing the user to recalculate a particular solution as
needed. In addition, the acoustic and thermodynamic solutions are obtained by simply
clicking a button.

Except where noted, the version of “ALM Program” described in this chapter is

used to obtain simulation results in CHAPTER 5.
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CHAPTER 5. SIMULATION AND EXPERIMENTAL

RESULTS

A number of cases were examined using the “ALM Program” CFD code to
determine various effects on ALM. In addition, experiments were designed and
performed at lowa State University to characterize the physical effects of ALM. The
empirical data was used to validate the ALM models under development. As a final
attempt to characterize the phenomena of ALM, a number of cases were analyzed using
the “ALM Program” where no experiment was performed for comparison. The primary
goals of these analyses were to

e empirically determine the sound pressure, streaming velocity, and temperature
profile of water in a tank excited by an ultrasonic transducer;

e compare “ALM Program” calculated ALM results with empirical data;

e compute the ALM phenomena for a transducer array;

e compare and contrast the CFD results obtained for the Nyborg and Lighthill
streaming formulations;

e determine the effects of grid variation on the CFD results,

e calculate ALM results for cryogenic fluids (liquid hydrogen, nitrogen, and
oxygen); and

e determine the effect of fluid parameter variation on ALM results.
All empirical results analyzed in this chapter—as well as corresponding model

comparisons and simulations for transducer arrays—are taken from
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zero-gravity, two-dimensional model, which was realized and presented in CHAPTER 2
and CHAPTER 3.

The panels of the tank were constructed from clear Plexiglas® in order to
facilitate the propagation of laser sheets used for particle image velocimetry (PIV)
measurements through the water in the tank. Sound transducers were mounted at one end
of the tank as shown in Figure 5.1. The top of the tank was open to allow ease of
modification of the test setup and/or tank itself. Two transducer types were integrated
into the setup—rectangular and disk (circular). Table 5.1 provides a description of the

transducer parameters.

Table 5.1 Sound Transducer Parameters

Property Transducer :
Rectangular Disk
Resonant Frequency 1.63 MHz 1.0 MHz
Dimensions 254 mmx 12.7 mm 25.4 mm Radius
Lens No Yes
Radius of Curvature NA 50 mm
Center Thickness NA 10 mm
Density NA 2,700 kg/m’?
Speed of Sound NA 6,240 m/s

Sound was produced by the transducers by exciting them with a sinusoidal voltage source
at their respective resonant frequencies. The voltage supply was produced by a function
generator and stepped up in value using an amplifier to provide the needed power for
transducer excitation. The transducers were excited using a variety of duty cycles—most
commonly 10% (1 ms on, 9 ms off)—to modify the power output to the transducer.

Figure 5.2 shows a simple schematic of the equipment setup needed for sound generation.
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5.1.4 Temperature Measurements

Temperature measurements were attempted for the fluid undergoing excitation
from the sound transducers using a simple thermocouple and data acquisition setup.
However, no discernible differences in temperature from the stagnant state were observed
during excitation. Therefore, empirical temperature measurements are not elaborated

upon in this thesis.

5.2 Single Transducer Results and Comparison

The ALM phenomena were empirically demonstrated for single transducer setups

using the rectangular and disk transducers.

5.2.1 Sound Results

Again, although not credited to—or impacted by—this particular study, as with
the theoretical formulation the sound results are presented in this section for thoroughness.
The purpose for the review of these results is to highlight the fact that the accuracy of the
streaming and heat solutions is directly tied into the accuracy of the acoustic solution.

Figure 5.7 shows a comparison of the measured and calculated data for sound
level as measured normal to the rectangular transducer. Measurements were taken
through the line normal to the transducer and across its horizontal and vertical center.

The experimental and calculation transducers were of equal size—0.0254 meters by
0.0127 meters (1.0 inch by 0.5 inch). The measured sound pressure data is in dB relative

to 20 pPa.
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Note that the circular transducer predicted higher fluid velocity along the axis
perpendicular to the transducer for the entire distance over which the fluid velocity was

calculated.
5.3 Transducer Array Results

This section discusses the results obtained for the arrayed transducer analysis
performed by Mann et al. (2005). Although determination of array phenomena was left
unimplemented in the “ALM Program” presented in CHAPTER 4, the CFD code
developed in this thesis was utilized in the cited work to determine the flow field and
temperature profile for a water-filled tank of the parameters investigated experimentally.
In addition, no experimental data was taken for arrayed transducers, driving the resulting
discussion to involve only the calculations made using the ALM Program.

Figure 5.15 gives the results for a 1.0 MHz transducer array focused at x =-0.2

meters and z = 0.4 meters away from the center ofithe array.
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5.4 Nyborg Formulation Vs. Lighthill Formulation

One ofithe unanswered questions regarding the CFD code and one brought to
interest during the theoretical development presented in CHAPTER 2 is “how do the
results compare and contrast between the Nyborg and Lighthill formulations?” A
comparison computation was performed with the CFD code using the experimental tank
parameters with both the 0.0254 mm by 0.0127 mm rectangular transducer operating at
1.63 MHz and the 0.0254 meter diameter disk transducer operating at 1.0 MHz. Table
5.3 and Table 5.4 display comparisons ofithe results calculated for the rectangular
transducer and disk transducer setups, respectively, using the Nyborg and Lighthill
formulations. Figure 5.21 and Figure 5.22, and Figure 5.23 and Figure 5.24, display
graphical representations of the results for the rectangular and disk transducers,

respectively.

Table 5.3 Results of Comparison Between Nyborg and Lighthill Streaming Formulations
(Rectangular Transducer)

Result Maximum Value
Nyborg Formulation Lighthill Formulation
Magnitude 9.851 x (10)° m/s 9.800 x (10)° m/s
x-Velocity 3.819 x (10)° m/s 3.741 x (10)° m/s
z-Velocity 9.851 x (10)° m/s 9.800 x (10)° m/s
Temperature 293212 K 293212 K

The variation between the overall velocity magnitudes is found to be about a halfa
percent. For the x- and z- velocities, the variation between the two methods is found to
be approximately 0.5 and 2 percent. Note, however, that no discernible difference is

found between the two methods for temperature.
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5.5 Effect of Grid Size on CFD Results

One disadvantage to the CFD code developed during this study is that the number
of grid points must be arbitrarily chosen. This results in a trial and error methodology for
choosing optimizing the balance between accuracy and computation time. The purpose
ofithis section is to report on the effects of variation in grid size.

To demonstrate the effect ofi grid size selection on ALM calculations, a test case
was performed for the rectangular transducer in water at room temperature and pressure

(20°C and 1 bar). The results are shown in Table 5.5.

Table 5.5 Effect of Grid Size on ALM Results

Result Maximum Value for Varied Viscosity
25x 50 50x50 | 50x100 | 100 x 100 | 100 x 200
Pressure 174 dB 173 dB 173 dB 177 dB 177 dB
Temperature 2.38x 2.05x 205x | 49x(10) | 488x
Change (10)"°K/s | (10y" K/s | (10)" K/s | (10y" K/s
K/s
Body 7.91x 6.83 x 6.84 x 1.63 x 1.63 x
Force/Density | (10)* m/s? | (10)° m/s2 | (10)° | (10)” m/s? (10)”
m/s? m/s?
Force on 4.13x 356 x 356 x 8.51x 8.48 x
Bubble (10)° N (10)°N | (10)°N | (10)°N (10)° N
Magnitude 9.841 x 9.800 x 9.334 x 9.949 x 9.847 x
(10)°m/s | (10)°m/s | (10)°m/s | (10)°m/s | (10)7 m/s
x-Velocity 2.871 x 3.741 x 3.733 x 3572 x 3.600 x
(10)°m/s | (10)°m/s | (10) " m/s | (10)°m/s | (10)° m/s
9.841 x 9.800 x 9.334 x 9.949 x 9.847 x
(10y°m/s | (10)°m/s | (10)°m/s | (10)°m/s | (10)7 m/s
z-Velocity
Temperature NA* 293212 K | 293.196 | 293.175K | 293.166
K K

As can be seen from the data, the calculated ALM values fluctuated a fair amount for
different grid sizes. In addition, for the 25 x 50 grid, the temperature solution produced

no results, rather the following error was incurred: “Attempted to access T(12.5,2); index

* Temperature solution did not converge for a grid size of twenty-five by fifty cells in the x- and z-
directions, respectively.
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must be a positive integer or logical.” Also note that trends were not very consistent—
pressure, temperature change, force, and velocity values did not tend to increase only or
decrease only as the grid size was increased. However, the calculated temperature did

tend to decrease as the grid size was improved.

5.6 Results for Cryogenic Fluids

Three extremely low-temperature liquids were investigated for ALM eftects:
hydrogen, nitrogen, and oxygen. In order to compare the results ofithe three fluids—as
well as those for water at room temperature—the solution for each fluid was obtained at a

pressure of one bar.

5.6.1 Liquid Hydrogen

Computational ALM results were computed for liquid hydrogen at a temperature
of 18 K. Table 5.6 gives the maximum values obtained for the fluid while Figure 5.25

and Figure 5.26 present plots ofithe acoustic, streaming, and heating solutions.
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The results show that “ALM Program” predicts fluid velocities at nearly 1 m/s in the

region ofi greatest flow. However, no temperature rise was computed.

5.6.2 Liquid Nitrogen

For liquid hydrogen, the temperature was set to 18 K. Table 5.7 gives the

maximum values obtained for the fluid.

Table 5.7 ALM Results for Liquid Nitrogen at 75 K and 1 bar

Result Value
Pressure 173 dB
Temperature 2.76 x (10)*
Change K/s
Body 0.00126 m/s?
Force/Density

Force on 329x(10)° N
Bubble

Magnitude 0.5780 m/s
x-Velocity 0.2080 m/s
z-Velocity 0.5780 m/s
Temperature 75.0001 K

Figure 5.27 and Figure 5.28 give the plots obtained from “ALM Program.”
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solution sets, properties were adjusted one at a time prior to running the ALM Program.
The method used for analyzing property variation is highly oversimplified and
empirically unverifiable. For example, one cannot actually change viscosity and expect
density to remain the same, etc. However, in a general sense, to ascertain the effects of
density and viscosity on ALM results, each fluid property was independently modified
and computations performed. These variations were executed for water and both the
rectangular and disk transducers in a 20°C ambient for the experimental tank parameters
were considered. As with many of the previous computations, the 0.0254 meter by
0.0127 meter rectangular transducer was assumed to perform at a frequency of 1.63 MHz
while the 0.0254 meter diameter disk transducer was evaluated at 1.0 MHz. For

consistency, all results shown were calculated using the Lighthill formulation.

5.7.1 Viscosity Variation

Table 5.9 presents a result comparison for viscosity variation with the rectangular
transducer setup. The viscosity values for each successive calculation were increased by

a factor of two.
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Table 5.9 Results of Viscosity Variation for Rectangular Transducer (Reference 0.0010015 kg/m-s)

Result Maximum Value for Varied Viscosity
2] 2p 4p Su

Pressure 173 dB 173 dB 173 dB 173 dB
Temperature | 2.05x(10)" | 4.1x(10)" | 8.19x(10)" | 1.64 x (10)”
Change K/s K/s K/s K/s
Body 6.83x (10)° | 1.37x(10)" | 2.73x(10)" | 547 x(10)”
Force/Density m/s? m/s? m/s? m/s?
Force on 3.56x(10)° | 3.56x(10)" | 3.56x(10)” | 3.56x(10)”
Bubble N N N N
Magnitude 9.800 x (10)° | 9.827 x (10)” | 9.839 x (10)° | 9.845 x (10)°

m/s m/s m/s m/s
x-Velocity 3.741 x (10)° | 3.780 x (10)° | 3.799 x (10)° | 3.809 x (10)°

m/s m/s m/s m/s
z-Velocity 9.800 x (10)° | 9.827 x (10)” | 9.839 x (10)° | 9.845 x (10)°

m/s m/s m/s m/s
Temperature 293212 K 293.176 K 293.163 K 293.156 K

The results show that for the range of viscosity increases examined, the temperature
change, body force, and velocity tend to increase, while the overall fluid temperature
decreases. However, the rates at which these values change are drastically different.

Figure 5.31 shows plots for selected results.
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The same general trends are once again encountered here as for the rectangular

transducer.

5.7.2 Density Variation

Table 5.11 gives results comparison for density variation with the rectangular
transducer setup. As with viscosity, the density values for each successive calculation

were increased by a factor of two.

Table 5.11 Results of Density Variation for Rectangular Transducer (Reference 1000 kg/m?3)

Result Maximum Value for Varied Viscosity
P 2p 4p 8p
Pressure 173 dB 173 dB 173 dB 173 dB
Temperature | 2.05x (10)" | 2.56 x (10)"" | 32x(10)" | 4x(10)"
Change K/s K/s K/s K/s
Body 6.83x (10)° | 8.354x(10)° | 1.07x(10)” | 1.33 x (10)
Force/Density m/s? m/s? m/s? " m/s?
Force on 356x(10)° | 1.19x(10)” | 3.23x(10)° | 8.22x (10)
Bubble N N N 'N
Magnitude 9.800 x (10)° | 2.457 x (10)° | 6.149 x (10)” | 1.538x
m/s m/s m/s (10)” m/s
x-Velocity 3741 x (10)° | 9.449 x (107 | 23745 5.952x
m/s m/s (10)" m/s (10)° m/s
9.800 x (10y° | 2.457 x (10)° | 6.149 x (10)” | 1.538x
m/s m/s m/s (10" m/s
z-Velocity
Temperature 293212 K 293210 K 293209 K | 293209 K

As expected, an increase in overall mass tends to decrease the rate temperature change,
body force per unit density, and velocity ofithe fluid. However, as with the increase in
viscosity, an increase in density also tends to decrease the overall fluid temperature.

These phenomena are quite visible in Figure 5.33.
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Table 5.12 Results of Density Variation for Disk Transducer (Reference 1000 kg/m?)

Result Maximum Value for Varied Viscosity
P 2p 4p 8p
Pressure 172 dB 172 dB 172 dB 172 dB
Temperature | 5.84x(10)"" | 7.3x(10)™ | 9.12x(10)" | 1.14x (10)"
Change K/s K/s K/s K/s
Body 1.95x (10)y° | 2.44x(10)” | 3.05x(10)" | 3.81 x (10)™"
Force/Density m/s? m/s? m/s? m/s?
Force on 559x(10)° | 1.42x(10)° | 3.55x(10)" | 8.86x(10)"
Bubble N N N N
Magnitude 3.543 x(10)° | 8.865 x (10)" | 2.217 x (10)”" | 5.545 x (10)"*
m/s m/s m/s m/s
x-Velocity 1.082 x (10)° | 2.717 x (10)” | 6.807 x (10)*° | 1.704 x (10)”
m/s m/s m/s m/s
3543 x(10)° | 8.865x (10)" | 2.217 x (10)” | 5.545 x (10)"*
m/s m/s m/s m/s
z-Velocity
Temperature 293.209 K 293.209 K 293.209 K 293.209 K

Again, results were similar to those obtained for the rectangular transducer setup, except
that the fluid temperature showed no discernible change for the different density values

investigated. The various phenomena calculated are plotted in Figure 5.34.
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Increased Viscosity (Rectangular Transducer)

Result M‘aximum Yalue - -
Nyborg Formulation Lighthill Formulation
Magnitude 9.851 x (10)° m/s 9.845 x (10)° m/s
x-Velocity 3.819 x (10)° m/s 3.809 x (10)° m/s
z-Velocity 9.851 x (10)° m/s 9.845 x (10)° m/s
Temperature 293.156 K 293.156 K

As with the case where density was greatly increased, when viscosity increases the

velocity is seen to be slightly larger with the Nyborg formulation.

Table 5.15 Results of Comparison Between Nyborg and Lighthill Streaming Formulations for 8x

Increased Density and Viscosity (Rectangular Transducer)

Result Maximum Value
Nyborg Formulation Lighthill Formulation
Magnitude 1.539 x (10)" m/s 1.539 x (10)" m/s
x-Velocity 5.967 x (10)° m/s 5.965 x (10)" m/s
z-Velocity 1.539 x (10)" m/s 1.539 x (10)”" m/s
Temperature 293.156 K 293.156 K

Note that now that both property values have increased, virtually no difference is seen

between the Nyborg and Lighthill formulations.

5.7.3 Attenuation Variation

The final parameter varied for this thesis was the attenuation coefficient. The
attenuation coefficient was varied (independently of other parameters, such as viscosity
and density) in order to determine the effect on ALM results, particularly the velocity

solution. Table 5.16 gives the ALM maximum results for attenuation coefficients

varying from 0.001« to 1000« for the rectangular transducer.
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Table 5.16 Effect of Variation in Attenuation Coefficient on ALM Results for Rectangular
Transducer (Reference 0.0213 m™)

Result Maximum Value for Varied Attenuation Coefficient
0001l | 001 0.1 @ 10 100 1000
Pressure 173 dB 173 dB 173 dB 173 dB 173 dB 173 dB 173 dB
Temperature | 2.05x 2.05x 2.05x 2.05x 2.05x 2.05x 2.05x
Change (10" Ao | Ao K/ | 10)"K/s | (10)7K/s | (10) K/s | (10)7 K/s
K/s K/s
Body 6.83 x 6.83 x 6.83 x 6.83 x 6.83 x 6.83 x 6.83 x
Force/Density | (10)™"! 10y (10y”? 10y (10)” (10y*® (10)°
m/s? m/s? m/s? m/s? m/s? m/s? m/s?
Force on 3.56 x 3.56 x 3.56 x 3.56 x 3.56 x 3.56 x 3.56 x
Bubble AO°N | A0O°N | d0O°N | (10)°N | A0°N | 10)°N | (10)°N
Magnitude 9851x | 9.851x 9.846 x 9.800 x 9.141x | 4.719x | Did Not
107 | 10*m/s | 10) m/s | (10)°m/s | (10)° m/s | (10)" m/s | Converge
m/s
x-Velocity 3819x | 3.818x 3.811x 3.741 x 3.095 x 3.887x | Did Not
107 | 10*m/s | 10) m/s | (10)°m/s | (10)° m/s | (10)" m/s | Converge
m/s
9851x | 9.851x 9.846 x 9.800 x 9.141x | 4.546x | DidNot
10)° | A0)*m/s | (10)" m/s | (10)°m/s | (10)° m/s | (10)* m/s | Converge
z-Velocity m/s
Temperature | 293.196 | 293.196 | 293.196 | 293.212 | 293.229 | DidNot | Did Not
K K K K K Converge | Converge

Figure 5.35 plots the results shown in Table 5.16.
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Table 5.17 Effect of Variation in Attenuation Coefficient on ALM Results for Disk Transducer

(Reference 0.0213 m™)
Result Maximum Value for Varied Attenuation Coefficient
000l | 001 0.1 @ 10 100 1000
Pressure 172dB | 172dB 172 dB 172 dB 172 dB 172 dB 172 dB
Temperature | 5.84 x 584 x 584 x 584 x 584 x 584 x 584 x
Change ao™ aoy*? ao™ | a0 K/ | 10y | Q0)K/s | (10)°K/s
K/s K/s K/s K/s
Body 1.95 x 1.95 x 1.95 x 1.95 x 1.95 x 1.95 x 1.95 x
Force/Density | (10)™ 10y (10y”? (10 m/s? 10y’ (10y° (10)°
m/s? m/s? m/s? m/s? m/s? m/s?
Force on 559 x 559 x 559 x 559 x 559 x 559 x 559 x
Bubble (10O°N | A0)°N | (10)°N (100°N 10°N | (10)°N | (10)°N
Magnitude 3549x | 3.549x | 3.549x 3.543 x 3484x | 2251x | DidNot
10y° | A0y m/s | (10)" m/s | (10)°m/s | (10)° m/s | (10)" m/s | Converge
m/s
x-Velocity 1.092x | 1.091x 1.091 x 1.082 x 9.959 x 1.592x | Did Not
107 | A0y m/s | (10)" m/s | (10y°m/s | (10)°m/s | (10)" m/s | Converge
m/s
3549x | 3.549x | 3.549x 3.543 x 3484x | 2200x | DidNot
10)° | A0y*m/s | (10)" m/s | (10)°m/s | (10)° m/s | (10)* m/s | Converge
z-Velocity m/s
Temperature | 293.196 | 293.196 | 293.196 | 293.196 | 293.197 | DidNot | Did Not
K K K K K Converge | Converge
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CHAPTER 6. CONCLUSIONS

As stated in the opening words of this thesis, the primary objective for performing
this study of ALM effects was to develop a CFD model which would predict the steady
streaming velocity and temperature of a fluid field due to the effects of nonlinear sound.
The work undertaken for this study has served as only one piece of a larger study by lowa
State University in conjunction with NASA Glenn Laboratory and has been primarily
built around the acoustic models developed by Richard Oeftering of NASA, Dr. Adin
Mann of lowa State University, and the Master’s thesis of LeAnn Faidley. In addition,
prior studies of steady streaming by leading academics such as Nyborg, Lighthill, Riley,
and countless others were called upon for insight into the mechanisms through which
ALM is realized and can be modeled.

CHAPTER 2 began with a presentation of ALM theory previously developed by
Faidley (2001) and Mann et al. (2005). This included relations for the sound pressure,
force on a buoyant object (specifically, on a bubble), streaming body force, and rate of
change in temperature—all due to high-frequency, nonlinear sound. This prior
groundwork laid the foundation for the development of a streaming model based on the
Navier-Stokes equations. Models based on two different assumptions were posited and
explained. The final model chosen for subsequent CFD code development (except for the
case of cryogenic fluids) was based on what has been referred to in this paper as the
“Lighthill streaming formulation.” The method employed by Sir James Lighthill in his
Journal of Sound and Vibration Article entitled simply “Acoustic Streaming” (1978) and
implemented in the present study employed a time-averaged Reynolds stress, which was

subtracted from the viscous side of the Navier-Stokes equations. In contrast, the “Nyborg
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Streaming Formulation” broke all components of the fluid equations into terms of like
order and concluded that the streaming body force can basically be approximated as a
second-order convection relation (again, a time-averaged Reynolds stress) composed of
first-order velocity terms. Regardless of the formulation philosophy, the resultant forms
of the Navier-Stokes equations derived were transformed into an appropriate form of the
vorticity transport equation. This allowed the two “vector” equations—the x- and z-
expressions of the conservation of momentum equation—to be combined into one
equation, which later simplified implementation of the CFD code.

In addition to the vorticity transport equation, a tailored energy equation was
derived and utilized the temperature change term presented by Mann et al. (2005). The
energy equation relied upon a mix of terms, which included the stream function and
vorticity.

Due to its simplicity of implementation, the finite difference method of solution
for partial differential equations was chosen and implemented as explained in CHAPTER
3. The methodology utilized was based on a five-point grid which was broken into cells
of Ax width by Az length. A presentation using a generic variable, g(x), was given to
outline the Taylor series expansions used to formulate terms for first and second
derivatives, as well as mixed second derivatives of a variable. Once this was
accomplished, the Nyborg and Lighthill versions of the vorticity transport equations—as
well as the energy equation—were transformed using appropriate numerical
approximations.

CHAPTER 4 briefly described the “ALM Program” which was further developed

from earlier versions created by Dr. Mann. The primary function of the Matlab® code
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was to allow an ALM investigator to calculate the effects of ALM for simple geometries
while allowing the selection or designation of various fluid properties, transducer
specifications, and tank geometries. The “ALM Program” was designed to include a
built-in fluid property selector and file save function, as well as functions by which the
sound, fluid, and temperature solutions are implemented. The CFD code developed by
this study was integrated into the latest version of “ALM Program” to allow the user
simple access to flow and temperature field predictions.

CHAPTER 5 commenced with a presentation and comparison of simulation data
with empirical test data. The experimental setup designed and results obtained at lowa
State University and presented in “Analytical/Numerical Model of Fluid Phenomena
Created by High Intensity Sound” (Mann et al., 2005) were drawn upon for a comparison
of the CFD model with measured data. In addition to comparisons with the experimental
data, a number of unverified situations were explored in order to examine the effects of
changes in the model. For example, a set of calculations were performed in order to
discern any differences in results between the Nyborg and Lighthill streaming methods.
In addition, various solution sets were calculated to determine the general nature of fluid
flows for low-temperature liquids, such as would be utilized in microgravity
environments (hydrogen, oxygen, etc.). Finally, the effects of viscosity and subsequently
density changes on the different ALM phenomena were predicted using the “ALM
Program.”

A number of interesting observations and conclusions were noted throughout the

model development process and data comparison. These are explained in section 6.1.
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The final section of this thesis—6.2—posits a number of areas which might be explored

in order to fine tune the model and overall streaming research.

6.1 Discussion of Simulated and Experimental of Results

A summary discussion of the results and conclusions arising from the data

presented in CHAPTER 5 is presented in this section.

6.1.1 Comparison Between Empirical and Computational Flow

As with any computational endeavor, correlation with experimental data not only
validates or invalidates a mathematical model, but it also allows the researcher insight
into the subtle and not-so-subtle errors inherent within the methodologies used. This
thesis was no exception. As will be explained during the remainder of this section, many
discrepancies and similarities were discovered when comparing and contrasting the

empirical and computational results.

6.1.1.1 Velocity Magnitude Discrepancy

One very noteworthy and disappointing result found with the computational
results of this study was the extremely low magnitude of velocity the CFD code
calculated. Although the flow fields found with the CFD solutions were fairly close to
those seen experimentally, the magnitudes calculated were oftentimes two to three orders
of magnitude smaller than those measured with the PIV system. Also seen through array
calculations were velocity predictions in the order of 10! to 107 m/s. Although many
hours were spent investigating several possible causes, this discrepancy has not yet been

pinpointed. However, one primary parameter was found to affect the magnitude of
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velocity. As the attenuation coefficient was increased, the computed velocities were seen
to increase. In section 5.7.3, plots were created for the effects of attenuation variation on
maximum velocity magnitude. The data showed a fairly linear relationship between the
attenuation coefficient and velocity. As such, an attempt was made to quantify this
relationship. The resulting equations for the rectangular and disk transducers are as

follows (where U is the magnitude of velocity and « is the attenuation coefficient).

e Rectangular Transducer
U =0.00045« (6.1)
e Disk Transducer

U =0.00016« (6.2)

The implications of these results are that, for the rectangular transducer, a magnitude of
attenuation which would give a calculated result approximately the same value as the
empirical data—0.74 mm/s—would be 1.6 m™', while an attenuation value of
approximately 19 m™ would be required to give a calculated velocity for the disk
transducer of nearly

3 mm/s, which was found experimentally. Since drastically different values for
attenuation appear to be required when looking at the rectangular transducer versus the
disk transducer, the likelihood that modification of the attenuation coefficient alone
would cause the accuracy of the flow solution to increase is minimal. However, one must

consider that fluctuation of this parameter has a significant effect on the streaming results.
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6.1.1.2 Flow Patterns

One very encouraging observation of the fluid velocity calculations was that the
flow fields tended to look very similar for the CFD and experimental results. In
particular, the experimental results tended to validate the flow patterns predicted by the
code for the disk transducer. As mentioned by Mann et al. (2005), the slight differences
in the flow patterns may be due to the fact that the experimental setup was not perfectly

symmetrical.

6.1.2 Nyborg vs. Lighthill Streaming Formulations

For the case of water in room temperature, the Nyborg and Lighthill streaming
formulations provided nearly identical results when computed using the developed CFD
code, showing less than four percent variation. However, for other calculations, the
choice of formulation was critical to convergence of a solution (although convergence is
not necessarily an indicator ofiaccuracy). For example, the simulation run with liquid
oxygen as the fluid did not converge for the Lighthill streaming implementation of the
CFD code but did provide a flow field of similar pattern to that for water at room
temperature when computed with the Nyborg streaming philosophy. Obviously, much
work needs to be done to determine the appropriateness and validity of each formulation
for each situation in which a velocity field calculation is desired. In addition, more
experimental work needs to be performed with various fluids over various temperature
ranges to compare both methods with empirical data to discern the applicability and

limitations of each method.
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6.1.3 Cryogenic Fluids

One extremely interesting investigation produced highly unpredicted results.
When examining the computational flow fields for cryogenic fluids, the outcome
appeared to be opposite that for water at room temperature. Whereas the aqueous
calculations produced extremely low flow rates (on the order of 107 to 10 m/s), the

cryogenic fluid calculations showed flow speeds on the order of 10° to 10> m/s.

6.1.4 Fluid Property Variation

Another facet of the ALM code studied was a qualitative analysis of property
variation effects on ALM phenomena. For this portion of the study, the effects of density
and viscosity variation were independently examined for the case of water at room
temperature. The results showed that an increase in viscosity tended to increase the
temperature rate and body force, and fluid viscosity while decreasing the overall fluid
temperature. In addition, increasing the fluid density tended to decrease all four results.
While the methodology employed produced mythical results (i.e., property variation
almost always occurs for more than one property at a time), the results indicate that
general preliminary analysis could be performed and compared with water when

selecting a fluid to undergo ALM effects.

6.1.5 Temperature Results Discussion

An interesting result of the CFD calculations was that almost no thermal effect
was seen within the fluid due to nonlinear sound. This was also true for the simple

measurements taken in the laboratory.
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One possibility for the low values, however, is that the extremely low velocities
calculated for the tank resulted in an extremely low temperature profile due to little
viscous heat dissipation. The validity of the temperature results needs to be evaluated in
light of the velocity results since the temperature calculations directly depend on the

outcome of the flow field calculations.

6.2 Future Work

Since this thesis was focused first and foremost on the CFD calculations of ALM
phenomena with the assumption that the sound pressure and fluid body force/density
theory has matured, the recommendations provided herein are primarily directed toward
improvements to the fluid and heat transfer theory and code. With that in mind, much
headway has yet to be made to strengthen the CFD code developed for the ALM program.
Investigations into such improvements as grid refinements, irregular meshing, and
simulations using commercial CFD codes are warranted and are briefly discussed in this

section.

6.2.1 Bulk Viscosity and Incompressibility

During model development, the incompressibility argument eliminated the bulk
viscosity term from the Navier-Stokes equations. As a result (perhaps incorrectly), this
fluid property was left from consideration during the entire model development.
However, according to Tannehill et al. (1997) and Schlichting and Gersten (2000), the
bulk viscosity is often considered when sound absorption is present. Pierce (1981) gives

the following form ofithe attenuation coefficient, which considers bulk viscosity:
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2
a,:_a);i i+u—3+—(7/ l) , (6.3)
2pc” |3 u Pr

where o is the circular frequency of the sound, m is the fluid viscosity, x5 is the fluid
bulk viscosity, yis the specific heat ratio of the fluid, Pr is the Prandtl number of the fluid,
p 1s the fluid density, and c is the speed of sound through the fluid medium. Since the
bulk viscosity would only increase the attenuation coefficient, one can observe from
Figure 5.35 or Figure 5.36 that the velocity will correspondingly increase. Future work
should include the bulk viscosity term with the attenuation coefficient for comparison
with the model presented in this thesis.

In addition, a model which utilizes compressibility should be developed for
evaluation. Such a model would prove to be more complex and would include the bulk

viscosity term, as well as the stream function developed in section 2.3.2.2.2.

6.2.2 CFD Code Improvements

A number of options should be explored for CFD code improvement, working
both within and outside of the assumption framework set for this investigation into the

ALM phenomenon. A subset of these is talked about in the following paragraphs.

6.2.2.1 Convergence Improvements

Convergence parameters for the CFD solution were chosen rather arbitrarily, as
can be seen in the discussion of equation discretization in CHAPTER 3. The Navier-
Stokes equations developed were steady-state, and thus fall into the classification of
“equilibrium problems.” As such, the method chosen for computations was iterative (or

“relaxation”). However, only the basic form of the discretized equations was used. One
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improvement to the convergence of the code would be to use the successive
overrelaxation (SOR) method. As Tannehill et al. (1997) show, an arbitrary correction

could be made to the calculated velocity value between iterations as follows:

141) r 1 r
ui,k( = U, + Z(ui,k T - U, )’ (6.4)

where ui)kl' is the corrected velocity for the previous iteration, ul.)kl+1 is the calculated

i1y

velocity for the current iteration, and #; k( is the corrected velocity for the current

iteration. Note that when y = 1, the calculated and corrected velocity terms for the
current iteration are the same, thus giving a SOR solution for this case an identical value
as that for the original code developed in CHAPTER 3.

Since the fluid tank under study is for a rectangular geometry and Dirichlet
boundary conditions are applied, the following calculations can be made to find the

optimal value for y:

Ej +(Ax/Az)? cos{zﬂ (6.5)

;{COS(
1+ (Ax/Az)’ p q

and

2
X oprivune N (l S 2_)1/2 (6.6)
where Ax is the grid size in the x-direction, Az is the grid size in the z-direction, p is the
number of grid spacing in the x-direction, and ¢ is the number of grid spacing in the z-
direction. Utilizing the SOR method could drastically improve the computational time—
Tannehill et al. (1997) claim that convergence times have even been reduced by over

thirty times.
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Beginning with fourth-order Taylor series and utilizing methods similar to those
employed in section 3.1, the following value for the stream function is derived (see Li,

Tang, & Fornberg, 1995, or Lynch and Rice, 1978, for a starting point):

|: 1 1 :|(84/i,j+é/i+l,j+é/i1,]‘+Ci,]'+l+é/i,jl)
S (TSNS

Ax)  (Ax 20
[ +s(azy o, +vis )
| (Ax) +(A2) 10 (6.7)
[y - (a2 (0 +w.,1)
| (Ax) +(Az) 10
i (l//Hl,jH + l//i—l,jﬂ + l//z'+1,j—1 + l//ifl,jfl)
20

Although the equation utilized is derived using the fourth order, making it attractive as a
more precise methodology, Tannehill et al. (1997) warn that it may not improve the

accuracy ofithe result.

6.2.2.2.2 Irregular Mesh Generation

Another possible improvement to the CFD code would be to implement an
irregular mesh which would exploit a finer grid near the areas determined to have greater
flow values, i.e., through the jet created by the sound transducer and near the tank
boundaries. This would allow for an optimization of the number of equations required
for calculating the velocity and temperature fields by creating coarse grid areas in the
predicted regions of small values while increasing the granularity ofithe grid at the
locations of interest. For the tank setup studied in this thesis, a structured grid scheme

could be developed to realize optimal grid spacing. Tannehill et al. (1997) classify
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structured grid generation methods into three categories: complex variable methods,
algebraic methods, and differential equation methods.

In addition to creating an optimized number of equations, irregular meshes could
be implemented in future codes to determine flow in irregularly-shaped structures, such
as pipes, circular tanks, etc. These would likely be created using an unstructured grid
strategy, such as point insertion schemes, advancing front methods, or domain

composition methods (Tannehill et al., 1997).

6.2.2.3 Primitive Variable Approach

During the initial stages ofl CFD code development for ALM phenomena, a
primitive variable approach was attempted and implemented. The resulting preliminary
code was used to solve the two-dimensional lid-driven cavity problem. However, in
order to reduce the number of equations for CFD calculation (and thus the computation
time), this was abandoned for the vorticity-stream function approach presented in
CHAPTER 2. Still, this philosophy for determining the streaming velocity and
temperature solutions should be re-explored and compared with the vorticity transport

methodology presented in this thesis.

6.2.2.4 Parameter Scaling

Another potential methodology for improving the CFD code lies with the scaling
of Navier-Stokes parameters. The modeling tactic presented in the main body of this
thesis assumed dimensional parameters. However, nondimensionalization may present
opportunities to increase the accuracy ofithe code by allowing the parameters utilized to

be similar in order of magnitude.
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6.2.3 Commercial CFD Software

An alternative approach to improving the CFD solution of acoustic streaming

(and one touched upon by Mann et al., 2005) is to explore the possibilities for inputting
the streaming body force into a commercially-available numerical program, such as
Fluent or ANSYS CFX, among others. This would minimize the risk ofiinaccuracies by
allowing the acoustic streaming investigator to utilize an established CFD code with
advanced meshing and convergence parameters. In addition, a commercial CFD code
would allow the researcher to analyze streaming flow fields in three dimensions using
complex geometries provided the acoustic streaming body force could be calculated for

such a situation.

6.2.4 Further Experimentation

One undeniable result of this study is the find that much more experimentation is
necessary to improve the ALM models. A number of improvements could be made to
existing experiments, as well as additions ofimore experiments. The following
suggestions for future experimental work are presented from the point of view of: “what
kind ofitesting would be useful for increasing the accuracy ofithe CFD code?”

o A variety of fluids should be tested. Initially, more experimentation should be
performed with water. However, other Newtonian fluids, such as alcohol, should
be measured for ALM effects. Performing these tests would allow a more
comprehensive look into the discrepancies between the model and measured data

and present greater opportunities for model correction.
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Tests should be performed over a variety of conditions (temperature, ambient
pressure). Where practical, this should be performed for all the same reasons as
testing a variety of fluids.

e More precise temperature measurements should be made. Equipment with tight
tolerances regarding temperature measurements should be utilized to evaluate the
flow field heat effects.

o Experiments should be performed using transducer arrays.

o Tests should be performed with different tank geometries.

o  Microgravity tests should be expanded. The work of the lowa State University
undergraduate team consisting of May et al. (2003) proved interesting and useful
but a greater variety of microgravity experiments should be designed.

o Improvements on 2-dimensional setup. 1f at all practicable, additional effort
should be made to improve the tank setup such that all asymmetries and
imperfections are minimized. This would allow for the CFD code to more
accurately predict flow within the tank boundaries.

Although not comprehensive, the preceding list gives a number of suggestions which
could be followed for enhancing the effectiveness of empirically testing ALM

phenomena.

6.3 Closing Remarks

This study of ALM effects—particularly acoustic streaming—has proven to be an
interesting topic. The area has many potential uses, such as enhanced fluid flow in
microgravity, improvements in manufacturing processes (such as electroplating), and—in

the author’s opinion—enhanced convective heat transfer replacing complex mechanical
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components (i.e., fans). It is the hope of the author that the topic of ALM receives much
more attention—not only in academia, as seems to be the case regarding the vast majority
of research discovered and cited within this thesis—but also in industry, where a strong

interest base could fully develop the usefulness of the phenomena.
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