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ABSTRACT

Author: Bice, Jason, E. MS
Institution: Purdue University
Degree Received: December 2017
Title: Using Ultrasonic Speckle Velocimetry to Detect Fluid Instabilities in a Surfactant Solution
Committee Chair: Kendra Erk

Rheometry is a leading technology used to define material properties of multi-phase
viscoelastic fluid-like materials, such as the shear modulus and viscosity. However, traditional
rheometry relies on a mechanical response from a rotating or oscillating rotor of various
geometries which does not allow for any spatial or temporal quantification of the material
characteristics. Further, the setup operates under the assumption of a uniform and homogenous
flow. Thus, only qualitative deductions can be realized when a complex fluid displays
inhomogeneous behavior, such as wall slip or shear banding. Due to this lack of capability, nonintrusive imaging is required to define and quantify behavior that occurs in a complex fluid
under shear conditions. This thesis outlines the design, fabrication, and experimental examples of
an adapted ultrasonic speckle velocimetry device, which enables spatial and temporal resolution
of inhomogeneous fluid behavior using ultrasound acoustics. For the experimental example, a
commercial surfactant mixture (hair shampoo) was tested to show the utility and precision that
ultrasonic speckle velocimetry possesses.
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INTRODUCTION

1.1 Motivation
Cosmetic hair care manufactures rely on sensory information to improve cosmetic personal
care products. Traditionally, panels of people needed to be hired to conduct this type of product
screening, proving to be expensive1, however, rheology, among other testing methods is
becoming a powerful tool to relate material properties and sensory information1. The connection
primarily relies on accurately defining the viscosity and the structural behavior of the material.
Therefore, rheological characterization is an invaluable tool that assists the cosmetic industry in
material design improvement, product innovation and relationships to consumer sensory
information 1,2. When measuring the dynamic mechanical properties of these complex nonNewtonian materials, heterogeneous behavior arises such as wall slip and shear banding within
the flow field. However, rheometers are only capable of detecting bulk spatial and temporal
averaged data and cannot resolve local microstructural changes in the material that can modify
the fluid properties such as local viscosity measurements 3–10. As an example, shampoo hair care
products are surfactant solutions that may rely on certain amounts of rheological modifiers that
increase the consumers enjoyment of how the product feels 11, or even induce wormlike micelle
formation within the shampoo to provide better spreading effects 12. However, these may also
lead to shear banding or wall slip within the flow field when shear forces are applied13, which
may cause inefficient material processing. To quantify the local heterogeneous fluid behavior
(shear banding and wall slip), non-intrusive imaging and measuring techniques, such as
ultrasonic speckle velocimetry, coupled to traditional rheometers are required to resolve this
behavior.
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1.2 Rheology and Surfactant Solutions
1.2.1 Introduction to Rheology in Couette Geometry
Rheology is the study of the flow and deformation of materials under applied forces, and
is commonly used to apply shear forces in concentric cylinders (Couette geometry) to define
fluid behavior. In this work, rheometry experiments are performed by applying a shear rate that
measures the applied shear stress over time to observe the performance and quantify the
characteristics of a consumer surfactant mixture (Pantene ProV shampoo). The single geometry
used in this work is a Couette geometry, consisting of a cylindrical cup and solid cylinder cell
known as a cup and bob (or stator and rotor), shown in Fig. 1.1. Coaxial cylinder rheology
adheres to specific initial assumptions14,


Steady, laminar, unidirectional flow



Rotational velocity of the fluid is equal to the radius times the rotational velocity and the
radial and vertical velocities are equal to zero



Negligible edge and gravity effects



Wall slip at both walls are zero

If the above assumptions are adhered to, the flow field can be considered a Newtonian flow,
and the following relationship can be derived that relates the apparent shear rate and the felt
shear stress at the rotating cylinder, shown in equation Eqn. 115.
𝑑2 𝑣𝑥 (𝑦)
𝑑𝑦 2

= 0 → 𝜏 = 𝜂𝛾̇

(1)
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Figure 1.1 Schematic illustrating the coaxial geometry used for rheometry measurements
with a close-up of the velocity field.
However, when those assumptions are violated, which is typical of complex fluid-like
materials, the linear relationship above no longer holds and the viscosity becomes a function of
the apparent strain rate Eqn. 2.
𝜂(𝛾̇ ) = 𝑓(𝛾̇ )

(2)

The deviation from a homogeneous flow profile, illustrated in Fig. 1.2, to a profile that displays
heterogeneous behavior under increasing shear rate, are typical in polymers, surfactants and
colloidal systems due to changes in the molecular structure. The inhomogeneous flow either aligns
particles and reduces the apparent viscosity as the shear rate increases (shear thinning), or shear
stress increases due to jamming or molecular tangling (shear thickening) 7. Apparent shear rate
and apparent viscosity are different from the actual shear rate and viscosity due to the local
instabilities that may show deviations in the actual flow rate and viscosity value compared to the
global estimates7,16.
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Figure 1.2 (a) Illustrates the linearity of a Newtonian relationship between shear stress and
shear rate (green), where the shear thinning relationship (blue) and shear thickening relationship
(black) occurs when a fluid deviates from the given assumptions for a Couette flow. (b)
Illustrates the viscosity versus shear rate relationships that are corresponding to (a).
1.2.2 Surfactant Solutions and Micelles
Shampoos typically have an array of ingredients. However, the first three are typically water
followed by a primary surface active agent (surfactant) and then a secondary surfactant2. An
example of such surfactants are, sulfur lauryl sulfate (SLS) and sulfur laureth sulfate (SLES).
Those two surfactants are composed of an anionic head group that is hydrophilic and a
hydrophobic tail group that composed of hydrocarbon chains17. Further, surfactants can form super
structures known as micelles based on concentration, temperature and other factors12,17,18. Micelles
are agglomerated surfactants in aqueous environments that form spheres, rods and wormlike
structures due to hydrostatic interactions12. These micelles have the potential to form different
geometries strongly based on the surfactant packing factor p and temperature,
𝑉

𝑝 = 𝑎𝑙

(3)

where V is the volume of the hydrophobic segment of the surfactant, a is the cross sectional area
of the head group at the interface, and l is the length of the hydrophilic surfactant tail

12,18

. The

micelle geometry can be predicted from the packing factor, p ≤ 1/3, where the micelles are
expected to be spheres, and between 1/3 < p < 1/2 the micelles are expected to transition to
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cylindrical rods 12,18. When the rods become long enough, they tend to be flexible, these flexible
rods are considered “wormlike”12. Further, surfactants demonstrate viscoelastic flow behavior in
their rheology, and are extremely useful due to an array of precarious behaviors, discussed
hereafter, that makes them an extensive topic of study.
In many cases, flow response of surfactant solutions portray shear thinning behavior12.
Interestingly, during shear start up experiments, where a shear rate is applied constantly over time,
stress overshoots are observed followed by a relaxation period, where the stress decreases to a
steady state or constant stress behavior12,19. Most likely, the relaxation occurs due to breaking and
reforming of the molecular structure12. When this behavior has been observed in the literature, the
stress overshoot and relaxation response has been linked as a trigger mechanism for shear banding
to occur19. Further, beyond a critical shear rate, the stress never reaches a steady state stress, but
the flow response is a steady stress increase13,20. During steady stress increases, wall slip at the
rotor has been observed with fluid visualization techniques. Where wall slip is typically attributed
to a lubrication layer that is formed between the bulk material and the wall reducing friction
allowing slip to occur7,12,13,21.
Even though rheological measurements alone have eluded to the phenomena of shear banding
and wall slip in surfactant solutions, rheometry can only obtain global measurements of the entire
flow system, and cannot resolve molecular structure changes or if the flow actually forms bands
resulting in different viscosities within the same flow7,19. Therefore, local measurements are
required by using nonintrusive systems to image spatial and temporal changes within the flow field
as forces are applied to the material.
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1.3 Basics of Ultrasound and its Interaction with Materials
Ultrasonic speckle velocimetry (USV) is a method for resolving the local characteristics of
a fluid under strain that takes advantage of ultrasonic acoustics. In order to fully understand the
function of a USV system, a basic understanding of ultrasound technology is required. The uses
for ultrasonic sound waves has vast applications extending from echo location for naval
technology3, medical devices such as bone fracture or fetus imaging, and commercial humidifiers,
where ultrasonic waves are pulsed that cause pressure spikes and mist to form. Ultrasound is
defined as having a sound wave frequency greater than 20 kHz, where in medical applications
frequencies tend to be in the 1 – 10 MHz range3,22–24 and in USV systems high frequency ultrasonic
transducers are used in the range of 20 – 100 MHz3.
Ultrasonic transducers function by an induced electronic signal being sent through a
piezoelectric crystal that vibrates the crystal at the frequency the sound wave is emitted 3,23,25. Once
the sound wave is pulsed, the device that emits the pulsed signal stands by until an echo signal is
received and then emits the next pulse. Depending on the density differences of the materials the
sound wave being transmitted may undergo severe attenuation

3,22

, where attenuation is energy

loss through a medium that can be incurred by reflection, refraction, or scattering (diffraction). For
example, if sound is traveling through a homogeneous medium there is no density difference to
cause attenuation. This is because of a constant impedance z, which is the product of the density ρ
and the sound velocity c through the medium, shown in Eqn. 4.
𝑧 = 𝜌𝑐

(4)

As an example of the importance of understanding impedance, is sound traveling through
a layered material system, and the interactions that occur when different material interfaces are
encountered. For example, sound is propagated initially with intensity Io through some material
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that has an impedance z1 and interacts with a material with an impedance z2 that causes reflection
because z2 > z1, with a wave intensity Ir, Fig. 1.3. Conversely, if z2 is equivalent to z1 no reflection
occurs and full transmission of the sound wave will occur, whereas if z2 < z1 then the wave shape
is inversed3,23. Further, some sound transmits with some refraction angle θt into material (b) with
wave intensity It. The angles can be resolved by using Snell’s Law Eqn. 53,23.
sin(𝜃𝑜 )
𝑐1

=

sin(𝜃𝑡 )
𝑐2

=

sin(𝜃𝑟 )
𝑐1

(5)

As sound travels through layered materials with z2 > z1, the attenuation reduces the received
signal to the waiting transducer. Further, if the interfaces of the materials have roughened surfaces
that have artifacts that are smaller than the wave length, then scattering (Raleigh scattering) occurs,
which can help identify intricate features, track dynamic fluid behavior and define particle
sizes6,23,24,26. Amplification of the attenuated signal can be achieved by changing the gain,
measured in decibels. Most pulser-receivers have gain selectors to amplify the attenuated signal;
if too much gain is used the signal may be distorted and cause disruptive ultrasonic artifacts3,22.
Another factor that can effect ultrasonic behavior is temperature. For example the sound
velocity in water will change by 2.8% with a change of 10 °C in water temperature3,27. This is
because sound propagates through a medium causing disturbances by collisions. If particles
initially have more energy due to heat, causing more collisions, the transfer of energy is propagated

Figure 1.3 Illustrates how attenuation can occur due to impedance differences that causes
refraction, reflection and transmission.
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faster and consequently the rate sound travels through the medium will increase. Conversely,
sound velocity through a medium will decrease if there is a lack of heat causing the particle motion
to slow down24,27. Further, sound absorption may also occur with temperature differences28,
therefore, temperature differences in the medium(s) can significantly alter impedance between
materials, and is an important aspect for USV calibration and experimental analysis.
1.4 Ultrasonic Speckle Velocimetry
1.4.1 Introduction to Ultrasonic Speckle Velocimetry
As explained above, traditional rheometry is limited to global data observations and cannot
resolve local structural changes or fluid instabilities within the flow profile. Therefore,
alternative techniques must be implemented to resolve these behaviors. There are several popular
imaging methods for complex fluids such as particle image velocimetry (PIV), that relies on a
laser sheet to illuminate reflective particles that are seeded into a material, and a fast camera that
is perpendicular to the laser sheet to capture the motion of the seeded particles as the fluid is
being sheared 29. A major limitation of PIV is that it uses a light source to image the particle

Figure 1.4 Illustrates a schematic of the USV system and how the signal is processed, a
ultrasonic transducer with a center frequency of 36 MHz is activated by a pulser/receiver. Once
sound comes into contact with spherical particles, scattering occurs, signal is received by the
pulser receiver and preamplifier, and then sent through a digitizer where the data is converted
into binary format for post processing.
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motion within the flow limiting testing to translucent materials. Another method that does not
depend on the transparency of the medium is nuclear magnetic resonance imaging (NMR) that,
even though powerful, requires very expensive equipment and may take several minutes or hours
to resolve a full velocity profile 6,30. On the contrary, using ultrasonic speckle velocimetry (USV)
can give accurate spatial resolution of a full velocity profile within 2 seconds 6. Much like PIV,
USV may require seeding of the fluid medium with acoustic contrast agents to be imaged and
uses similar computation.
Unlike PIV where the particles must be reflective for the camera to capture the light scatter,
USV requires a large enough impedance difference, described in section 1.3, to induce sound
scattering at the particle-material interface. An advantage is that USV does not always require
seeding if the medium can naturally scatter sound waves due to phase differences within the
medium. A material that naturally scatters ultrasonic sound waves are foams31,32 and most
commercial hair conditioners have fatty alcohols that are waxy solids at room temperature and
cause a large enough impedance difference within the material medium to strongly scatter the
sound waves. However, acoustic contrast agents used with this USV technique are typically
between 3 – 10 μm6,8,13,33, and it is unclear if nanometer size particles would provide the same
resolution without jeopardizing the rheometry data, due to particle concentration with the
transducers used in this work.
1.4.2 How Ultrasonic Speckle Velocimetry Works
Ultrasonic speckle velocimetry (USV) uses similar principles to medical imaging, however,
requires a high-frequency (30 – 100 MHz) transducer and a PIV adapted cross-correlation
algorithms to track time and spatial resolved velocity profiles. The higher frequencies produce
shorter wave lengths, thus less distance can be traveled and higher attenuation occurs. In USV
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small gaps of 1 – 2 mm are used to make the distances traveled insignificant compared to a
human body where deep penetration is necessary. In medical ultrasonic measurements direct
imaging is more powerful to identify objects with grey scale brightness (B-Mode) images, where
USV uses B-Mode imaging to grey code voltage spikes due to scattering to discover particle
motion over time3,24, ensure a good dispersion of particles, and equipment function ,Fig. 4.2. The
setup of the USV, shown in Fig. 1.4, requires a high frequency transducer that transmits wave
signals at a user defined pulse-receiving frequency (PRF), provided by a function generator and a
pulser-receiver, that is dependent upon the applied shear rate of the rheometer33. Upon particlesound contact of the transmitted wave, the sound will scatter and be fed back through the
transducer to the preamplifier, where the signal is amplified, and receiver, where the signal is
then transmitted to a data acquisition device that converts the electronic signal into usable data.
The data is then stored for post processing.
Also similar to PIV, the USV system uses a cross correlation algorithm to compare two
successive wave forms at time t and t + Δt, where Δt is the time difference between the time of the
first and second pulsed waves6,34. A single acquisition can resolve a velocity profile within 2
seconds, and like PIV, the USV is a statistical system and relies on several acquisitions to resolve

Figure 1.5 Shows a close up schematic of the USV systems’ cup and bob with gap e and the
sound wave of the transducer bending within the PMMA window moving the position angle to
the acoustic angle.
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reliable fluid behavior 6, and must have a matching density to the fluid to help eliminate lag flow
of the particle

6,29

. The schematic shown in Fig. 1.5 illustrates how the ultrasonic transducer is

placed at a critical angle from the horizontal axis θo to reduce large echoes at the interface between
the inner cup wall and fluid medium inside the gap, e. As the sound transmits through the PMMA
it will bend, reference Fig. 1.3, forming the acoustic angle θ 6. As long as the speed of sound co
and the fixture geometry is known theta can be resolved by calibration, fitting a Newtonian velocity
profile, which is a linear profile, matching the rheological data collected for Newtonian fluids 6,34.
Initially, the data is processed along the acoustic axis y, shown if Fig. 1.5. The data is processed
through a cross-correlation function, Eqn. 6, to find the lag between two successive wave forms 𝛿𝑡.
Where, 𝛿𝑡 is the lag between two successive waves sent by the ultrasound transducer, within a
time window defined by 𝑡𝑘 = 𝑡𝑠 +

𝑘∆𝑡
2

1

. Then, using 𝛿𝑇 = 𝑃𝑅𝐹, where PRF is the Pulse Receiver

Frequency, and the speed of sound 𝑐0 , 𝑣𝑦 can be calculated as shown in Eqn. 7 6.
𝐶𝑘 = ∑

∆𝑡
2
∆𝑡
𝑡𝑘 −
2

𝑡𝑘 +

𝑃𝑇 (𝑡 ′ )𝑃𝑇+𝛿𝑇 (𝑡 ′ + 𝜏)

𝑣𝑦 (𝑦𝑘 , 𝑇) =

𝑐0 𝛿𝑡 (𝑡𝑘 ,𝑇)
2𝛿𝑇

(6)

(7)

Once the fluid velocity vy along the acoustic axis is found, the acoustic velocity profile can be
observed to ensure proper data collection6, Fig. 1.7. Even though the acoustic profile information
is useful, it does not describe the necessary spatial information in the flow direction. Therefore,
the data must be translated from the acoustic axis velocity to the rotational or orthoradial velocity
vx direction6, Fig. 1.7. Using the data along the acoustic axis and the geometry of the concentric
cylinders, the position of the particle x, Fig. 1.6, can be found using equation (8), where 𝑦 = 𝑡 +
∆𝑡 6.
𝑥 = √𝑅22 + 𝑦 2 − 2𝑅2 cos(𝜃) − 𝑅1 − 𝑅1

(8)
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Once the data transition is complete, the orthoradial velocity profile be calculated from Eqn. 9
and plotted, Fig. 1.76.
𝑣(𝑥) = 𝑅

𝑅1 +𝑥

2 sin(𝜃)

𝑣𝑦

(9)

The velocity profiles shown in Fig. 1.7, are Newtonian profiles and can be used to calibrate
the instrument by finding the acoustic refraction angle θ. Once the angle is found, Snell’s law,
Eqn. 5, can be applied to find the new sound transmission refraction angle θ' in a new fluid as
long as the sound velocity c' of the new fluid is known 6.

Figure 1.6 Shows a schematic, obtained from [6], of a particle intersection with an ultrasonic
wave along the acoustic axis and the data being translated to the orthoradial axis.
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Figure 1.7 Shows plotted data, obtained from [6], of velocity profiles (left) along the acoustic
axis and the (right) translated data into the orthoradial velocity profile, and the inlayed
normalized plot shows a linear fit for all data collapsed regardless of shear rate or velocity.
These plots are calibration velocity profiles of a Newtonian fluid at different shear rates.

1.4.3 USV Upper and Lower Limits of Functionality
The data processing algorithm described above allows time shift measurements as low as
δt = 0.2 ns and the minimum PRF range that can be generated is 0.01 Hz – 20 MHz. However,
the Pulser-Receiver unit has a limitation of 10 kHz maximum6. Based on previous work from the
literature, PRF frequencies lower than 10 Hz should not be used due to potential mechanical
vibrations or Brownian motion for the ultrasonic contrast agents, corresponding to a shear rate of
0.2 s-1 6. The upper limit is constrained by the wave length of the transducer, λ = c/f, where f is
the frequency of the transducer and the pulser-receiver6. For example, with a 36 MHz transducer,
used with the USV system in this work, a PRF of 20 kHz is possible due to the corresponding
displacement of 40 μm, where λ36 MHz = 41.7 μm. However, since our system has an upper limit
of 10 kHz for a PRF, the pulser-receiver is the limiting case and the highest shear rate that can be
measured is 200 s-1. In order to overcome this limitation, a pulser-receiver capable of providing
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and receiving a 20 MHz frequency would need to be obtained, ideally from Olympus to avoid
the potential for electronic signal interference.
1.5 Project Scope
The project focused on the design and fabrication of precision components to construct an
ultrasonic speckle velocimetry (USV) device, adapt and program processing software to be
compatible with existing hardware, and to test the equipment by investigating velocity profiles
obtained from the USV coupled to a rheometer to quantify fluid instabilities within a flow field.
Specifically, calibration was used to tune the angle of the transmitted signal, and experimental
USV was completed to observe the behavior of a commercial surfactant solution. Additionally, an
attempt was made to understand the changes of the fluid velocity profile and to connect the
behavior to the rheological data based on the existing literature.
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USV COMPONENT DESIGN AND FABRICATON

2.1 USV Transducer Arm Design and Fabrication
2.1.1 Overall USV Transducer Arm Technical Requirements
The USV system requires precision placement of a focused ultrasonic transducer to collect
accurate and precise velocity profiles, as described in section 1.4.3. Therefore, the design of a
mechanism that is capable of both large translational motion in the x,y,z direction(s) for fast
initial transducer placement, and precision local translational motion in the x’,y’,θ direction(s)
for fine tuning was required for the USV system to function. The local motion was desired as an
implemented safety mechanism to protect the rheometer head from any accidental contact.
Further, the transducer placement device needed to be a permanent assembly and placed in front
of existing PIV equipment that was also required to stay assembled as a permanent structure in
the Soft Material Mechanics Laboratory, Fig. 2.1.

Figure 2.1 Original equipment setup prior to the transducer arm fabrication. The PIV is a
permanent fixture (left) impeding the placement of the transducer arm in front of the USV water
bath (right).
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The minimum specifications in the x,y,z axis for fast placement of the transducer was
measured based on existing water tank design, the rheometer head position(s) when raised and
lowered, and placement of the PIV equipment. Therefore, at least 15.24 cm (6 inches) of motion
in the z direction was required to clear the water tank edge, and at least 15.24 cm (6 inches) were
required to move the transducer back in the x direction to clear the rheometer head, in order to
move the transducer arm at least 30.48 cm (12 inches) in the y direction, enabling measurements
to be safely taken with the PIV laser system, Fig. 2.1. Further, precision translational motion
specifications was measured based on existing stator and rotor equipment. The window of the
stator is 25.4 x 25.4 mm, allowing ± 12.7 mm of motion from the center. Therefore, the precision
in the z direction can be that of the naked eye. However, the transducer must be centered in the

Figure 2.2 (Left) Shows the CAD assembly design concept of the ultrasonic transducer arm
and (right) the fabricated arm, constructed from 80/20, 3D printed mounts and Thorlab manual
motion control devices.
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cup window in the x’ and y’ directions, Fig 2.2. This is to ensure the acoustic focus is
approximately centered between the gap e between the stator and rotor walls. Therefore, ± 0.125
mm precision is required in both the x’ and y’ direction(s) to center the acoustic beams focus,
which is 12.7 mm (0.5 inches), within the 1 mm gap between the cup and bob6.
The final placement of the transducer is in the rotational (θ) direction. The angle of the
transducer, with respect to the x’ direction, allows minimizing large echo acoustic reflection and
maximizing the transmitted signal at the water-PMMA interface (See section(s) 1.3 and 1.4). The
angle of the transducer should be placed approximately 20° counterclockwise from the x’ axis,
which is in the direction of the flow6. Thus, requiring a rotating table with readable degree
increments for exact placement.
2.1.2 Manufacturing the USV Transducer Arm
The design concept was developed using SOLIDWORKS and is depicted in, Fig. 2.2. Due to
the ease of use, availability and compatibility with linear motion carriages, the transducer arm
was chosen to be fabricated using extruded 6105-T5 aluminum alloy beams called 80/20 (80/20
Inc. Columbia City, Indiana). Specialized linear motion carriages with break handles were
implemented to realize the large translational requirements in the x,y,z directions. The break
handles allow the carriage to remain in position at any point along the 80/20 rails. Further, the
amount of travel of the transducer arm along the x-axis and y-axis were evaluated based on
collision avoidance with the rheometer head and the safety requirements of using the PIV laser,
respectively. Fabrication of this portion of the arm used a common machine shop vertical band
saw to cut the rails to required length(s). The total available 2 feet of 80/20 travel distance of the
transducer arm along the z-axis was determined by analyzing the amount of room required to
clean the system, make comfortable manual adjustments, and to avoid collisions with the top of
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the water tank. Furthermore, the 80/20 rail in the y direction ensures safe use of the PIV laser,
Fig 2.2. The total travel distances of the transducer arm along the x,y, and z were determined to
be 17.78 cm (7 in), 60.96 cm (24 in) and 60.96 cm (24 in), respectively.
Next, the precision motion in the x’ and y’ direction(s) was captured by using Thorlab
Dovetail 1" linear motion control devices (Thorlabs, Newton, NJ) with precision of 1 mm per
revolution 35, Fig. 2.3. The Dovetail device was used for both the x,y precision motion and was
mounted to the linear motion carriages that attaches the transducer. The placement of the
Dovetail device was determined based on avoiding any potential contact with the rheometer head
and allowing for precision placement of the transducers acoustic projection to be in the center of
the PMMA cup window, Fig. 2.2. The primary positioning of the transducer is a result of the
user manually adjusting the 80/20 linear motion carriages. By inspection and manual adjustment
of the carriages, the user is typically able to bring the transducer within a few millimeters of its
final position. To obtain the final position, the Dovetail can be adjusted to place the transducers
focus within the gap between e, Fig. 1.3.
The final component of the USV arm design, is the implementation of rotational motion
about the z’-axis. Rotational motion allows a critical angle to be realized to reduce large echoes
as described above and can be checked using an oscilloscope. The 360 degree manual rotational
stage (1.4" Manual Rotational Stage, Thorlabs, Newton, NJ, Fig. 2.3) allows 2 degree precision,

Figure 2.3 Fig. 11. Image of the Dovetail 1 inch linear motion device Fig. 12. Image of the
1.4 inch MRS device from Thorlabs.
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has a set screw to lock the stage into position, and was placed to the center of a 3D printed
coupling block with 4 x M4 hex head screws, that attached to the Dovetail device with 4 x 1/4-20
hex head screws.
The rotational stage allows for a thru-center screw for direct attachment of a 3D printed
transducer holder, giving the transducer a level position that is parallel to the bottom of the water
tank, Fig. 2.4.

Figure 2.4(left) Shows the transducer rotated about 20° in the counterclockwise direction to
reduce large echoes, and (right) shows the transducer distance of the transducer, about 7/16 inch
from the stator window.
2.2 USV Time-of-Flight Device Design
2.2.1 Overall USV Time-of-Flight Device Technical Requirements
The objective of the time of flight (TOF) instrument was to utilize the thru-transmission
technique to design instrument capable of measuring the sound velocity through a material26,28,31.
Knowing the sound velocity through any given sample is necessary to calculate the acoustic
refractive angle using Eqn. 5, as described in section 1.4. The instrument required temperature
control capabilities to match the temperature of the working fluid for USV measurements, due to
the effects of temperature on the speed of sound. Additionally, precision linear motion control
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was necessary in the x,y,z directions, to control the placement of a single transducer that could
be lowered and submerged into a sample held in a cup, and positioned symmetrically to a fixed
transducer. Furthermore, the non-fixed transducer needed to be raised approximately 0.5 mm
increments in the z direction to track the distance versus time through the medium.
At the bottom of a sample holder cup a fixed transducer was designed to be placed and
submerged in the sample placed in the cup. The transducer design has a casing diameter of 15.88
mm and a handling grip with diameter of 19.05 mm and a cord attachment with a 19.05 mm
case. Therefore, the design of the cup needed to have multiple holes cut to place a fixed
transducer, hold it in place as to not allow any movement to occur, and required plugging as to
negate any leaking possibilities. This design concept, realized in SolidWORKS, would allow
symmetric placement of two transducers, one pulsing and one receiving (thru transmission)

Z

Y

X

Figure 2.5 (left) Shows the CAD design of the cup that houses the fixed transducer aligning
in the vertical direction by 5/8 inch closed fit hole and the 1 inch hole for a rubber stopper to be
placed to ensure no leaking occurs. (Right) Illustrates the assembled CAD design of the time-offlight device.
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submerged in a single material with temperature control, and precision motion in the x,y,z
directions, Fig. 2.4.
2.2.2 Manufacturing the USV Time-of-Flight Device
Two 10 MHz transducers (Videoscan, Olympus, Waltham, MA) with a 9.15 MHz center
frequency transducers were selected in collaboration with Olympus after samples were sent and
tested. The fixed transducer was fixed at the bottom of a custom acrylic cup used to hold
material(s) for measurement. Shown in Fig. 2.4, the cup was designed with a 15.875 mm (5/8
inch) closed fit hole for the transducer placement, as the barrel of the transducer is 15.875 mm
(Fig. 2.5). Additionally, a 25.4 mm (1 inch) hole was cut into the bottom of the cup because the
transducer has a finger grip design to screw onto the signal cables of 19.05 mm (3/4 inches). A 1
inch tapered rubber plug was purchased at ACE Hardware (West Lafayette, IN) and drilled with
a 5/8 inch drill to press fit over the transducer 3/4 inch diameter to hold the fixed transducer in
the bottom of the cup, while eliminating leaking of the sample from the cup.
The water tank is fabricated from an acrylic box purchased from Amazon with dimensions 6
x 6 x 4 inches. In order to accommodate the water pressure of the bath (Julabo F25-ME
Refrigerated/Heating circulator, Julabo USA Inc., Allentown, PA), 1 inch PVC was used to
allow the water flow around the tank, reducing the initial pressure. To ensure a constant water
cycle to maintain temperature control, an overflow pipe was placed to adapt to the USV overflow
piping system. No formal calculations were completed for this part of the design, only
observation of the USV water tank design were taken into consideration.
The adjustable transducer was fixed with a clamp and was able to be controlled with two 1
inch ThorLAB dovetail linear motion devices, described in chapter 2.2, and a custom built
manual linear actuator that has linear precision of 1/16 in per revolution (Fig 2.6).
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Designing and fabricating the time of flight device posed two design challenges, precision
linear motion in the z direction and temperature control. The positioning of the transducer, in the
x,y,z direction(s), is critical due to the shape of the wave form as the position in the x,y changes.
Therefore, the transducers must be as symmetrical as possible about the z-axis to obtain good
data as the distance is adjusted in the z direction. The z-axis linear actuator was designed and
fabricated with Delrin resin sheets, L-brackets, ball bearings, and a precision 3/8-16 ACME fully
threaded rod (McMaster-Carr, Elmhurst, Illinois), (Fig. 2.5 and Fig. 2.6). This design ensures
smooth and steady motion in the z direction with optimal precision for the maximum effective
length of the transducers, 0.25 inches, for data collection.

Figure 2.6 (Left) The dynamic transducer is able to be moved in the x,y,z direction by
manual linear motion devices. (Right) The fixed transducer at the bottom of the custom acrylic
cup, with a rubber cork that seals the bottom of the cup to ensure no sample leaks.
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EXPERIMENTAL METHODS

3.1 Materials
Hollow glass spheres, 9-13 µm particle size distribution, were obtained through SigmaAldrich (St. Louis, MO) with a density of 1.1 g/cm3. The glass spheres were used as ultrasonic
contrast agents for both the water and Pantene Pro-V® (Proctor and Gamble, Cincinnati, OH)
samples for sufficient scattering of ultrasonic sound waves.
To calibrate the USV system with a well dispersed system of glass spheres, reverse osmosis
(RO) water was measured into 15 mL beaker and poured into sample vials, where 0.15 grams (1
w/w%) glass spheres were added, stirred, and then sonicated for 5 minutes to break up any
agglomerated particles. Once the sample was prepped it was used immediately to calibrate the
USV system. The purpose for using 1 w/w% particle loading was to ensure that any particle
contribution to the rheological behavior was negligible6.
The shampoo samples were measured into a 25 mL beaker and weighed on a digital scale to
be 27.09 grams. In order to ensure the rheology was not affected by the particle loading and
sufficient ultrasonic scattering could occur, a 0.3 wt% glass sphere particle loading was used.
The particle loading of 0.3 wt% was used because a similar particle concentration was used in
other surfactant solutions in the literature. The spheres were then manually stirred until they were
visually dispersed. Sonication was not used because the shampoo would phase separate and
mechanical stirring sufficed for the purposes of the USV experiments.
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3.2 Methods
3.2.1 Shear Rheometry Measurements
Shear start-up experiments were performed on both the H2O and shampoo samples. A
poly(methyl methacrylate) (PMMA) Couette fixture (48 mm fixture with a 1 mm gap,
approximately 11.62 mL of minimum sample volume) was used for all experiments. Samples
were poured into the PMMA Couette cup (stator) and the cylinder fixture (rotor) was lowered
into the samples. Once the rotor was submerged in the samples a 10 minute waiting period was
allotted for equilibrium to be reached to minimize any affects from pouring and fixture loading.
Shear start-up experiments were performed on the RO H2O with 1 wt% particle loading using
shear rates at 4, 10, 15, 20, and 30 s-1. All RO H2O experiments were conducted at 20 °C. Time
averages of the data were taken when the rheometry flow profile reached steady state behavior to
capture the linear relationship between the shear stress versus shear rate of the Newtonian fluid.
The shampoo samples were prepared by measuring 25 mL of sample into a beaker and then
poured into the PMMA Couette fixture. Shear start-up experiments were performed at 3, 5, 20,
and 40 s-1. To capture the transient behavior response, samples were measured over 10 second
time intervals, collecting a data point every 0.01 seconds. Further, time-averaged data was
collected when the rheometry flow curve reached an apparent steady state behavior to capture the
shear rate dependent behavior of the apparent viscosity. Time-averaged data was collected over a
1 second time interval with 100 data points averaged. All shear start-up experiments were
completed in triplicate with new sample each time. Samples for the USV experiments were
prepared with 0.3 w/w% hollow glass spheres to act as ultrasonic contrast agents and the shearstart up experiments were conducted over 100 seconds in order to collect a relevant set of data
acquisitions for USV measurements. All shampoo experiments were conducted at 20 °C.
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3.2.2 Sound Velocity Measurements
Sound velocity was measured with two 10 MHz transducers (Videoscan, Olympus,
Waltham, MA) with a 9.15 MHz center frequency and a custom motion and temperature
controlled system described in chapter 2. The measurements were made at 20 °C with
temperature control from a water bath for all materials. To ensure consistent measurements, the
knowledge of the linear motion of 1/16 inch per revolution was used to track how far the
transducer moved in the z direction during measurements with 1/4 revolutions per measurement.
The pulser/receiver parameters were set to energy level 4, corresponding to 220 V signal with a
gain of 2.2 dB in addition to a 40 dB gain supplied by the preamplifier to obtain adequate
received signal through the materials. The acquisition parameters outlined in Table 3.1 were used
to configure an Agilent U1084A series digitizer.
Table 3.1
Exact parameters for configuration of the digitizer, used during all experiments
Full Scale
(mV)

Level (V)

Delay (μs)

Time
Window
(μs)

Sampling (ns)

Number of
Samples

Number of
Segments

500

-1.2

13.5e-6

2e-6

2

1000

1000

In direct current (DC) coupling mode (acquisitions are always made in DC coupling mode
for the USV system) the parameters set in Table 3.1 configures the full scale amplifier input
voltage, for the USV system with the 50 MHz transducer, 500 mV allows an optimal signal to be
recorded. When configuring the time window, 2 μs corresponds to a 2 ns sampling rate for 1000
samples of data gathered per acquisition. A 2 μs time window was found to resolve all the
information necessary, other time windows were investigated with but either unnecessary or too
little information was gathered. Segmentation of ultrasound acquisitions are used as a spatialtemporal imaging sequence, rather than a static image, to resolve the patterns of the moving
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acoustic contrast agents 36. Therefore, 1000 segments was found in the literature to be optimal to
gather enough information both spatially and temporally to observe fluid behavior 6,7,34. The
frequency generator was set to a pulse-receiving frequency (PRF) of 200 Hz arbitrarily. There is
no evidence found that suggests 200 Hz is an optimal PRF, however, it was used because it was
fast enough to collect the data without notable delay from the software. The PRF affects data
collection time, the slower the PRF the longer data collection times will be. Post processing was
conducted using a custom MATLAB program, reference Appendix B for details of the
experimental parameters used in the code.
3.2.3 USV Measurements
USV measurements were performed to calibrate the USV with suspended hollow glass
spheres in water, and to observe and analyze the flow behavior of a commercial surfactant
solution (Pantene ProV® shampoo), with preparation described in section 3.1.
Calibration of the USV used a 50 MHz (36 MHz center frequency) transducer (PanametricsNDT, Olympus, Waltham, MA) with the equipment setup described in chapter 1.4, for
equipment and wiring schematic, Fig. 1.4. The parameters used for the digitizer are described in
table 3.2.2, with the gain set to 1.9 for optimal received signal. However, additional parameters
are adjusted for the PRF, using a BK Precision function generator (BK Precision, Yorba Linda,
CA) with programmable PRF up to 10 kHz, based on the shear rate input for the rheometer,
reference section 3.2.1 for the shear rate inputs. The PRF is approximately fifty times that of the
shear rate to ensure fast enough imaging to gather the behavior as the shear rate is increased6.
Prior to taking any measurements the transducer must be positioned approximately 11.12 mm
(7/16 inches) from the cup window, and then further tuned by rotating the transducer and
observing signal responses with an oscilloscope to place the transducer focus within the gap e
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and minimized large reflections at the cup-water and water-bob interface, water must be placed
in the cup prior to lowering the rheometer head, Fig. 3.1.
Once the transducer is accurately placed, measurements were taken at 4, 10, 15, 20 and 30 s-1
while adjusting the PRF accordingly between transitions of the shear rates. The data was then
stored for post processing. All calibration experiments were conducted at 20 °C. Input
parameters for post processing data are shown in the appendix section.
Post calibration, USV experiments were conducted on the commercial surfactant solution
without further physical adjustment to the USV. Measurements were taken at 3, 5, 20 and 40 s-1
with a PRF of 150, 250, 1000, and 2000 Hz, and acquisitions were obtained every 10 seconds

Figure 3.1 Upper left: Shows a digital oscilloscope signal from the transducer clearly
displaying the large echoes from the outer and inner cup walls in addition to the bob wall. Upper
right: The transducer is rotated about 20° in the counterclockwise direction to reduce echoes.
Lower left: The delay time was then increased from 13.4e-6 to 13.6e-6 seconds to record
necessary signal only. Lower right: Ultrasonic contrast agents are added to water.
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during the steady state regime of the flow. Unfortunately, due to current data collection restraints
due to the basic functions of the digitizer, only apparent steady state behavior can be gathered
because of the long time ranges that the acquisitions are averaged over. Further work will have to
be completed with the assistance of the digitizer manufacturer technical support (Keysight
Technologies) to solve the acquisition problem.
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RESULTS AND DISCUSSION

4.1 Calibration of the USV
4.1.1 Speed of Sound Measurements of H2O
The speed of sound is measured using the time-of-flight device described in chapter 2.3. The
technique and custom MATLAB software uses signals taken at different distances between a
pulsing and receiving transducer. This is a well-known method of collecting sound velocities and
allows for a wide variety of complex material sound velocities to be collected since both
transducers are immersed in the material 37,38. By inspection of Fig. 4.1, the signal patterns
collected at 0.3 mm increments are all similar shape and size. Wave shape identification is
critical, because if the transducers are moved out of x,y symmetry the wave forms will physically
be different and the time of flight cannot be resolved. Once the wave forms and their respective
maximum amplitude are found for each of discrete distances, the data can be displayed as
distance versus time, Fig. 4.1.
All plots should be linear for any material when collecting sound velocity measurements.
This is because the relationship between distance and time of sound travel is a linear relationship,
as long as the temperature is held constant for a single sample. A linear fit can be imposed on the
data and the slope of the equation is the time of flight in mm/s, Fig. 4.1. The sound velocity
through RO H2O at 20 °C is 1480 ± 9.23 m/s and compares well to the literature, where the
reported sound velocity was 1482.66 giving a 0.1% difference 27.
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Figure 4.1 Linear relationship between the time it takes for sound to travel per position of the
ultrasonic transducer for the water sample.

4.1.2 Raw Speckle Data and Grey Scale Images
Raw speckle data or brightness imaging (B-Mode) is a widely used in the medical
community for bone fracture or fetus imaging, but for the USV measurements it is very useful to
troubleshoot seeding effectiveness and instrument function. B-Mode imaging is effectively a
grey scale image of the bulk flow, Fig. 4.2. The B-Mode image has 1000 segments with 1000
sample data points per segment imposed onto a single image (per acquisition). Where t(ms)
represents the slow PRF time, and , and tus(μs) indicates the fast ultrasonic time from the cup to
the rotating bob, and the grey scale bar represents the received scatter signal, where the darker
grey on the scale signifies less signal received and the lighter the grey signifies more intense
received signal 24,34,36. A single acquisition collects 1000 sample data points over 1000 segments
of the ultrasonic signal, giving a 1000 x 1000 matrix of data points collected in a single data
acquisition. Each acquisition is segmented to mitigate periods of time where received signal may
be lost and smooths the speckle signal to increase resolution of the received data24,36. In Fig. 4.2
the first large echoes can be observed at approximately 13.5 µs where the stator wall is imaged
and around 14.7 µs where the rotor has been imaged. These echoes have been minimized but
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cannot be eliminated. Despite that, the raw speckle data is very useful to troubleshoot equipment
and particle loading or general impedance difference issues that may arise during experiments.

Rotor Wall
Static Wall

Figure 4.2 is a raw speckle data image of H2O water with 1 wt% hollow glass spheres
illustrating a well dispersed scattering of ultrasonic signals collected by superimposing voltage
peaks from several individual wave forms. Those signals are then grey coded forming a
brightness or B-Mode image. Where t(ms) is the slow pulse-receiving signal throughout the
entire acquisition and tus(μs) is the fast ultrasound time window from the oscilloscope, Fig. 3.1.
The grey scale bar on the left, is the threshold of voltage signals that corresponds to the greyscale
of the image, where the white scale is large scattering and black is no scattering of sound at the
particle interface. See [6, 10] for more information.
4.1.3 Grey Scale Image to Velocity Profiles
The raw speckle image in Fig. 4.2 is composed of 1000 segments with 1000 data points per
acquisition that are overlaid to create the speckle image. Thus there are 1000 successive
segments taken at some time t + Δt that are compared individually to find the lag time δt using
Eqn. 6, that is then evaluated with Eqn. 7, and further processed to obtain, Fig 4.3, the
orthoradial velocity profile. Where Fig. 4.3, are the rheometry measurements and confirm the
Newtonian behavior of the working fluid. The USV post-processing algorithm uses a model to fit
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Figure 4.3 (Left) Shear rate vs shear stress plot showing the linear relationship for H2O with
1 wt% hollow glass spheres. (Right) Gap distance from the rotor to the stator vs velocity is the
calibration velocity profile obtained at shear rates (Δ) 4, (□) 10, (∙) 15, (◊) 20, and (x) 30 s-1 that
is fit to a predicted linear model with a θ value of 10.7°. And the inlayed normalized velocity vs
gap distance plot shows the data is a good fit with the predicted linear regression model.
the Newtonian velocity profile collected during the calibration process. The calibrated incident
angle along the acoustic axis was found to be 10.7 degrees, and the calibration is fit to the
predicted model which is expected from the literature6, Fig.1.7. However, the physical gap e
between the stator and rotor, measured with a set of calipers, is 1 mm and conflicts with Fig. 4.3,
where the calibrated gap measured with the ultrasound turns out to be 0.83 mm. This could be
due to rotor alignment or material defects from use over time, which may cause an averaged
velocity measurement at the rotor wall. Regardless, the calibrated velocity at the rotor matches
the expected value(s) in Fig. 4.3 and all USV results hereafter are not expected to change due to
the conflict in gap measurements, but to ensure accuracy of future data, further investigation
should be undertaken.
Additionally, the linear fit model uses estimates of rotational velocity, instrument calibrated
correction factors (Anton-Paar MCR 302 is: 1.10), and basic geometry of the measurement
system. In order to confirm the estimates were valid for our system, calculations were made
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using the raw data collected from, Fig. 4.3. The following equations were used for the estimated
shear rate calculations:

𝛿=

𝑅𝑒

(9)

𝑅𝑖

Where δ = 1.04167 is the ratio of the internal radius of the stator Re (cup) = 50 mm and the
outer radius of the rotor Ri (bob) = 48 mm. Once the tool geometry is known, then the angular
velocity ω can be found by using Eqn. 10.

𝜔=

2𝜋
60

𝑛

(10)

Where n is the measured speed of the rotor from the encoder built into the rheometer.
Upon finding δ and ω, then the shear rate 𝛾̇ can be calculated from Eqn. 11.

𝛾̇ = 𝜔

1+𝛿 2
𝛿 2 −1

(11)

As shown in Table 4.1, the difference between the calculated and measured values is only 1.7%.
Table 4.1
Calculated shear rates from rheometer to compare with predicted shear rates
Calculated
Measured
Input Shear Rate (s-1)
-1
Shear Rate (s )
Shear Rate (s-1)
4
3.84
3.62
10
9.61
9.18
15
14.41
14.22
20
19.22
18.79
30
28.83
28.49

As can be observed in Fig. 4.3, the gap is calibrated at 0.83 mm opposed to 1mm as expected
from physical measurements. This may be attributed to suspected machining defects or possible
rotor alignment deviations. Again, this does not seem to affect the rheometry measurements.
Further data collection difficulties stem from the software package that accompanies the
U1084A Agilent digitizer. The post processing code was designed to process binary data to
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reduce internal memory storage to increase acquisition time. The software does not allow
separate file storage with sequential data collection for binary data sets. Other file types increase
the time significantly, where 30 seconds is lost per loop making manual collection faster (10
seconds per acquisition) and transient behavior impossible to collect, only allowing average
transient behavior to be collected over a span of at least 60 seconds. Due to current constraints
that our digitizer software includes for sequential data collection, only 7 data acquisitions were
acquired over 100 seconds per shear rate.
4.2 Commercial Surfactant Solution Measurements (Pantene ProV Shampoo)
4.2.1 Sound Velocity Measurements through Pantene ProV Shampoo
The sound velocity of the shampoo was used to find the bending angle of the ultrasonic
waves through the shampoo during rheometry experiments by using Snell's law, Eqn. 7, to solve
for θ'. The measured sound velocity through the shampoo was 1508 ± 14.2 m/s, shown in Fig.
4.4. This results seems reasonable compared with the surfactant sound velocity made in the
literature at 20 °C with a sound velocity of 1555 m/s13. The difference could be due to density
and viscosity differences between the two samples. Solving Eqn. 7, resolved the angle along the
acoustic axis to be 10.9 degrees.
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Figure 4.4 Linear relationship between the times it takes for sound to travel per position of
the ultrasonic transducer for the shampoo sample.

4.2.2 Rheology and USV of Pantene ProV Shampoo
Concentrated surfactant solutions are known to be viscoelastic materials that have shown
prominent fluid instabilities in the literature 12,13,18,20,39, therefore both wall slip and shear
banding were expected to occur during shear start-up experiments. In traditional rheometry
measurements, stress overshoots may be a strong indication of shear banding during the stress
relaxation portion of the transient behavior13,18, Fig. 4.5 and Fig. 4.6. Structurally the stress
overshoots are attributed to the molecular rearrangement of the surfactant solution network,
where the relaxation indicates structural alignment causing a shear thinning behavior, shown in
Fig. 4.712. Further, the phenomenon of wall slip may go unnoticed in the bulk measurements and
can lead to underestimates of the fluidic properties 13.
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Figure 4.5 (Left) Shear stress versus time at shear rates 3 and 5 s-1. (Right) Shows a similar
plot with shear rates 20 and 40 s-1. Both can be observed to have stress overshoots.

Figure 4.6 Compares literature results from [13] to results shown in Fig. 4.5.
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Figure 4.7 (Bottom) The bulk time-averaged shear thinning behavior of the material over the
shear rates 3, 5, 20 and 40 s-1. Illustrating the functional behavior of the shampoo.

Figure 4.8 Shear rate versus shear stress plot(s) for shear rates 3, 5, 20 and 40 s-1 with 0.3
wt% particle loading. (Left) Slightly higher stress overshoots are observed with a relaxation to
steady state. (Right) Expected larger stress overshoots are observed with a fast relaxation period
but never reaches a steady state condition. The stress steadily increases over a time period of 90
seconds, where the shear stress increases by 3 Pa at 20 s-1 and 4 Pa at 40 s-1. USV measurements
were taken from 30 – 100 seconds every 10 seconds.
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Observing the time based shear start-up experiments can help identify material relaxation
periods, or structural modification that occur over time due to the imposed shear rate applied to
the material. Shown in Fig. 4.8, at shear rates of 3 s-1 and 5 s-1 relatively low stress overshoots are
observed with longer relaxation times compared to 20 s-1 and 40 s-1. In addition, the more
pronounced stress overshoots and faster relaxation times at 20 s-1 and 40 s-1 show that steady
state behavior is never actually reached as it is during 3 s-1 and 5 s-1. From the literature, as the
relaxation stress plateau approaches but does not reach steady state, wall slip most likely
occurs13. Wall slip is typically formed due to a lubrication layer between the wall and bulk fluid
causing slip to occur9. Over a time period of 90 seconds the shear stress increases by 3 Pa at
20 s-1 and 4 Pa at 40 s-1, Fig. 4.8. This behavior is correlated with wall slip, as shown in Fig. 4.9,
and is comparable with the velocity profiles, shown in Fig. 4.10, from the literature13,
specifically for the shear rate of 40 s-1.

Figure 4.9 USV measurements taken at shear rates 3,5 20 and 40 s-1 over the time range 30 –
100 seconds every 10 seconds and then averaged over that time, giving a time average local
behavior. From the velocity profile plot, wall slip can be observed in both the 20 and 40 s-1
profiles that correspond to the increasing shear stresses over the time span where measurements
were taken. Arrows correspond to the expected shear rates of 20, and 40 s-1.
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The images generated by the USV system provides the information necessary to observe the
local behavior flow behavior. Observing the shear start-up experiments at 3, 5, 20 and 40 s-1
demonstrates that the nonlinearity increased with increased shear rate. Additionally, wall slip is
observed in both 20 and 40 s-1 where steady state stress is never reached and the stress slowly
increased at the same shear rate. At lower shear rates this behavior is not observed and thus no
wall slip is observed. Therefore, increased shear rates are associated with greater degrees of wall
slip. The USV measurements were then taken every 10 seconds beginning at 30 seconds. The
start time of 30 seconds was selected because of the slower acquisition time with lower PRFs
correlating to the slow shear rates of 3 and 5 s-1. The speed of the acquisition is attributed to the
current software interface for data acquisition collection, and is expected to speed up with
custom built software for controlling the digitizer. However, velocity profile, in Fig. 4.9, is an
averaged wall slip behavior, where the actual behavior, if taken over smaller intervals, is
suspected of showing multiple wall slip values over time, Fig. 4.1013, specifically for the shear
rate of 40 s-1.
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Figure 4.10 Data obtained from [13] that measured three different types of surfactant micelle
solutions observed wall slip over the steady increase in shear stress over long periods of time.
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CONCLUSIONS

This project was a multi-disciplinary, multi-faceted study that covered mechanical design and
fabrication, custom software development coupled with signal analysis of acoustic waveforms,
and rheometry coupled with USV measurements to study fluid instability within a coaxial
geometry of a commercial surfactant solution. The resulting design and fabrication proved to be
necessary and successful to align the ultrasonic transducers focus within a 1 mm gap to
maximize the signal response received by the transducer. Further, the design and fabrication of
the time of flight instrument was able to gather sufficient data to measure the speed of sound, as
to implement Snell’s law to calculate the acoustic bending angle, post calibration for the new
working fluid. The software developed (see appendix B) is extremely user friendly, as the user
only needs to enter what shear rates are being measured, the file path, and the number of files to
be analyzed and the rest of the post processing is automated with the exception of the calibration
process. Here, the user must guess an initial incident angle of the acoustic wave and use an
iterative process, adapting both the angle and the estimated position of the static wall.
The main experimental outcomes of the rheometry and USV measurements were as follows:
1) The sound velocity results followed the expected values from the literature, where at
20 C the sound velocity through H2O was 1480 ± 9.23 m/s and through the shampoo
the time of flight was 1508 ± 14.2 m/s due to a more dense and viscous material.
2) The shampoo rheological behavior was similar to the findings in the literature for
other surfactant solutions. The transient behavior of the shear start-up showed an
immediate stress overshoot and relaxation that plateaued to steady state for shear rates
of 3 s-1 and 5 s-1. Where shear rates of 20 s-1 and 40 s-1 never reached a steady state
stress, but an observable steady stress increase was observed, shown in Fig. 4.8 and
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compared with the data collected in Fig. 4.6. Additionally, based on the literature a
steady state response is never expected above a critical shear rate13.
3) The USV grey scale images revealed excellent speckle data using glass spheres in
both samples, however only illustrated for H2O-glass sphere samples, relieving any
concerns regarding equipment functionality. Further, the calibration efforts were
successful in that the data fit well with the linear regression models built into the post
processing MATLAB program that was adapted from a different USV system.
However, the gap length is calibrated to 0.83 mm that may be attributed to machining
defects or physical rotor alignment. Further investigation is needed to determine the
cause of the gap measurement conflict.
4) The surfactant USV velocity profiles revealed expected wall slip and measurements
were taken every 10 seconds over a 70 second time span, and then all acquisitions
were averaged. When comparing the results to the literature, it was shown that
multiple wall velocity changes occur over a large range of time for higher shear rates,
thus it is expected that similar behavior may occur for the system studied in this work.
A loss of 16.1 Pa was shown in the time averaged experiments at 40 s-1 and 3.7 Pa at
20 s-1. Additionally, no wall slip occurred at the stator wall, as expected.
Future work on the USV includes developing a program that controls the digitizer to
collect data in binary format and store successive acquisitions. Once these final steps are
completed the opportunity to work on foam systems seems like an interesting field to explore
using local velocimetry measurements to discover the otherwise peculiar global rheological
results that have already been discovered in the literature.
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FUTURE WORK

6.1 Potential of Local Rheo-USV of Aqueous Foams
USV has been widely used to study an array of complex fluids to include colloidal
suspensions, carbopol gels, and wormlike surfactants for their inherent fluid instabilities such as
shear banding, fracture and wall slip13,40,41. An interesting field of materials to study spatial and
temporal changes within a flow field are aqueous foams. Much has been done on understanding
the bulk rheological behavior and the acoustic properties of coarsening aqueous foams such as
commercial shaving foams31,32,38,42–46. Some local rheometry measurements have shown foams to
be sensitive to the wall slip phenomena due to their ability to slip past surface defects that would
otherwise prevent slip from occurring46.
Aqueous foams are commonly referred to as diphasic systems, meaning they are composed
of two phases31. The first is the liquid phase and the second is the gas phase. Typically, sound
propagates through air at 343 m/s and through water at 1480 m/s at 20 °C27. However, when
sound travels through a diphase medium, the speed of sound is drastically reduced because of
attenuation and sound absorption from scattering effects31,32,43 as discussed in chapter 1.3. Values
for sound velocity for foam in the literature shows values between 45 m/s and 65 m/s based on
sound frequency and aging differences. These experimental values were measured specifically
using Gillette Regular shaving cream31. The bubble radius versus wave length plays a significant
role in how the sound travels through the foam medium. A primary challenge in characterizing
the local velocity using the USV technique would be to define the gas bubble diameter to ensure
Rayleigh scattering, discussed in chapter 1.4. Recall for the USV system described above the
bubble radius must be less than 41 μm due to the size of the sound wave length. The mean radius
of the bubbles can be calculated by (12).

44
〈𝑅(𝑡)〉2 − 〈𝑅(𝑡𝑜〉2 = 𝐴(𝑡 − 𝑡𝑜)

(12)

where A is a constant and to is an arbitrary reference time when aging begins31. The literature
reports average radius values of 15 μm, 30 μm, 50 μm respectively for 20 min, 120 min and 480
min of time aged31. Considering aging effects in these types of foams, USV measurements must
be completed within 20 minutes of sample prep and loading, thus requiring a large amount of
sample for multiple experiments or limited use of the USV cell. Other possibilities would be to
manufacture a secondary cup and bob system from PMMA that would require less sample to be
used. Additionally, transducers down to 20 MHz could be used with the USV that would allow
larger bubble sizes and still obtain good speckle images with a wider range of experimental
parameters. Other challenges may include spontaneous bubble increase or size change, altering
the attenuation that may occur during the rheometry measurements. Even more, is as the size of
the bubble changes more attenuation occurs changing the sound velocity through the medium31.
Referring to Snell's Law (5) in chapter 1.3, indicates that the incident angle would also change as
the sound velocity changes. Thus, adding the additional challenge for post processing, is to
understand how coarsening or gel to foam phase changes affect sound velocity as rheometry
experiments are being made, in order to account for changes in θ to ensure accurate findings.
The USV is an extremely powerful and adaptable tool for local rheometry experiments.
Beyond characterization of local fluid behavior, acoustics could be used to determine other
characteristics about the foams such as bubble size, if the appropriate transducers were used26.
Information regarding the foam structure and how the structure changes as shear conditions
could lead to a much greater understanding of the relationship between the local rheological
behavior and structural integrity of foams.
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APPENDIX B. MATLAB CODE CONTRIBUTION

The following MATLAB code segments are code written in order to adapt code gifted to
the SMM lab from Professor Sebastien Manneville. The work completed to understand the
functionality of the custom processing software included translating variables and notes from
French to English, develop the math skills necessary to understand how the cross-correlation
function worked, develop coding skills in MATLAB to understand gifted codes functions, learn
theory about acoustics and speckle grey scale images to understand if the data received was
valid, and finally learn the differences between two different digitizers in order to adapt
constants and data collection algorithms.

The following functions are used in a specific order for the software to function. The
order is as follows:

Calibration Code Sequence:
FileNaming.m
DefinePathsAndConstants.m (Not shown, gifted code)
Lance_Matlab.m (Not shown, gifted code)
Rd_Header.m
Call_Header.m
Correl_Matlab.m (Not shown, gifted code)
subCorrell_Matlab.m (Not shown, gifted code)
Profil_Matlab.m (Not shown, gifted code)
Calib.m (Not shown, gifted code)
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Experimental Code Sequence
FileNaming.m
DefinePathsAndConstants.m (Not shown, gifted code)
Lance_Matlab.m (Not shown, gifted code)
Rd_Header.m
Call_Header.m
Correl_Matlab.m (Not shown, gifted code)
subCorrell_Matlab.m (Not shown, gifted code)
Profil_Matlab.m (Not shown, gifted code)
Experimental.m (Code is shown, but was adapted directly from Calib.m)
Much like Calib.m, the profil.m processed data that has been correlated is looped over all
acquisitions to gain a statistical average of the behavior over the data collection time, usually no
more than 2 seconds if sequential data gathering is possible.
NOTE: EXPERIMENTS SHOULD BE COMPLETED DIRECTLY AFTER
CALIBRATION FOR BEST RESULTS. USV SHOULD BE CALIBRATED BEFORE
INITIAL EXPERIMENTS ON THAT DAY. THE TRANSDUCER CAN ONLY BE
SUBMERGED FOR 8 HOURS AND NEEDS 16 HOURS OF DRY TIME.


FileName.m is the only file where inputs need to change per post processing analysis. The
location of the data (MainFile) needs to be updated with the new file path. The files should
be stored in a master folder with subfolders labeled “SRC_ShearRate”. If the files are named
differently, then the user must update MainFolder with the new file name. It is strongly
advised to use the same naming convention so the program knows which file to read per
shear rate.
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Digit_FileName does not matter, this may be changed to whatever the user likes, it is a
filename used for the files themselves that will be called within the program. The name does
not show up on the publishable plots.



The ShearRate variable should be updated with the shear rates used in the experiment. And
finally, the number “n” experiments completed will be the number of files you have in each
subfolder, i.e. SRC_4. The program will then rename n folders so the rest of the post
processing programs can be sequentially run.



Once all updates are finished, press play. If the program breaks after FileNaming.m is
complete add DefinePathsAndConstants.m to path by pressing play within that subroutine.
The program will run from this routine, but this will allow successive experiments and
analysis to occur from FileNaming.m. Just remember the hitch hikers guide…Don’t Panic.

%FileNaming.m Use this to name files for post processing data before using
%the USV post processing software.
clear; close all hidden;
MainFile = 'D:\Updated_Matlab_Software\Conditioner_Data\Cond_Exp_9182017\';
MainFolder = 'SRC_';
Digit_FileName = 'JasonRok_';
ShearRate = [4 10 20];
cd(MainFile);
n = 5; %Number of experiments completed
%-------------------------------------------------------------------------%This segment renames all folders with headers and data files inside, where
%the next segment will rename all data files inside folders.
for ii = 1:length(ShearRate)
ADir = dir([MainFile MainFolder num2str(ShearRate(ii))]);
ADir = ADir([ADir.isdir]);
AName = {ADir.name};
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AName(strncmp(AName, '.', 1)) = [];
for iFolder = 1:numel(AName)
APath = fullfile([MainFile MainFolder num2str(ShearRate(ii))], AName{iFolder});
BDir = dir(fullfile(APath));
newName = sprintf([Digit_FileName, num2str(iFolder),'_', num2str(ShearRate(ii))]);
movefile(APath, fullfile([MainFile MainFolder num2str(ShearRate(ii))], newName));
end
end
%-------------------------------------------------------------------------%The following segment renames all data files inside folders renamed above.
for i = 1:length(ShearRate)
ww = 1;
for j = 1:n
ww = num2str(ww);
zz = num2str(ShearRate(i));
destination = [MainFile MainFolder ,zz];
folder = sprintf(['SRC_', zz]);
cd(folder);
folder2 = sprintf([Digit_FileName ,ww,'_',zz]);
cd(folder2);
fileDir = dir('*.data');
NewName = ['shearRate_',ww,'_' zz];
FNAME = fileDir.name;
[pathstr,name,ext] = fileparts(FNAME);
copyfile(FNAME,fullfile(destination,[NewName ext]));
ww = str2double(ww);
ww = ww+1;
cd(MainFile);
end
end
Define_PathsAndConstants;
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-----------------------------------------------------------------------------------------------------------------------------------------%Rd_Header.m The code in this segment reads the needed information from the
%text file created by the digitizer. The text file is created and
%stores all of the header information from every set of data collected.
%Typically there will be 1000 segments x 1000 samples for a single header.
disp('Gathering File Names and Wavefrom Constants');
% ----------------------------------------------------------fileID = fopen(headerName,'r');
Headers = textscan(fileID,'%s','Delimiter','\r\n');
%The for loop below reads all 1000 file names created by
%the digitizer and stores them into an array of file names.
%This segment of code will be used later to call data from the
%specified file name listed in the array.
for i = 2:12:12000 %Must have n x n matrix for interpolation, if data collection size is
altered, change here.
FileName{i} = cell2mat(Headers{1,1}(i,1));
end
File = FileName(~cellfun('isempty', FileName));
%Reading the constants from the Header...
%Note for future improvment: Maybe make this code more effiecent?
addon = cell2mat(Headers{1,1}(5,1));
addon2 = strsplit(addon,' ');
nb_samples = addon2{1, 5};
nb_samples = str2double(nb_samples);
addon = cell2mat(Headers{1,1}(6,1));
addon2 = strsplit(addon,' ');
dt = addon2{1, 4};
dt = str2double(dt); %dt = str2double(dt)*1000;
addon = cell2mat(Headers{1,1}(7,1));
addon2 = strsplit(addon,' ');
gain = addon2{1, 3};
gain = str2double(gain);
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addon = cell2mat(Headers{1,1}(9,1));
addon2 = strsplit(addon,' ');
delay = addon2{1, 4};
delay = str2double(delay);
%The initial times that the ultrasound transducer records changes.
%The cross correlation program will use this data to find the average
%time lag between the wave scattering? The following loop puts ALL of the
%times from the header into an array.
format long;
for i = 11:12:12000 %Matrix must be n x n, if data collection size changes, this must be
changed too.
addon = cell2mat(Headers{1,1}(i,1));
addon2 = strsplit(addon,' ');
intTime1 = addon2{1, 2};
diffTime(i,1) = str2double(intTime1);
end
j = 1;
for i = 1:length(diffTime)
if diffTime(i) ~= 0
initial_time(j) = diffTime(i);
j = j+1;
end
end
fclose(fileID);
Call_Files_From_Header;
-----------------------------------------------------------------------------------------------------------------------------------------%Call_Header.m
The following loop reads the binary data files and stores them into an
%array that is [number of files x number of data points].
%The "CallFile" variable developes the full path to open the data files.
for i = 1:length(File)
CallFile = char(fullfile(filePath, File(1,i)));
odata = fopen(CallFile);
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rdata = fread(odata, 'int8'); %Added 'int8'
ampl(i,:) = rdata;
fclose(odata);
end

ampl = gain*ampl; %For now I don't think I need to transpose matrix. I think data is in
correct order.
%------------------------------------------------------------------------%1) File names are in a 1 x n array
%2) Constants from the header are read out of a text file (ensure .txt)
%3) Initial times are in a 1 x n array
%4) Binary data is collected into a n x m array
%-------------------------------------------------------------------------disp('Interpolation Data on the Common Time Interval for ALL Segments');
%-------------------------------------------------------------------------%The following interpolates the raw waveform to ensure all data is lined up
%relative to the trigger time, so the spatial time shift can be correlated
%in order to realize the velocity profile.
Ti = max(initial_time); %This is the initial time in the header.
Tf = min((nb_samples-1)*dt+initial_time); %I think nb_samples is the number of data
points.
t_interp = [Ti:dt*fact_interp:Tf];
for jj = 1:nb_samples
tps_cur = [0:nb_samples-1]*dt+initial_time(1,jj);%nb_samples-1 in original text.
data(jj,:) = interp1(tps_cur, ampl(jj,:), t_interp, method_interp);
%data(jj,:) = data;
end;
timeUS = delay+t_interp;
timeUS = 1e6*timeUS;
dt_interp = mean(diff(timeUS));
data = data/max(max(abs(data))); %This is the normalized data.
%------------------------------------------------------------------------correl_matlab; %File that begins the cross correlation
------------------------------------------------------------------------------------------------------------------------------------------
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% ----------------------------------------------------------% Experimental.m NOTE: Code was adapted from Calib.m Main program for automatic data
analysis
% ----------------------------------------------------------% - computation of the correlations (files dpl) with C++ program
% - then computation of velocity profiles with Matlab
% - no intermediate results are save
close all
calibration = 1;
coul='bkrgmbkrgmbkrgmbkrgmbkrgmbkrgmbkrgmbkrgmbkrgmbkrgmbkrgmbkrgm';
suff='';
Rint=Rext-gap_reel;
%%%%%%%%%%%%%%%%%%%%%%% THIS IS FOR TA INSTRUMENTS
RHEOMETERS
cis=suff_manip;
% shear imposed by the rheometer
%fg=(Rint_rheom^2+Rext_rheom^2)/(Rext_rheom^2-Rint_rheom^2);
%vrotor=cis*Rint_rheom/fg
%%%%%%%%%%%%%%%%%%%%%%% THIS IS FOR ANTON PAAR
RHEOMETERS
CSR=156.92893;
% ENTER HERE THE CSR INDICATED BY THE MCR302 !
%CSR changed to 156.92893 for ME48/PMMA: if the gap is changed, the CSR
fg=2*pi*Rint_rheom/CSR;
vrotor=cis*fg;
nb_manips=length(suff_manip);
disp('______________________________________________________________________
______________________________');
disp(' ');
disp([num2str(nb_manips) ' folder(s) to analyse in ' nom_acq]);
disp(' ');
for uu=1:length(suff_manip)
clear debarras
numras=0;
seuil=seuil_vec(uu);
cherche_dpl=cherche_dpl_vec(uu);
seuil_contin=seuil_contin_vec(uu);
nom_manip = [nom_man num2str(suff_manip(uu)) suff];
if isdir([nom_acq nom_manip]) == 0
disp(' ');
disp(' Error : directory not found !');
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disp(' ');
return;
end;
eval(['cd ''' nom_acq nom_manip ''' ']);
liste=dir('*.data');
taille=size(liste);
disp('_________________________________________________________________________
___________________________');
disp([num2str(taille(1,1)) ' files .data in ' nom_acq nom_manip]);
disp(' ');
ll=0;
for jj=1:taille(1,1)

% loop on the different acquisitions with time

nom_run=liste(jj).name;
path_complet=[nom_acq nom_manip '\'];
ppos=findstr(nom_run,'.');
nom_file=nom_run(1:ppos(length(ppos))-1);
path_complet_local=[nom_local nom_manip '\'];
nom_res_local=[nom_file '_' nom_res];
nom_profil_local=[nom_file '_' nom_profil];
if ( exist([path_complet_local nom_res_local '_pb'],'file') == 0 )
ll=ll+1;
profil_matlab;
vit_moy=vitesse;
vit_err=erreur;
figure(5); hold on; zoom on;
set(gcf,'Position',[540 340 350 290]);
plot(prof,vit_moy,[coul(ll) '.']);
ylabel('< v_{\theta} > (mm/s)');
xlabel('t_{us} (\mus)');
end
eval(['cd ''' nom_acq nom_manip ''' ']);
end

clear vit_moy vit_std vit_err
if ll>1
[t_stator_estime(1,uu) dum dum]=mean_std_NaN(t_stator_estime_brut');
[vit_moy,vit_std,dum2]=mean_std_NaN(calib_moy);
[vit_err,dum1,dum2]=mean_std_NaN(calib_err);
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eval(['save ' nom_acq nom_manip '\' nom_profil '_' nom_man
num2str(suff_manip(uu)) '.mat r vit_moy vit_std vit_err c0 theta_0 Rext t_stator']);
figure(3);
hold on; zoom on;
h=errorbar(r,vit_moy,vit_err,'k.');
set(h,'MarkerSize',20);
h=errorbar(r,vit_moy,vit_std,'g.');
set(h,'MarkerSize',16);
ylabel('< v_{\theta} > (mm/s)');
xlabel('r (mm)');
title([nom_manip ' : average velocities over ' num2str(ll) ' files'],'Interpreter','none');
end
end
if ll > 1
[tmoy tstd dum]=mean_std_NaN(t_stator_estime');
else
tmoy=t_stator_estime;
tstd=0;
end;
for ind_manip=1:nb_manips
clear vit_moy vit_std vit_err
nom_manip=[nom_man num2str(suff_manip(ind_manip)) '\'];
nom_profil_calib=[nom_profil '_' nom_man num2str(suff_manip(ind_manip)) '.mat'];
eval(['load ' nom_acq nom_manip nom_profil_calib]);
figure(1); hold on; zoom on; box on;
vit_moy=fliplr(vit_moy);
vit_err=fliplr(vit_err);
r=gap_reel-fliplr(r);
r_rotor_estime=gap_reel-r_rotor_estime;
h=plot(r,vit_moy,[coul(ind_manip) '.']);
set(h,'MarkerSize',14);
xlabel('x (mm)','FontSize',14);
ylabel('v (mm.s^{-1})','FontSize',14);
set(gca,'Fontsize',14);
figure(2); hold on; zoom on; box on;
h=plot(r/gap_reel,vit_moy/vrotor(1,ind_manip),[coul(ind_manip) '.']);
set(h,'MarkerSize',14);
xlabel('x / e (mm)','FontSize',14);
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ylabel('v / v_0 (mm.s^{-1})','FontSize',14);
set(gca,'Fontsize',14);
%pause;
end
figure(2); hold on;
plot(pos/gap_reel,vnewt,'k','LineWidth',2);
plot([r_rotor_estime r_rotor_estime],[0 max(vit_moy)],'k:');
axis([-0.1 1.1 -0.1 1.1]);
set(gcf,'Position',[540 80 350 290]);
eval(['cd ''' nom_acq ''' ']);
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APPENDIX C. TROUBLESHOOTING USV SYSTEM

The following section covers sets of data that were used in troubleshooting the USV. Much
of the troubleshooting covered will be from the raw speckle brightness mode images and velocity
profiles. Further, this section is meant to be used and added to in future updates of the laboratory
SOP.
Raw Speckle Brightness (B-Mode) Images
The following example illustrates how to read a raw speckle image to troubleshoot samples
collected during USV experiments. The left image is a shear rate of 10 s-1 and right image is at
20 s-1 with the same commercial shampoo product. Further, both were imaged at 20°C with
different particle loading. The left image has 3 wt% while the right has 0.3 wt% particle loading,
and gives a prime example of why particle loading matters in acoustic imaging and how multiple
scattering and particle agglomeration can lead to velocity profile distortions.

Left image: There are large reflective echoes at the static wall that have distorted the flow
plain. Further, there is no echo at the rotor. This happens when the particle loading is causing
multiple scattering or the particles have strongly agglomerated. Right image: Reflective echoes
can be observed at the stator and rotor as expected. Further, there is a good distribution of
particles indicating that multiple scattering has not occurred.
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Associated Velocity Profiles with Raw Speckle Images Above
The profile on the left is associated with the B-Mode image with a shear rate of 10 s-1. As can
be observed, significant wall slip is associated with the data collected with 3 wt% particle
loading, caused multiple scattering and potential particle agglomeration. Further, bends in the
plot would lead to conclusions of elastic instabilities or other perturbations in the flow. However,
the velocity profile on the right is associated with the 20 s-1 shear rate where only slight wall slip
is observed and a linear response. The particle loading is sufficient and the behavior can be
compared to data in the literature found within the thesis. Also, the rotor can be seen at 0 mm
that is correlated to the large reflection echo at approximately 14.7 μs at the stator at 0.83 mm
that is correlated with the stator at 13.5 μs. These are good indicators that all data is real in the
profile.

Software Mishaps that Distort Velocity Profiles
Software problems can be the most difficult to solve. One of the primary errors that were
encountered was the absence of sub-function that calculated the maximum velocity. As a
consequence the velocity at the stator was greater than zero and the gap was calculated
incorrectly. The following plots illustrate how software issues can distort the collected data.
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The velocity profile on the left has the sub-function missing and creates a truncation of the
zero velocity at the stator. Further, the stator wall is where the profile plateaus at 0.6 mm, on the
right, where the stator is actually located at 0.83 mm, as illustrated on the right. The velocity
profile on the right is what should be expected for a Newtonian profile, where there is no slip at
the rotor or stator.

