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FOREWORD

This report was prepared as the final deliverable of a Small Business Innovation Research
Phase II project funded by the U.S. Department of Energy. This research project, as proposed,
consisted of a total of ten tasks. This final report contains an account of all activities conducted
for the project along with recommendations for additional work necessary to refine and further
demonstrate the technology before full commercialization can begin. In addition to the work
conducted under the Phase II Project, this report also contains a discussion of the results obtained
under Phase I that provided the proof-of-concept basis for the second phase of research and
development. This final project report contains a complete and comprehensive description of all
activities conducted under the project along with all data, interpretations, conclusions, and
recommendations associated with the project.
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EXECUTIVE SUMMARY

The objective of this investigation was to demonstrate the effectiveness and viability of
sonication in reducing the viscosity of heavy crude oils. Sonication is the use of acoustic or
sound energy to produce physical and/or chemical changes in materials, usually fluids. The
acoustic energy was generated by actuators or transducers containing magnetostrictive crystalline
material that rapidly changes shape in the presence of a magnetic field. In this application, the
magnetic field is created within the actuator by an external electrical power supply. When the
magnetic field is cycled up to several thousands of times per minute, the actuator converts the
electrical energy into mechanical energy that, in turn, is converted to sound energy. A “horn” is
attached to the actuator to transmit the acoustic energy into the surrounding fluid medium.

The project was conducted in two phases. The goal of the first project phase was to
demonstrate a proof of concept for the project objective. During this first phase of this study,
batch tests of three commercially-available, single-weight oils (30-, 90-, and 120-wt) were
performed in the laboratory. Initially, tests using all three oils were performed to determine the
amount and rate of viscosity reduction when heated. These data were used subsequently to
separate empirically the viscosity changes due to heat from those observed during sonication,
which also tends to add some heat during the process. Large beakers containing oil samples
were sonicated at various frequencies (1.8, 3.1, 6.8, and 13.1 kHz), using three different horn
designs (fin spacing of 0.25 in/6.35 mm, 0.75 in/19.1 mm, and 1.05 in/31.8 mm). All individual
tests were performed for 30 minutes or less. Oil samples were collected at five-minute
increments during each test and the temperature and viscosity of each were measured. Viscosity
(dynamic viscosity expressed in units of centipoises, cP) was determined using dip viscosity
cups.

Several observations and conclusions were made from the results of the first phase of
experiments. These include the following:

1) In general, the lower the acoustic frequency, the greater the efficiency in reducing the
viscosity of the oils.

2) There appears to be somewhat more error and therefore less confidence in the results
obtained with the less-viscous, 30-wt. oil than with the other two oils. This is due
primarily to the method of viscosity determination employed.

3) Of the three horn designs with different horn spacings that were evaluated, the horn
design with medium spacing generally provided greater viscosity reductions than either
the small or large spacing.

4) Sonication treatment of the three oils resulted in reductions in viscosity that ranged
from a low of 31% to a high of 75%.
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5) After sonication treatment, when the oil samples were allowed to equilibrate to room
temperature, the viscosity returned to approximately the pre-treatment values.

6) The results of the first phase of the project successfully demonstrated that sonication
could reduce the viscosity of oils of differing viscosity, providing the proof of concept
and the basis for Phase II of the project.

The goal of the second phase of the project was to demonstrate the ability of sonication to
reduce the viscosity of three crude oils ranging from a light crude to a heavy crude. The
experiments were designed to test this hypothesis and also to examine the benefits of two
proprietary chemical additives used in conjunction with sonication to determine if they would
enhance the sonication effects. Acoustic frequencies ranging from 800 Hz to 1.6 kHz were used
in these tests. In addition, experiments were designed to evaluate acoustic horn design (1 in/2.5
cm fin spacing vs. 2 in/5 cm fin spacing), reduction in the input electrical power (normal power
vs. 25% reduction), and the amounts and rates of viscosity change or recovery during a 30-day
rest period following treatment. All individual experiments were conducted for a maximum of
120 minutes, with data points collected at 30-minute intervals beginning at zero minutes at the
beginning of the test. Viscosity was measured with a digital viscometer that measures the
viscous drag of rotating spindles immersed in the oil samples.

A reactor chamber was designed for flow-through operation with a capacity of one gallon
(3.8 liters). Acoustic energy was added by way of three actuators with horns, all operating in the
same plane within the reactor chamber. Two of the actuators were inserted into the chamber in
opposing, horizontal, parallel positions with the horns facing each other. A third actuator was
inserted vertically, perpendicular to the other two. Water was circulated through portions of the
apparatus to keep the actuators cool and to eliminate the effects of heat within the oil chamber.
The reaction chamber apparatus was designed and manufactured by the project team, and all
components of the experimental system were thoroughly tested before the experiments began.
The three crude oils selected for use in the testing program were: 1) a heavy crude from
California with a viscosity of approximately 65,000 cP (API gravity about 12°), 2) a crude from
Alabama with a significant water content and a viscosity of approximately 6,000 cP (API gravity
about 22°), and 3) a light crude from the Middle East with a viscosity of approximately 700 cP
(API gravity about 32°).

The principal observations and conclusions derived from the second project phase include
the following:

1) The application of acoustic energy (sonication) was demonstrated to significantly
reduce the viscosity of crude oils under laboratory conditions. The amount of viscosity
reduction resulting from sonication is greater for more viscous, heavy crude oils than it
is for less viscous, light crude oils.
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2)

3)

4)

5)

6)

7)

8)

9

Test results showed that after being heated to nearly 100°C, the “cooling” viscosity
values were somewhat less than the “heating” cycle values at the same temperature.
Reductions in viscosity due to heating were not sustained following treatment to the
extent that post-sonication reductions were sustained.

The maximum viscosity reductions in Oils 1, 2, and 3 due to sonication were 43%,
76%, and 6%, respectively. The large reduction in Oil 2 was likely due to the large but
variable amount of water present in samples of this crude oil; samples associated with
larger viscosity reductions often exhibited a definite water separation layer follow the
tests. Maximum reductions on the order of 23% were measured when this separation
was not observed.

The best results obtained with the flow-through test equipment were with two actuators
operating at different frequencies, aligned in parallel and adding energy to the oil from
opposite sides. Better results were obtained when the two actuators were operated at
0.8 and 1.2 kHz or at 0.8 and 1.6 kHz than when other frequencies were used.

Of the two horn designs evaluated during the experiments, the design using the narrow
fin spacing (1 in/2.5 cm) produced somewhat better results than did the design using
the wider spacing. However, in most cases the differences were relatively small.

It was observed that reducing the input power by 25% had very little effect on the
ability of sonication to alter crude oil viscosity.

The chemical additives used in the investigation were employed in concentrations
ranging from 13% to 17% by volume. When added to the three oils, the range of
viscosity reduction was from 37% to a maximum of 94% with the largest reductions
being facilitated by the abundant water present Oil 2. If the Oil 2 results are not
considered, the maximum reduction was 73%.

When crude oil samples containing the chemical additives were sonicated, the
viscosities were reduced further. Final viscosity reductions at the conclusion of these
tests were greater than those attained under comparable conditions by either sonication
or the addition of the chemical mixes used alone. Thus, the effects of the additives and
sonication are complementary in that one enhances the viscosity-reducing abilities of
the other.

The viscosity of the crude oils tends to recover with time following sonication
treatment. However, in no case did the viscosity return to as much as 50% of the pre-
treatment value during a period of 30 days following treatment. Therefore, more than
half of the viscosity reduction was maintained for a month without additional
treatment.



10) Preliminary and very conservative estimates were made of the possible applications,
market potential, and economic value of the implementation of a mature sonication
technology within the petroleum industry. If all of these prospective applications were
fully developed and implemented, it is conservatively estimated that several billion
barrels of oil could potentially be upgraded or produced annually generating between
$400 million and possibly more than $20 billion in annual revenue.

In terms of the project goals, the results that were obtained successfully demonstrated that
sonication can effectively reduce the viscosity of crude oils having a broad range of
viscosity/API gravity values. The project also showed that the use of chemical additives in
conjunction with sonication can significantly enhance viscosity reduction. However, this project
was the first step in the process leading to full-scale integration of the technology within the
petroleum industry. Several specific recommendations are made for follow-on work that is
required before the technology can be considered mature and ready for full commercial
implementation.
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1 INTRODUCTION

As witnessed by the recent upward spike of gasoline pump prices, jet fuel, diesel fuel, and
the price of crude oil on the international market, the availability and pricing of petroleum and
petroleum products clearly have a dramatic impact on our daily lives and on our nation’s
economy. The consistent and affordable supply of energy is the foundation of modern society
and it will only become more critical as developing nations continue to develop a larger appetite
for energy. At present, and for the immediate future, fossil fuels provide, and will continue to
provide, the majority of the world’s energy supply. In order to meet these ever increasing
demands, additional sources and/or supplies of petroleum will be required. The research
described in this report is focused on one technology that can help to meet these critical needs.

1.1 Problem Statement

1.1.1 Heavy Oil

One of the problems facing the oil industry is the cost-effective production of heavy crude
oil. The term “heavy crude” refers to the viscosity of the oil, i.e., the internal friction within the
oil due to cohesive forces between the oil molecules, which result in a resistance of the oil to
flow. A significant portion of the world’s reserves are heavy crude; Venezuela, for example, in
the Orinoco Belt, has an estimated 1.2 trillion barrels of thick, heavy, costly-to-produce crude
oil. Some additional key areas with large quantities of heavy crude are Mexico, the North Sea,
Canada, and Kuwait. The U.S. also has a considerable portion of its oil reserves as heavy crude,
primarily in California. Since current and past practices have concentrated on developing more
easily produced lighter crude oil reserves, producers in the future will be dealing with an
increasing percentage of heavier crudes.

In California, the bulk of the oil underlying the San Joaquin Valley, especially in Kern
County’s Midway-Sunset and Kern River fields, is heavy crude. In addition, the coastal areas
from the Santa Maria basin to Oxnard appear to have extensive heavy crude reserves.

To produce these reserves, the oil must be made to flow, i.e., the viscosity must be
changed. The American Petroleum Institute (API) has developed a numerical standard for
expressing the specific weight of crude oil; the higher the specific gravity of an oil, the lower the
API gravity number. Heavy crude has an API gravity of 20 or less, crude oil has an API gravity
of 20-40.1, and light crude has an API gravity greater than 40.1.

1.1.2 Augmented Petroleum Recovery Methods

To facilitate pumping and enhance resource recovery, it is necessary to raise the API
gravity (lower the viscosity) so that the oil will flow allowing it to be pumped to the ground
surface. A number of approaches have been used for this purpose. Probably the most common
and least expensive practice that has been used since the 1880s is waterflooding, where water is



injected into the production zone through injection wells. The injection system is designed so
that the water increases formation pressure and “pushes” the oil to the production wells. In a
similar approach, gas (e.g. air, natural gas, liquefied petroleum gases, nitrogen, carbon dioxide)
can be injected for the same purpose. Another approach involves the injection of chemicals
(chemical flooding) such as polymers, surfactants, and other chemicals to alter the physical
properties of the petroleum and other formation fluids and thereby increase the mobility of the
petroleum through the geologic medium. Chemical flooding has proven to be successful, but the
economics of the process are a consideration, particularly if the resulting increase in production
is small. Another option is in situ combustion, where a fire is started within the oil-bearing unit
and air is injected to sustain the combustion process. The heat generated from the combustion
will vaporize formation water present and generate steam and the heat will facilitate a viscosity
reduction in the petroleum. In some cases, water can also be injected along with the air to
increase the rate of steam formation. The most utilized approach to reduce crude oil viscosity in
situ 1s the addition of heat through the injection of hot water, steam, or superheated steam with
steam (steamflooding or cyclic steaming) being the most common choice. An informative
discussion of augmented petroleum production approaches can be found on the Society of
Petroleum Engineers website (SPE, 2005).

Although the process for making steam and injecting it into the well is simple, the cost
components of the process have risen — some dramatically — in the past few years. In California,
increased demand for water has raised its cost and, in many areas, constrained its availability.
Natural gas costs in California’s deregulated energy market have soared in response to a whole
series of issues, including pass-through cost restrictions, air quality and emissions issues, and
availability. Finally, California has become very concerned about water-contaminant problems
and is taking a much harder look at petroleum industry produced-waters disposal. As a result of
these circumstances, the increase in the cost to produce steam has raised the cost of produced oil
and impacted the position of the industry to compete in the world market. If the industry
continues to move more of its operations overseas, the domestic petroleum industry will decline,
jobs will be lost and the U.S. economy will suffer.

Technology developments are needed to assist the domestic petroleum industry in
addressing the heavy crude production problem. One development needed is a more efficient
and economical technology for reducing the viscosity of oil to allow the development and
production of more of the world’s heavy crude reserves. Sonication, the use of acoustic (sound)
energy to elicit physical and/or chemical changes in a fluid or a solid, has the potential to be a
breakthrough technology in this regard.



1.2 Acoustic Technology Background
1.2.1 R & D History

The physics of acoustics and the science of sonication have been studied for more than 200
years. Early experimentalists used tuning forks (frequency) to show how acoustic/sound energy
could cause ripples on the surface of water, and they also noted the extreme agitation caused
when a tuning fork came in contact with the water. By the 1840’s, materials had been developed
which allowed the conversion of electrical and electromagnetic energy into mechanical energy.
In 1842, James Joule discovered that an applied magnetic field (coil) could change the length of
a bar of iron by “constricting” it. This magnetostrictive effect, named the Joule effect, is
measurable and can be repeated virtually without fatigue in the metal. The physical dimension
changes in such a bar of magnetostrictive material can be transformed into sound energy.
Magnetostriction became the basis for numerous acoustical devices, including naval sonars. The
materials favored in magnetostrictive devices, mainly nickel, became somewhat scarce during
the period of the First World War due to demand for nickel for use in gun barrels and barrel
liners. There was substantial incentive to develop other materials for transduction and these
efforts led to investigations into piezoelectric (pressure-electric) materials and effects.

In a piezoelectric material, the application of a force or stress results in the development of
an electrical charge in the material. Conversely, the application of a charge to the same material
will result in a change in physical dimensions (strain) of the object. This movement can be
converted from mechanical to sound energy. The development of piezoelectric ceramic sonar
and the use of nickel as an energy converting material (transducer) reached their peak during
World War II and for the ensuing 30 years, but eventually the physical limits of these materials
were reached.

In the early 1970’s, scientists at the Naval Ordnance Laboratories (now the Naval Surface
Warfare Center) began experimenting with using the rare earth metals in magnetostrictive
devices. Certain metal alloys of the lanthanide series showed tremendous potential for extremely
high levels of magnetostriction. When a magnetostrictive rod is activated by a magnetic field
produced by an alternating current, the oscillations (250-400 times a second) create an intense
acoustic energy pressure wave that can be transmitted through a material.

Following the declassification of various sonication technology materials and data by the
military in the early 1990’s, considerable scientific and engineering innovations have been made
in the application of acoustic energy to systems in order to affect physical and/or chemical
changes in system components. Equipment and materials have evolved to the point that much
larger amounts of energy can be generated for sonication purposes permitting larger and more
efficient applications for a variety of different uses.



The power available in today’s generation of magnetostrictive sonication materials and
equipment — 1,000-6,000 watts — dwarfs what was being used in the laboratory only a few years
ago, i.e., units with 350-500 watts of power. The tremendous increase in power, plus the much
smaller size of sonication equipment, allows users to apply sonication technology to a number of
situations at power levels previously unavailable. Thus, the technology can be used in new
applications in various industrial sectors.

1.2.2 Physical Basis of the Technology

The physics of sound and sonication are fairly well known. Sound is a mechanical wave
that consists of a pressure disturbance transmitted by means of molecular collisions in a fluid
(gas or liquid). The term sonication refers to the application of sound waves (acoustic energy) to
a system and this energy is transmitted through a liquid medium (water, oil, etc.) as a wave of
alternating cycles of increasing and decreasing pressure. An analogy to visualize the movement
of sound through a fluid is that of a stone tossed into a pond or pool of quiet, standing water.
Waves radiate outward in all directions from the point where the stone hit the water (Figure 1).
These are surface waves consisting of two parts — a peak or elevated portion and a trough or
depressed portion. If a cork or other floating object were in the water as a wave passed, it would
move up and down (perpendicular to the direction of wave motion) as each peak and trough
passes its location. These types of waves are termed transverse waves where the particles of the
transmitting medium move perpendicular to the wave direction; light waves are transmitted in
this form.

Solid Circles Represent Crest High Points and
Dashed Circles Represents Trough Low Points

Figure 1 lllustration of Surface Waves on Water



Figure 1 is drawn from a perspective of being above the liquid surface looking down at the
waves. If a cross-section of this system were observed along any radius from the center outward
(for example R; in the above drawing), it would look like the drawing in Figure 2. This
illustration shows a cross-section of a single wave with the wavelength and amplitude labeled.
Here the water surface is shown as a plane where the pressure is atmospheric (P,).

Beneath the liquid surface, within the liquid itself, sound waves take on a longitudinal
(compressional) form meaning that the particle motion is in the direction of wave propagation.
Compression cycles exert a positive pressure on the liquid, pushing molecules closer together,
while expansion cycles exert a negative pressure, pulling molecules away (rarefaction) from each
other. These conditions are represented by the spacing of the vertical lines and the horizontal
arrows in Figure 2. The molecules tend to be pulled apart (pressure decreases) as the trough of a
wave passes and pushed closer together or compressed (pressure increases) as a wave crest
passes. Thus, within the fluid, the passage of a single wave of sound energy represents an
alternating decrease and increase in pressure, which can be visualized to be like the sine wave
representation of a surface wave shown here.

}1 Wavelength >{

o
=}
o Pa
o
o Amplitude
\J
B S —~— B S — — —
[
[
[
[
[
[
[
[
Restored Rarefacted Displaced Compressed

Figure 2 lllustrations of a Single Sound Wave and the Alternating Increase and
Decrease in Pressure



The unit of measure of sound frequency is the Hertz (Hz), which is one cycle of
compression and expansion or rarefaction (passage of one wavelength) in one second; a kilohertz
(kHz) is one thousand cycles per second and a megahertz (MHz) is one million cycles per
second. Where sound energy falls within the spectrum ranging from below the threshold for
human hearing (16 Hz) to the upper level (18 kHz) is determined by the sound frequency.
Ultrasound is defined as that sound above the threshold of hearing with frequencies between 20
kHz and up to 500 MHz. Sonochemistry, a rapidly growing area of research and technology
development, refers to the discipline and phenomena of affecting chemical reactions by the
application of sound waves (see Mason, 1999; Mason and Lorimer, 2002). Figure 3 illustrates
the sonic spectrum and some applications of sound energy of various frequencies.
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Figure 3 Sound Frequencies

When the amount of energy added to the system is increased, the amplitude of the sound
waves will increase as the frequency (wavelength) is held constant. As this occurs, localized
pressure in the sonicated liquid may drop below its vapor pressure during the rarefaction portion
of individual sound waves (Figure 4). This will initiate the formation of microbubbles in the
rarefaction zone when the liquid is locally vaporized and a bubble forms around the vapor
pocket. These bubbles initially are very small, on the order of 1 um (1 x 10°m, 0.001mm). This
phenomenon of bubble formation is called cavitation and is the basis for many of the physical
and/or chemical changes that occur in the liquid medium during the sonication process. In



addition to the vaporization process due to pressure drops, the rarefaction or extension phase of
the cycle causes molecules of the medium to pull apart when the negative pressures exceed the
tensile strength of the material or the distance between the molecules exceeds the critical
molecular distance necessary to hold the liquid intact. This forms cavities or voids in the liquid
medium that produce additional bubbles during cavitation. During the alternating cycles of
pressure increase and decrease, the microbubbles fluctuate in size, growing in rarefaction phases
and shrinking in compression phases. Eventually, some of the individual bubbles grow to a
critical size and then implode violently (collapse to zero size), releasing a large amount of
localized energy (Figure 5).

A

Pressure

PRESSURE

Vapor
Pressure

N

Cavitation

Figure 4 lllustration of Pressure Drop Below Vapor Pressure of a Liquid
Causing Cavitation

Energy released when cavitation bubbles collapse occurs in three forms. Temperatures on
the order of 5,000 °K (8500 °F) and pressures in excess of 1,000 atmospheres have been
calculated to occur at the collapsing bubble interface during implosions (see Suslick, 1994).
Furthermore, under some circumstances, light emissions also have been observed during
sonication (sonoluminescence), which further indicates the release of intense energy from the
cavitation process (Crum, Mason, Reisse, and Suslick, 1997; Beckett and Hua, 2001). It is also
possible to generate strong, but small-scale shock waves within the sonicated fluid resulting from
the sudden input/pulse of increased pressure when a bubble collapses. It must be remembered
that all of these cavitation-related phenomena are on a very small scale and the energy dissipates
very quickly in the immediate vicinity of the bubble. Consequently, the overall physical



properties (e.g. temperature) of the ambient fluid tend to remain relatively unchanged. However,
the very large intensities of energy involved do have the capacity to produced dramatic, localized
changes in the chemistry and physics of the sonicated medium (Mason and Lorimer, 2002;
Mason and Peters, 2002).

compression compression compression compression

rarefaction rarefaction rarefaction rarefaction rarefaction

5000°C
2000 atm
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bubble bubble grows in ; reaches undergoes
forms successive cycles unstable size violent collapse

Figure 5 Schematic lllustration of Bubble Growth and Collapse During
Cavitation

In water, the reactions within and adjacent to a collapsing bubble result in the formation of
hydroxyl (¢OH) and hydrogen (He) radicals. Although these chemical species are extremely
short-lived, they are very reactive and effective in destroying organic compounds contained
within the water. The intensity of cavity implosion and the nature of the reactions involved can
be controlled by process parameters such as the sonic frequency, sonic intensity (power per unit
volume of liquid), static pressure, temperature, and the addition of reactive oxidants such as
hydrogen peroxide (H,0,), ozone (O3), and metal catalysts. Cavitation reactions supplemented
by these additives produce an advanced oxidation system that has many potential environmental
and industrial applications.



1.3 Applicability to the Problem

The field of sonochemistry, involving the effects of sound waves on chemical reactions
and chemical processing, and the ability of sound waves to effect physical changes in materials
have been a topics of investigation for more than 100 years. However, the levels of interest and
corresponding number of scientific investigations into this complex subject have increased
dramatically during the last 10-15 years. The number of applications of sonication technologies
has also increased during this time and more will follow as the materials and equipment become
more sophisticated with expanded capabilities. The project team believes that this technology s
great promise in reducing the viscosity of heavy oil allowing more of this valuable resource to be
recovered and used. Because of the ability of an acoustic/sonic device to add significant
quantities of energy to fluids, it is logical that the process of sonication should be examined as a
new technology capable of positively changing the physical properties, in particular the
viscosity, of heavy crude to facilitate pumping from a reservoir at depth to the land surface. This
would allow increased production from stripper wells and other wells producing heavy, high-
viscosity petroleum. If successful, sonication would provide a viable alternative to existing heat,
steam, and surfactant technologies with potentially large environmental and economic
improvements. That premise is the basis for this investigation.



2 PROJECT PHASE | ACTIVITIES AND RESULTS

2.1 Technical Objectives

The objective of this initial phase of the project was to test and evaluate an integrated
acoustic system under laboratory conditions to determine the ability of sonication to reduce the
viscosity of oil. Parameters to be evaluated included acoustic frequency, power intensity, and
treatment time. The specific technical objectives of these experiments were:

1. Conduct laboratory testing and evaluation to determine the ability of acoustic
technology to reduce the viscosity of oils;

2. Perform a preliminary optimization of the acoustic technology through a series of
laboratory experiments;

Conduct laboratory experiments on oils of varying viscosities; and

4. Develop a conceptual prototype design for a more advanced system that would lead
to a downhole design and application.

2.2 Experimental Materials and Methods

2.2.1 Materials and Equipment

The Project Team decided that the initial Phase I testing to evaluate the ability of
sonication to reduce the viscosity of oils would be conducted with commercially available motor
oils. Three different single-weight oils were selected and procured: a 30-weight oil, a 90-weight
oil, and a 140-weight oil. The initial sonication test apparatus employed was very simple in
design. In its simplest form, the equipment necessary to generate acoustic/sonic energy and
transfer it to a fluid consists of a power supply, wiring, an actuator/transducer to convert
electrical energy into mechanical and acoustic energy, and a horn or similar device to transfer the
energy into the fluid.

The power supply utilized in the laboratory experiments was a Titan Manual Oscillator
MOS-01, with three different frequency output ranges with a possible output from a minimum of
20 Hz to a maximum of 20 kHz (Figure 6). This power supply unit has a maximum output of
1,000 watts and permits control of the voltage and current delivered to the actuator. Typically
power is supplied at about 75-80% of maximum. The supply unit provides electrical power to
the actuator by way of electrical wires.

The sonication system used in these experiments utilized two different transducers, one
capable of operating at a lower frequency (<4 kHz) and a second that produces higher
frequencies in the range of approximately 4 up to 20 kHz. Both transducers were manufactured
by and purchased from Etrema Products, Inc. in Ames, lowa. A photograph of one of the
transducers is shown in Figure 7. Note in this photograph that the wires that attach to the power
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Figure 6 Power Supply Used in the Experiments

Figure 7 Actuator Used in the Experiments
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supply enter the actuator on the right, and the rod on the left end contains threads allowing horns
to be easily attached. One of the objectives of the tests was to determine which acoustic
frequencies had the most profound effect on oil viscosity. As part of this preliminary
optimization process, different horn designs were developed and provided by Furness-Newburge,
one of the project team members. The basic design consisted of a titanium horn with horizontal
slotted fins (Figure 8). These were fabricated in the Furness-Newburge facilities from titanium
bar stock. Due to the modular nature of the horn design, the number and spacing between the
fins could be adjusted easily before a test. Three different horns were employed having fins with
different spacing. The small spacing was 0.25 in (6.4 mm), the medium spacing was 0.75 in
(19.1 mm), and the largest spacing was 1.25 in (31.8 mm).

Figure 8 Example of One Type of Acoustic Horn Used in the Experiments
Showing Two Slotted Fins

Viscosity is the measure of the internal molecular friction of a fluid exerted when layers of
the fluid try to move past one another. Thus, it is the resistance of that fluid to shear stress and to
flow. The greater the internal friction, the greater the amount of force required to cause
movement. Therefore, highly viscous fluids, such as heavy crude oil, require a significant force
or stress to move them from one location to another. Although that concept is simple, several
different measures of viscosity can be obtained. One measure of viscosity is the ratio of the
shearing stress to the velocity gradient within a fluid. This fluid property is called dynamic or
absolute viscosity and is expressed in units of dyne seconds per square centimeter, which is

12



given the name poise (P). More commonly dynamic viscosity is expressed in units of
centiPoises (cP) or 0.01 P. At 20.2 °C, water has a dynamic viscosity of 1 cP. The second
common measure of viscosity is kinematic viscosity which is the ratio of dynamic viscosity to
the density of the fluid which results in units of square meters per second or Stokes (St) where 1
St = 10 m%sec. Because the Stoke is a very large unit, the more common unit is centistokes
(cSt) where 1 St = 100 cSt. Because the specific gravity of water at 20.2 °C is approximately
one, the kinematic viscosity of water at this temperature is essentially 1.0 cSt.

Viscosity data were collected during the Phase I experiments using dip viscosity cups
manufactured by Cole-Parmer Instrument Company. Two different viscosity cups were used: 1)
Dip Viscosity Cup No. 2 (VI-EZ2), and 2) Dip Viscosity Cup No. 5 (VI-EZ5). These dip or EZ
cups were calibrated by the manufacturer at 25 °C, with a drainage time of 47.92 sec for a
viscosity of 118.6 centistokes (cSt) for the No. 2 cup, and a drainage time of 38.06 sec for a
viscosity of 877.2 ¢St for the No. 5 cup. Each cup can measure viscosity through a defined range
greater than and less than this calibration value. The process of obtaining viscosity data for a
liquid using these cups is straightforward. The cup is dipped into a liquid being tested or
otherwise filled completely with the liquid. A stopwatch is used to measure the time starting
when the cup begins to drain in a steady stream through the hole in the bottom of the cup and
ending when the liquid filament draining from the cup first breaks from a solid stream. The
temperature of the liquid must also be noted in order to obtain an estimate of the viscosity by
using calibration curves or equations for each cup. A photograph of one of the dip cups used in
the experiments is shown in Figure 9. The ASTM standard test method utilizing dip cups is
presented in Appendix A along with the calibration and computation procedures provided by the
manufacturer of the dip cups.

Figure 9 Photograph of Dip Cup for Measuring Viscosity
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2.2.2 Methods and Procedures

Batch experiments were conducted using variable frequency acoustic treatment of the three
single-weight motor oils. Prior to beginning the testing program using the three single-weight
motor oils, preliminary frequency evaluations were made using water and monitoring the
performance of the various actuators and power inputs. Based on these preliminary observations
and on past experiences with other acoustic applications, it was decided that four frequencies
would be used during the tests: 1.8, 3.1, 6.8, and 13.1 kHz. In addition to acoustic frequency,
there were two additional independent variables in the testing program. Horn design was also a
variable to be evaluated to facilitate the delivery of acoustic energy to the oil. Three different
horn fin spacings (see Figure 8 above) were examined: small 0.25 in (6.4 mm), medium 0.75 in
(19.1 mm), and large 1.25 in (31.8 mm). In addition, the experiments were designed to segregate
the effect of sonication from that of heat. It is well known that the viscosities of liquids are
inversely related to temperature. Therefore, temperature was also included as a variable in the
experimental planning. The test matrix utilized in the Phase I testing program is given in Table 1
below. Fewer tests were performed on the 30-wt oil because the primary interest was in
determining the effects on more viscous oils, but the test plan included some tests using the less-
viscous oil to provide information across a broader range of oil viscosities.

Table 1 Test Matrix for the Phase | Experiments

. . Acoustic Treatment Experiments
Single-Weight Heat Only = - -
Motor Oil Experiments Acoustic Frequency Horn Fin Spacing
(kHz)

6.9 small, medium, large
30-wt Yes 13.1 small, medium, large
1.8 small, medium, large

3.1 small
90-wt ves 6.9 small, medium, large
13.1 small, medium, large
1.8 small, medium, large

3.1 small
140-wt Yes 6.9 small, medium, large
13.1 small, medium, large

Prior to performing the acoustic frequency experiments to determine the effect of acoustic
frequency and horn design on the resulting viscosity of the oil, a series of experiments was
performed with each of the three single weight motor oils using heat alone. The oil was heated
on a hot plate, with the mixing accomplished by a magnetic stirring bar. Samples were collected
at various times, with the resulting temperature noted at the time of collection. The sample’s
viscosity as reflected in the dip cup drainage time was then determined. This approach enabled
the drainage time and viscosity change to be determined using heat energy input alone. These
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data served as the baseline to compare the results from the variable acoustic energy experiments
against.

Prior to performing an experiment, the drainage time of the oil to be tested was measured
using the viscosity drainage cups, measuring the time required for the full cup to drain (see
Appendix A for procedures). The sample of oil to be tested was placed in a container at room
temperature over night before testing began. The drainage time was determined for a minimum
of three separate analyses and a maximum of five or six measurements in which the drainage
times were within a few tenths of a second of one another. The temperature at which these oil
drainage times were measured was also measured and recorded. These tests provided
information on the initial viscosity/drainage time prior to acoustic testing as well as an estimate
of the precision and reproducibility of this method.

When a particular experiment was to be performed, the acoustic frequency was selected,
the horn design (small-, medium-, or large-spacing) was selected, and the initial temperature and
drainage time of the oil was determined. Approximately 4.0 L (1.06 gallons) of oil was poured
into a 5.0-L container and left over night at room temperature before the experiment began. All
sonication experiments were performed within a fume hood as a precaution in case noxious gases
were generated during the experiments. The power supply was connected to the combined
actuator and horn and this tool was placed in the container of oil (Figure 10). The

Figure 10 Experimental Setup During Acoustic Treatment of Oil
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power supply was turned on and the output frequency was tuned to provide the desired frequency
for the test. Power output was slowly increased to the desired level to keep from damaging the
actuator from the sudden input surge of large amounts of power. At this point, the experiment
was begun.

During the course of an acoustic treatment test on the oil, the treatment time was noted.
Samples were collected at various treatment times, but most typically in increments of 5 minutes.
Power to the sonication unit was shut off in order to collect the oil samples for analysis. The
temperature of the oil in the container was monitored and recorded at these sampling times.
Additionally, the highest temperature observed on the transducer horn was likewise monitored
(using an infrared thermometer) and recorded, in order to keep an operating log of the use of the
acoustic equipment. After collecting the sample and noting the temperature of the oil in the
container, the sample was transferred to the viscosity cup in order to determine the drainage time
reflecting viscosity as a function of the treatment time. The drainage time was normally
determined within one minute after collecting the oil sample. After these tasks were complete
and the data recorded, the sonication unit was again turned on and operated for another time
increment of about five minutes, after which the power supply unit was again turned off for the
next sample collection and analysis event. This procedure was repeated until the desired overall
treatment time was achieved and/or when it was observed that the drainage time appeared to
have reached a relatively constant value from one test to the next. A typical experiment lasted
from 30 minutes to 60 minutes (actual treatment time).

Several replicate experiments were performed to verify the reproducibility of the test
procedures. The data collected during these tests are provided in Appendix B. These data
clearly show that comparable results were obtained in all such tests indicating that the procedures
provide reproducible results. Other experiments were conducted to determine the effects of
performing the tests in a water bath to maintain a relatively constant temperature in the oils while
they were treated with sonication. These data are also provided in Appendix B, and they indicate
that results obtained are nearly the same whether or not the oil test vessel is surrounded by a
water bath or not. Given this result, the majority of the tests were conducted without utilizing a
water bath to simplify the equipment set-up and test procedure.

2.2.3 Data Analysis Rationale and Approach

A few points regarding data analysis decisions and the presentation of observations need to
be discussed prior to presenting the experimental results in the following sections of this report.
As noted above, the effects of heat alone on the three test oils were measured prior to sonication
testing in order to separate the effects of heat from those of sonication. This allowed conclusions
to be made about the ability of sonication to alter the viscosity of the oils separate from the well-
know effects of heat. In reality, sonication usually generates some heat within the liquid
receiving the energy during the process. Therefore, this is somewhat of an academic exercise

16



because the application of a full-scale sonication technology to the heavy crude problem would
benefit simultaneously from the added heat as well as the effects of sonication by itself.

Given the limitations associated with the dip cup method of viscosity measurement, it was
decided that the changes in viscosity during the experimental tests would be evaluated based on
the measured drainage times of the individual samples instead of a calculated value of viscosity
using the methods contained in Appendix A. There were several reasons for this decision. The
information in Appendix A allows one to obtain an estimate of viscosity expressed in
centistokes. However, these methods are not without some errors and uncertainty, thus the
conversion from time to viscosity would introduce some additional inaccuracies into the results.
Furthermore, the manufacturer did not provide data on the initial viscosity characteristics of the
commercial motor oils used in the test, and each has a number of additives that affect the
response of the oils to heat. Because of these conditions, it seemed to be best to look at viscosity
in terms of drainage time because this variable could be measured directly for each oil sample at
the beginning of a test and the values during the tests could be measured and compared to the
initial value to quantify changes resulting from the test conditions. Using the procedures
contained in Appendix A, it is possible to convert each drainage time into a viscosity value, but
no additional information about the effects of heat and sonication within each experiment would
be gained.

Because the testing program was designed to evaluate the effects of sonication (and heat)
on the three test oils, the results are analyzed and presented to illustrate the change in viscosity
(as reflected in dip cup drainage time) resulting from the individual treatment conditions. Given
that objective, the primary interest is in the amount of change in viscosity from the initial
conditions or the fractional amount of change in viscosity as opposed to the absolute value of
viscosity before, during, and after treatment. Therefore, the data are presented in terms of the
relative viscosity (drainage times) calculated as the ratio of drainage time after a specified
treatment time to the initial drainage time (t/ty). This yields a number equal to or less than one
representing the fractional (percentage) amount of the original drainage time (viscosity) that is
measured after the specific treatment time at the time of sample collection. For example, if this
ratio is 0.40, this indicates that the viscosity has been reduced by 60% or that the value is 40% of
the initial value before the test began. This means that 40% of the original viscosity value
remains. Given the objective of the study, this latter value was of most interest because it
reflected the relative amount of residual (remaining) viscosity that could be subjected to
additional treatment. This variable was termed “residual viscosity” or “fractional residual
viscosity” and was the primary measure used to reflect the effectiveness of the various treatment
scenarios for the treatment time when sampled.

Given the above rationale, the experimental data were analyzed in terms of the resulting
drainage times and oil temperatures for the total treatment time at the time a sample was
collected. The resulting reduction in viscosity due to heat alone was determined from the
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preliminary oil viscosity reduction experiments involving heat alone. The resulting reduction in
oil viscosity due to combined acoustic energy and heat was determined using the experimental
drainage times for samples collected periodically throughout the run. The reduction in viscosity
due to sonication alone was estimated by subtracting the oil viscosity reduction effect due to heat
alone, as calculated from the relationship obtained earlier from the heating tests, from the oil
viscosity reduction due to combined sonication + heat. The resulting viscosity reductions due to
the three effects (heat alone, sonication alone, and combined sonication + heat) were thereby
segregated for individual evaluation.

Another concern exists that pertains to the accuracy of the viscosity measurements
collected during testing of the 30-weight oil with the dip cups available at the time the tests were
completed. Because this oil is the least viscous of the three oils tested, the drainage times
utilizing the dip cups were very short compared to the other two. The fast drainage time made it
more difficult to obtain accurate and reliable drainage times during the experiments, which
introduced additional errors into the 30-weight oil data set. Furthermore, because the viscosity
of this oil was fairly low to begin with, incremental changes with treatment were difficult to
observe and measure, especially given the rapid drainage times with the available equipment.
While this does not negate the utility of these data and observations, it is believed that the data
from the two more viscous oils are more reliable. Therefore, a direct comparison of results
across all three oils should be viewed in light of this probable limitation. For this reason, the
results presented for Phase I of this study tend to emphasize the data collected from the 90-
weight and 140-weight oils.

Most test data were examined, plotted, and analyzed by regression analysis. Although
other options were considered, the best results were obtained when viscosity reductions due to
the independent variables used in the study (heat, frequency, time, etc.) were fit to a first-order
reduction model. This approach provides useful information and interpretations given the
relatively good fit of the regression results as reflected by the coefficients of determination in the
majority of the analyses. The coefficient of determination is represented by r* or R depending
on whether there is only one (simple regression) or more than one (multiple regression)
independent variables in the analysis. This coefficient, which is also the squared value of the
correlation coefficient, indicates the proportion of the observed variance (fluctuation) in the
dependent variable that is predictable from the other (independent) variables as expressed in the
regression equation. It is therefore a measure of how well the regression equation/line represents
the data, and it can have a value ranging from 0 to 1. A value of r* = 0.90 would indicate that
90% of the variance in viscosity (Y variable) would be explained by the regression equation. A
value of 1.0 would indicate a perfect fit and that the regression line would pass through each and
every data point.

A final point regarding the data interpretations and graphical representations should be
mentioned. As noted above, the total duration of individual tests typically ranged from about 30
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minutes to about 60 minutes. Individual experiments were usually terminated after the drainage
time for a given sample compared to that for the previous sample or previous several samples
collected during the course of a test reflected very little or no change in drainage time/viscosity.
This situation was interpreted as indicating that further testing would result in minimal or no
additional viscosity (drainage time) reductions. In examining the data from these tests, it is
apparent that, in most tests, the majority of the viscosity changes occurred within the first 20
minutes of testing. After that time, most viscosity values reflect small variations about an
average value (fluctuations around a straight line). Therefore, when comparisons were made
between the results obtained with the different frequencies, horn designs, and other independent
variables, the data reflecting the initial portion of the tests when the viscosities were actively
decreasing were used. The data reflecting the second phase of the tests when very little changes
in viscosity (drainage times) were observed were considered to be of lesser usefulness. This was
also true for the regression analyses performed on the test data. Unless stated to the contrary, the
results reported are for the early phase of the experiments when viscosities were changing with
treatment time. When all of the data for an individual test are included in a regression analysis, a
more complex relationship (polynomial) is obtained that is not easily interpreted and that tends
not to describe the variation in the data as well as the results obtained by using the data from the
initial 20 minutes of the experiments. Consequently, the viscosity reduction relationships
obtained and reported in subsequent sections of the report should be interpreted in terms of these
restrictions. If one uses the equations to predict viscosity changes for treatment times
significantly in excess of 30 minutes, unreliable results may be obtained.

2.3 Experimental Results

2.3.1 Viscosity Reduction Due to Heat Alone

To determine the viscosity reduction associated with increasing temperature (due to heat
input only), experiments were conducted using a hot plate to increase the temperature of each of
the single weight motor oils (30-, 90-, and 140-weight). During these tests, samples were
collected at various times, with the temperature of the oil noted at the time of sample collection.
Each of these samples was quickly evaluated with the dip cups to obtain an estimate of viscosity
as reflected in the drainage time. All of the data resulting from these tests are presented in
Tables B-1 through B-3 in Appendix B. The data plots from these three tests — drainage time
(viscosity reduction) vs. temperature relationships — are shown in Figures 11, 12, and 13
immediately following. The temperature range over which these measurements were taken
varied from about 20°C to approximately 100°C.

In each test, the individual samples that were tested for drainage time were allowed to
return to room temperature. The temperature was recorded and drainage time was again
measured with the dip cups. These values were compared to the pre-test data. In almost every
case, the drainage time (viscosity estimate) returned to very close to the original value prior to
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heating. Much of differences between these measurements are probably attributable to errors in
the dip cup methodology. These data are also presented in Tables B-1, B-2, and B-3 in
Appendix B.
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As reflected in the three graphs above, the residual viscosity was modeled (regression
analysis) as a function of temperature using a power-law relationship. These results for the three
single weight oils are summarized in the following table.

Table 2 Regression Results of Viscosity Reduction as a Function of Temperature

WeightofMotor il | oeost Reicton (0. | paormieason )
30 Y =20217 T 3% 0.9094
90 Y =41.330 T 4% 0.9187
140 Y =36.207 T 10 0.9932

These equations were used to separate the effects of heat and sonication on viscosity
reduction within the three test oils. As noted previously, sonication also adds heat to the oils as
they are treated. The equations in Table 2 were used to calculate the heat effects at the
temperatures of the individual samples collected during the sonication + heat experiments. By
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subtracting the heat only viscosity reduction value from the combined sonication + heat value,
the difference is an estimate of the effects of sonication alone.

2.3.2 Viscosity Reduction Due to Combined Sonication and Heat

The experimental procedures used to conduct the series of tests that provided data on the
combined effects of sonication and heat on the viscosities of the three oils used in this study are
described fully in Section 2.2.2 of this report. All of the data collected during these tests are
tabulated and presented in Appendix B (Tables B-4 — B-34). Selected results and observations
using these data are presented and discussed in this section of the report. These results that are
highlighted are representative of and analogous to the overall data trends and relationships
resulting from additional analyses of the entire data set.

Figures 14 and 15 show representative results of the viscosity reduction achieved using
sonication + heating on the 30-weight oil; the sonication frequencies employed in these examples
are 6.9 kHz and 13.1 kHz, respectively.
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Figure 14 Fractional Residual Viscosity as a Function of Treatment Time for
30-Weight Oil Employing Sonication at 6.9 kHz with the Medium Horn Spacing

Results analogous with those illustrated above were obtained for the remaining tests of the
30-weight oil using other combinations of acoustic frequencies and horn designs (see Tables B-4
through B-9, Appendix B). These results show that sonication treatment of the oil decreases the
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Figure 15 Fractional Residual Viscosity as a Function of Treatment Time for
30-Weight Oil Employing Sonication at 13.1 kHz with the Large Horn Spacing

viscosity with increasing treatment time, but the rate of reduction generally diminishes with time.
As discussed previously, most of the viscosity reduction is accomplished during the first 20
minutes of treatment.

Figures 16 through 18 show typical results on the viscosity reduction achieved using
sonication + heating on the 90-weight oil. In these examples, the sonication frequencies
employed were 1.8, 6.9, and 13.1 kHz, respectively, using the small spacing transducer horn in
all tests. Results using the other horn spacings and acoustic frequencies are presented in
Appendix B. The behavior of the viscosity reduction in all of these tests generally follows a 1°-
order decay. For the small spacings transducer horn over the range of acoustic frequencies
studied, the 1*-order rate constants ranged from 0.0390 min™' to 0.0937 min". For the same
range of ultrasonic frequencies for the medium spaced transducer horn, the 1*-order rate
constants ranged from 0.0211 min™ to 0.0696 min™'. Similarly, for the large spaced transducer
horn, the 1*-order rate constants ranged from 0.0251 min™ to 0.0700 min"'. For the 90-weight
oil, the small spaced transducer horn resulted in the largest 1%-order rate constants, indicating
this spacing of the horn disks produced the greatest decrease in viscosity obtained during this set
of experiments.
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From a review of the results presented in Figures 16 through 18 reflecting the effects of
increasing acoustic frequency while maintaining a constant horn spacing, one can observe that,
in general, the lower the frequency, the larger the 1*-order rate constant and the greater the
percentage viscosity reduction. For example, Figure 16 shows that the viscosity reduction was
about 75% (residual viscosity about 25%) at 1.8 kHz. At 6.9 kHz, the viscosity reduction after
about 20 minutes treatment time was approximately 55%, while at 13.1 kHz, the viscosity
reduction approached 60% after 20 minutes treatment time. As noted above, the change in the
exponent of the regression line in these same graphs indicates that the rate of change (decrease)
in the viscosity is greatest when the lowest frequency is applied to the 90-weight oil.

Figures 19 through 22 show the results of tests conducted on the 140-weight oil using the
medium transducer horn spacing. Additional results obtained with this oil are presented in Table
3 following these illustrations. Data for the experiments using small and large transducer horn
spacings, as well as the data used to generate the plots in Figures 19-22, are contained in
Appendix B. The values of ultrasonic frequencies employed in these tests were 1.8, 6.9, and
13.1 kHz. Figure 20 shows the viscosity reduction results for treatment at 1.8 kHz using the
medium spacing transducer horn (with the oil vessel contained in a water bath). The reduction in
viscosity was about 56% (fractional residual viscosity approximately 44%) after 20 minutes
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treatment time. Figures 20 and 21 show the results from replicate experiments performed at 6.9

kHz using the medium spacing transducer horn. The 1%-order rate constants are virtually

identical, being 0.0155 min" and 0.0151 min™, respectively. From both experiments, the

reduction in viscosity after 30 minutes treatment time was nearly 40%. Figure 22 shows similar

behavior for the experiment conducted at 13.1 kHz. In this series of tests, the greatest amount of
viscosity reduction was accomplished with the lowest frequency while the least reduction was
associated with the intermediate frequency. For the 140-weight oil, using the medium spacing

transducer horn, the 1¥-order rate constants ranged from 0.0151 to 0.0408 min™ with the largest

Table 3 1%-Order Rate Constant Values for Viscosity Reduction using Combined
Sonication + Heat

Weight of Oil Frexjianscl;;,e(clj(Hz) Fin Spacing of Horn | 15'-Order Rate Constant, (min™")

140 1.75 Small 0.0385
1.77 Medium (H,O Bath) 0.0408

1.72 Large 0.0226

3.09 Small 0.0219

6.92 Small 0.0084

6.93 Medium 0.0151

6.84 Medium 0.0155

6.88 Large 0.0242

13.09 Small 0.0272

13.05 Small 0.0308

13.06 Medium 0.0231

13.06 Large 0.0272

90 1.76 Small 0.0937
1.74 Medium 0.0696

1.76 Large 0.0700

6.86 Small 0.0390

6.78 Small (H,O Bath) 0.0408

6.66 Medium 0.0319

6.78 Medium 0.0211

6.90 Large 0.0379

13.08 Small 0.0300

13.07 Medium 0.0353

13.06 Large 0.0251
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rate of viscosity reduction occurring with the lowest frequency. For the small spacing transducer
horn, the 1%-order rate constants ranged from 0.0084 min™' to 0.0385 min™', while for the large
spacing transducer horn, the 1%-order rate constants ranged from 0.0226 min™' to 0.0302 min™".
Therefore, for the 140-weight oil, the medium spacing transducer horn appeared to provide
somewhat greater 1%-order rate constants and larger viscosity reduction that the other two
transducer horn designs used in the study.

Table 3 above summarizes the 1%-order rate constants determined from each of the
viscosity reduction experiments performed using the 140- and 90-weight oils. The results using
the 30-weight oil are not presented in this table for reasons described in Section 2.2.3; however,
all of the 30-weight data are contained in Appendix B. The table lists the acoustic frequency
used in each case and the fin spacing in the transducer horn employed in each experiment.
Recall that small spacing is 0.25 inch (6.4 mm), medium spacing is 0.75 inch (19.1 mm) and
large spacing is 1.25 inches (31.8 mm). For the 90-weight oil, the 1%-order rate constant ranges
from 0.0211 min™' to 0.0937 min™', while for the 140-weight oil, the 1-order rate constant ranges
from 0.0084 min™ to 0.0408 min™'. These results represent the viscosity reduction achieved by
sonication, which includes effects due to both sonication and increased temperature from heating
during the sonication treatment.

2.3.3 Viscosity Reduction Due to Sonication Alone

As described earlier, the residual viscosity was determined by regression analysis as a
function of temperature using a power-law relationship. The results for the three single weight
oils were presented in Table 2. These relationships were used to separate the sonication + heat
viscosity reduction effects from the viscosity reduction effects resulting from heat alone in order
to estimate the viscosity reduction effects due to sonication alone. The heat effect estimated
from the power-law regression expression of viscosity reduction as a function of temperature for
each weight of oil, was subtracted from the combined effect of the viscosity reduction as a
function of time (noting the temperature of the oil for each sample collected), in order to estimate
the viscosity effect due to sonication alone (see also Section 2.2.3). Figures 23 and 24 show the
segregated viscosity reduction results associated with heat alone, sonication alone, and the
combined sonication + heat on the 30 weight oil employing acoustic frequencies of 6.9 kHz and
13.1 kHz, respectively as obtained by this analytical technique. Both of these tests used the
medium transducer horn spacing. The results shown in these two figures indicate that for the 6.9
kHz and 13.1 kHz frequencies, the majority of the viscosity reduction appears to be caused by
sonication, with much less contribution associated with heat.

Figures 25 through 27 present the viscosity reduction results associated with heat alone,
sonication alone, and the combined sonication + heat on the 90-weight oil employing 1.8 kHz,
6.9 kHz and 13.1 kHz, respectively, with the small horn spacing. When the oil was treated with

29



A Heat Only © Sonication < Overall
----Expon. (Heat Only) ------ Expon. (Sonication) —— Expon. (Overall)
1.1

2 LI SRR
A
&2 0.8
> .
& 0.7 7Y=1.0041¢ 000X O
=) P = 5\\\\\0\\
3 0.6 WH-0§1I77 -
7 | Heat Only
& 0.5
§ 0.4 1y =-09746 e 005X
6 03— r*=0.9008
B o2 Sonicaiton Y =0.986 e 0%
g = P = 0.9624
w 0.1 Overall

O T T T T

0 5 10 15 20 25 30
Treatment Time, (min)

Figure 23 Fractional Residual Viscosity in 30-Weight Oil as a Function of
Treatment Time Employing Sonication at 6.9 kHz with the Medium Horn
Spacing due to Heat Only, Sonication Only, and Combined Sonication + Heat

A Heat Only © Sonication ¢ Overall
----Expon. (Heat Only) ------ Expon. (Sonication) Expon. (Overall)

1 e——
:? \\ vvvvv K-~
n 0.9 K=~~~ _
8 0.8 N -
S 07 e
—_ P
S 0.6 | Y=09904 ¢ 00X e
T -
Q 0.5 7~ rHZe_agngIs1 i o
X 04
E 03— Y=09805e %X Yy=09815e 0%
9 1 F=09622 _ r?=0.9825

0.2 C

k3] Sonication Overall
£ 0.1
[N

0

0 5 10 15 20
Treatment Time, (min)

Figure 24 Fractional Residual Viscosity in 30-Weight Oil as a Function of
Treatment Time Employing Sonication at 13.1 kHz with the Medium Horn
Spacing due to Heat Only, Sonication Only, and Combined Sonication + Heat



sonication at 1.8 kHz, the majority of the viscosity reduction was associated with heat. On the
other hand, using sonication frequencies of 6.9 kHz and 13.1 kHz resulted in viscosity reduction
due to both sonication and heat effects in roughly equal contributions. The graphical results
from these three tests also indicate that the total amount of viscosity reduction due to both heat
and sonication progressively decreases with increasing sonication frequencies. In the test using
1.8 kHz, the fractional residual viscosity at the end of the test was approximately 0.25 indicating
that the initial viscosity had been reduced by approximately 75%. When 6.9 kHz was employed,
the viscosity was reduced by about 65%, and the reduction was only about 50% when the highest
frequency of 13.1 kHz was used.
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Figure 25 Fractional Residual Viscosity in 90-Weight Oil as a Function of
Treatment Time Employing Sonication at 1.8 kHz with the Small Horn Spacing
due to Heat Only, Sonication Only, and Combined Sonication + Heat

Figures 28 through 30 present the viscosity reduction results associated with heat alone,
sonication alone, and the combined sonication + heat on the most viscous (140-weight) of the
three oils tested in the Phase I experiments. Sonication frequencies were again 1.8 kHz, 6.9 kHz
and 13.1 kHz, respectively and the medium transducer horn spacing was employed in each of
these tests. In this case, for the 1.8 kHz sonication treatment, the majority of the viscosity
reduction is associated with sonication effects. For the 6.9 kHz treatment, viscosity reduction is
due to both sonication and heat effects, in roughly equal contributions. For the 13.1 kHz
treatment, most of the initial viscosity reduction as shown in Figure 30 is due primarily to
sonication effects; however, at larger treatment times, both sonication and heat effects are
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important, in roughly equal contributions. As was the case with the 90-weight oil, the lowest
sonication frequency (1.8 kHz) resulted in the greatest reduction in initial viscosity (~55%) after
approximately 20 minutes of treatment. The intermediate frequency (6.9 kHz) resulted in the
least amount of reduction (about 35%), while the tests involving the largest frequency (13.1 kHz)
produced an intermediate value (~45%) for viscosity reduction during the test. All of the test
results for the 140-weight oil are presented in Appendix B.

2.4 Comparison of Process Performance

Results of the 1%-order rate constants determined from each experiment using 90- and 140-
weight oils, associated with the combined sonication + heat, are summarized in Table 4 below.
The table also contains the acoustic frequency used and the transducer horn spacing employed in
each experiment. For the 90-weight oil, the 1*-order rate constant ranges from 0.0211 min™ to
0.0937 min™', while for the 140-weight oil, the 1*-order rate constant ranges from 0.0084 min™ to
0.0408 min"'. These results represent the viscosity reduction achieved by sonication, which
includes effects due to both sonication and increased temperature from heating during the
sonication treatment. When the data are tabulated in the manner contained in Table 4, one can
look at trends associated with changing sonication frequencies while maintaining the same fin
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spacing on the horns. The data in this table indicate that in all cases, the lowest sonication
frequency resulted in the largest rate constant (most rapid decrease in viscosity) for each horn
design. The results for the 30-weight oil are not tabulated for this comparison because of the
reasons and rationale discussed in Section 2.2.3.

Table 4 Rate Constant Values for Small, Medium, and Large Horn/Fin Spacings and
Variable Sonication Frequencies

Weight of Oil Horn/Fin Spacing Freqﬁ:r)llc‘;t,lz:kHz) c;l:r“-g::ﬁ:' ::;?.1)
140 Small 1.75 0.0385
3.09 0.0219
6.92 0.0084
13.05 0.0308
13.09 0.0272
Medium 1.77 0.0408
6.84 0.0155
6.93 0.0151
13.06 0.0231
Large 1.72 0.0226
6.88 0.0242
13.06 0.0272
90 Small 1.76 0.0937
6.78 0.0408
6.86 0.0390
13.08 0.0300
Medium 1.74 0.0696
6.66 0.0319
6.78 0.0211
13.07 0.0353
Large 1.76 0.0700
6.90 0.0379
13.06 0.0251

Table 5 summarizes the 1%-order rate constants obtained using various ultrasonic
frequencies in treating the 90- and 140-weight oil, for each transducer horn/fin design. When the
data are tabulated in this manner, it is possible to look for trends in the rate of viscosity reduction
associated with changing horn/fin design while maintaining the same acoustic frequency. These
data will be examined and discussed in more detail in a subsequent section of this report.

During the heat only experiments, samples were allowed to cool to room temperature and
the viscosity was measured again for comparison with the viscosity measured before heating. In
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most cases, the viscosity returned to very close to the same values after cooling. Similar data
The data in Appendix B indicate that when the
samples were allowed to equilibrate to room temperature after being treated using sonication
techniques, the viscosity returns to approximately the same viscosity level as it was prior to the

were collected with the sonicated samples.

sonication treatment, although some variations are present in this trend. This suggests that the
acoustic energy has not severely altered the fundamental chemical make-up of the oil, although
additional and more sophisticated chemical analyses would be necessary to verity this inference.

Table 5 Rate Constant Values for Changing Horn/Fin Configurations Compared to
Acoustic Frequencies

Weight of Oil

Acoustic
Frequency,
(kHz)

1%.Order Rate Constant, (min™)

Horn/Fin Spacing

Small

Medium

Large

140

1.72

0.0226

1.75

0.0385

1.77

0.0408

3.09

0.0219

6.84

0.0155

6.88

0.0242

6.92

0.0084

6.93

0.0151

13.05

0.0308

13.06

0.0231

0.0272

13.09

0.0272

90

1.74

0.0696

1.76

0.0937

0.0700

6.66

0.0319

6.78

0.0408

0.0211

6.86

0.0390

6.90

0.0379

13.06

0.0251

13.07

0.0353

13.08

0.0300

2.5 Comparison of Performance at 20 Minutes Treatment Time

Using the data obtained for the viscosity reduction due to heat alone, sonication alone, and
combined sonication + heat, the fractional residual viscosity was determined at 20 minutes

treatment time for each of these three conditions for each experiment performed (Table 6). As
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Table 6 Fractional Residual Viscosity at 20 Minutes Treatment Time for Various Test
Conditions

. L Fractional Residual Viscosity at 20
Motc_)r Oil Sonication Transducgr Minutes Treatment Time
Weight | Frequency, (kHz) | Horn Spacing —— -
Heat Only | Sonication | Combined
140 1.8 Small 0.8185 0.6540 0.4725
Medium 0.9628 0.5038 0.4666
Large 0.7351 0.7215 0.4566
3.1 Small 0.8285 0.7259 0.5544
6.9 Small 0.8070 0.9355 0.7425
Medium 0.7188 0.9641 0.6829
Medium 0.8862 0.8412 0.7274
Large 0.8798 0.6915 0.5713
13.1 Small 0.7520 0.8846 0.6368
Small 0.6526 0.8921 0.5447
Medium 0.8958 0.6727 0.5685
Large 0.8818 0.6213 0.5031
90 1.8 Small 0.4124 0.8456 0.2580
Medium 0.4454 0.8286 0.2740
Large 0.5647 0.6961 0.2608
3.1 Small 0.3545 0.8915 0.2460
6.9 Small 0.6795 0.6841 0.3636
Small 0.8763 0.7209 0.5972
Medium 0.7692 0.6731 0.4422
Large 0.8251 0.6717 0.4968
Large 0.5684 0.9029 0.4713
Large 0.6546 0.8151 0.4697
13.1 Small 0.7519 0.7890 0.5409
Medium 0.6563 0.8485 0.5048
Large 0.5992 0.9448 0.5440
Large 0.3618 0.9685 0.3303
30 6.9 Small 0.9362 0.7516 0.6878
Medium 0.9129 0.7060 0.6189
Large 0.8766 0.7324 0.6091
13.1 Small 0.7665 0.8487 0.6152
Medium 0.8883 0.5748 0.4631
Large 0.7479 0.7568 0.5047

discussed in more detail in Section 2.2.3, twenty minutes was selected as a reasonable time
period when the viscosity was still decreasing (had not reached a pseudo-steady state behavior in
which the residual viscosity had reached a relatively constant value) and it provided a benchmark
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by which one could compare the performance of the various experimental conditions studied.
These data for all three to the oils used in this investigation are summarized in Table 6. These
data reflect the percentage of the initial viscosity remaining after the treatment. Table 7 contains

Table 7 Percentage of Viscosity Reduction After 20 Minutes Treatment Time for Various
Test Conditions

Fractional Viscosity Reduction at 20
Motor Oil Sonication Transducer Rt Tlestis it (T
Weight Frequency, (kHz) Horn Spacing
Heat Only Sonication Combined
140 1.8 Small 0.1815 0.3460 0.5275
Medium 0.0372 0.4962 0.5334
Large 0.2649 0.2785 0.5434
3.1 Small 0.1715 0.2741 0.4456
6.9 Small 0.1930 0.0645 0.2575
Medium 0.2812 0.0359 0.3171
Medium 0.1138 0.1588 0.2726
Large 0.1202 0.3085 0.4287
13.1 Small 0.2480 0.1154 0.3633
Small 0.3474 0.1079 0.4553
Medium 0.1042 0.3273 0.4315
Large 0.1182 0.3787 0.4969
90 1.8 Small 0.5876 0.1544 0.7420
Medium 0.5546 0.1714 0.7260
Large 0.4353 0.3039 0.7392
3.1 Small 0.6455 0.1085 0.7540
6.9 Small 0.3205 0.3159 0.6364
Small 0.1237 0.2791 0.4028
Medium 0.2308 0.3269 0.5578
Large 0.1749 0.3283 0.5032
Large 0.4316 0.0971 0.5287
Large 0.3454 0.1849 0.5303
13.1 Small 0.2481 0.2110 0.4591
Medium 0.3437 0.1515 0.4952
Large 0.4008 0.0552 0.4560
Large 0.6382 0.0315 0.6697
30 6.9 Small 0.0638 0.2484 0.3122
Medium 0.0871 0.2940 0.3811
Large 0.1234 0.2676 0.3909
13.1 Small 0.2335 0.1513 0.3848
Medium 0.1117 0.4252 0.5369
Large 0.2521 0.2432 0.4953
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data representing the amount of (percentage) reduction in the initial viscosity at the end of
twenty minutes for the individual treatments. The data within either of these tables reflect the
effectiveness of the individual treatments in reducing the viscosity of the test oils. Obviously,
the viscosity remaining and viscosity reduction values in these two tables for corresponding
treatment conditions sum to one. The reduction in viscosity ranges from a low of 31.2% to a
high of 75.4%; the residual or remaining amount of viscosity after treatment ranges from a
maximum of 68.8% to a minimum of 24.6%. The data in Table 6 are presented in graphical
form in Figures 31 through 33 for the 30-, 90-, and 140-weight oils.
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Figure 31 Comparison of Fractional Residual Viscosity of 30-Weight Oil Obtained
after 20 Minutes Treatment from Heat Only, Sonication Only, and Combined
Sonication + Heat

For treatment of 30 weight oil, Figure 31 shows that while the sonication performed at 13.1
kHz resulted in a greater overall reduction in viscosity (about 50% reduction) than sonication
operated at 6.9 kHz (overall viscosity reduction was about 40%), the lower frequency sonication
(at 6.9 kHz) had a slightly greater average effect on the viscosity reduction due to sonication
alone than the higher frequency (13.1 kHz). The figure also indicates that the medium horn
spacing was somewhat more effective than the small or large spacing transducer horns.
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Figure 32 Comparison of Fractional Residual Viscosity of 90-Weight Oil Obtained
after 20 Minutes Treatment from Heat Only, Sonication Only, and Combined
Sonication + Heat

For treatment of 90-weight oil, Figure 32 shows that the lowest ultrasonic frequencies (1.8
and 3.1 kHz) resulted in the greatest reduction in viscosities (greater than 72% reduction) as
compared to the higher frequencies; typical viscosity reductions were approximately 50-60% at
6.9 kHz and 46-67% at 13.1 kHz. However, at the lower frequencies, the dissipation of heat
from the sonication into the 90-weight oil appears to have been the primary effect responsible for
the reduction of the viscosity of the oil. Similar behavior was also observed at the higher
frequency (13.1 kHz). For sonication performed at 6.9 kHz, the large spacing transducer horn
likewise had a similar behavior. Using the small and medium spacing transducer horns at 6.9
kHz however, resulted in sonication having more of a relative effect on the viscosity reduction.
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Figure 33 Comparison of Fractional Residual Viscosity of 140-Weight Oil Obtained
after 20 Minutes Treatment from Heat Only, Sonication Only, and Combined
Sonication + Heat

For treatment of the more viscous oil (140-weight oil), Figure 33 illustrates that at the
lower acoustic frequencies (1.8 and 3.1 kHz), sonication appears to have had more of an effect in
causing the viscosity reduction than did the dissipation of heat into the oil. Overall reductions in
viscosity at the lower frequencies ranged from ~45% to ~54%. For the higher frequencies (6.9
and 13.1 kHz), heat dissipation into the oil was primarily responsible for the reduction in
viscosity using the small transducer horn spacing, whereas for the medium and large horn
spacings, sonication appears to have had a greater role in causing the reduction in viscosity than
did heat dissipation into the oil. However, some exceptions to these trends do exist. For the
higher ultrasonic frequencies (6.9 and 13.1 kHz), overall reductions in viscosity typically were in
the range of 30% to 50%, somewhat less than the lower frequencies.

2.6 Phase | Summary and Conclusions

As stated previously, the objective of this Phase I investigation was test and evaluate an
integrated acoustic system under laboratory conditions to determine the ability of sonication to
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reduce the viscosity of oil. The results of this study clearly prove the validity of this concept and

demonstrate that the concept is worthy of further study and evaluation. In addition to this over-
arching conclusion, a number of more specific conclusions and observations were derived from

the testing program. These are summarized in the following list.

1.

The reduction in viscosity observed in the tests was due both to sonication effects and
dissipation of heat (resulting from sonication) into the oil.

The reduction in viscosity due to heat input only was successfully defined by
regression analysis invoking a power-law relationship.

The greater the temperature, the more fluid the oil becomes (and hence a resulting
reduction in viscosity).

Sonication frequencies examined were 1.8, 3.1, 6.9, and 13.1 kHz. Generally, the
lower the acoustic frequency, the greater the efficiency in reducing the viscosity of
the oil. The reduction in viscosity was greatest for the 1.8 kHz and 3.1 kHz
frequencies.

The reductions in viscosity due to sonication and the combined sonication + heat
dissipation were successfully defined by regression analysis using a 1%-order decay
relationship in viscosity with increasing treatment time.

For the 90-weight oil, the 1¥-order rate constant ranged from 0.0211 min™ to 0.0937
min™', while for the 140-weight oil, the 1¥-order rate constant ranged from 0.0084
min” to 0.0408 min"'. The results for the 30-weight oil ranged from 0.0223 min™ to
0.0551 min"'. There is less confidence in the results from the tests using the less-
viscous oil tests than those from the other two oils.

Three different spacings for the fins on the acoustic transducer horns were tested in
this study. In general, the transducer horn with the medium spacing resulted in the
greatest reduction in viscosity. The efficiencies tended to decrease with both the
smaller and larger distances between horn fins.

While the sonication at 13.1 kHz resulted in a greater overall decrease is viscosity
(~50% reduction) in the 30-weight oil than sonication performed at 6.9 kHz (overall
viscosity reduction ~40%), the data from tests employing the lower frequency
sonication indicate that the effects of sonication were greater than those resulting
from heat dissipation. The reverse situation is suggested by the data obtained from
the higher frequency (13.1 kHz) tests.
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For the case of the 90-weight oil, the lowest acoustic frequencies (1.8 and 3.1 kHz)
resulted in the greatest reduction in viscosities (greater than 72% reduction) as
compared to the higher frequencies. Typical viscosity reductions were approximately
50%-60% at 6.9 kHz and 46%-67% at 13.1 kHz.

At the lower frequencies, the dissipation of heat into the 90-weight oil from the
sonication treatment was the primary effect responsible for the reduction in viscosity
of the oil as compared to the effects from sonication alone. Similar behavior was also
observed at the higher frequency (13.1 kHz).

For the case of the 140-weight oil, the tests using lower acoustic frequencies (1.8 and
3.1 kHz) indicate that sonication has more of an effect in causing the viscosity
reduction than does the dissipation of heat into the oil. Overall reductions in viscosity
at the lower ultrasonic frequencies ranged from ~45% to ~54%.

Tests on the 140-weight oil using the higher acoustic frequencies (6.9 and 13.1 kHz)
indicate that heat dissipation into the oil was primarily responsible for the reduction
in viscosity using the small spacing transducer horn, whereas for the medium and
large spacing transducer horns, sonication appeared to have a greater effect in causing
the reduction in viscosity than did heat dissipation into the oil. For the higher
frequencies (6.9 and 13.1 kHz), overall reductions in viscosity typically were between
30% and 50%.

Sonication treatment of the three oils resulted in a reduction in viscosity that ranged
from a low of 31.2% to a high of 75.4%. The viscosity reductions measured for each
of the test oils were: 31.2% — 53.7% for the 30-weight oil, 40.3% — 75.4% for the 90-
weight oil, and 25.8% — 54.3% for the 140-weight oil.

After sonication treatment, when the samples were allowed to equilibrate to room
temperature, the viscosity returned to approximately the same condition as it was
prior to the sonication, suggesting that the acoustic energy has not appreciably altered
the oil’s chemical structure. However, it would require additional testing and
chemical analyses to verify this hypothesis.
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3 PROJECT PHASE Il ACTIVITIES AND RESULTS

Based on the results obtained from the first phase of the project, Phase Il was funded and
conducted to expand upon the preliminary results and proof of concept from Phase I. The
second project phase was designed to evaluate the effects of sonication on three crude oils with
significantly varying viscosity/gravity characteristics.

3.1 Technical Objectives
The technical objectives defined for the second project phase were:

1. To design, fabricate, and test a three-actuator, integrated, acoustic energy system
suitable for laboratory testing and to serve as the basis for engineering scale-up for
larger-scale applications if warranted,;

2. To collect and analyze data on the performance of the acoustic energy system on
three heavy crude oils with different API gravity values;

3. To develop a commercialization plan for the technology including process and
component economics, scale-up factors, and market potential; and

4. To prepare a comprehensive final project report containing the system design, all test
data, data analyses, and the commercialization plan.

3.2 Work Plan

In order to meet the technical objectives, the following work plan, consisting of ten
individual tasks, was developed.

Task 1.  Project kickoff meeting

Task 2. Design and fabricate three-actuator sonication system

Task 3.  Test and debug the sonication system

Task 4.  Test the sonication system on heavy crude oil #1; analyze data
Task 5.  Mid-project review meeting

Task 6.  Test the sonication system on heavy crude oil #2; analyze data
Task 7. Test the sonication system on heavy crude oil #3; analyze data

Task 8. Develop process economics, market potential, and scale-up factors
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Task 9.  Develop commercialization plan

Task 10. Prepare final report
3.3 Project Coordination

TechSavants, Inc. (TSI) was the Lead Principal Investigator for both phases of the project.
TechSavants, Inc., Furness-Newburge, Inc. (FNI), and the University of Alabama at Birmingham
(UAB) conducted the first phase of the project. For the second phase of work, Armmco, a firm
supplying solution-oriented technologies to the petroleum industry, was added to the project
team to ensure that the commercialization planning and market potential estimates were realistic
and based on an extensive knowledge and understanding of the petroleum industry.

The initial Phase II kickoff meeting was held at UAB and staff members from all team
organizations attended. The results and lessons learned from Phase I were discussed at length.
The specific activities planned for Phase II were defined in detail along with the anticipated
schedule for completion of the individual activities as well as the resources required and team
member responsibilities for completion. Because the experiments were going to be conducted at
UAB, the laboratory facilities and equipment were examined and a meeting was held with the
Safety Coordinator for the Department of Civil and Environmental Engineering to discuss any
general safety aspects and concerns associated with the experimental plan. It was agreed that all
individuals working on the project experiments would receive a safety briefing and that a set of
procedures would be developed and approved for receiving, handling, storing, and disposing of
all crude oil needed for the project. The standard operating procedures developed for properly
managing the crude oils during the laboratory experiments are presented in Appendix C.

During the time that Tasks 2-5 were being conducted, close coordination between TSI and
the other project team members was regularly maintained. Any difficulties or items that could
impact the results of or schedule for the project were discussed and a resolution obtained. After
Task 5 was completed, a second team meeting, the mid-project coordination meeting was held at
UAB. As during the kickoff meeting, personnel representing all team member organizations
were present. During this meeting, results obtained during Tasks 2-5 were discussed and, in
particular, the experimental procedures and results obtained from the first crude oil were
evaluated. Based on this information and lessons learned during the first set of experiments,
some modifications to the procedures were identified and recommended for the tests involving
the remaining two oils. It was decided that even though this would mean that all three oils were
not tested in precisely the same manner, it was reasoned that the overall results would be
significantly improved by the new plan of action. These changes will be discussed in more detail
in subsequent sections of this report where the experimental results are presented.

Lastly, TSI was responsible for preparing this final project report with considerable input
and assistance from the individual project team members that were primarily responsible for
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individual elements of the work plan. All individuals listed as contributing authors on the report
title page provided written material for this report.

3.4 Design and Fabricate Sonication Test System

A series of designs incorporating three actuators was evaluated for use in fabricating the
reaction chamber. The designs considered were: 1) a design where all three actuators would act
in series along a section of pipe; 2) the three actuators were attached to three of the four vertical
walls of a reactor, with the actuators in the same horizontal plane or in differing planes; and 3)
the actuators positioned in a cross arrangement, i.e., two actuators acting horizontally and one
vertically, all in the same plane and all of their acoustic energy focused on a central point. The
location of the ports to get the oil in and out of the chamber and the issue of heat build-up in the
actuators also had to be addressed.

The first design was ruled out, because it could be deduced that the total energy produced
by the three actuators would never be concentrated on one area. Although the oil might be
subjected to a longer sonic treatment time, the magnitude of the energy at any point during the
treatment would be far less than what was available in total, since the oil would be primarily
exposed to the acoustic energy from only one reactor at a time. The Furness-Newburge team felt
that the energy needed to maximize the change in viscosity would not be reached with this
design, thus increased flow resulting from viscosity reduction would be limited.

The second design was discarded because the heavy crude could not be readily handled
during experiments with this chamber design. Concern was raised that the oil would have to be
injected vertically into the chamber and that pipe-edge liquefaction and the effect of gravity
would minimize viscosity reduction time. The specific concern was that the oil in contact with
the pipe interior would become liquefied (viscosity reduced) before the oil in the center of the
pipe, and the oil mass would flow not from an overall reduction in viscosity, but from the
reduced friction from the liquefied oil on the inside surface of the pipe. Given these conditions,
it was estimated that the residence time needed for maximum oil viscosity reduction would not
be realized.

Ultimately, the third option was selected. With this design, oil is pumped into the reaction
chamber, oil is exposed to acoustic energy, and the liquefied oil (viscosity-reduced oil) rises to
the oil surface (uppermost part of the chamber) and is removed through outlet ports while the
remainder of the oil is subjected to further acoustic activity until it also becomes liquefied and
rises. Untreated heavy crude oil is constantly pushed into the chamber using a pump. This
approach allowed for the most even treatment of the oil inside the acoustic chamber and was the
closest to achieving continuous flow stirred tank reactor (CSTR) behavior. The treatment time
could be modified in the flow through system by changing the pumping rate, although this was
limited by the viscosity of the crude oil. This design also provides for water cooling of the
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actuators to dissipate the heat build-up resulting from the actuators’ operation, thereby
decreasing the amount of heat transferred to the oil. In this way, the temperature effects on
viscosity reduction in the oil would be minimized.

The reaction chamber, as designed and fabricated, consisted of a four-flanged, cross design
with a volume capacity of approximately one gallon (3.8 liters) of crude oil (see Figure 34).
Three of the flanges were machined for sealed mounting of the actuators; the fourth flange was
drilled and tapped for the oil inlet via a pump system. Three holes were drilled and tapped for
use as oil outlets, and a stand was constructed for mounting the reaction chamber. This
configuration had the flexibility of examining the effect of acoustic stimulation with the
actuators in parallel or in perpendicular geometry.
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Figure 34 Cross-Sectional Drawing of Reaction Chamber Designed and Fabricated for
Phase Il Experimental Testing of Crude Oils (Dimensions in Inches)

The pumping system for moving the oil through the reaction chamber consisted of a
positive displacement pump rated at three to six gallons per hour (3-6 gph) (11.4-22.3 liters/hr),
with a variable speed drive. Because of the crude oil’s high viscosity, a significant amount of
time was spent in testing the pump inserts and system tubing. Proper flow was finally obtained
by using more rigid tubing and increasing the suction pressure to assist flow.

Each of the three actuators utilized in the reactor design had its own 1000-Watt power
supply for independent operation and the three power supplies were attached to a mobile test
stand. Initially the actuators were fitted with double-disked horns (see Figure 34), although final
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horn configurations would be determined from subsequent testing (Task 4). The horns were
manufactured into a modular system of spacers, slotted fins, and non-slotted/solid fins. In this
way, different configurations altering such things as fin spacing and number of fins could easily
be achieved. The cooling system was designed to be completely separate, independent and
sealed from the oil reactor. Each actuator sits in a water-cooled chamber fabricated with pipe
and pipe caps; plastic tubing brings water to the chamber. The water flows around the actuator,
removing the heat build-up from the actuator, and exits the chamber. The chambers were
machined with fittings for the tubing and for the electrical connections between the actuators and
the power supplies.

3.5 Test and Debug Sonication System

3.5.1 System and System Component Testing

The system component testing occurred in parallel with whole system fabrication. Tests of
horn design — the spacing between the disks, the optimum thickness of the disks, and the decision
to use whole or slotted disks — continued past the fabrication and debugging period. The
modular horn system supplied to UAB permitted them to perform this testing on heavy crude oil.
It was not possible to conclusively rule out several horn configurations during the water testing
because one could not be certain that the more viscous medium would react the same. The
optimal thickness of the horns was limited to some extent by durability considerations. The
thinner the horn’s titanium disk, the greater the deflection and apparent transfer of acoustic
energy into the fluid. However, the thinner disks were not as durable and did not survive as long
during testing. Based on these preliminary evaluations, the optimum thickness for the disks
appears to be 0.0625 inches (~1.6 mm.). At this thickness the disk flexes well without breaking.
Based on results subsequently obtained by UAB, this held true when the horns are used for a
longer period on heavy crude. During acoustic actuator life testing, thinner horns of ~0.030 inch
(0.8 mm) thickness broke after 30-50 hours of use. No breakage occurred in the actuators
themselves from long-term use. In this testing phase, no actuators failed during more than 100
hours of testing. No degradation of performance occurred during two-week tests of actuator-
horn systems (using 0.0625 in/1.6 mm thick disks).

Water flow tests demonstrated that the system was watertight, and the design selected for
use in the project eliminated the concern over heat buildup causing actuator failure or causing
interference with the test results through thermal viscosity effects on the oil. Flow testing
resulted in the decision to determine flow rates by measuring the volume of oil removed from the
oil-feed system during a measured time interval. Similarly, viscosity measurements and
measuring the volume of treated (changed viscosity) oil collected over a fixed time interval gave
a post-treatment flow rate. To ensure that the system, and in particular its pump, could handle
the worst case, initial testing of system was performed with a heavy Californian crude (viscosity
> 100,000 centiPoises at test temperatures). This thick crude was also used during training of
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UAB personnel. Further, system tests using surrogate oils conducted as a check of the
equipment prior to beginning the testing program did not present any challenge or problems for
the system or its pump.

3.5.2 Optimization Testing

The goal of the optimization testing was to learn as much as possible by collecting data on
different horn configurations, actuator frequencies, etc. in water. While changes in crude oil
were the focus of the project, the water medium had the advantages of actually being able to
observe the horns during stimulation, being an easier test, being a quicker test, and not having
special handling and disposal issues. Water testing allowed for a larger test matrix to be
explored. It was initially proposed that water tests would be performed using red dye.
Unfortunately, the system’s power and frequency combinations were insufficient to pyrolize the
dye and; furthermore, no conclusions could be drawn from observing the dye’s mixing behavior
in the system under different operating conditions. It was possible to make some judgments
through direct observation of cavitation bubble formation and movement, but these observations
introduced too much subjectivity and they drew too few distinctions between different
treatments. Therefore, the proposed dye evaluation system was replaced with a method of
observing sand motion and node formation to evaluate the sonication system that was identified
simply as the “sand tests”.

All the sand tests were performed in an aquarium 30 in (76.2 cm) long by 12 in (30.5 cm)
wide by 18 in (45.7 cm) tall (deep). At the beginning of a test, the aquarium was filled with
water 16-17 in (40.6-43.2 cm) deep. Silica sand was spread evenly across the floor of the
aquarium approximately 1/8 in (3.2 mm) deep before each test. The actuator was placed in the
center of the aquarium with the bottom of the horn 1 inch (2.5 cm) from the bottom. The
actuator was run for approximately 11 minutes, and photographs were taken before, during, and
after each test to document the manner in which the acoustic stimulation moved the sand. Visual
observations of sand motion, cavitation, etc. were recorded during each test. The narratives of
these observations for each test are presented in Appendix D.

The test matrix consisted of four different frequencies, single and double finned horns, two
different distances between fins for the double finned horns, and solid vs. slotted fins. Table 8
below documents the input conditions and horn configurations tested. Table 9 summarizes the
observations made during the tests (see also Appendix D). Holes in the sand would form at the
bottom of the aquarium indicating where the sonication pushed the sand away. These features
were interpreted as being the location of acoustic standing wave nodes. To document and
compare each treatment’s effect, the total number of holes in the sand formed in the aquarium,
the total number of holes formed greater than six inches away, and the location of the hole
closest and furthest from the actuator were recorded for each test.
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Table 8 Sand Test Conditions and Horn Configurations

Output

ez Horn Configuration R IR Current VG
Number (Hz) (%) (volts)

2 fins, 1 inch apart, 4 slots. 45 deg offset,

A1 1 0.050 inch thick 900 99.9 187
2 fins, 1 inch apart, 4 slots, 45 deg offset,

A2 1 0.050 inch thick 1136 100.0 -
2 fins, 1 inch apart, 4 slots, 45 deg offset,

A3 1 0.050 inch thick 1291 99.5 -
2 fins, 1 inch apart, 4 slots, 45 deg offset,

A4 1 0.050 inch thick 1560 87.0 -
2 fins, 2.0625 inches apart, 4 slots, 45 deg

B1 | offset, 0.050 inch thick 900 9.5 | 187
2 fins, 2.0625 inches apart, 4 slots, 45 deg

B2 offset, 0.050 inch thick 1139 99.8 239
2 fins, 2.0625 inches apart, 4 slots, 45 deg

B3 | offset, 0.050 inch thick 1288 98.0 | 260
2 fins, 2.0625 inches apart, 4 slots, 45 deg

B4 | offset, 0.050 inch thick 1563 854 | 278

C1 1 fin with 4 slots and 0.050 inch thick 900 99.4 185

C2 1 fin with 4 slots and 0.050 inch thick 1178 99.7 278

C3 1 fin with 4 slots and 0.050 inch thick 1247 98.3 249

Cc4 1 fin with 4 slots and 0.050 inch thick 1563 85.4 278

D1 1 fin with no slots, 0.050 inch thick 902 99.4 186

D2 1 fin with no slots, 0.050 inch thick 1147 98.8 238

D3 1 fin with no slots, 0.050 inch thick 1347 94.6 278

D4 1 fin with no slots, 0.050 inch thick 1534 92.0 276

E1 2 fins, 1 inch apart, no slots, 0.050 inch thick 901 99.2 186

E2 2 fins, 1 inch apart, no slots, 0.050 inch thick 1146 98.6 240

E3 2 fins, 1 inch apart, no slots, 0.050 inch thick 1295 96.2 276

E4 2 fins, 1 inch apart, no slots, 0.050 inch thick 1538 92.2 275

F1 2 fins, _2.0625 inches apart, no slots, 0.050 903 99.0 186
inch thick

F2 _2fins, _2.0625 inches apart, no slots, 0.050 1147 99.6 242
inch thick

F3 2 fins, _2.0625 inches apart, no slots, 0.050 1280 95.1 276
inch thick

Fa 2 fins, 2.0625 inches apart, no slots, 0.050 1420 95.0 276

inch thick
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Table 9 Overview of Sand Test Observations

No.
Test Jotal Holes, Hole Furthest from
No. of . Hole Nearest Actuator
No. Distance> Actuator
Holes .
6 in.
. Distanc Size . Distan | Size
Location . . Location . .
e (in.) (in.) ce (in.) | (in.)
A1 6 2 (2.5,0) 2.5 25 (12,4) 12.65 1.0
A2 13 8 (2,0) 2 1.0 (-13.5,-4.5) 14.23 1.5
A3 20 12 (-2,-2) 2.83 1.5 (14,0) 14.00 15
A4 6 3 ('_%'g?’ 2.80 3 (105-2) | 1069 | 05
B1 1 0 (0,0) 0 1.5 (-13.5,-4.5) | (0, 0) 0
- (12,4) 0.5,
B2 14 9 (-2,0) 2 1.0 (-12,4) 12.65 10
B3 1 0 (-1.5,-1.5) 2.12 1.5 (-1.5,-15) | 212 15
B4 0 0
C1 0 0
c2 5 1 (1.5,0) 1.50 15 (6,2) 6.32 0.5
(-12.5,
C3 14 11 (-3,-0.5) 3.04 2.0 5.75) 13.76 0.75
C4 0
D1 0 0
D2 8 4 (-2.5,-1.5) 2.92 0.5 (-5.75,-4) 7.00 0.5
(-1.5, a
D3 12 5 -1.25) 1.95 0.25 (8,4) 8.94 1.0
D4 | 20 13 (-4.5,0) 450 10 ('jgg)5' 1389 | 15
E1 3 3 (-9.5,0) 9.50 0.5 (10,3.5) 10.59 1.5
E2 13 10 (-2,0) 2.00 0.75 (-13.5,-4) 14.08 3x1.5?
a (-14.75,
E3 18 14 (-0.5,-2.5) 2.55 2x1 5.75) 15.83 0.5
(-1,-2) 0.5 A
E4 28 18 12) 2.24 0.5 (-14.5,-5.5) | 15.51 15
F1 8 3 (0,0) 0.00 0.75 (-10.5,-0) | 10.50 | 2x5°
F2 15 10 (0,0) 0.00 0.75 (12,4) 12.65 | 1.5x3°
F3 12 8 (-0.5,-2.5) 255 | 1.5x0.75° | (15,-0.5) | 15.01 | 7x3°
F4 16 11 (3,-0.5) 3.04 | 55x2° (12'2)5" 13.99 | 3.5x3
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The Notation used in Table 9 immediately above is as follows: a = Ellipse, b = Ellipse (E-
W), ¢ = Ellipse (N-S), and d = Rectangle. Location: based on coordinates measured in inches to
the left (negative), right (positive), above (positive), or below (negative) of the actuator position
when viewed from above

Figures 35-38 contain selected photographs taken during the series of optimization tests.
Figure 35 shows the test set-up at the beginning of a test illustrating the placement of the
actuator, horn with two slotted fins, and sand layer on the bottom of the aquarium. In all
photographs, the fins have a diameter of 2.5 in (6.4 cm). Figure 36 is a photograph showing a
cluster of cavitation bubbles on the upper surface of the slotted horn fin. The other bubbles
visible in the photo are air bubbles. Note also the holes formed in the bottom sand layer along
with a small amount of fine sediment suspended beneath the horn. Figure 37 illustrates sand
movement resulting in several holes being formed where sand moved into and adjacent mound
beneath the actuator horn. In this test the horn is solid (no slots). Figure 38 contains a
photograph taken during a test that illustrates the effects of very vigorous (effective) sonication
of the test system as evidenced by the large amount of fine sediment that has been suspended
within the water along with the large number of holes that have formed in the bottom sand layer
as a result of extensive sand movement.

o

Figure 35 Photograph of Sand Test Equipment at the Beginning of a Test
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Figure 36 Photograph Showing Cluster of Cavitation Bubbles, Holes in
the Sand Layer, and Minor Amount of Fine Sediment Suspension

Figure 37 Close-Up Photograph of a Sand Mound Beneath the Solid Horn
and Several Holes where Sand Removed
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Figure 38 Photograph lllustrating Major Fine Sediment Suspension and
a Complex Pattern of Several Holes Where Sand Removed

Based on a qualitative evaluation of the observations made during the sand tests, it
appeared that the double-finned horns worked much better than the single-fin horns. Further, the
closer spacing of 1 inch (2.5 cm) worked better than the 2 inch (5 cm) spacing, and the solid fins
created somewhat more sand motion than the slotted fins. More flexure was created in the horn
through slotting, but it appeared that this design dissipated more of the energy near the fin. This
greater intensity near the horn may actually prove to be better for chemical alteration of a fluid,
but these results suggest that it is probably at the expense of reduced distribution of the sound
energy away from the energy source. The solid fins worked best at the highest frequency,
whereas the slotted fins worked best in the middle frequencies.

3.5.3 Preliminary Crude Oil Viscosity Testing

Preliminary brief tests were performed on heavy crude at Furness-Newburge facilities to
evaluate the viscosity change resulting from sonication using the system components. These
shop tests were performed to help evaluate the new horns as well as the performance of the
rotational viscometer (Brookfield Digital Viscometer Model DV-E) that was purchased for use in
the second phase of the project. The rotational viscometer is more precise and accurate than the
viscosity/dip cup approach and better suited to evaluate thicker, more viscous fluids.
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The initial viscosity of the heavy crude in the first test was 115,000 cP (centipoises) at 63.0
degrees Fahrenheit (°F). Multiple spindle types and speeds were used with the Brookfield
Viscometer to evaluate the operation of the unit and the results compared to the documentation
provided with the instrument. The initial test was done at 1.30 kHz (kilohertz) frequency at 880
Watts of power. A double-finned horn was used for 12 minutes on the 1.5-liter sample. The
viscosity following treatment was 48,000 cP at 70°F.

A second oil sample that was tested had an initial viscosity of 153,000 cP at 61.0°F. The
treatment conditions were 1.30 kHz frequency under 900 Watts of power, double- finned horn,
for 10 minutes on a 1.5-liter sample. Following treatment, the viscosity was 54,000 centipoises
at 70°F. This sample was further treated with a frequency of 1.31 kilohertz and 890 Watts of
power, using a double-finned horn for 10 minutes on the same 1.5-liter sample. Following this
additional treatment the viscosity was further reduced to 39,500 cP at 74°F. A final treatment
was performed on the sample, using 1.035 kHz frequency under 860 Watts of power, double-
finned horn for 10 minutes. Post-treatment viscosity was 36,500 cP at 76°F.

3.5.4 Crude Oil Testing Evaluation by Headspace Sampler-GC-FID

It was observed that sonication had reduced the viscosity of various processed and crude
oils during Phase I and the initial testing during Phase II that was independent of any thermal
viscosity effects. The investigators hypothesized that the sonication treatment had chemically
changed the oils by creating a greater amount of lighter hydrocarbons. In this test series, a
combination of headspace analysis, gas chromatographic (GC) separation, and flame ionization
detection (FID) was used to determine if indeed the percentage of lighter hydrocarbons had
increased thereby reducing the viscosity of the oil. For these preliminary tests, a 30 weight
refined oil, a 140 weight refined oil, and the same heavy California crude oil that was used in the
viscosity tests described above were used.

In these tests, a quadruplicate set of oil samples was collected before treatment, the
samples were sonicated a 1.5 liter oil volume for 10 minutes at 1250 Hz and 990 watts, and
another set of quadruplicate oil samples was collected after treatment. The samples consisted of
12 mL of oil in a sealed 20 mL vial. The headspace sampler heated and pressurized the vial to
increase the volatilization of the lighter hydrocarbons. The headspace sampler supplied the GC
with the resultant gas for separation and the FID quantified the amount of each analyte released
by the sample.

Figures 39 through 44 show sample chromatograms of oils before and after treatment
obtained during these tests. As would be expected, the two processed oils had far fewer volatile
hydrocarbons (Figures 39 and 41) than the crude oil (Figure 43) resulting in much cleaner
chromatograms with fewer peaks. The 140-weight oil’s peaks occurred later in the
chromatogram than did the 30-weight oil’s peaks, which likely indicates that the 30-weight oil
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had a larger fraction of lighter, more volatile hydrocarbons as would be expected from a thinner
oil.

Statistical comparison of the peak areas before and after treatment demonstrated with a
95% confidence level that the sonic treatment of the 30-weight oil did significantly increase the
volatile hydrocarbon represented by the peak at 1.15 minutes (Figures 39 and 40). The area of
this peak increased by an average of 18%. Sonication did not result in a significant difference (to
a 95% confidence level) in any of the peak areas in the 140-weight oil (Figures 41 and 42). The
GC-FID identified five separate peaks representing volatiles in the 30-weight oil and six peaks in
the 140-weight oil.

GC-FID analysis of the crude oil samples identified as many as 75 different peaks.
Statistical comparison of all areas of these peaks indicated that areas for 8 different peaks (1.08,
1.21, 1.65, 2.07, 2.48, 2.63, 2.72, and 3.42 minutes) were statistically different at a 95%
confidence level (Figures 43 and 44). Thus, even though the areas of many of the peaks
increased after treatment, only about 10% of these increases were statistically significant at the
95% level. The areas of those peaks that were significantly different after treatment showed
increases between 8% and 32%.
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Figure 39 Chromatogram of SAE 30-Weight Oil Sample Before Acoustic Treatment
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Figure 40 Chromatogram of SAE 30-Weight Oil Sample After 10 Minutes of Acoustic
Treatment
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Figure 41 Chromatogram of EP 140-Weight Oil Sample Before Acoustic Treatment
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Figure 42 Chromatogram of EP 140-Weight Oil Sample after 10 Minutes of Acoustic
Treatment
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Figure 43 Chromatogram of Crude Oil Sample Before Acoustic Treatment
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Figure 44 Chromatogram of Crude Oil Sample After 10 Minutes of Acoustic Treatment

Figure 45 compares the areas of the eight significantly different peaks observed in the
crude oil chromatogram; Figure 46 shows the amount that the areas of these peaks increased in
absolute terms (counts) and in percentage terms. The later peaks (greater than 3.5 minutes) in
the heavy crude oil’s chromatogram showed no significant difference and were poorly resolved.
Although these test results are not completely conclusive, the observed increase in these lighter
hydrocarbon concentrations provide plausible evidence that sonication can reduce oil viscosity
through chemical change.
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3.6 Experimental Methods and Materials
3.6.1 Materials and Equipment

All of the Phase II laboratory experiments were performed at the University of Alabama at
Birmingham (UAB) with guidance and oversight from TechSavants and the other project team
members. The sonication system that was designed, fabricated, and evaluated at Furness-
Newburge facilities in Versailles, Kentucky was shipped to UAB for use during the experimental
program. Figure 47 shows the reaction chamber in a fume hood where all of the experiments
were conducted. Compare this photograph with the design drawing given in Figure 34. As
shown in the drawing, each of the three cylindrical members of the reaction chamber is designed
to contain an actuator for producing acoustic energy. As shown in Figure 34, the horns attached
to actuators extend into the central chamber containing the crude oil being exposed to the
acoustic energy. The same power supplies, actuators, and horn designs that were used during the
Phase I experiments (see Figures 6, 7, and 8) were used in Phase II. Each of the cylindrical
members is designed to allow water to circulate around the actuator for cooling purposes, but this
space is sealed off from the central chamber so that water does not mix with the oil during

testing. The apparatus shown below is approximately 30 inches (76 cm) tall and each of the
cylinders measures approximately 1 ft. (30.5 cm) in length from the end cap to flange base and
about 3.5 in. (9 cm) in diameter.

Wiy : ¥ L
e At
Thl= ~ ) =
. g e | '- i ::_.

Figure 47 Crude Oil Reaction Chamber used during the Phase Il Testing Program
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Two water lines connect to each of the three cylindrical members to circulate the cooling
water to and from each member. Each actuator in the apparatus is connected to a power supply
via two electrical wires contained within a protective fabric cladding. These can be seen entering
through the three end caps of the cylinders in Figure 47. In addition, plastic tubing is attached to
the central reaction chamber to transfer oil into and out of the chamber during testing. Each tube
passes through a shut-off valve mounted on the outer surface of the chamber to control the flow
of oil.

Figure 48 contains a schematic drawing of the experimental apparatus used in Phase II for
testing crude oils. Note that water lines are connected to each of the three tubular chambers that
house the actuators, but to keep the drawing simple, water lines to only one chamber are shown.
Also, the power supplies and power lines to the actuators within each tubular chamber are also
omitted from the drawing for simplicity. The supply tank has a capacity of approximately 10
gallons (38 liters). During a test, oil is moved from the supply tank to the reaction chamber by
the positive displacement pump that has a maximum rating of six gallons (22.7 liters) per hour.
The oil moves through the reaction chamber where sonic energy is delivered to the fluid via the
actuator horns. The oil then moves through tubing to the post-treatment container where it is
stored temporarily until the experiment is complete. Samples to measure the sonication effects
on the crude oil are collected after the oil leaves the reactor and before it enters the post-
treatment container. The supply tank and pump were attached to a fabricated metal stand
constructed with unitstrut (http://www.unistrut.com) and with castors/wheels on the bottom to

allow the unit to be easily moved from one location to another. These components were
connected to the reaction chamber housed in a fume hood during testing by the plastic tubing
used to move the crude oil through the system.

It will be recalled that viscosity was measured in Phase I using dip cups. It was decided
that a more accurate method for obtaining viscosity data would be employed in Phase II. A
Brookfield Digital Viscometer (Model DV-E) was purchased for this purpose from Brookfield
Engineering Laboratories in Middleboro, Mass. A photograph of the viscometer in operation
during the testing program is shown in Figure 49. This instrument is provided with several
spindles of differing shapes. The viscometer operation involves rotating one of the spindles that
is immersed in the test fluid through a calibrated spring that measures the viscous drag against
the spindle by the spring deflection. The amount of deflection in the spring is measured with a
rotary transducer that provides a torque signal. Viscosity data are provided in units of
centipoises (cP). Additional information on viscosity and viscosity measurement methods and
equipment can be found on the Brookfield web site at http://www.brookfieldengineering.com
and a copy of the operating instructions manual for the Model DV-E is given in Appendix E.
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Figure 49 Brookfield Digital Viscometer in Use in the Laboratory
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Three different crude oils were used in the Phase II experiments. These were selected to
represent oils with low, medium, and high values of viscosity in order to evaluate the ability of
sonication to change viscosity with a range of initial viscosity conditions. The identification
numbers, source locations, and representative viscosities of the three crude oils used in these
tests are given in Table 10. Each experiment that was conducted required approximately eight
gallons (30 liters) of oil.

Table 10 The Three Crude Oils used in the Phase Il Testing Program

Crude Oil Identification No.

Source Location of Oil

Initial Viscosity, (cP)

1 Bakersfield, California 65,300
2 Gilbertown, Alabama 6,000
3 Middle East 700

3.6.2 Methods and Procedures

A series of tests was designed to evaluate the effects of sonication/acoustic frequency, horn
design, arrangement of actuators within the reaction chamber, chemical additives, and input
power levels on each of the three crude oils. The experimental plan that was implemented was
based on the results of Phase I of the project, the content of the proposal as submitted to the
sponsor as well as the results from the initial testing of the equipment during the early tasks of
Phase II. Furthermore, the experimental plan called for performing the initial suite of tests using
Crude Oil 1 to be followed by a project team meeting to evaluate the experimental work and
results to determine if changes should be implemented in order to improve the utility of the
results obtained during the testing of the remaining two oils (see discussion in Section 3.3).

The following Phase II experimental procedures, unless noted to the contrary, were utilized
to evaluate the effects of the identified independent variables on the viscosity of the three crude
oils. At the outset of each test, crude oil was placed in the supply tank. The pump was started
and operated at a constant flow rate. As oil began flowing into the reaction chamber, the power
supplies attached to the actuators in the reactor were turned on initially to a 5-10% power level.
The transducers were operated for a short period of time at this low power level to allow them to
warm up thereby preventing damage that could result from a quick input of high power. After
the reaction chamber was filled and oil began to flow from the reactor to the collection/post-
treatment container, the power to each actuator was gradually increased to a maximum of
approximately 90% of total power, which was the normal operating condition. This point in time
was noted as the beginning of the experiment.

For each independent variable that was being evaluated (frequency, horn design, etc.), the
initial test plan called for collection of an oil sample at 0 minutes (background/initial sample),
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and at 30-minute intervals thereafter until an individual test was terminated after a total duration
of 120 minutes. Thus, for each experiment five individual samples were collected in plastic cups
at times of 0, 30, 60, 90, and 120 minutes. At the start of each experiment, a sufficient quantity
of crude oil for the test was added to the supply tank. The initial (time = 0 minutes) sample was
collected, the oil temperature was recorded, and the viscosity was measured. After 30 minutes,
the first sample was collected and the oil temperature and viscosity were measured. These steps
were repeated for the remainder of the samples.

Each sample collected was approximately 12 ounces (0.35 liters) in volume. Immediately
after each sample was collected, its temperature was measured and recorded and the viscosity
was measured using the Brookfield viscometer. The initial plan called for the first sample that
was collected immediately before a test began and the final sample collected at time 120 minutes
to be analyzed using a Gas Chromatograph/Mass Spectrometer (GC/MS) after the temperature
and viscosity were determined. This was intended to provide insight into any chemical changes
in the oil that would have occurred as a result of the sonication treatment. Unfortunately
however, due to the large molecular weight of the oil and other factors, the attempts to use the
available GC/MS equipment and analytical resources in place at UAB to analyze the crude oil
samples were unsuccessful, and the results were inconclusive. As a result of these difficulties,
no direct evidence regarding chemical changes in the crude oils resulting from sonication could
be collected from these tests.

It will be recalled that the Phase I experiments were performed in batch mode. A quantity
of oil was added to a container, it was sonicated for five minutes, and a sample was collected and
analyzed. The container of oil was sonicated for another five minutes, and a second sample was
collected and analyzed. This process was repeated until the experiment was concluded. The
project team decided that the testing conducted during Phase II would be done in a manner to
approximate a continuous flow reactor because this would, in all likelihood, be the preferred
mode for implementing the technology within full-scale operations. The reactor system was
designed with this approach in mind, and each Phase II experiment was performed in a flow-
through mode as described above.

As noted previously, the pump rate was set at 2.5 gallons/hr (9.5 liters/hr). This was a
constant for all tests. It also was previously stated that the volume of the reaction chamber was
approximately one gallon (3.8 liters). Therefore, during each test, the reaction chamber would be
filled with incoming oil 2.5 times each hour of testing (five times during a 120-minute test),
which equates to a residence time for the oil in the reaction chamber of 24 minutes. In order to
facilitate the interpretation of test results, it must be assumed that the flow through the reaction
chamber was uniform and consistent throughout the chamber volume; that is, as fresh oil moves
into the chamber, an equivalent volume simultaneously moves out. It must also be assumed that
the residence time of each particle of oil that enters the chamber is 24 minutes so that none of the
oil resides longer nor leaves the chamber sooner (equivalent to an idealized plug flow reactor).
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Although these ideal conditions are probably not actually obtained in all of the experiments, the
assumptions are not unrealistic and do not introduce significant bias into the data interpretation.
As a consequence, the maximum exposure of any unit volume (chamber volume) of oil to the
acoustic energy during an experiment was approximately 24 minutes. Looking at these test
conditions another way, one can assume that during any one-minute time period, approximately
4.2% (1/24) of the chamber volume of oil enters the chamber as an equivalent volume leaves the
chamber. Under the assumed ideal conditions, after 23 more minutes this fractional volume
leaves the chamber after having been exposed to sonication for a period of 24 minutes. This
process is repeated every minute that the test continues. Therefore, given the assumption of ideal
conditions, each sample of oil that is collected after leaving the reaction chamber has been
exposed to sonication for 24 minutes. This explains the fact that, as will be seen, most test
results indicate that the viscosity did not change a large amount as individual tests progressed as
reflected in the samples collected from times 30 through 120 minutes. One can argue that if the
experiments had been designed with a lesser flow rate, such as one gallon per hour (3.8 liters/hr)
for example, the amount of viscosity reduction could have been greater because the residence
time of the oil in the reaction chamber would have increased from 24 to 60 minutes. On the
other hand, the results from the Phase I tests indicate that the bulk of the reduction in viscosity
was accomplished during the first 20-25 minutes of the tests with the viscosity changing only
modest amounts after that time. This observation was a significant factor in developing the
Phase II experimental procedures that could provide additional data to corroborate this
conclusion and demonstrate the stability of the acoustic reaction system and its ability to
maintain the viscosity reductions under continuous flow conditions.

Finally, it is generally agreed that for any continuous flow system, it normally takes at least
three residence times for the system to approach steady state conditions. In the system used in
the Phase II experiments as described immediately above, one residence time was about 24
minutes; therefore, three residence times equate to approximately 72 minutes. Given this
relationship, the data from samples collected at 90 and 120 minutes should be the most indicative
of the performance of the reactor system utilized in the tests.

3.7 Experimental Results Using Crude Oil 1

3.7.1 Temperature Effects on Viscosity

Before the Phase II testing with the sonication system began, the effects of heat on the
crude oils were measured. In each case the oil was heated and the viscosity measured in samples
collected at pre-determined temperatures. In addition, the personnel at Brookfield Engineering
Laboratories agreed to analyze a sample of Crude Oil 1 to demonstrate the operational robustness
and reproducibility of their viscometer. The data obtained by Brookfield are presented in Table
11.
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Table 11 Viscosity of Crude Oil 1 as a Function of Spindle Speed and Temperature
(Data Collected by Brookfield Engineering Laboratories)

Temperature, (°C) Spindle Speed, (rpm) Viscosity, (cP)
20.8 1.0 60,200
20.7 0.5 60,400
20.7 1.0 60,200
20.6 25 60,160
20.6 1.0 60,400
20.7 0.5 60,400
20.7 1.0 60,400
20.6 25 60,320
50.1 2.0 1,773
50.1 10.0 1,773
50.1 15.0 1,766
50.1 10.0 1,766
50.2 5.0 1,766
93.9 50.0 89.0
93.9 100.0 89.0
93.9 200.0 88.3
93.9 100.0 89.0
93.9 50.0 89.0

The data in this table reflect the consistency and reproducibility of viscosity measurements
for three different temperatures and with several spindle speeds for each. It can be seen that very
little variation in the measured viscosity values is present as spindle speeds change at a given
temperature. Further, repeat measurements at given temperature-spindle speed conditions
produce consistent and reproducible results. To illustrate the measured change in viscosity with
temperature, values indicative of each of the three temperature-viscosity groups from the table
are plotted in Figure 50. This data plot clearly shows the negative exponential relationship
between the two variables as one might expect. This observation is consistent with the data
collected during Phase I of the project.

Similar tests to those described above were also performed in the UAB laboratory.
However, the UAB tests included both heating and cooling tests and measurements to determine
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Figure 50 Relationship Between Viscosity and Temperature for Crude Oil 1 (Data
Collected by Brookfield Engineering Laboratories)

if there were hysteresis effects in addition to comparing the results of the UAB heating test
results with those provided by Brookfield. The UAB data are contained in Table 12. Figure 51
is a graph of the temperature-viscosity data and Figure 52 contains the exponential regression
results from these same data. These data indicate that the initial viscosity prior to beginning the
heating tests was about 68,900 cP at a temperature of 21.5°C. After heating the oil to a
maximum of 100°C, the viscosity was reduced to only 144 cP, a reduction of 99.79%. The most
significant decrease in viscosity was associated with the temperature range of approximately
20°C to 40°C; at 40°C the viscosity was reduced to 7,350 cP, a reduction of 89.33%. Figure 51
also indicates that there is an observable hysteresis effect between the heating and cooling
viscosities at temperatures less than 60°C; viscosity values at temperatures less than 60°C are less
at the same temperatures during the cooling cycle than those during the heating cycle. This
graph also indicates that the final viscosity after cooling to 22.5°C was appreciably less (13.91%)
than the viscosity at the same temperature at the beginning of the heating cycle. In addition, a
comparison of the regression curve for the Brookfield data (Figure 50) to those for the UAB data
(Figure 51) indicates that the results are quite similar, adding credence to the data obtained at
UAB using the Brookfield viscometer.
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Table 12 Viscosity of Crude Oil 1 as a Function of Temperature During Heating and
Cooling (Data Collected by UAB)

Heat Applied Cooling Cycle
Temperature, (°C) Viscosity, (cP) Temperature, (°C) ‘ Viscosity, (cP)
21.5 64,870
22.5 51,107 22.5 44,000
25 16,700 25 16,400
30 12,000 30 9,360
35 11,170 35 7,260
40 7,350 40 3,220
50 6,600 50 957
60 1,270 60 629
70 440 70 302
80 376 80 243
90 188
100 144
’+ Heating ---¢- Cooling
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Figure 51 Plot of Viscosity vs. Temperature for Crude Oil 1 Collected by UAB
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Figure 52 Plot of the Regression Results of Viscosity and Temperature Data for
Crude Oil 1 (Data Collected by UAB)

3.7.2 Sonication Effects on Viscosity

A series of tests was designed to evaluate the effects of number and positions of actuators
within the reactor, acoustic frequency, horn design, reduced power levels, the addition of
chemical additives, and treatment time. Because the volume of Crude Oil 1 available for testing
was limited, and due to the serious difficulties (both logistically and in terms of project schedule)
involved in obtaining additional large volumes of crude oil, it was necessary to use some of the
oil in multiple tests. It was reasoned that after the results of Oil 1 were evaluated it should be
possible to optimize subsequent experiments by eliminating some test conditions that had
minimal or no effects on the viscosity of Oil 1. Therefore, it seemed likely that some of the
projected tests involving the second and third crude oils could be eliminated, thereby eliminating
the necessity to reuse oil samples during experiments on Oils 2 and 3. Given this less than ideal,
but necessary condition, it was decided that the initial tests using Oil 1 to examine the effects of
sonication frequency and actuator arrangements would be conducted using only one fresh Crude
Oil 1 sample. After the first test was completed, the same oil was used in the second test and all
subsequent tests until the series of ten individual experiments (see Table 13) was completed.
The oil was allowed to sit for a minimum of 12 hours between tests. Although this was less
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desirable that using a fresh sample of oil for each individual test, this experimental design also
provided data on the effects of exposing the oil to sonication for a longer period of time. At the
conclusion of this series of tests, the oil sample had been exposed to sonication for a total of 20
hours (1200 minutes).

Table 13 presents the basic test conditions of number of actuators, position/locations of
actuators within the three possible locations in the oil reaction chamber (see Figure 47), and
acoustic frequencies that were used during experiments with Crude Oil 1. All tests used the
standard one-inch (2.5 cm) spacing between two slotted horn fins. This test design formed the
basis for the remaining tests to evaluate the added effects of horn design, power levels, time, and
additives. It should be noted that due to the sensitivity of the equipment and difficulty in
controlling precisely the acoustic frequency output with the power supplies used in these tests,
there were occasions when the frequency was not exactly equal to these test conditions. In these
cases, the actual frequency used during an experiment is reported, not the standard frequency in
the test plan. For this reason, the reader may note that some test conditions reported in some of
the data tables do not match exactly the conditions in Table 13.

Table 13 Sonication Test Conditions for Crude Oil 1

Sonication Treatment Conditions Investigated
3 actuators @ 0.8 kHz
3 actuators @ 1.4 kHz
3 actuators @ 1.8 kHz
2 actuators parallel @ 0.8 kHz*
2 actuators parallel @ 1.4 kHz*
2 actuators parallel @ 1.8 kHz*
2 actuators parallel @ 0.8 kHz and 1.2 kHz*
2 actuators parallel @ 0.8kHz and 1.6 kHz*
2 actuators parallel @ 1.2 kHz and 1.6 kHz*
3 actuators @ 0.8 kHz, 1.2 kHz, and 1.6 kHZ"

* Acoustic transducers/actuators placed in a horizontal arrangement,
facing each other with no transducer in the vertical position

* Acoustic transducers/actuators operating at 0.8 and 1.6 kHz placed in a
horizontal arrangement facing each other; the transducer operating at 1.6
kHz placed in the vertical position facing downward

The results of acoustic testing on the viscosity of Oil 1 are shown in Tables 14 and 15.
Table 14 contains the viscosity values for the various treatment conditions as measured in the
samples collected at 30-minute increments during each test. Table 15 contains data expressed in
terms of fractional residual viscosity (as utilized in Phase I of the project). In this case, all
viscosity values are divided by the initial viscosity measured at the beginning of each test.
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Table 14 Summary of Viscosity Results for Acoustic Treatment of Crude Oil 1

Viscosity, (cP)

Initial
Treatment Conditions Temp. Time, (min)

o]

(°C) 0 30 60 90 120
3 actuators @ 0.8 kHz 219 | 69,800 | 67,547 | 68160 | 66,773 | 65403
3 actuators @ 1.4 kHz 219 | 49270 | 45030 | 44400 | 44800 | 42270
3 actuators @ 1.8 kHz 217 | 63930 | 45577 | 44223 | 43467 | 42,643
2 actuators parallel @ 0.8 kHz 21.9 64,070 | 37,470 39,300 38,560 39,280
2 actuators parallel @ 1.2 kHz 21.9 48,470 | 39,240 38,320 36,880 37,480
2 actuators parallel @ 1.6 kHz 219 | 47330 | 42,070 | 38480 | 40.600 | 34840
2 actuators parallel @ 0.8 kHz 225 | 39520 | 25360 | 23040 | 22,920 | 22,520
and 1.2 kHz
2 actuators parallel @ 0.8 kHz 222 | 48500 | 42,470 | 39320 | 37.800 | 32,600
and 1.6 kHz
2 actuators parallel @ 1.2 kHz 228 | 42,930 | 38130 | 38270 | 37.670 | 37.200
and 1.6 kHz
3 actuators @ 0.8 kHz, 1.2kHz, | 51 5 | 47530 | 41,800 | 41,930 | 40,200 | 39,600
and 1.6 kHz

Table 15 Summary of Fractional Residual Viscosity Results for Acoustic Treatment of
Crude Oil 1

Fractional Residual Viscosity

Initial
Treatment Conditions Temp. Time, (min)
(°C) 30 60 90 120
3 actuators @ 0.8 kHz 21.9 0.9677 0.9765 0.9566 0.9370
3 actuators @ 1.4 kHz 21.9 0.9322 0.9012 0.9093 0.8579
3 actuators @ 1.8 kHz 21.7 0.7129 0.6918 0.6799 0.6670

2 actuators parallel @ 0.8 kHz 21.9 0.5848 0.6134 0.6018 0.6131

2 actuators parallel @ 1.2 kHz 21.9 0.8096 0.7906 0.7609 0.7733

PR A A AaAa A O

2 actuators parallel @ 1.6 kHz 21.9 0.8889 0.8130 0.8578 0.7361

2 actuators parallel @ 0.8 kHz

12 ki 225 1 | 06417 | 05830 | 05800 | 05698
2 actuators parallel @ 0.8 kHz 229 1 0.8757 0.8107 0.7794 0.6722
and 1.6 kHz
2 actuators parallel @ 1.2kHz | o5 g 1 | 08882 | 08915 | 08775 | 0.8665
and 1.6 kHz
3 actuators @ 0.8 kHz, 1.2kHz, | - o4 1 | 08794 | 08822 | 08458 | 08332

and 1.6 kHz




Consequently, each initial viscosity has a fractional residual viscosity value of 1.0 and all other
measurements reflect a percentage of that initial viscosity value remaining for each sample.
Thus, a fractional residual viscosity 0.90 indicates that the viscosity has been reduced by 10%, or
that 90% of the original viscosity is remaining in the sample. In some cases, it will be seen that
the viscosity actually increased during a test because the fractional residual viscosity is greater
than 1.0. It also should be stated that during this initial series of tests with Oil 1, the temperature
of each sample was measured along with the viscosity, since it is known that temperature has a
significant effect on viscosity. However, because the design of the reactor permitted each
actuator to be cooled with water during operation, the temperature of the oil remained fairly
constant during each test. Consequently, temperature is not reported for these tests beyond the
initial temperature, and temperature was concluded not to be a factor in the experimental results.

The data in Table 14 are plotted in Figure 53. Both of the above tables and Figure 53
clearly show that the viscosity of Crude Oil 1 is reduced by all of the various treatments that
were evaluated; but some treatments are obviously more effective than others. It is also possible
to examine the changes in viscosity associated with various treatment conditions by looking only
at the initial and final (120 minutes) viscosity values. These data are plotted in Figure 54 with
the initial viscosity values shown in solid black and the 120-minute values shown with a pattern.
Further insight into the effectiveness of the various treatments under the test conditions can be
gained by looking at the total fractional amount of viscosity reduction (or amount of viscosity
remaining) measured at the conclusion of each test. These data are shown in Figure 55. Note
that in both Figures 54 and 55 the term “actuators” has been omitted from the test condition
descriptions to save space within the illustration (compare to the legend in Figure 53). This
convention will continue throughout the remainder of this report where appropriate.

Several observations can be made regarding the effects of the various sonication treatment
conditions on Crude Oil 1. First, as Figure 55 illustrates, the reductions in viscosity after 120
minutes of testing range from a minimum of 6.3% (93.7% residual viscosity) to a maximum of
43.0% (57% residual viscosity). The test results indicate that treating the crude oil with three
transducers all operating at the same frequency was relatively ineffective in reducing the
viscosity of the crude oil for acoustic frequencies in the range of 0.8 to 1.4 kHz (reduction in
viscosity <14.2 %). However, at the higher frequency (1.8 kHz), treatment with the three
acoustic transducers showed an improved reduction in viscosity (33.3% reduction). An
interesting feature shown in the data is the fact that treatment with two acoustic transducers
arranged horizontally facing each other generally produced greater reductions in viscosity than
treatment with three transducers arranged in a T-arrangement, with two transducers arranged
horizontally, and one transducer located midway between these two horizontal transducers
arranged vertically. Reductions in viscosity using the two horizontal transducers facing each
other were in the range of 13.3% to 43.0%, with most experiments having reductions exceeding
25%. For this arrangement, operation at the lower frequencies (e.g., both transducers operating
at 0.8 kHz, or one transducer operating at 0.8 kHz and the other at 1.2 kHz) gave the best
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Figure 54 Comparison of the Crude Qil 1 Initial Viscosity and Viscosity after 120
Minutes for the Various Treatment Conditions
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Fractional Residual Viscosity

Treatment Conditions

Figure 55 Fractional Residual Viscosity of Crude Oil 1 after 120 Minutes of
Treatment for the Various Treatment Conditions

reductions in viscosity observed during these tests. Operating one transducer at 1.2 kHz and the
second transducer at 1.6 kHz was not highly effective (13.3% reduction in viscosity). In
summary, there were four treatment conditions from this series of tests that resulted in greater
viscosity reduction than the remaining six: 1) three actuators operating at 1.8 kHz, 2) two
parallel actuators operating at 0.8 kHz, 3) two parallel actuators operating at 0.8 and 1.2 kHz,
and 4) two parallel actuators operating at 0.8 and 1.6 kHz.

As noted previously, due to the limited quantity of Crude Oil 1 available for use in the
experiments, it was necessary to use some samples of oil for more than one test. Given this
situation, the data described immediately above was further analyzed to assess the viscosity
effects due to performing multiple tests on one sample of the oil.

The initial viscosity measurements obtained at the beginning of each of the tests shown in
Table 14 were arranged in chronological sequence and are presented in Table 16. The treatment
conditions for each test are also tabulated. The first experiment in this table used the
fresh/untreated sample of Crude Oil 1. The remaining nine experiments are listed in the order in
which the tests were conducted using the same oil that was used in the previous experiment. As
one would expect, there is an obvious trend of decreasing viscosity as the oil is exposed to more
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sonication energy with increasing number of tests and greater exposure duration. Comparing the
data in Table 14 and Table 16, one can observe that the viscosity tends to recover somewhat
during the idle period of time between tests. That is, the final viscosity at 120 minutes for a
given experiment is consistently less than the initial viscosity for the next experiment. This issue
of viscosity recovery after sonication was a point of interest during the investigation, and a series
of tests was devised to examine this phenomenon. These results are presented in a later section
of this report.

Table 16 Reduction in Viscosity Resulting from Repeated Testing of a Sample
of Crude Oil 1

Experiment No. | Viscosity, (cP) Treatment Conditions
1 69,800 3 actuators @ 0.8 kHz
2 64,070 2 actuators @ 0.8 kHz
3 63,930 3 actuators @ 1.8 kHz
4 49,270 3 actuators @ 1.4 kHz
5 48,500 2 actuators parallel @ 0.8 and 1.6 kHz
6 48,470 2 actuators parallel @ 1.2 kHz
7 47,530 3 actuators @ 0.8, 1.2, and 1.6 kHz
8 47,330 2 actuators parallel @ 1.6 kHz
9 42,930 2 actuators parallel @ 1.2 and 1.6 kHz
10 39,520 2 actuators parallel @ 0.8 and 1.2 kHz

The data from Table 16 are plotted in Figure 56 below. Two regression analyses were
performed on the data and the results are shown on the graph. Both the exponential (solid line
and upper equation) and the power function (dashed line and lower equation) provide a good fit
to the observed data. The coefficients of determination for both regression equations are close to
90%. These results clearly demonstrate the effect of repeated and extended treatment of Crude
Oil 1 with acoustic sonication. The viscosity at the beginning of the tenth experiment (Table 16,
No. 10) was reduced to almost one-half of the viscosity measured at the beginning of the series
of tests, even after a minimum of twelve hours transpired between the ten individual experiments
when the viscosity could recover. If one were to look at the final viscosity value for experiment
10 (22,520 cP, Table 14), this represents a reduction of 67.7% in the initial viscosity. In these
tests, experiment number and time are interchangeable because each experiment lasted for a total
of 120 minutes (two hours). Consequently, one could insert time for experiment number in this
data set and within Figure 56 and similar results would be obtained.

3.7.3 Effects of Horn Design on Viscosity

Experiments were conducted to evaluate various combinations of acoustic frequency,
number of actuators, horn design, and power level in terms of the ability to reduce the viscosity
Crude Oil 1. In addition to actuator arrangements and frequencies used in the previous set of
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Figure 56 Viscosity Reduction as a Result of Repeated Sample Use During Testing

tests described above, two different horn designs were evaluated: one with two disks/fins spaced
approximately one inch (2.54 cm) apart, and a second design with two disks/fins spaced
approximately two inches (5.0 cm) apart. The previous results presented in Section 3.7.2 were
all obtained with a one-inch (2.54-cm) spacing. In addition, tests were conducted to ascertain if
reducing the normal operating power levels by 25% would have an effect on the observed
viscosity changes. These results are presented in the following report section. As in previous
experiments, all individual tests were performed for a total of 120 minutes.

Figure 57 illustrates the effects of increasing the fin spacing on the sonication horns from
one inch (2.54 cm) to two inches (5.0 cm) on the viscosity measured at the end of each test. This
plot indicates that the horn spacing has a small, but observable effect on viscosity changes during
sonication. However the results are mixed. The data show that in three of the ten tests, the
greatest reductions in viscosity after 120 minutes of sonication were obtained with the smaller fin
spacing on the horns. In the remaining seven tests, the differences in the results obtained with
the two horn designs are so small that they could conceivably be attributed to measurement error.
Interestingly, the tests producing the largest differences between the two horn designs tend to be
the same test conditions that produced the best overall reductions in viscosity by sonication
observed in the first series of tests on Oil 1. The maximum difference in viscosity obtained by
using a different horn spacing in these tests was 19.5%, but the average difference for all ten

77



tests was only 6.5%. Based on these results, one must conclude that the variation in horn disk/fin
spacing between one and two inches (2.5 and 5.0 centimeters) has a minimal effect on the
observed viscosity of Crude Oil 1 after two hours of sonication, with the smaller spacing
appearing to be somewhat more effective than the larger spacing.

‘D Regular Horn Spacing E Increased Horn Spacing

Viscosity, (cP)
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Figure 57 Viscosity Variation of Crude Oil 1 due to Increased Horn Fin Spacing

3.7.4 Effects of Power Level on Viscosity

Data obtained during sonication tests using the same actuator-frequency conditions as
reported above but with reduced electrical power input are given in Table 17. In Figure 58, these
data obtained with power reduced by 25% are compared to the viscosities obtained using 100%
of the normal power levels (Table 14). The reduced-power tests were also performed for a total
of 120 minutes, and the smaller horn spacing of one inch (2.54 cm) was used in each test. As
one can see in Figure 58, the results are inconsistent. Under some frequency-actuator conditions,
the data showed an improved reduction in viscosity with reduced power whereas other
conditions resulted in a lesser reduction with reduced power or a final viscosity that was greater
than that obtained using normal power input. In seven of the ten tests, reduced power input was
associated with a larger viscosity (smaller reduction) after 120 minutes of sonication compared
to the full power results; in the remaining three tests, reduced power was associated with a

greater reduction in viscosity. However, in two of these three tests, the differences are extremely
small.
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Table 17 Qil 1 Viscosity Data for Various Treatment Times and Treatment
Conditions with Power Decreased by 25%

Viscosity, (cP)
Treatment Conditions Time, (min)
0 30 60 90 120

3 actuators @ 0.8 kHz 65200 | 49270 | 39,640 | 39,800 | 39,880
3 actuators @ 1.4 kHz 64,500 | 41870 | 41670 | 41,730 | 41,470
3 actuators @ 1.8 kHz 64,700 | 42,200 | 40,670 | 40,270 | 40,000
2 actuators parallel @ 0.8 kHz 65200 | 47,870 | 46,800 | 46,000 | 45,870
2 actuators parallel @ 1.2 kHz 65330 | 53,1130 | 50470 | 49,070 | 47,400
2 actuators parallel @ 1.6 kHz 65400 | 51130 | 46,070 | 45200 | 44,730
2 actuators parallel @ 0.8 kHz 53100 | 45600 | 45400 | 45000 | 44,270
and 1.2 kHz

2 actuators parallel @ 0.8 kHz 53,070 | 40,870 | 40,930 | 40,800 | 40,470
and 1.6 kHz

2 actuators parallel @ 1.2 kHz 65600 | 48930 | 43870 | 41,730 | 41,800
and 1.6 kHz

3actuators @ 0.8 kHz, 1.2kHz, | 65570 | 53270 | 50,500 | 49,400 | 49,800
and 1.6 kHz
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Figure 58 Viscosity Variation of Crude Oil 1 due to Reduced Power Input



It will be recalled that the initial sonication tests using Crude Oil 1 were performed by
reusing an initial sample of oil. The tests involving reduced power used fresh oil for each test;
therefore, the viscosity values obtained from the two series of tests are not directly comparable
because of the discussed effects of oil reuse on viscosity. Consequently the data relationships
depicted in Figure 58 should be viewed with this limitation in mind. One approach to deal with
the effects of oil reuse and to make the results from the two series of tests somewhat more
comparable is to examine the fractional viscosities in each case. By employing these data, the
viscosity values are “normalized” by expressing the final viscosity as a percentage of the initial
viscosity for each test. This allows one to view the relative effects of each test on the viscosity,
instead of using the absolute viscosity values; an imperfect but better alternative. The fractional
residual viscosity values for the reduced power tests are given in Table 18. These data indicate
that all treatment conditions resulted in viscosity reductions with the greatest reduction being
38.8% and the least being 16.6%.

Table 18 Oil 1 Fractional Residual Viscosity Data for Various Treatment Times and
Treatment Conditions with Input Power Reduced by 25%

Treatment Time, (min)

30 60 90 120
0.7557 0.6080 0.6104 0.6117
0.6492 0.6461 0.6470 0.6430
0.6522 0.6286 0.6224 0.6182
0.7342 0.7178 0.7055 0.7035
0.8133 0.7725 0.7511 0.7256
0.7818 0.7044 0.6911 0.6839
0.8588 0.8550 0.8475 0.8337
0.7701 0.7713 0.7688 0.7626
0.7459 0.6688 0.6361 0.6372
0.8162 0.7752 0.7569 0.7630

Treatment Conditions

3 actuators @ 0.8 kHz
3 actuators @ 1.4 kHz
3 actuators @ 1.8 kHz
2 actuators parallel @ 0.8 kHz

2 actuators parallel @ 1.2 kHz

2 actuators parallel @ 1.6 kHz

2 actuators parallel @ 0.8 and 1.2 kHz
2 actuators parallel @ 0.8 and 1.6 kHz
2 actuators parallel @ 1.2 and 1.6 kHz
3 actuators @ 0.8, 1.2, and 1.6 kHz

N I N N e N e e Y e e Y e ]

Table 19 contains treatment conditions and the resulting fractional residual viscosity values
in Crude Oil 1 obtained after 120 minutes of sonication with the normal or standard power input
and the values obtained with a 25% reduction in power. Reduced power was less effective in
that the residual viscosity values after 120 minutes were greater than those at standard power in
three of the ten tests. Conversely, the reduced power tests resulted in a greater reduction in
viscosity (smaller values of fractional residual viscosity) for seven of the ten tests. The
maximum difference in the residual viscosity values for standard vs. reduced power levels is
32.5% while the average difference is 14.6%. This means that by reducing the power levels by
25%, the average difference between the final residual viscosity values averaged about 15%.
The differences in six of the ten pairs of final residual viscosity values were less than 10%.
These results shown graphically in Figure 59 suggest that, if necessary, input power could be
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reduced up to 25% without significantly reducing the effectiveness of the sonication system on
viscosity reduction under the majority of the test conditions evaluated.

Table 19 Comparison of Fractional Residual Viscosity of Oil 1 After 120 Minutes of
Sonication with Standard and Reduced Power Input Conditions

. Fractional Viscosity Remaining
Treatment Condition -
Standard Power 25% Power Reduction
3 actuators @ 0.8 kHz 0.9370 0.6117
3 actuators @ 1.4 kHz 0.8579 0.6430
3 actuators @ 1.8 kHz 0.6670 0.6182
2 actuators parallel @ 0.8 kHz 0.6131 0.7035
2 actuators parallel @ 1.2 kHz 0.7733 0.7256
2 actuators parallel @ 1.6 kHz 0.7361 0.6839
2 actuators parallel @ 0.8 and 1.2 kHz 0.5698 0.8337
2 actuators parallel @ 0.8 and 1.6 kHz 0.6722 0.7626
2 actuators parallel @ 1.2 and 1.6 kHz 0.8665 0.6372
3 actuators@ 0.8, 1.2, and 1.6 kHz 0.8332 0.7630
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Figure 59 Fractional Residual Viscosity Data for the Treatment Conditions Using
Standard and Reduced Power Input
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3.7.5 Combined Effects of Power Level and Horn Design on Viscosity

Figure 60 contains a plot of viscosity data collected after 120 minutes of testing under
conditions of reduced power input and changing horn fin spacing for each of the frequency-
actuator conditions. Power was reduced by 25% for both sets of tests. One set of tests used the
one-inch (2.54-cm) horn spacing, while the second series of tests, noted as Large Horn Spacing,
utilized the 2-inch (5.0-cm) fin spacing on the horns. These results indicate that there is very
little difference in the final viscosity of samples treated under reduced power input conditions
and variable horn fin spacing. The average difference between the two viscosity values for the
ten test conditions is only about 2.5%. In other words, changing the horn design/fin spacing
from one inch (2.54 cm) to two inches (5.0 cm) had little effect on viscosity reduction when
input power is reduced by 25%.
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Figure 60 Variation in Viscosity of Crude Oil 1 due to Horn Spacing at Reduced Power

Figure 61 shows the variation in viscosity values obtained after 120 minutes of testing
Crude Oil 1 under conditions of large-spacing horn design and varying power input levels. In
each test, the two-inch (5.0-cm) horn fin spacing was used. One series of tests was performed at
100% or normal power and the second series was conducted with power reduced by 25%. These
data show somewhat mixed results in that there is no consistent trend throughout the range of test
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conditions. These results are quite similar to those obtained by reducing the input power level
while using the smaller horn spacing (Figure 58). The data illustrated in Figure 61 indicate that,
while using the larger horn fin spacing, reduced power conditions resulted in a lower viscosity in
only three of the ten experiments, whereas reduced power resulted in a larger viscosity (less
viscosity reduction) in seven out of ten test conditions. The average difference between viscosity
values for the normal vs. reduced power using the larger horn spacing is approximately 20.3%.
The average difference in the viscosity values using the small horn spacing was 16.6% for the
same test conditions. One could conclude that the effects of reducing power by 25% are
somewhat greater while using the larger horn spacing than when using the smaller spacing.
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Figure 61 Variation in Viscosity of Crude Oil 1 due to Reduced Power at Increased
Horn Spacing

Based on the results obtained in these series of tests examining the effects of horn
design/fin spacing and input power levels, it is possible to make some general observations.
Although the results are certainly not conclusive, it appears that the smaller horn spacing is
somewhat more effective at reducing oil viscosity than is the larger spacing with standard power
input. The results from testing the effects of reduced power input are likewise poorly defined
throughout the range of test conditions with only two of the ten test conditions showing a large

83



difference between the full- and reduced-power results. Interestingly, these two results indicate
opposite responses. While there is evidence to suggest that under some of the test conditions,
reduced power may be slightly more effective in reducing viscosity than is the higher power
input, the physical rationale for this observation is unclear. When comparing measured viscosity
values, reduced power correlates with a diminished capacity to reduce oil viscosity in the
majority of the tests. However, when the fractional residual viscosity data for individual
treatment conditions are compared for full and reduced power, reduced power is more effective
in altering viscosity in seven of the ten experiments. Consequently, if there is a desire to reduce
the power input for future applications of this technology for cost savings or other reasons, these
data suggest that this option should be explored as a reasonable design and optimization
parameter. The differences between fractional viscosity values using standard power versus
reduced power range from a maximum of 32.5% to a low of 4.8%. Results from the two series
of tests looking at combined effects of input power levels and horn design suggest that the effects
of input power level on viscosity reduction are greater than those due to altering the horn
design/fin spacing.

3.7.6 Effects of Chemical Additives on Viscosity

The project team selected two proprietary chemical additives, termed A and B, for
inclusion in the suite of tests to evaluate their effects on viscosity both with and without
sonication. These substances were selected because they have been demonstrated to effectively
reduce the viscosity of petroleum materials under a variety of circumstances, and because they
can be formulated from readily available materials that are relatively inexpensive compared to
other materials developed for the same purposes and applications.

The same procedures, with only minor modifications, were used in testing the viscosity
effects of additives on all three crude oils. Initially the necessary volume of crude oil was added
to the supply tank (see Figure 48). Immediately following, the calculated volume of chemical
additives to attain the appropriate concentration, measured as a volume percent, was added and
manually mixed in the supply tank. Because the viscosity of Crude Oil 1 was so great, the
additive-oil mixture was allowed to sit for about two hours before each test to facilitate
interaction. After this reaction time was complete, the pump was operated for an additional two
hours and the oil was recycled through the system without turning on the sonication equipment.
This was done to further enhance the mixing of the additives and oil. After this mixing period,
the actuators were turned on and the tests commenced. Because Crude Oils 2 and 3 were much
less viscous, mixing the additives with the oils was much easier. In these instances, it was not
necessary to allow the mixture to stand for two hours, and the mixture of oil and additives was
circulated through the equipment system for approximately 90 minutes before individual
experiments were started. Samples of each oil-additives mixture were collected after mixing,
and their viscosities were measured before being exposed to sonication. The viscosity values for
Oil 1 illustrating the effects of the chemical additives without sonication are contained in Table
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20. The experimental results utilizing both chemical additives and sonication are presented in
Table 21.

Table 20 Effects of Chemical Additives on Viscosity of Crude Oil 1 Without Sonication

oy Lowest Residual Maximum
Additives, o . . ..
A +B, (%) Treatment Description Viscosity Reduction in
’ Achieved, (cP) | Viscosity, (%)
" 0
3.0 +10.0 Additive blend gdded to a_ttaln 3% 43,730 3735
concentration and mixed
Additive blend added to raise the
50+10.0 concentration to 5.0 % and mixed 19,940 71.43
7.0+10.0 Additive blen_d addec(i) increasing the 38,560 4476
concentration to 7% and mixed

Experiments to determine the combined effects of chemical additives and sonication were
performed in which an additive blend of 3%A and 10%B (Mixture 1) was added to Crude Oil 1.
The initial viscosity of the crude oil prior to addition of the additive mixture was ~69,800 cP. As
shown in Table 20, the viscosity was reduced to 43,730 cP prior to sonication. The oil was then
subjected to low frequency treatment (800 Hz) in four separate experiments (Table 21). After
treatment during one experiment, the oil was allowed to set for a period of time; this oil was then
used as the initial feedstock in the next experiment. No additional additives were added during
this series of four experiments after the initial amount for the first test. In all tests involving
Crude Oil 1, the viscosity recovered/increased fairly rapidly during the first three days following
one of these tests. During the subsequent three or four days, the viscosity changed very slowly
and remained fairly stable after about seven days. Consequently, in all of the tests shown in
Table 21, the oil samples were set aside for approximately seven days before the next test on that
sample was conducted. The approach utilized in the first series of four tests illustrated the
effects from a continued recycle and reuse of the crude oil containing the 3% additive blend
(3%A and 10%B). Each experiment lasted 120 minutes, so that the crude oil was treated for a
total time of 480 minutes (8.0 hours) at the conclusion of this first set of four tests. Samples
were collected every 30 minutes during each experiment for viscosity measurement.

In the second set of experiments (5, 6, and 7 in Table 21), the oil from the first set of
experiments was used again after several days time following the conclusion of the first set of
tests. During this time, viscosity was observed to increase to a stable value. Sufficient quantities
of the additives were added to the crude oil to bring the concentration of additives in the crude
oil to 5.0%A and 10%B (5% Mixture). In this second set of experiments, the effect of low
acoustic frequency combined with the additive mixture was studied. Three separate experiments
were performed using different acoustic frequencies: 800 Hz, 1.2 kHz, and 1.6 kHz (Table 21).
After the additional increment of additives was mixed with the crude oil, the viscosity of the
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resultant mixture was 19,940 cP before the sonication began. Again, viscosity measurements
were performed on samples collected every 30 minutes, and each test lasted for 120 minutes.

Table 21 Viscosity Values for Crude Oil 1 Treatments Involving Both Sonication and
Chemical Additives

Lowest Residual Maximum
Treatment Description Viscosity Reduction in
Achieved, (cP) | Viscosity, (%)

Crude oil subjectedl to 800 Hz treatment 11,070 84.14
(Experiment 1)

Additives
A+B, (%)

Crude oil subjected to 800 Hz treatment
with no further addition of additives 9,530 86.35
(Experiment 2)

3.0+10.0 | Crude oil subjected to 800 Hz treatment
with no further addition of additives 19,570 71.96
(Experiment 3)

Crude oil subjected to 800 Hz treatment
with no further addition of additives 7,928 88.64
(Experiment 4)

Additive added to oil used in
Experiment 4; crude oil subjected to 11,450 83.60
treatment at 800 Hz (Experiment 5)

Crude oil from above experiment
5.0+10.0 subjected to treatment at 1.2 kHz 8,890 87.26
(Experiment 6)

Crude oil from above experiment
subjected to treatment at 1.6 kHz 9,150 86.89
(Experiment 7)

Additives added to fresh Crude Qil 1; oil
subjected to treatment at 800 Hz 30,300 56.59
(Experiment 8)

Crude oil from above experiment
7.0+10.0 subjected to treatment at 1.2 kHz 35,400 49.28
(Experiment 9)

Crude oil from above experiment
subjected to treatment at 1.6 kHz 38,680 44 .58
(Experiment 10)

In the third set of experiments (8, 9, and 10, Table 21), fresh Crude Oil 1 was used, to
which a third chemical blend (7%A + 10%B) was added. Experiments were again performed
using the three frequencies of 800 Hz, 1.2 kHz, and 1.6 kHz. After the experiment was
completed for the 800 Hz frequency, the crude oil was allowed to set for several days until the
viscosity stabilized, and then that same oil was treated at the next higher frequency (1.2 kHz).
This approach was then repeated for the 1.6 kHz frequency. The results from all ten experiments
involving sonication as well as the results obtained with the chemical additives alone prior to
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sonication are presented graphically in Figure 62. As noted previously, the initial viscosity of
the oil before any chemicals were added was approximately 69,800 cP.
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Figure 62 Maximum Viscosity Reduction in Crude Oil 1 Resulting from Chemical
Additives and Sonication

Several observations can be made about the effects of the chemical additives on the
viscosity of Crude Oil 1 under the treatment scenarios employed. The addition of the 3%
mixture of chemical additives reduced the viscosity by 37.4%, but that value was further reduced
to a more than 84% reduction after exposing the oil mixture to sonication at 800 Hz for 120
minutes. Similarly, the 5% mixture showed a reduction of 71.4% by itself, but this reduction
was increased to 83.6% after sonication for 120 minutes. Given the fact that this second series of
tests (5%) was conducted on the same oil sample that was used in the first (3%) series to tests, it
is likely that some of the initial viscosity reduction with the 5% mixture was due to the previous
exposure to 480 minutes of sonication. Additives of the 7% mixture reduced viscosity by 44.8%,
which was increased to 56.6% after the first 120 minutes of sonication.

Further examination of Table 21 and Figure 62 indicates that all tests using the 3% mixture
resulted in viscosities below 20,000 cP, which is less than 30% of the initial viscosity value. At
the conclusion of the four tests using the 3% mixture and 800 Hz, the viscosity was reduced by
more than 88%. A similar result is indicated for the tests involving the 5% mixture, but the
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viscosity reduction was less (from about 44% to 57%) when the 7% mixture of additives was
used. The 5% mixture had an apparently greater effect on viscosity than either the 3% or 7%
mixture before exposure to sonication (Table 20), but this may be attributed to the fact that that
the oil used in this test was also used in the previous four tests. After sonication in the presence
of the additives, the end results are basically the same with both the 3% and 5% mixtures.
Increasing the concentration of additives to produce the 7% mixture resulted in a somewhat
improved viscosity reduction prior to sonication compared to the 3% mixture (Table 20), but this
mixture provided the poorest results when combined with sonication. These data suggest that the
most effective conditions for reducing the viscosity this oil would most likely be the addition of a
3% mixture of chemicals and sonication at 1.2 kHz, although no test was performed with this
specific combination (3% additives mixture and 1.2 kHz) of treatment conditions.

3.7.7 Summary of Crude Oil 1 Results

Tests involving Crude Oil 1 were performed to evaluate the effects of heating, acoustic
frequency and actuator arrangement, horn design, input power level, and the addition of
chemicals on the oil’s viscosity. In addition, the effect of reusing a sample of oil for several tests
(longer-term exposure to sonication) was also examined because there was a limited quantity of
this crude oil available for the planned experiments.

Tests were performed to quantify the reduction in viscosity with the addition of heat. The
viscosity was observed to decrease from an initial value of approximately 68,900 cP to only 144
cP after heating to a maximum of 100°C, a reduction of 99.8%. The rate of decrease was not
uniform in that the most significant decrease was in the range of 20°C to 40°C. A hysteresis
effect between heating and cooling cycles was observed, and it was also observed that the final
viscosity after the sample returned to room temperature was almost 14% less than the initial
viscosity at the same temperature before heating.

It was observed that sonication was also an effective means of reducing the viscosity of
this crude oil. The viscosity reductions after 120 minutes of testing ranged from a minimum of
6.3% (93.7% remaining viscosity) to a maximum reduction of 43.0% (57% residual viscosity),
depending upon the arrangement of actuators in the T-shaped test apparatus and the operating
frequencies. Treatment with two parallel actuators facing each other within the reaction chamber
was generally more effective than using three actuators in a T-shaped arrangement, regardless of
acoustic frequency employed. Operation of the two actuators at lower frequencies (0.8 kHz) or
one at 0.8 kHz and the other at 1.2 kHz produced the best reductions in viscosity.

Changes in acoustic horn design, as determined by the spacing between fins, had only
minimal effect on the observed viscosity results. In three of the ten tests, the greatest reductions
in viscosity were clearly associated with the smaller fin spacing. However, in the remaining
seven tests, the differences in results obtained with the two horn designs were so small that the

88



results must be considered inconclusive. The differences between the viscosities obtained with
the two horn designs averaged only 6.5% for all ten tests performed, with the maximum
difference being about 20%. Similarly, the effects of reducing electrical input power by 25%
from the normal/maximum level resulted in somewhat inconsistent results. Interestingly,
reduced power input was associated with a greater reduction in fractional residual viscosity in
seven of the ten tests conducted. The greatest difference in viscosity values obtained with the
two different input power levels was 32.5%, the minimum difference was 4.9%, and the average
difference for the ten test co