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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) 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. 

3) 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. 

4) 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. 

5) 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. 

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

7) 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%. 

8) 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. 

9) 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. 
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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 
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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 is 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.   
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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. 
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 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

R1

 
Figure 1  Illustration of Surface Waves on Water 
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 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 R1 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 (Pa). 

 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. 

Restored Rarefacted Displaced Compressed
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Figure 2  Illustrations of a Single Sound Wave and the Alternating Increase and 
Decrease in Pressure 
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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. 

 
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 µm (1 x 10-6m, 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 
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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). 

Ambient
Pressure

Vapor
Pressure

PR
ES

SU
RE

Cavitation

 
Figure 4  Illustration 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 oK (8500 ºF) 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 
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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). 

 
Figure 5  Schematic Illustration 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 (H•) 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 (H2O2), ozone (O3), and metal catalysts.  Cavitation reactions supplemented 
by these additives produce an advanced oxidation system that has many potential environmental 
and industrial applications. 
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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. 
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2  PROJECT PHASE I 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; 

3. 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, Iowa.  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 
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given the name poise (P).  More commonly dynamic viscosity is expressed in units of 
centiPoises (cP) or 0.01 P.  At 20.2 ºC, 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 = 10-4 m2/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 ºC 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 ºC, 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 cSt 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 I Experiments 

Acoustic Treatment Experiments 
Single-Weight 

Motor Oil 
Heat Only 

Experiments Acoustic Frequency 
(kHz) 

Horn Fin Spacing 

30-wt Yes 
6.9 
13.1 

small, medium, large 
small, medium, large 

90-wt Yes 

1.8 
3.1 
6.9 
13.1 

small, medium, large 
small 

small, medium, large 
small, medium, large 

140-wt Yes 

1.8 
3.1 
6.9 
13.1 

small, medium, large 
small 

small, medium, large 
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 



 17

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/t0).  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 



 18

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 r2 or R2 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 r2 = 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 20oC to approximately 100oC. 

 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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Figure 11  Residual Viscosity as a Function of Temperature for the 30-
Weight Oil 
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Figure 12  Residual Viscosity as a Function of Temperature for the 90-
Weight Oil 



 21

 

Y = 36.207 X -1.215

r2 = 0.9932

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 10 20 30 40 50 60 70 80 90 100 110

Temperature, (oC)

R
es

id
ua

l V
is

co
si

ty
, (

%
)

 
Figure 13  Residual Viscosity as a Function of Temperature for the 140-
Weight Oil 

 
 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 

Weight of Motor Oil Viscosity Reduction (Y) vs. 
Temperature (T) Regression 

Coefficient of 
Determination (r2) 

30 Y = 20.217 T -1.1337 0.9094 

90 Y = 41.330 T -1.4151 0.9187 

140 Y = 36.207 T -1.2150 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 1st-
order decay.  For the small spacings transducer horn over the range of acoustic frequencies 
studied, the 1st-order rate constants ranged from 0.0390 min-1 to 0.0937 min-1.  For the same 
range of ultrasonic frequencies for the medium spaced transducer horn, the 1st-order rate 
constants ranged from 0.0211 min-1 to 0.0696 min-1.  Similarly, for the large spaced transducer 
horn, the 1st-order rate constants ranged from 0.0251 min-1 to 0.0700 min-1.  For the 90-weight 
oil, the small spaced transducer horn resulted in the largest 1st-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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Figure 16  Fractional Residual Viscosity as a Function of Treatment Time for 
90-Weight Oil Employing Sonication at 1.8 kHz with the Small Horn Spacing 
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Figure 17  Fractional Residual Viscosity as a Function of Treatment Time for 
90-Weight Oil Employing Sonication at 6.9 kHz with the Small Horn Spacing 
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Figure 18  Fractional Residual Viscosity as a Function of Treatment Time for 90-
Weight Oil Employing Sonication at 13.1 kHz with the Small Horn Spacing 

 
 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 1st-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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Figure 19  Fractional Residual Viscosity as a Function of Treatment Time for 
140-Weight Oil Employing Sonication at 1.8 kHz with the Medium Horn Spacing 
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Figure 20  Fractional Residual Viscosity as a Function of Treatment Time for 140-
Weight Oil Employing Sonication at 6.9 kHz with the Medium Horn Spacing 
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Figure 21  Fractional Residual Viscosity as a Function of Treatment Time 
for 140-Weight Oil Employing Sonication at 6.9 kHz with the Medium Horn 
Spacing (Replicate Test of Figure 20 Conditions) 
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Figure 22  Fractional Residual Viscosity as a Function of Treatment Time 
for 140-Weight Oil Employing Sonication at 13.1 kHz with the Medium Horn 
Spacing 
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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 1st-order rate constants are virtually 
identical, being 0.0155 min-1 and 0.0151 min-1, 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 1st-order rate constants ranged from 0.0151 to 0.0408 min-1 with the largest 

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

Weight of Oil Measured 
Frequency, (kHz) Fin Spacing of Horn 1st-Order Rate Constant, (min-1)

140 1.75 Small 0.0385 
  1.77 Medium (H2O 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 (H2O 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 1st-order rate constants ranged from 0.0084 min-1 to 0.0385 min-1, while for the large 
spacing transducer horn, the 1st-order rate constants ranged from 0.0226 min-1 to 0.0302 min-1.  
Therefore, for the 140-weight oil, the medium spacing transducer horn appeared to provide 
somewhat greater 1st-order rate constants and larger viscosity reduction that the other two 
transducer horn designs used in the study. 

 Table 3 above summarizes the 1st-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 1st-order rate constant ranges 
from 0.0211 min-1 to 0.0937 min-1, while for the 140-weight oil, the 1st-order rate constant ranges 
from 0.0084 min-1 to 0.0408 min-1.  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 
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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 
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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 
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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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Figure 26  Fractional Residual Viscosity of 90-Weight Oil as a Function of 
Treatment Time Employing Sonication at 6.9 kHz with the Small Horn Spacing 
due to Heat Only, Sonication Only, and Combined Sonication + Heat 
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Figure 27  Fractional Residual Viscosity of 90-Weight Oil as a Function of 
Treatment Time Employing Sonication at 13.1 kHz with the Small Horn Spacing 
due to Heat Only, Sonication Only, and Combined Sonication + Heat 
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Figure 28  Fractional Residual Viscosity of 140-Weight Oil as a Function of 
Treatment Time Employing Sonication at 1.8 kHz with the Medium Horn 
Spacing due to Heat Only, Sonication Only, and Combined Sonication + Heat 
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Figure 29  Fractional Residual Viscosity of 140-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 
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Figure 30  Fractional Residual Viscosity of 140-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 

 
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 1st-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 1st-order rate constant ranges from 0.0211 min-1 to 
0.0937 min-1, while for the 140-weight oil, the 1st-order rate constant ranges from 0.0084 min-1 to 
0.0408 min-1.  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 Acoustic 
Frequency, (kHz) 

1st-Order Rate 
Constant, (min-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 1st-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 
were collected with the sonicated samples.  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 
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 

1st-Order Rate Constant, (min-1) 
Horn/Fin Spacing Weight of Oil 

Acoustic 
Frequency, 

(kHz) 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 

Fractional Residual Viscosity at 20 
Minutes Treatment Time Motor Oil 

Weight 
Sonication 

Frequency, (kHz) 
Transducer 

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 
Minutes Treatment Time Motor Oil 

Weight 
Sonication 

Frequency, (kHz) 
Transducer 

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 I 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. 

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

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

4. 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. 

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

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

7. 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. 

8. 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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9. 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. 

10. 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). 

11. 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%. 

12. 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%. 

13. 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. 

14. 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 II ACTIVITIES AND RESULTS 

 Based on the results obtained from the first phase of the project, Phase II 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. 

 

Figure 34  Cross-Sectional Drawing of Reaction Chamber Designed and Fabricated for 
Phase II 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) (ll.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 

Test 
Number Horn Configuration Frequency

(Hz) 
Output 
Current 

(%) 
Voltage
(volts) 

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

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

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

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

B1 2 fins, 2.0625 inches apart, 4 slots, 45 deg 
offset, 0.050 inch thick 900 99.5 187 

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

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

B4 2 fins, 2.0625 inches apart, 4 slots, 45 deg 
offset, 0.050 inch thick 1563 85.4 278 

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 
C4 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 
inch thick 903 99.0 186 

F2 2 fins, 2.0625 inches apart, no slots, 0.050 
inch thick 1147 99.6 242 

F3 2 fins, 2.0625 inches apart, no slots, 0.050 
inch thick 1280 95.1 276 

F4 2 fins, 2.0625 inches apart, no slots, 0.050 
inch thick 1420 95.0 276 
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Table 9  Overview of Sand Test Observations 

Test 
No. 

Total 
No. of 
Holes 

No. 
Holes, 

Distance> 
6 in. 

Hole Nearest Actuator Hole Furthest from 
Actuator 

 Location Distanc
e (in.) 

Size 
(in.) Location Distan

ce (in.)
Size 
(in.) 

A1 6 2 (2.5,0) 2.5 2.5 (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 1.5 

A4 6 3 (-2.75, 
-0.5) 2.80 3 (10.5,-2) 10.69 0.5 

B1 1 0 (0,0) 0 1.5 (-13.5,-4.5) (0, 0) 0 

B2 14 9 (-2,0) 2 1.0 (12,4) 
(-12,4) 12.65 0.5, 

1.0 
B3 1 0 (-1.5,-1.5) 2.12 1.5 (-1.5,-1.5) 2.12 1.5 
B4 0 0       

C1 0 0       
C2 5 1 (1.5,0) 1.50 1.5 (6,2) 6.32 0.5 

C3 14 11 (-3,-0.5) 3.04 2.0 (-12.5, 
-5.75) 13.76 0.75 

C4 0 0       

D1 0 0       
D2 8 4 (-2.5,-1.5) 2.92 0.5 (-5.75,-4) 7.00 0.5 

D3 12 5 (-1.5, 
-1.25) 1.95 0.25a (8,4) 8.94 1.0 

D4 20 13 (-4.5,0) 4.50 1.0 (-12.75, 
-5.5) 13.89 1.5 

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 3x1.5a 

E3 18 14 (-0.5,-2.5) 2.55 2x1a (-14.75, 
5.75) 15.83 0.5 

E4 28 18 (-1,-2) 
(-1,2) 2.24 0.5 

0.75 (-14.5,-5.5) 15.51 1.5 

F1 8 3 (0,0) 0.00 0.75 (-10.5,-0) 10.50 2x5b 

F2 15 10 (0,0) 0.00 0.75 (12,4) 12.65 1.5x3b 

F3 12 8 (-0.5,-2.5) 2.55 1.5x0.75b (15,-0.5) 15.01 7x3c 

F4 16 11 (3,-0.5) 3.04 5.5x2c (13.25,-
4.5) 13.99 3.5x3d 
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 The Notation used in Table 9 immediately above is as follows:  a = Ellipse, b = Ellipse (E-
W), c = 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. 

 
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 Illustrating 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 (ºF).  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 70ºF. 

 A second oil sample that was tested had an initial viscosity of 153,000 cP at 61.0ºF.  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 70ºF.  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 74ºF.  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 76ºF. 

 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%. 

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 

 

Figure 41  Chromatogram of EP 140-Weight Oil Sample Before Acoustic Treatment 

 

4.96

4.98

5.00

5.02

5.04

5.06

5.08

5.10

5.12

5.14

5.16

5.18

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5



 58

 

Figure 42  Chromatogram of EP 140-Weight Oil Sample after 10 Minutes of Acoustic 
Treatment 

 

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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Figure 45  Areas of Peaks Obtained by GC-FID Analysis of Heavy Crude Oil 
Before and After Sonication 
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Figure 46  Absolute (Area Counts) and Percent Increases in Peak Areas 
Obtained by GC-FID Analysis of Heavy Crude Oil Before and After Sonication 
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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. 

 
Figure 47  Crude Oil Reaction Chamber used during the Phase II 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 48  Schematic Drawing of the Phase II Experimental Apparatus 

 

 
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 II 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, (ºC) 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 2.5 60,160 
20.6 1.0 60,400 
20.7 0.5 60,400 
20.7 1.0 60,400 
20.6 2.5 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 21.5ºC.  After heating the oil to a 
maximum of 100ºC, 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 
20ºC to 40ºC; at 40ºC 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 60ºC; viscosity values at temperatures less than 60ºC 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 22.5ºC 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, (oC) Viscosity, (cP) Temperature, (oC) 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   
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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) 
Time, (min) Treatment Conditions 

Initial 
Temp.

(oC) 0 30 60 90 120 
3 actuators @ 0.8 kHz 21.9 69,800 67,547 68,160 66,773 65,403 
3 actuators @ 1.4 kHz 21.9 49,270 45,930 44,400 44,800 42,270 
3 actuators @ 1.8 kHz 21.7 63,930 45,577 44,223 43,467 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 21.9 47,330 42,070 38,480 40,600 34,840 
2 actuators parallel @ 0.8 kHz 
and 1.2 kHz 22.5 39,520 25,360 23,040 22,920 22,520 

2 actuators parallel @ 0.8 kHz 
and 1.6 kHz 22.2 48,500 42,470 39,320 37,800 32,600 

2 actuators parallel @ 1.2 kHz 
and 1.6 kHz 22.8 42,930 38,130 38,270 37,670 37,200 

3 actuators @ 0.8 kHz, 1.2 kHz, 
and 1.6 kHz 21.5 47,530 41,800 41,930 40,200 39,600 

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

Fractional Residual Viscosity 
Time, (min) Treatment Conditions 

Initial 
Temp.

(oC) 0 30 60 90 120 
3 actuators @ 0.8 kHz 21.9 1 0.9677 0.9765 0.9566 0.9370 
3 actuators @ 1.4 kHz 21.9 1 0.9322 0.9012 0.9093 0.8579 
3 actuators @ 1.8 kHz 21.7 1 0.7129 0.6918 0.6799 0.6670 
2 actuators parallel @ 0.8 kHz 21.9 1 0.5848 0.6134 0.6018 0.6131 
2 actuators parallel @ 1.2 kHz 21.9 1 0.8096 0.7906 0.7609 0.7733 
2 actuators parallel @ 1.6 kHz 21.9 1 0.8889 0.8130 0.8578 0.7361 
2 actuators parallel @ 0.8 kHz 
and 1.2 kHz 22.5 1 0.6417 0.5830 0.5800 0.5698 

2 actuators parallel @ 0.8 kHz 
and 1.6 kHz 22.2 1 0.8757 0.8107 0.7794 0.6722 

2 actuators parallel @ 1.2 kHz 
and 1.6 kHz 22.8 1 0.8882 0.8915 0.8775 0.8665 

3 actuators @ 0.8 kHz, 1.2 kHz, 
and 1.6 kHz 21.5 1 0.8794 0.8822 0.8458 0.8332 
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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 53  Plot of Viscosity of Crude Oil 1 as a Function of Treatment Time for 
Various Acoustic Treatment Conditions 

 

0

10000
20000
30000

40000
50000
60000

70000
80000

3 @
 0.

8 k
Hz

3 @
 1.

4 k
Hz

3 @
 1.

8 k
Hz

2 @
 0.

8 k
Hz

2 @
 1.

2 k
Hz

2 @
 1.

6 k
Hz

2 @
 0.

8 k
Hz &

 1.
2 k

Hz

2 @
 0.

8 k
Hz &

 1.
6 k

Hz

2 @
 1.

2 k
Hz &

 1.
6 k

Hz

3 @
 0.

8 k
Hz, 

1.2
 kH

z, 
& 1.

6 k
Hz

Treatment Conditions

Vi
sc

os
ity

, (
cP

)

Initial Final

 
Figure 54  Comparison of the Crude Oil 1 Initial Viscosity and Viscosity after 120 
Minutes for the Various Treatment Conditions 
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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 
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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. 
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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  Oil 1 Viscosity Data for Various Treatment Times and Treatment 
Conditions with Power Decreased by 25% 

Viscosity, (cP) 
Time, (min) Treatment Conditions 

0 30 60 90 120 
3 actuators @ 0.8 kHz 65,200 49,270 39,640 39,800 39,880 

3 actuators @ 1.4 kHz 64,500 41,870 41,670 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 65,200 47,870 46,800 46,000 45,870 

2 actuators parallel @ 1.2 kHz 65,330 53,130 50,470 49,070 47,400 

2 actuators parallel @ 1.6 kHz 65,400 51,130 46,070 45,200 44,730 

2 actuators parallel @ 0.8 kHz 
and 1.2 kHz 53,100 45,600 45,400 45,000 44,270 

2 actuators parallel @ 0.8 kHz 
and 1.6 kHz 

53,070 40,870 40,930 40,800 40,470 

2 actuators parallel @ 1.2 kHz 
and 1.6 kHz 65,600 48,930 43,870 41,730 41,800 

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

65,270 53,270 50,500 49,400 49,800 
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Figure 58  Viscosity Variation of Crude Oil 1 due to Reduced Power Input 
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 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) 
Treatment Conditions 

0 30 60 90 120 
3 actuators @ 0.8 kHz 1 0.7557 0.6080 0.6104 0.6117 
3 actuators @ 1.4 kHz 1 0.6492 0.6461 0.6470 0.6430 
3 actuators @ 1.8 kHz 1 0.6522 0.6286 0.6224 0.6182 
2 actuators parallel @ 0.8 kHz 1 0.7342 0.7178 0.7055 0.7035 
2 actuators parallel @ 1.2 kHz 1 0.8133 0.7725 0.7511 0.7256 
2 actuators parallel @ 1.6 kHz 1 0.7818 0.7044 0.6911 0.6839 
2 actuators parallel @ 0.8 and 1.2 kHz 1 0.8588 0.8550 0.8475 0.8337 
2 actuators parallel @ 0.8 and 1.6 kHz 1 0.7701 0.7713 0.7688 0.7626 
2 actuators parallel @ 1.2 and 1.6 kHz 1 0.7459 0.6688 0.6361 0.6372 
3 actuators @ 0.8, 1.2, and 1.6 kHz 1 0.8162 0.7752 0.7569 0.7630  

 
 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%. 

0

10000

20000

30000

40000

50000

60000

3 @
 0.

8 k
Hz

3 @
 1.

4 k
Hz

3 @
 1.

8 k
Hz

2 @
 0.

8 k
Hz

2 @
 1.

2 k
Hz

2 @
 1.

6 k
Hz

2 @
 0.

8 &
 1.

2 k
Hz

2 @
 0.

8 &
 1.

6 k
Hz

2 @
 1.

2 &
 1.

6 k
Hz

3 @
 0.

8, 
1.2

 & 1.
6 k

Hz

Treatment Conditions

Vi
sc

os
ity

, (
cP

)

Reduced Power Reduced Power + Large Horn Spacing

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 
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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 

Additives, 
A + B, (%) Treatment Description 

Lowest Residual 
Viscosity 

Achieved, (cP) 

Maximum 
Reduction in 
Viscosity, (%) 

3.0 + 10.0 Additive blend added to attain 3% 
concentration and mixed 43,730 37.35 

5.0 + 10.0 Additive blend added to raise the 
concentration to 5.0 % and mixed 19,940 71.43 

7.0 + 10.0 Additive blend added increasing the 
concentration to 7% and mixed 38,560 44.76 

 
 
 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 

Additives 
A+B, (%) Treatment Description 

Lowest Residual 
Viscosity 

Achieved, (cP) 

Maximum 
Reduction in 
Viscosity, (%) 

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

Crude oil subjected to 800 Hz treatment 
with no further addition of additives 

(Experiment 2) 
9,530 86.35 

Crude oil subjected to 800 Hz treatment 
with no further addition of additives 

(Experiment 3) 
19,570 71.96 

3.0 + 10.0 

Crude oil subjected to 800 Hz treatment 
with no further addition of additives 

(Experiment 4) 
7,928 88.64 

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

11,450 83.60 

Crude oil from above experiment 
subjected to treatment at 1.2 kHz 

(Experiment 6) 
8,890 87.26 5.0 + 10.0 

Crude oil from above experiment 
subjected to treatment at 1.6 kHz 

(Experiment 7) 
9,150 86.89 

Additives added to fresh Crude Oil 1; oil 
subjected to treatment at 800 Hz 

(Experiment 8) 
30,300 56.59 

Crude oil from above experiment 
subjected to treatment at 1.2 kHz 

(Experiment 9) 
35,400 49.28 7.0 + 10.0 

Crude oil from above experiment 
subjected to treatment at 1.6 kHz 

(Experiment 10) 
38,680 44.58 

 
 
 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 



 88

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 
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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 conditions was 14.3%.  While these results are not well defined, they 
do suggest that, if necessary, input power probably could be reduced without significantly 
reducing the effectiveness of the sonication system on viscosity reduction.  The results obtained 
from two series of tests looking at the combined effects of input power and horn design also 
show mixed results.  In looking at the effects of different horn design/fin spacing under reduced 
power conditions, one observes that there are only minor differences in the results of the two 
data sets with the average difference in viscosity obtained under these circumstances being only 
2.5%.  The results of comparing the viscosity data obtained with the large horn spacing and 
normal vs. reduced power show results that are very similar to the data obtained with the small 
horn spacing and normal vs. reduced power.  The average difference obtained with changing 
input power and large horn design was approximately 20%.  These combined results suggest that 
the effects of input power level on viscosity reduction are somewhat greater than those due to 
changing the horn design/fin spacing. 

 Lastly, a suite of experiments was conducted to evaluate the effectiveness of adding 
mixtures of two proprietary chemicals in different concentrations on viscosity reduction both in 
the presence and absence of sonication.  Three different mixes were evaluated: 3% A and 10% B, 
5% A and 10% B, and 7% A and 10% B.  The initial viscosity values were reduced by 37.4%, 
71.4%, and 44.8%, respectively, by the addition of these mixtures prior to sonication.  In all 
tests, the combined effects of the chemical additives and sonication were better than the effects 
resulting from the additives or sonication individually.  When the crude oil with chemical 
additives was sonicated, the maximum reduction in viscosity ranged from 44.6% to 88.6%.  The 
reduction in six of the ten tests was greater than 80%, and the average for the ten tests was 
73.9%.  The best results were obtained with the lesser concentrations of chemical additives and 
sonication frequencies in the range of 0.8 kHz to 1.2 kHz. 

3.8 Experimental Results Using Crude Oil 2 

 Based on the results obtained during the experiments involving Crude Oil 1, some 
modifications were made to the experimental procedures used to test Crude Oil 2.  First, the use 
of three transducers arranged in a T-shape was eliminated.  All sonication testing of Oil 2 was 
performed with two transducers arranged in parallel (horns facing each other) within the two 
horizontal components of the reaction vessel (see Figure 47).  Second, testing using 25% input 
power reduction was eliminated because in almost all cases, the change in viscosity reduction as 
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compared to using the normal power levels was relatively small.  A third change involved only 
using the two best combinations of horn design and acoustic frequency in conjunction with 
testing the effects of chemical additives.  This action was deemed necessary in order to reduce 
the amount of crude oil necessary to complete the entire suite of tests.  A fourth change involved 
the addition of a series to tests to systematically examine viscosity recovery over a period of 30 
days.  Some observations of viscosity recovery were made during the tests with Crude Oil 1, but 
this variable was not part of the Oil 1 experimental plan.  The project team decided that viscosity 
recovery should be evaluated more systematically using Oils 2 and 3. 

 3.8.1 Temperature Effects on Viscosity 

 As was the case with Oil 1, the first tests performed on Oil 2 were heating experiments to 
determine the relationship between heat/temperature and measured viscosity.  The results of 
these tests are presented in Figure 63.  These results are similar to those obtained with Oil 1, 
except that the hysteresis effect noted in the plot for Oil 1 is not present in the Oil 2 results.  In 
both series of tests, the final viscosity of the cooling cycle is less than the initial viscosity of the 
oil measured prior to heating. 
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Figure 63  Viscosity of Crude Oil 2 as a Function of Temperature 
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3.8.2 Sonication Effects on Viscosity 

 The test matrix designed to evaluate the effects of sonication on the viscosity of Crude Oil 
2 was modified based on the results from testing Crude Oil 1.  As noted above, the number of 
test conditions was reduced by eliminating the tests using three actuators; consequently, the total 
number of actuator/frequency test conditions was reduced from ten to six.  As in the previous 
experiments with Oil 1, individual tests were conducted for a total of 120 minutes with 
individual samples collected for viscosity determination after 0 (pre-treatment), 30, 60, 90, and 
120 minutes. 

 The viscosity data obtained by treating Oil 2 with the selected acoustic frequencies and two 
parallel actuators fitted with horns having a two-inch (5-cm) fin spacing are presented in Table 
22. The corresponding “normalized” viscosity values, or fractional residual viscosity, are given 
in Table 23, and a plot of these data is presented in Figure 64. 

 
Table 22  Summary of Viscosity Results for Acoustic Treatment of Crude Oil 2 

Viscosity, (cP) 
Time, (min) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 4553 6784 6167 6067 5093 
2 actuators @ 1.2 kHz each 4827 4887 4547 4493 3957 
2 actuators @ 1.6 kHz each 4943 4373 3988 4107 5667 
2 actuators @ 0.8 and 1.2 kHz 4983 4120 3768 3888 3828 
2 actuators @ 0.8 and 1.6 kHz 4577 4733 4333 4213 3552 
2 actuators @ 1.2 and 1.6 kHz 4633 3920 3808 5187 3768  

 
Table 23  Summary of Fractional Residual Viscosity Results for Acoustic Treatment 
of Crude Oil 2 

Fractional Residual Viscosity 
Time, (min) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 1 1.4900 1.3545 1.3325 1.1186 
2 actuators @ 1.2 kHz each 1 1.0124 0.9420 0.9308 0.8198 
2 actuators @ 1.6 kHz each 1 0.8847 0.8068 0.8309 1.1465 
2 actuators @ 0.8 and 1.2 kHz 1 0.8268 0.7562 0.7803 0.7682 
2 actuators @ 0.8 and 1.6 kHz 1 1.0341 0.9467 0.9205 0.7761 
2 actuators @ 1.2 and 1.6 kHz 1 0.8461 0.8219 1.1196 0.8133  
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 These data exhibit a pattern of variation similar to that shown in the tests with Oil 1.  One 
can see that there is a general trend for viscosity to decrease with time.  That is, in most cases, 
the viscosities observed after 120 minutes are less than the initial viscosity values at the start of 
the tests.  However the data in Tables 22 and 23 and Figure 64 indicate that in some cases, the 
viscosity actually increases after exposure to sonication (values of fractional residual viscosity 
greater than 1.0), a condition not observed in the test results using Oil 1.  The reason for this 
appears to be the fact that Oil 2 had appreciable water content whereas Oil 1 did not.  Several 
samples collected during these sonication tests with Oil 2 showed an evident water layer that had 
separated from the oil as a result of the treatment.  The presence of water also tends to reduce the 
viscosity of the oil (e.g. Rivas and others, 1985), which also explains the fact that the initial 
viscosities in Tables 22 and 23 are less than the average value of 6,000 cP that was reported in 
Table 10.  Water content appeared to vary among the large storage containers of oil obtained for 
the study.   
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Figure 64  Fractional Residual Viscosity Variation of Oil 2 with Changing Acoustic 
Treatment Conditions 

 
 The maximum amount of viscosity reduction attained in Oil 2 after 120 minutes of testing 
with sonication was 23.2% (fractional residual viscosity = 0.7682).  In addition, it appears that 
two transducers operating at 0.8 kHz and 1.2 kHz was the most effective in reducing viscosity, 
although there is not a great deal of difference in the results from four of the six treatment 
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conditions shown in Figure 64.  This set of frequencies also produced the best viscosity reduction 
in Oil 1. 

3.8.3 Effects of Horn Design on Viscosity 

 All of the experiments described in the preceding report section were performed with the 
wide, 2-inch (5-cm) horn fin spacing.  The experiments were repeated using the reduced, 1-inch 
(2.5-cm) fin spacing on the acoustic horn.  The data obtained with the reduced horn spacing are 
presented in Table 24, Table 25, and Figure 65. 

 
Table 24  Summary of Viscosity Results for Acoustic Treatment of Crude Oil 2 
using Reduced Horn Spacing 

Viscosity, (cP) 
Treatment Time, (min.) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 6440 3356 4347 3600 3080 
2 actuators @ 1.2 kHz each 6633 3060 3736 2233 2333 
2 actuators @ 1.6 kHz each 6220 2650 2490 2050 1982 
2 actuators @ 0.8 and 1.2 kHz 5927 1970 2560 1993 1758 
2 actuators @ 0.8 and 1.6 kHz 6864 1770 3068 1734 1660 
2 actuators @ 1.2 and 1.6 kHz 6333 1958 2070 1938 1882  

 
 
Table 25  Summary of Fractional Residual Viscosity Results for Acoustic 
Treatment of Crude Oil 2 with Reduced Horn Spacing 

Fractional Residual Viscosity 
Treatment Time, (min.) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 1 0.5211 0.6750 0.5590 0.4783 
2 actuators @ 1.2 kHz each 1 0.4613 0.5632 0.3367 0.3517 
2 actuators @ 1.6 kHz each 1 0.4261 0.4003 0.3296 0.3187 
2 actuators @ 0.8 and 1.2 kHz 1 0.3324 0.4319 0.3363 0.2966 
2 actuators @ 0.8 and 1.6 kHz 1 0.2579 0.4470 0.2526 0.2418 
2 actuators @ 1.2 and 1.6 kHz 1 0.3092 0.3269 0.3060 0.2972  
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Figure 65  Fractional Residual Viscosity Variation of Oil 2 with Changing 
Acoustic Treatment Conditions and Reduced Horn Spacing 

 
 Once again, the data reflect a general trend of decreasing viscosity as the treatment time 
increases.  In these tests involving a reduced horn fin spacing, using two actuators operating at 
frequencies of 0.8 + 1.2 kHz and 0.8 + 1.6 kHz provide the greatest reductions in viscosity.  With 
the 1-in. (2.5-cm) horn spacing, the maximum reduction in viscosity was 75.8%, which results in 
a fractional residual viscosity of 24.2%.  This result is a significant improvement over the 
maximum 24.4% reduction obtained using the wider, 2-in (5-cm) horn spacing.  A comparison of 
Figures 64 and 65 indicates that in every instance, the viscosity reduction using the smaller horn 
spacing produced superior results compared to those produced by the larger spacing.  It is also 
interesting to note that in no case did the viscosity increase to a value greater than the initial 
value when the smaller horn spacing was employed as was the case with the larger spacing.  The 
reason for this difference is not clear from these experimental results.  However, these 
observations raise interesting questions about the physical effects of sonication on crude oil that 
should be explored further to better define the full potential of this technology on petroleum 
production and processing. 

 To facilitate a comparison of the results using both smaller (1 in; 2.5 cm) and larger (2 in, 
5 cm) horn spacing, both sets of fractional residual viscosities are combined and presented in 
Table 26.  As noted above, the smaller horn design resulted in a much greater viscosity reduction 
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in every combination of acoustic frequencies employed in the experiments.  The amount of 
enhanced reduction in the fractional residual viscosity obtained by utilizing the smaller horn 
spacing ranged from a maximum of 82.8% to a minimum of 46.8%.  The average difference for 
all tests was 57.6%.  Thus, the smaller acoustic horn fin spacing appears to be much more 
effective at reducing viscosity than does the larger spacing. 

Table 26  Fractional Residual Viscosity of Crude Oil 2 Resulting from Two Different 
Horn Fin Spacings 

Fractional Residual Viscosity 
Treatment Time, (min.) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 1 1.4900 1.3545 1.3325 1.1186 
2 actuators @ 0.8 kHz each – 
Smaller Fin Spacing 1 0.5211 0.6750 0.5590 0.4783 

 

2 actuators @ 1.2 kHz each 1 1.0124 0.9420 0.9308 0.8198 
2 actuators @ 1.2 kHz each – 
Smaller Fin Spacing 1 0.4613 0.5632 0.3367 0.3517 
      

2 actuators @ 1.6 kHz each 1 0.8847 0.8068 0.8309 1.1465 
2 actuators @ 1.6 kHz each – 
Smaller Fin Spacing 1 0.4261 0.4003 0.3296 0.3187 
      

2 actuators @ 0.8 and 1.2 kHz 1 0.8268 0.7562 0.7803 0.7682 
2 actuators @ 0.8 and 1.2 kHz – 
Smaller Fin Spacing 1 0.3324 0.4319 0.3363 0.2966 
      

2 actuators @ 0.8 and 1.6 kHz 1 1.0341 0.9467 0.9205 0.7761 
2 actuators @ 0.8 and 1.6 kHz – 
Smaller Fin Spacing 1 0.2579 0.4470 0.2526 0.2418 
      

2 actuators @ 1.2 and 1.6 kHz 1 0.8461 0.8219 1.1196 0.8133 
2 actuators @ 1.2 and 1.6 kHz – 
Smaller Fin Spacing 1 0.3092 0.3269 0.3060 0.2972 

 
 

 3.8.4 Effects of Chemical Additives on Viscosity 

 A series of experiments examining the effects of chemical additives on the viscosity of Oil 
2 was performed.  As noted at the outset of this discussion of the experiments involving Oil 2, 
the experimental procedures were modified somewhat from those used with Oil 1; only the two 
best combinations of horn design and acoustic frequency were used to test the effects of 
chemical additives.  This modification was deemed necessary to reduce the amount of oil 
required for the experiments because the amount available for use was limited.  The same 
additives used with Oil 1 were also used with Oil 2 and similar methods of mixing the additives 
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with the oil, operating the test equipment, sample collection, and data collection were employed 
during this series of tests.  As in the case of Oil 1, the viscosity of an initial sample of oil was 
measured.  This was the assumed initial value for all tests as shown in Table 27 below.  The oil 
and additives A and B at initial concentrations (3% and 10%) were mixed, the first test was 
performed, samples were collected at 0, 30, 60, 90, and 120 minutes, and the viscosity of each 
sample was measured.  The test apparatus was drained and cleaned, and the oil collected from 
the first experiment was then reused.  The concentrations of chemicals A and B were adjusted to 
5% and 10% and the second test was performed at the same frequencies.  This procedure was 
repeated for the remaining tests in the series.  The test conditions employed and the 
corresponding viscosity results for Oil 2 are presented in Table 27.  All tests were performed 
with the horn fins spaced at 1 in (2.5 cm). 

Table 27  Viscosity Values for Oil 2 Reflecting the Effects of Chemical Additives and 
Sonication 

Viscosity, (cP) 
Time, (min) Treatment Conditions 

Avg. 
Initial 0 30 60 90 120 

0.8 & 1.2 kHz, 3% A + 10% B 6402 492 419 389 343 278 
0.8 & 1.2 kHz, 5% A + 10% B 6402 525 491 471 413 367 
0.8 & 1.2 kHz, 7% A + 10% B 6402 382 365 329 308 298 
0.8 & 1.6 kHz, 3% A + 10% B 6402 519 448 413 367 299 
0.8 & 1.6 kHz, 5% A + 10% B 6402 463 437 419 361 293 
0.8 & 1.6 kHz, 7% A + 10% B 6402 427 384 352 314 278  

 
 One apparent observation to be made from Table 27 is the fact that a very large reduction 
in viscosity is attained with the addition of the chemical mix alone without sonication.  The 
minimum viscosity obtained with only the chemical additives is 382 cP which represents a 94% 
reduction in the initial viscosity.  When sonication is added to the treatment conditions, viscosity 
is reduced even further.  Longer treatment times resulted in lower viscosity values for all 
treatment conditions.  The changes resulting from sonication after the chemical mix was added 
can best be seen when examining the fractional residual viscosities when the initial viscosity is 
taken to be that value after the chemicals have been added but before beginning sonication (time 
= 0 minutes in Table 27).  The normalized viscosity values are given in Table 28 and are shown 
graphically in Figure 66.  These data indicate that sonication of samples of Oil 2 in the presence 
of chemical additives A and B can further reduce the viscosity by as much as approximately 
44%.  When compared to the initial (before any chemical mix was added) the final viscosity 
values are only about 4%-5% of the pre-treatment value.  This large reduction is, at least in part, 
due to the large quantity of water contained in Oil 2.  In terms of chemical additives alone, the 
largest viscosity reduction was produced by the addition of a mixture of 7% A and 10% B, 
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although the difference in viscosity reduction among the various mixes of chemical additives is 
very small.  The greatest final reduction in fractional residual viscosity resulted from chemical 
additives in 3% and 10% concentrations with both combinations of sonication frequencies (Table 
28 and Figure 66).  This illustration also clearly shows the pattern of reducing viscosity with 
increasing treatment times for all treatments. 

Table 28  Fractional Residual Viscosity Data for Oil 2 Illustrating the Effects 
of Chemical Additives and Sonication 

Fractional Residual Viscosity 
Time, (min) Treatment Conditions 

0 30 60 90 120 
0.8 & 1.2 kHz, 3% A + 10% B 1 0.8510 0.7900 0.6968 0.5650 
0.8 & 1.2 kHz, 5% A + 10% B 1 0.9352 0.8982 0.7877 0.7000 
0.8 & 1.2 kHz, 7% A + 10% B 1 0.9545 0.8609 0.8054 0.7803 
0.8 & 1.6 kHz, 3% A + 10% B 1 0.8627 0.7947 0.7073 0.5764 
0.8 & 1.6 kHz, 5% A + 10% B 1 0.9438 0.9049 0.7796 0.6326 
0.8 & 1.6 kHz, 7% A + 10% B 1 0.8996 0.8238 0.7339 0.6497  
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Figure 66  Variation of Fractional Residual Viscosity of Oil 2 with Changes in 
Sonication Frequencies and Amount of Chemical Additives 
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 3.8.5 Viscosity Recovery 

 Based upon some initial observations during Phase I and during the testing of Crude Oil 1, 
the project team decided that the issue of viscosity recovery should be examined systematically 
to determine if the reductions in viscosity were short-lived or longer-term.  A set of experiments 
was designed using Oil 2 wherein oil samples collected after the various treatments (acoustic 
frequencies, horn design, chemical additives) would be monitored for a period of 30 days to 
obtain data on the amount and rate of viscosity recovery.  These tests would also provide 
information as to the relative effectiveness of the various treatments in terms of how long the 
resulting viscosity reductions might be expected to remain.  These questions clearly have a 
bearing on the ultimate applications of the technology within commercial operations. 

 Tables 29 and 30 contain the viscosity recovery data for Crude Oil 2 following sonication 
treatment using the wider, 2-in (5-cm) horn fin spacing.  The actual measured viscosity values 
are presented in Table 29, and Table 30 contains the fractional residual viscosity recovery data.  
In both cases, as well as the other tables presented in this section, the initial viscosity values 
represent the viscosity of the oil prior to the beginning of the sonication treatment experiments.  
The data for 0 days following treatment are the data obtained after 120 minutes of sonication 
testing during the initial experiments.  The viscosity of each sample was subsequently measured 
after the sample was allowed to sit undisturbed for periods of 1, 3, 7, 14, and 30 days.  Tables 31 
and 32 contain analogous data collected using the narrow (1 in, 2.5 cm) horn spacing. 

Table 29  Viscosity Recovery in Crude Oil 2 Following Sonication Using the Wide Horn 
Spacing 

Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 0 1 3 7 14 30 
2 actuators @ 0.8 kHz each 4553 5093 5123 5467 5483 5472 5464 
2 actuators @ 1.2 kHz each 4827 3957 4233 4397 4423 4435 4429 
2 actuators @ 1.6 kHz each 4943 5667 5643 5650 5680 5674 5682 
2 actuators @ 0.8 and 1.2 kHz 4983 3828 3880 3893 3923 3942 3935 
2 actuators @ 0.8 and 1.6 kHz 4577 3552 3710 3747 3763 3748 3765 
2 actuators @ 1.2 and 1.6 kHz 4633 3768 3942 4080 4167 4151 4159  

 
 Tables 29 and 30 indicate that the viscosity of Oil 2 increased during the rest period after 
sonication treatment.  However, the amount of change is very small.  When the data for 0 and 30 
days following treatment are compared, the viscosity increases by a maximum of 11.9% and a 
minimum of less than one percent.  It is interesting to note that the resting viscosity tends to 
increase in all cases, even the two tests that resulted in increased viscosity following exposure to 
sonication.  When the 30-day viscosity data are compared with the initial (pre-sonication) values, 
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the maximum change is 21.0% and the minimum is 8.2%.  Consequently, the changes that 
occurred as a result of sonication are sustained during the rest period. 

Table 30  Fractional Residual Viscosity Recovery in Crude Oil 2 Following Sonication 
Using the Wide Horn Spacing 

Fractional Residual Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 0 1 3 7 14 30 
2 actuators @ 0.8 kHz each 1 1.1186 1.1252 1.2001 1.2043 1.2018 1.2001 
2 actuators @ 1.2 kHz each 1 0.8198 0.8770 0.9109 0.9163 0.9188 0.9176 
2 actuators @ 1.6 kHz each 1 1.1465 1.1416 1.1430 1.1491 1.1479 1.1495 
2 actuators @ 0.8 and 1.2 kHz 1 0.7682 0.7787 0.7813 0.7873 0.7911 0.7897 
2 actuators @ 0.8 and 1.6 kHz 1 0.7761 0.8106 0.8187 0.8222 0.8189 0.8226 
2 actuators @ 1.2 and 1.6 kHz 1 0.8133 0.8509 0.8806 0.8994 0.8960 0.8977 

 
Table 31  Viscosity Recovery in Crude Oil 2 Following Sonication Using the Narrow 
Horn Spacing 

Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 0 1 3 7 14 30 
2 actuators @ 0.8 kHz each 6440 3080 3347 3443 3477 3468 3459 
2 actuators @ 1.2 kHz each 6633 2333 2923 2830 2847 2839 2854 
2 actuators @ 1.6 kHz each 6220 1982 2290 2313 2320 2332 2319 
2 actuators @ 0.8 and 1.2 kHz 5927 1758 2087 2133 2147 2142 2136 
2 actuators @ 0.8 and 1.6 kHz 6864 1660 1924 2268 2310 2321 2314 
2 actuators @ 1.2 and 1.6 kHz 6333 1882 2140 2264 2288 2291 2304  

 
 The data in Tables 31 and 32 illustrate somewhat different results.  First, as discussed 
previously, the sonication treatment using the smaller horn spacing resulted in a dramatically 
reduced viscosity under all treatment conditions compared to the results obtained with the wider 
horn spacing (compare initial and 0 days data in these two tables).  During the recovery period, 
viscosity obtained with the narrow horn spacing similarly increased in all cases, ranging from a 
minimum increase during the 30 days of 12.3% to a maximum of 39.4%.  However, these 
increases were small when compared to the amount of viscosity reduction achieved by 
sonication.  When the data for 30 days are compared to the initial (pre-sonication), the minimum 
reduction in viscosity is 46.3% whereas the maximum reduction is 66.3%.  Therefore, it is safe to 
conclude from these data that the viscosity was reduced by approximately 50% for a period of 30 
days after the conclusion of the sonication treatment using the small horn spacing. 
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Table 32  Fractional Residual Viscosity Recovery in Crude Oil 2 Following Sonication 
Using the Narrow Horn Spacing 

Fractional Residual Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 0 1 3 7 14 30 
2 actuators @ 0.8 kHz each 1 0.4783 0.5198 0.5346 0.5399 0.5385 0.5371 
2 actuators @ 1.2 kHz each 1 0.3517 0.4407 0.4267 0.4292 0.4280 0.4303 
2 actuators @ 1.6 kHz each 1 0.3187 0.3682 0.3719 0.3730 0.3749 0.3728 
2 actuators @ 0.8 and 1.2 kHz 1 0.2966 0.3521 0.3599 0.3622 0.3614 0.3604 
2 actuators @ 0.8 and 1.6 kHz 1 0.2418 0.2803 0.3304 0.3365 0.3381 0.3371 
2 actuators @ 1.2 and 1.6 kHz 1 0.2972 0.3379 0.3575 0.3613 0.3618 0.3638 

 
 The data in Table 31 are presented graphically in Figure 67.  This plot clearly illustrates 
the large decrease in viscosity attained and maintained with sonication using the narrow horn fin 
spacing.  This figure also shows that the small amount of viscosity recovery occurs primarily in 
the first seven days or less following the treatment, and that it remains fairly constant during the 
last three weeks of the recovery period. 
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 Finally, a third set of viscosity recovery data was collected using the samples collected at 
the conclusion of the series of tests involving sonication and chemical additives.  These data are 
given in Tables 33, 34, and 35.  The first of these tables contains both the viscosity data 
following the addition of the chemical mixes to Oil 2 and the average pre-additives viscosity in 
addition to the viscosity recovery data.  The column labeled “Initial A+B” contains the viscosity 

Table 33  Crude Oil 2 Viscosity Recovery with Time Following Treatment with 
Sonication Using Small Horn Spacing and Chemical Additives 

Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Avg.
Initial

Initial 
A+B 0 1 3 7 14 30 

0.8 & 1.2 kHz, 3% A + 10% B 6402 492 278 360 416 421 439 443 
0.8 & 1.2 kHz, 5% A + 10% B 6402 525 367 401 433 466 472 479 
0.8 & 1.2 kHz, 7% A + 10% B 6402 382 298 362 423 429 434 437 
0.8 & 1.6 kHz, 3% A + 10% B 6402 519 299 369 384 407 416 422 
0.8 & 1.6 kHz, 5% A + 10% B 6402 463 293 360 392 390 394 393 
0.8 & 1.6 kHz, 7% A + 10% B 6402 427 278 300 339 375 289 395  

 
 
Table 34  Recovery of Fractional Residual Viscosity of Oil 2 with Time Following 
Treatment with Sonication and Chemical Additives Using Post-Additives Viscosity 
as Initial Value 

Fractional Residual Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 
A+B 0 1 3 7 14 30 

0.8 & 1.2 kHz, 3% A + 10% B 1 0.5650 0.7325 0.8459 0.8553 0.8931 0.9006
0.8 & 1.2 kHz, 5% A + 10% B 1 0.7000 0.7644 0.8245 0.8878 0.9003 0.9131
0.8 & 1.2 kHz, 7% A + 10% B 1 0.7803 0.9461 1.1067 1.1219 1.1355 1.1438
0.8 & 1.6 kHz, 3% A + 10% B 1 0.5764 0.7110 0.7385 0.7845 0.8011 0.8123
0.8 & 1.6 kHz, 5% A + 10% B 1 0.6326 0.7783 0.8481 0.8422 0.8517 0.8485
0.8 & 1.6 kHz, 7% A + 10% B 1 0.6497 0.7014 0.7924 0.8769 0.9092 0.9237 

 
data for Oil 2 following the addition of the chemicals (post-additives) but before that sample was 
treated with sonication.  As with the previous tests of viscosity recovery, the viscosity at time 0 
days is the value measured after the sample was exposed to sonication for 120 minutes and at the 
beginning of the recovery period.  As discussed previously, the chemical additives are very 
effective in reducing Oil 2 viscosity without sonication.  When the oil with additives is exposed 
to sonication, the viscosity is reduced even further.  In terms of recovery, the data in Table 33 
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show that the viscosity values change only by small amounts during the 30 days following 
treatment.  This situation is further illustrated by examining the fractional residual viscosity 
values presented in Table 34.  These normalized values are based on the post-additives viscosity 
(Initial A+B).  The changes in viscosity during the recovery period are clear in these data.  In all 
cases, the residual viscosity increased during the recovery period, and in one case, the recovery 
at the end of the rest period exceeded the initial viscosity value after adding the chemical mix 
and prior to sonication.  The remaining five values indicate that the final viscosity was 
approaching the pre-sonication, post-additives value.  However, as one can determine from Table 
33, the absolute value of viscosity change in all tests during the recovery period was very small. 

Table 35  Recovery of Fractional Residual Viscosity of Oil 2 with Time Following 
Treatment with Sonication and Chemical Additives Using Pre-Additives Viscosity as 
Initial Value 

Fractional Residual Viscosity 
Time Following Treatment, (days) Treatment 

Conditions Avg. 
Initial 

Initial 
A+B 0 1 3 7 14 30 

0.8 kHz & 1.2 kHz, 
3% A + 10% B 1 0.0769 0.0434 0.0562 0.0650 0.0658 0.0686 0.0692

0.8 kHz & 1.2 kHz, 
5% A + 10% B 1 0.0820 0.0573 0.0626 0.0676 0.0676 0.0737 0.0748

0.8 kHz & 1.2 kHz, 
7% A + 10% B 1 0.0597 0.0465 0.0565 0.0661 0.0670 0.0678 0.0683

0.8 kHz & 1.6 kHz, 
3% A + 10% B 1 0.0811 0.0467 0.0576 0.0600 0.0636 0.0650 0.0659

0.8 kHz & 1.6 kHz, 
5% A + 10% B 1 0.0723 0.0458 0.0562 0.0612 0.0609 0.0615 0.0614

0.8 kHz & 1.6 kHz, 
7% A + 10% B 1 0.0667 0.0434 0.0469 0.0530 0.0586 0.0608 0.0617

 
 
 The relative significance of the viscosity recovery in Oil 2 under these test conditions can 
be judged from the data in Table 35 where the fractional residual (normalized) viscosity data are 
based on the viscosity of Oil 2 before any chemicals were added and before sonication.  These 
data indicate that the residual viscosity is reduced to only about 5% to 8% of the initial value by 
the addition of the chemical mixture.  During the recovery period, the residual viscosity 
increased by only about 1.5% or less of the pre-treatment viscosity in all cases. 

 3.8.6 Summary of Crude Oil 2 Results 

 Tests were conducted to evaluate the effects of heat on the viscosity of Crude Oil 2.  Test 
results demonstrated that the viscosity decreased in an exponential/power function relationship 
with increasing temperature.  As was the case with Oil 1, the viscosities during the cooling cycle 
were less than those at similar temperatures measured during the heating cycle. 
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 Experiments to determine the results of sonication on viscosity were performed using two 
parallel actuators operating at six different combinations of acoustic frequencies.  Initial 
experiments were conducted with a two-inch (five-centimeter) fin spacing on the horns attached 
to the actuators.  Data obtained during these tests indicated that under one of the six test 
conditions, viscosity increased with increasing exposure time.  In another test, viscosity initially 
increased above the pre-treatment value, but subsequently decreased to a value that was still in 
excess of the initial viscosity.  These results were contrary to the results obtained with Oil 1.  It 
was concluded that this situation resulted because of the appreciable and variable water content 
in the oil samples.  Those tests producing increased viscosities also resulted in an observable 
separated water layer in the post-treatment samples.  This separation was not readily apparent in 
those samples where viscosities were reduced.  A maximum reduction of about 23% was 
measured.  When the series of experiments was repeated using a one-inch (2.5-cm) horn spacing, 
all test results exhibited a dramatic reduction in viscosity following sonication with the 
maximum reduction being almost 76%; the minimum reduction with these test conditions was 
52.2%.  Thus the horn with the reduced spacing was far more effective than the one with the 
larger spacing.  The combination of frequencies of 0.8 kHz and 1.2 kHz appear to provide 
consistently better viscosity reductions in Crude Oil 2 with the combination of 0.8 kHz and 1.6 
kHz also providing good results.  These observations agree with those obtained with Crude Oil 1. 

 Another series of tests was performed to evaluate the effects of chemical additives along 
with sonication using the narrow horn spacing.  The same chemical mixes were used as were 
used with Oil 1.  Interestingly, the addition of the chemicals reduced the viscosity reduced the 
viscosity of the oil by more than 90%, and subsequent exposure of the sample to sonication 
reduced viscosities even further.  The combination of additives and sonication was extremely 
effective in reducing the viscosity of Oil 2.  The mix of 7% additive A along with 10% additive 
B appears to be the most effective followed by 5% A and 3% A in combination with 10% B.  
However, the differences in results arising from varying the amount of chemical additives is very 
small. 

 Finally, a series of tests was conducted to evaluate viscosity recovery in samples allowed 
to sit undisturbed for 30 days following the individual tests.  In all of the tests, viscosity 
increased during the recovery period.  However, in all cases, the relative amounts of increase, 
compared to the pre-treatment values, were very small.  When all recovery data are examined, 
the results obtained with the narrow horn spacing were clearly better than those obtained with the 
wide horn spacing.  In no case did the viscosity at the end of the month-long recovery period 
return to a value approximating the pre-treatment value.  The final fractional residual viscosity at 
the end of 30 days following sonication alone and using the narrow horn spacing ranged from 
0.3371 to 0.5371.  When the results involving both sonication and chemical additives are 
examined, one sample increased to a Fractional Residual Viscosity of 1.14 when the initial 
sample viscosity after adding the chemical mix is used as the point of reference; the rest of the 
samples remained below this reference value.  When the initial pre-treatment (before adding 
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chemical and before sonication) viscosity is used as a reference, the maximum Fractional 
Residual Viscosity attained after 30 days was only 0.0748.  Therefore, the experimental evidence 
indicates that viscosity reductions resulting from sonication alone and from sonication in 
combination with the tested chemical additives persist for at least 30 days following treatment. 

3.9 Experimental Results Using Crude Oil 3 

 The experimental procedures used to test Crude Oil 3 were the same as those used to test 
Crude Oil 2.  To summarize, all sonication testing of Oil 3 was performed with two transducers 
arranged in parallel (horns facing each other) within the two horizontal components of the 
reaction vessel (see Figure 47).  Testing using 25% input power reduction was not performed 
because the results from Oil 1 indicated that differences in viscosity reduction using reduced 
power compared to results with normal power levels was relatively small.  Third, only the two 
best combinations of horn design and acoustic frequency were used in conjunction with testing 
the effects of chemical additives in order to conserve the quantities of oil required for the 
experiments.  Lastly, a number of measurements were collected to systematically examine 
viscosity recovery over a period of 30 days. 

 3.9.1 Temperature Effects on Viscosity 

 As was the case with Oils 1 and 2, the first tests performed on Oil 3 were heating 
experiments to determine the relationship between heat/temperature and measured viscosity.  
The results of these tests are presented in Figure 68.  These results are similar to those obtained 
during the previous tests, except that the hysteresis effect noted in the plot for Oil 1 is not present 
in the Oil 3 results.  This is similar to the results obtained with Oil 2 in that regard.  In all three 
series of tests, the final viscosity of the cooling cycle is less than the initial viscosity of the oil 
measured prior to heating. 

 3.9.2 Sonication Effects on Viscosity 

 The test matrix designed to evaluate the effects of sonication on the viscosity of Crude Oil 
3 was identical with that employed with Oil 2.  In total, six different actuator/frequency 
combinations were evaluated.  As in the previous experiments with Oils 1 and 2, individual tests 
were conducted for a total of 120 minutes with individual samples collected for viscosity 
determination after 0 (pre-treatment), 30, 60, 90, and 120 minutes. 

 The viscosity data obtained by sonicating Oil 3 with the selected acoustic frequencies and 
two parallel actuators fitted with horns having a two-inch (5-cm) fin spacing are presented in 
Table 36.  The corresponding “normalized” viscosity values, or fractional residual viscosity, are 
given in Table 37, and a plot of these fractional residual data is presented in Figure 69. 
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Figure 68  Viscosity of Crude Oil 3 as a Function of Temperature 

 
Table 36  Summary of Viscosity Results from Acoustic Treatment of Crude Oil 3 

Viscosity, (cP) 
Time, (min) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 622 655 720 709 587 
2 actuators @ 1.2 kHz each 626 684 647 619 616 
2 actuators @ 1.6 kHz each 637 722 753 689 683 
2 actuators @ 0.8 and 1.2 kHz 633 712 678 652 594 
2 actuators @ 0.8 and 1.6 kHz 660 726 654 638 621 
2 actuators @ 1.2 and 1.6 kHz 646 679 694 666 646  

 
 These data exhibit a pattern of variation generally similar to that shown in the tests with 
Oils 1 and 2.  One can see that there is a general trend for viscosity to decrease with time for 
each set of frequency conditions.  That is, in most cases, the viscosities observed after 120 
minutes are less than the initial viscosity values at the start of the tests.  There was one exception 
to this trend (two actuators operated at 1.6 kHz).  As was observed in the sonication tests of Oil 
2, data in Tables 36 and 37 and Figure 69 indicate that in some cases the viscosity increases after 
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exposure to sonication before subsequently decreasing by the conclusion of the tests, a condition 
not observed in the test results using Oil 1.  In the tests involving Oil 2, this situation attributed 
to the presence of an appreciable quantity of water in the samples of oil.  However, water 
separation was not observed in any of the Oil 3 samples; therefore, no probable explanation for 
this phenomenon in the Oil 3 data can be provided at this time. 

Table 37  Summary of Fractional Residual Viscosity Results for Acoustic Treatment 
of Crude Oil 3 

Fractional Residual Viscosity 
Time, (min) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 1 1.0526 1.1576 1.1395 0.9442 
2 actuators @ 1.2 kHz each 1 1.0927 1.0331 0.9891 0.9840 
2 actuators @ 1.6 kHz each 1 1.1335 1.1812 1.0808 1.0720 
2 actuators @ 0.8 and 1.2 kHz 1 1.1243 1.0712 1.0295 0.9386 
2 actuators @ 0.8 and 1.6 kHz 1 1.1006 0.9915 0.9673 0.9406 
2 actuators @ 1.2 and 1.6 kHz 1 1.0514 1.0749 1.0316 0.9994  
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Figure 69  Fractional Residual Viscosity Variation of Oil 3 with Changing 
Acoustic Treatment Conditions 
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 The data indicate that the maximum viscosity occurs on average after 30 to 60 minutes of 
treatment, followed by a reduction in the 90 and 120 minute samples.  This lends support to the 
point made previously (Section 3.6.2) that it normally takes at least three residence times for a 
flow-through system to approach steady state conditions.  The maximum amount of viscosity 
reduction attained in Oil 3 after 120 minutes of testing with sonication using the wide horn 
design was only 6.1% (fractional residual viscosity = 0.9386).  This small effect of sonication on 
Oil 3 is to be expected because the oil naturally has a very low viscosity in the untreated state.  
One would expect the greatest effects to be observed in oils with greater initial viscosity values 
(which was the case in these tests).  Figure 69 also shows that there is very little difference in the 
effects of the various treatment conditions employed during these experiments.  Again, this result 
might be expected because of the very low viscosity of Oil 3.   

3.9.3 Effects of Horn Design on Viscosity 

 All of the experiments described in the preceding report section were performed with the 
wide, 2-inch (5-cm) horn fin spacing.  The experiments were repeated using the reduced, 1-inch 
(2.5-cm) fin spacing on the acoustic horn.  These data reflecting the reduced horn spacing are 
presented in Table 38, Table 39, and Figure 70. 

Table 38  Summary of Viscosity Results for Acoustic Treatment of Crude Oil 3 
using Reduced Horn Spacing 

Viscosity, (cP) 
Treatment Time, (min.) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 627 764 747 724 605 
2 actuators @ 1.2 kHz each 628 691 645 616 625 
2 actuators @ 1.6 kHz each 627 729 733 705 649 
2 actuators @ 0.8 and 1.2 kHz 649 728 711 694 610 
2 actuators @ 0.8 and 1.6 kHz 648 696 662 645 619 
2 actuators @ 1.2 and 1.6 kHz 652 740 699 670 649  

 
 As in the previous examples, the data reflect a general trend of decreasing viscosity as the 
amount of treatment time increases following an initial viscosity increase at 30 minutes treatment 
time.  In these tests with Oil 3, only a small amount of variation in the viscosity and fractional 
residual viscosity values is observed for the various treatment conditions.  In other words, the 
pattern and magnitude of viscosity change is essentially the same, regardless of the treatment 
conditions employed.  With the 1-in. (2.5-cm) horn spacing, the maximum reduction in viscosity 
was 6.1%, which results in a fractional residual viscosity of 93.9%.  This result is nearly identical 
to that obtained using the wider, 2-in (5-cm) horn spacing.  A comparison of Figures 69 and 70 
indicates that there is very little difference in the results obtained by varying the horn design.  
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These results add further credence to the idea that the effects of sonication and the variables 
involved in delivering acoustic energy to the oil are dramatically less in low-viscosity oils than 
when the technology is applied to thicker, more viscous oils.   

Table 39  Summary of Fractional Residual Viscosity Results for Acoustic 
Treatment of Crude Oil 3 with Reduced Horn Spacing 

Fractional Residual Viscosity 
Treatment Time, (min.) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz each 1 1.2179 1.1911 1.1542 0.9640 
2 actuators @ 1.2 kHz each 1 1.1006 1.0275 0.9809 0.9949 
2 actuators @ 1.6 kHz each 1 1.1629 1.1693 1.1246 1.0353 
2 actuators @ 0.8 and 1.2 kHz 1 1.1212 1.0953 1.0695 0.9389 
2 actuators @ 0.8 and 1.6 kHz 1 1.0741 1.0222 0.9951 0.9556 
2 actuators @ 1.2 and 1.6 kHz 1 1.1350 1.0724 1.0282 0.9951  
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 3.9.4 Effects of Chemical Additives on Viscosity 

 A series of experiments examining the effects of chemical additives on the viscosity of Oil 
3 was performed.  As noted at the outset of this discussion of the experiments involving Oil 3, 
the same experimental procedures that were used with Oil 2 were employed with Oil 3, with one 
exception.  Because the quantity of Oil 3 that was available for testing was not as much of a 
limiting factor as it was with Oil 2, each test involving chemical additives presented in Table 40 
below began with a fresh crude oil sample.  The same additives used with Oils 1 and 2 were also 
used with Oil 3 and similar methods of mixing the additives with the oil, operating the test 
equipment, sample collection, and data collection were employed during this third series of tests.  
The viscosity of an initial sample of oil was measured prior to beginning the experiment.  The oil 
and additives A and B at initial concentrations (3% and 10%) were mixed, and the first test was 
performed.  Samples were collected at 0, 30, 60, 90, and 120 minutes, and the viscosity of each 
sample was measured.  The test apparatus was drained and cleaned, and a fresh sample of crude 
oil was obtained.  The concentrations of chemicals A and B were adjusted to 5% and 10% and 
the second test was performed at the same frequencies.  This procedure was repeated for the 
remaining tests in the series.  The test conditions employed and the corresponding viscosity 
results for Oil 3 are presented in Table 40.  All tests were performed with the horn fin spacing of 
1 in (2.5 cm). 

Table 40  Viscosity Values for Oil 3 Reflecting the Effects of Chemical Additives and 
Sonication 

Viscosity, (cP) 
Time, (min) Treatment Conditions 

Initial 0 30 60 90 120 
2 actuators @ 0.8 kHz & 1.2 kHz 
3% A + 10% B 627 359 295 275 253 238 

2 actuators @ 0.8 kHz & 1.2 kHz 
5% A + 10% B 628 320 298 270 266 256 

2 actuators @ 0.8 kHz & 1.2 kHz 
7% A + 10% B 626 232 230 220 190 182 

2 actuators @ 0.8 kHz & 1.6 kHz 
3% A + 10% B 649 226 209 205 189 180 

2 actuators @ 0.8 kHz & 1.6 kHz 
5% A + 10% B 648 174 139 118 117 98 

2 actuators @ 0.8 kHz & 1.6 kHz 
7% A + 10% B 652 174 168 157 109 97 

 
 
 One readily noticeable observation that can be made from Table 40 is the fact that a very 
large reduction in viscosity is attained with the addition of the chemical mix alone without 
sonication.  This result was also observed with the other crude oils that were tested previously.  
The minimum viscosity (maximum reduction) obtained with only the chemical additives is 174 
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cP which represents a 73% reduction in the initial viscosity.  The minimum viscosity reduction 
obtained with only the chemical additives resulted in a viscosity of 359 cP which equates to a 
43% reduction.  Thus, the chemical additives that were evaluated were very effective in reducing 
the viscosity of even the low-viscosity Crude Oil 3.  When sonication is added to the treatment 
conditions, viscosity is reduced even further.  As in the other series of experiments, longer 
treatment times resulted in lower viscosity values for all treatment conditions.  The changes 
resulting from sonication after the chemical mix was added can best be seen when examining the 
fractional residual viscosities when the initial viscosity is taken to be that value after the 
chemicals have been added but before beginning sonication (time = 0 minutes in Table 41).  
These normalized viscosity values for Oil 3 in Table 41 also are shown graphically in Figure 71.  
These data indicate that sonication of samples of Oil 3 in the presence of chemical additives A 
and B can further reduce the viscosity by as much as approximately 56%.  In terms of chemical 
additives alone, the largest viscosity reduction was produced by the addition of mixtures of 5% A 
and 10% B and 7% A and 10% B, although the difference in viscosity reduction among the 
various mixes of chemical additives is relatively small.  The greatest final reduction in fractional 
residual viscosity resulted from chemical additives in 7% and 10% concentrations with 0.8 and 
1.6 kHz acoustic frequencies, with the mixture of 5% A and 10% B producing nearly identical 
results with the same frequencies (Table 41 and Figure 71).  This figure also clearly shows the 
pattern of reducing viscosity with increasing treatment times for all treatments. 

Table 41  Fractional Residual Viscosity Data for Oil 3 Illustrating the Effects 
of Chemical Additives and Sonication 

Fractional Residual Viscosity 
Time, (min) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz & 1.2 kHz 
3% A + 10% B 1 0.822 0.766 0.705 0.663 

2 actuators @ 0.8 kHz & 1.2 kHz 
5% A + 10% B 1 0.931 0.845 0.834 0.802 

2 actuators @ 0.8 kHz & 1.2 kHz 
7% A + 10% B 1 0.990 0.948 0.819 0.786 

2 actuators @ 0.8 kHz & 1.6 kHz 
3% A + 10% B 1 0.922 0.905 0.834 0.797 

2 actuators @ 0.8 kHz & 1.6 kHz 
5% A + 10% B 1 0.7995 0.682 0.673 0.567 

2 actuators @ 0.8 kHz & 1.6 kHz 
7% A + 10% B 1 0.968 0.903 0.628 0.559 
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Figure 71  Variation of Fractional Residual Viscosity of Oil 3 with Changes in 
Sonication Frequencies and Amount of Chemical Additives 

 

 3.9.5 Viscosity Recovery 

 As was done during the experiments involving Oil 2, a set of experiments was designed 
using Oil 3 wherein oil samples collected after the various treatments (acoustic frequencies, horn 
design, chemical additives) were monitored for a period of 30 days to obtain data on the amount 
and rate of viscosity recovery.  These data also provide information as to the relative 
effectiveness of the various treatments in terms of how long the resulting viscosity reductions 
might be expected to remain. 

 Tables 42 and 43 contain the viscosity recovery data for Crude Oil 3 following sonication 
treatment using the wider, 2-in (5-cm) horn fin spacing.  The actual measured viscosity values 
are presented in Table 42, and Table 43 contains the fractional residual viscosity recovery data.  
In both cases, as well as the other tables presented in this section, the initial viscosity values 
represent the viscosity of the oil prior to the beginning of the sonication treatment experiments.  
The data for 0 days following treatment are the data obtained after 120 minutes of sonication 
testing during the initial experiments.  The viscosity of each sample was subsequently measured 
after the sample was allowed to sit undisturbed for periods of 1, 3, 7, 14, and 30 days.  Tables 44 
and 45 contain analogous data collected using the narrow (1 in, 2.5 cm) horn spacing. 
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Table 42  Viscosity Recovery in Crude Oil 3 Following Sonication Using the Wide Horn 
Spacing 

Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 0 1 3 7 14 30 
2 actuators @ 0.8 kHz each 622 587 591 590 593 597 596 
2 actuators @ 1.2 kHz each 626 616 618 615 622 623 623 
2 actuators @ 1.6 kHz each 637 683 692 694 696 695 692 
2 actuators @ 0.8 and 1.2 kHz 633 594 612 619 624 626 626 
2 actuators @ 0.8 and 1.6 kHz 650 621 631 635 639 641 642 
2 actuators @ 1.2 and 1.6 kHz 646 646 652 661 665 668 664  

 
 
Table 43  Fractional Residual Viscosity Recovery in Crude Oil 3 Following Sonication 
Using the Wide Horn Spacing 

Fractional Residual Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 0 1 3 7 14 30 
2 actuators @ 0.8 kHz each 1 0.9442 0.9503 0.9490 0.9529 0.9600 0.9585 
2 actuators @ 1.2 kHz each 1 0.9840 0.9875 0.9831 0.9943 0.9954 0.9946 
2 actuators @ 1.6 kHz each 1 1.0720 1.0865 1.0890 1.0923 1.0902 1.0860 
2 actuators @ 0.8 and 1.2 kHz 1 0.9386 0.9665 0.9774 0.9853 0.9885 0.9891 
2 actuators @ 0.8 and 1.6 kHz 1 0.9551 0.9709 0.9771 0.9837 0.9855 0.9875 
2 actuators @ 1.2 and 1.6 kHz 1 0.9994 1.0093 1.0237 1.0286 1.0344 1.0280  

 
 Tables 42 and 43 indicate that the viscosity of Oil 3 increased during the rest period after 
sonication treatment.  However, the amount of change is very small.  When the data for 0 and 30 
days following treatment are compared, the viscosity increases by a maximum of 5.1% and a 
minimum of only about one percent.  It is interesting to note that the resting viscosity tends to 
increase in all cases; that is when the post-treatment viscosity is both greater than and less than 
the initial viscosity prior to sonication.  When the 30-day viscosity data are compared with the 
initial (pre-sonication) values, the maximum change is only 8.6% (both frequencies = 1.6 kHz) 
and the minimum change is less than one percent (both frequencies = 1.2 kHz).  Consequently, 
the changes that occurred with the low-viscosity crude as a result of sonication are very small, 
but they are sustained during the rest period. 

 The data in Tables 44 and 45 illustrate similar results.  These data, along with the 
observations discussed previously, indicate that changes in the horn design produce insignificant 
differences in viscosity reduction and recovery in this low-viscosity crude oil.  With the narrow 
horn spacing, viscosity increased during the recovery period in all cases, ranging from a 
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minimum increase during the 30 days of 1.1% to a maximum of only 3.5%.  When the data for 
30 days are compared to the initial (pre-sonication), the maximum viscosity change remaining at 
the end of the recovery period is 4.5%.  Therefore, one can conclude that sonication has very 
little effect on the viscosity of Oil 3 and that the effects of horn design are negligible.  However, 
the changes that did occur were persistent during the month-long recovery period. 

Table 44  Viscosity Recovery in Crude Oil 3 Following Sonication Using the Narrow 
Horn Spacing 

Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 0 1 3 7 14 30 
2 actuators @ 0.8 kHz each 627 605 610 615 619 622 621 
2 actuators @ 1.2 kHz each 628 625 629 631 633 632 635 
2 actuators @ 1.6 kHz each 627 649 652 654 655 656 656 
2 actuators @ 0.8 and 1.2 kHz 649 610 615 619 622 626 626 
2 actuators @ 0.8 and 1.6 kHz 648 619 631 639 641 641 642 
2 actuators @ 1.2 and 1.6 kHz 652 649 654 659 661 660 663  

 
 
Table 45  Fractional Residual Viscosity Recovery in Crude Oil 3 Following Sonication 
Using the Narrow Horn Spacing 

Fractional Residual Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 0 1 3 7 14 30 
2 actuators @ 0.8 kHz each 1 0.9639 0.9729 0.9806 0.9868 0.9917 0.9906 
2 actuators @ 1.2 kHz each 1 0.9949 1.0022 1.0051 1.0081 1.0067 1.0110 
2 actuators @ 1.6 kHz each 1 1.0353 1.0402 1.0440 1.0453 1.0471 1.0462 
2 actuators @ 0.8 and 1.2 kHz 1 0.9389 0.9476 0.9535 0.9584 0.9637 0.9643 
2 actuators @ 0.8 and 1.6 kHz 1 0.9556 0.9741 0.9863 0.9892 0.9892 0.9906 
2 actuators @ 1.2 and 1.6 kHz 1 0.9951 1.0032 1.0107 1.0138 1.0124 1.0172  

 
 The data in Table 42 are presented graphically in Figure 72.  A plot of the data in Table 44 
illustrates an analogous pattern of variation.  Figure 72 illustrates the inconsistent results 
obtained with Crude Oil 3 using sonication to further reduce the already low viscosity.  In some 
cases, viscosity remained greater than the initial value after 30 days; in others the viscosity 
remained lower.  Although viscosity changes were small, they were sustained during the month 
following treatment.  This figure also shows that the small amount of viscosity recovery occurs 
primarily in the first seven days following the treatment and that viscosity remains fairly constant 
during the last three weeks of the recovery period.  This observation is similar to that made 
during the experiments involving Oil 2. 
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Figure 72  Viscosity Recovery with Time Following Sonication with the Wide Fin 
Spacing for Crude Oil 3 

 
 Finally, a third set of viscosity recovery measurements was made using the samples 
collected at the conclusion of the series of tests involving sonication and chemical additives.  
These data are given in Tables 46, 47, and 48.  The first of these tables contains both the 
viscosity data following the addition of the chemical mix to Oil 3 and the initial, pre-additives 
viscosity.  The columns labeled “Initial A+B” contain the viscosity data for Oil 3 following the 
addition of the chemicals (post-additives) but before that sample was treated with sonication.  As 
with the previous tests of viscosity recovery, the viscosity at time 0 days is the value measured 
after the sample was exposed to sonication for 120 minutes and at the beginning of the recovery 
period.  As noted previously, the chemical additives are very effective in reducing Oil 3 viscosity 
without sonication.  When the oil with additives is exposed to sonication, the viscosity is reduced 
even further.  In terms of recovery, the data in Table 46 show that the viscosity values change 
only by small amounts during the 30 days following treatment.  This situation is further 
illustrated by examining the fractional residual viscosity values presented in Table 47.  These 
normalized values are based on the post-additives viscosity (Initial A+B).  The changes in 
viscosity during the recovery period are clear in these data.  In all cases, the residual viscosity 
increased during the recovery period, and in one case, the final viscosity at the end of the 30-day 
rest period exceeded the initial viscosity value after adding the chemical mix and prior to 
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sonication.  The remaining five values indicate that the final viscosity was approaching the pre-
sonication, post-additives value.  However, as one can determine from Table 46, the absolute 
value of viscosity change in all tests during the recovery period was very small. 

Table 46  Crude Oil 3 Viscosity Recovery with Time Following Treatment with 
Sonication Using Small Horn Spacing and Chemical Additives 

Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial Initial 
A+B 0 1 3 7 14 30 

0.8 & 1.2 kHz, 3% A + 10% B 627 359 238 248 256 263 266 268 
0.8 & 1.2 kHz, 5% A + 10% B 628 320 256 262 273 282 288 295 
0.8 & 1.2 kHz, 7% A + 10% B 626 232 182 206 213 221 224 224 
0.8 & 1.6 kHz, 3% A + 10% B 649 226 180 223 246 251 255 262 
0.8 & 1.6 kHz, 5% A + 10% B 648 174 98 146 153 161 164 168 
0.8 & 1.6 kHz, 7% A + 10% B 652 174 97 133 148 155 159 162  

 
 
Table 47  Recovery of Fractional Residual Viscosity of Oil 3 with Time Following 
Treatment with Sonication and Chemical Additives Using Post-Additives Viscosity 
as Initial Value 

Fractional Residual Viscosity, (cP) 
Time Following Treatment, (days) Treatment Conditions 

Initial 
A+B 0 1 3 7 14 30 

0.8 & 1.2 kHz, 3% A + 10% B 1 0.6577 0.6912 0.7135 0.7330 0.7414 0.7469 
0.8 & 1.2 kHz, 5% A + 10% B 1 0.8010 0.8198 0.8554 0.8836 0.9018 0.9218 
0.8 & 1.2 kHz, 7% A + 10% B 1 0.7862 0.8897 0.9164 0.9526 0.9655 0.9655 
0.8 & 1.6 kHz, 3% A + 10% B 1 0.7968 0.9867 1.0866 1.1087 1.1263 1.1572 
0.8 & 1.6 kHz, 5% A + 10% B 1 0.5668 0.8422 0.8813 0.9274 0.9459 0.9700 
0.8 & 1.6 kHz, 7% A + 10% B 1 0.5586 0.7667 0.8506 0.8908 0.9149 0.9333  

 
 The relative significance of the viscosity recovery in Oil 3 under these test conditions can 
be judged from the data in Table 48 where the fractional residual (normalized) viscosity data are 
based on the viscosity of Oil 3 before any chemicals were added and before sonication.  These 
data indicate that the residual viscosity is reduced to about 26% to 57% of the initial value by the 
addition of the chemical mixture.  During the recovery period, the viscosity increased by a 
minimum of about 5.1% to a maximum of 12.6% of the pre-treatment viscosity.  At the 
conclusion of the 30-day recovery period, the residual viscosity remained at 24.9% to 46.9% of 
the pre-treatment value.  These results suggest that the combined treatment with additives and 
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sonication is effective in reducing viscosity even further in crude oils with an initially low 
viscosity.  The most effective mixture of chemicals were 5% A and 7% A combined with 10% B.   

Table 48  Recovery of Fractional Residual Viscosity of Oil 3 with Time Following Treatment 
with Sonication and Chemical Additives Using Pre-Additives Viscosity as Initial Value 

Fractional Residual Viscosity 
 Time Following Treatment, (days) Treatment Conditions 

Initial Initial 
A+B 0 1 3 7 14 30 

0.8 & 1.2 kHz, 3% A + 10% B 1 0.5722 0.3764 0.3955 0.4083 0.4195 0.4242 0.4274
0.8 & 1.2 kHz, 5% A + 10% B 1 0.5089 0.4076 0.4172 0.435 0.4497 0.4589 0.4691
0.8 & 1.2 kHz, 7% A + 10% B 1 0.3706 0.2914 0.3297 0.3396 0.3530 0.3578 0.3578
0.8 & 1.6 kHz, 3% A + 10% B 1 0.3488 0.2780 0.3442 0.3790 0.3867 0.3929 0.4037
0.8 & 1.6 kHz, 5% A + 10% B 1 0.2679 0.1519 0.2256 0.2361 0.2485 0.2534 0.2599
0.8 & 1.6 kHz, 7% A + 10% B 1 0.2669 0.1491 0.2046 0.2270 0.2377 0.2442 0.2491 

 

3.9.6 Summary of Crude Oil 3 Results 

 Tests were conducted to evaluate the effects of heat on the viscosity of Crude Oil 3.  Test 
results demonstrated that the viscosity decreased in an exponential/power function relationship 
with increasing temperature.  As was the case with all three crude oils tested, the viscosities 
during the cooling cycle were less than those at similar temperatures measured during the heating 
cycle. 

 Experiments to determine the results of sonication on viscosity were performed using two 
parallel actuators operating at six different combinations of acoustic frequencies.  Initial 
experiments were conducted using horns with a two-inch (five-centimeter) fin spacing.  Data 
obtained during these tests indicated that under some conditions, viscosity increased slightly 
upon initial exposure to sonication.  However, subsequent exposure to sonication resulted in a 
decrease in viscosity to the extent that in only one case was the final viscosity after 120 minutes 
of testing greater than the initial viscosity.  This was contrary to the results obtained with Oil 1, 
but this same phenomenon was observed with Oil 2.  It was concluded that this situation resulted 
because of the appreciable and variable water content in the Oil 2 samples.  However, this does 
not appear to be the situation with Oil 3, because water separation was not observed.  The reason 
for this pattern of response in the least-viscous oil is not presently known.  A maximum viscosity 
reduction of only about 6% was achieved with these test conditions.  When the series of 
experiments was repeated using a one-inch (2.5-cm) horn spacing, the test results exhibited a 
similar pattern of change in viscosity following sonication with the maximum reduction again 
being approximately 6%.  Thus the horn design had a minimal effect on the experimental results.  
The combination of frequencies of 0.8 kHz and 1.2 kHz appear to provide consistently better 
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viscosity reductions in Crude Oil 3 with the combination of 0.8 kHz and 1.6 kHz also providing 
good results.  These observations agree generally with those obtained with the other two crude 
oils. 

 Another series of tests was performed to evaluate the effects of chemical additives along 
with sonication.  Since the narrow horn spacing was used to test Oil 2, the same design was 
selected for testing Oil 3.  The same chemical mixes were used as were used in the previous 
experiments.  The addition of the chemicals reduced the viscosity by a minimum of 43% and a 
maximum of 73% prior to exposure to sonication.  Subsequent exposure of the samples to 
sonication reduced viscosities even further; thus the combination of additives and sonication was 
more effective in reducing the viscosity of Oil 3 than either treatment used by itself.  The mix of 
3% additive A along with 10% additive B appears to be the most effective on this low-viscosity 
crude followed by 5% A and 7% A in combination with 10% B.  However, these differences are 
very small. 

 Finally, a series of tests was conducted to evaluate viscosity recovery in samples allowed 
to sit undisturbed for 30 days following the individual tests.  In all of the tests, viscosity 
increased during the recovery period.  However, in all cases, the relative amounts of increase, 
compared to the pre-treatment values, were very small.  When all recovery data involving Oil 3 
are examined, the results obtained with the narrow horn spacing are nearly identical to those 
obtained with the wide horn spacing.  The amount of viscosity increase during the month-long 
observations of these two suites of tests was always less than 10%.  The changes in viscosity 
observed during the recovery period in samples treated with chemical additives and sonication 
were larger than those observed in the samples treated with sonication alone.  However, after 
recovery, the viscosity values were only about 25% to 47% of the initial, pre-treatment values.  
In no case did the viscosity at the end of the month-long recovery period in any treated sample of 
Oil 3 return to a value approximating the pre-treatment value.  Therefore, the experimental 
evidence indicates that although viscosity reductions resulting from sonication alone and from 
sonication in combination with the tested chemical additives in Oil 3 are small compared to the 
two more viscous crudes evaluated, the reductions in viscosity do occur and they persist for at 
least 30 days following treatment. 

3.10 Results From Three Crude Oils Compared 

 The experimental results obtained with Crude Oils 1, 2, and 3 were described in the 
previous sections of this report.  In Section 3.10, some of the results involving common tests of 
all three oils will be compared and evaluated.  For this evaluation, the effects of acoustic 
frequencies, horn design, and chemical additives will be considered.  Although the effects of 
input power levels along with the number and arrangement of actuators were also examined in 
this study, these conditions were not evaluated with all three crude oils.  Consequently, the 
comparison of results in the following discussion is limited to the three treatment conditions that 
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were examined with all three oils.  In each case, the two best results obtained for each crude oil, 
as reflected in the amount of viscosity reduction, are used in the comparison.  Given this 
approach, it is possible that the same acoustic frequency conditions are not shown for all three 
oils for a given comparison because different frequencies may have produced the “best” results 
with different oils.  In all instances discussed in this report section, the “best” results are deemed 
to be those where the smallest values of viscosity or fractional residual viscosity are observed at 
the conclusion (after 120 minutes) of testing. 

 3.10.1 Effects of Sonication 

 All three crude oils were exposed to a similar set of acoustic test conditions.  It will be 
recalled that Crude Oil 1 was tested using a larger number of test conditions and equipment 
configurations, but the least effective options were eliminated from further testing, leaving the 
common conditions used in testing all three oils.  It should be stated again that Crude Oil 1 was 
very viscous with the greatest viscosity of the three crude oils evaluated during this study.  Oil 2 
had an intermediate viscosity and contained a substantial amount of water that tended to separate 
from the oil during sonication.  Oil 3 was a light crude with no apparent water content and a very 
low viscosity.   

 Table 49 contains the fractional residual viscosity values representing the two best results 
obtained from sonication alone for each of the three crude oils.  These data are also presented 
graphically in Figure 73.  One can see that the greatest reduction in viscosity as a result of 

Table 49  Comparison of Fractional Residual Viscosity Results Obtained During 
Sonication Testing of Crude Oils 1, 2, and 3 

Fractional Residual Viscosity 
Time, (min) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz & 1.2 kHz, 
Crude Oil 1 1 0.6417 0.5830 0.5800 0.5698 

2 actuators @ 0.8 kHz, 
Crude Oil 1 1 0.5848 0.6134 0.6018 0.6131 

2 actuators @ 0.8 kHz and 1.2 kHz, 
Crude Oil 2 1 0.8268 0.7562 0.7803 0.7682 

2 actuators @ 0.8 kHz and 1.6 kHz, 
Crude Oil 2 1 1.0341 0.9467 0.9205 0.7761 

2 actuators @ 0.8 kHz and 1.2 kHz, 
Crude Oil 3 1 1.1243 1.0712 1.0295 0.9386 

2 actuators @ 0.8 kHz and 1.6 kHz, 
Crude Oil 3 1 1.1006 0.9915 0.9673 0.9406 
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Figure 73  Variation of Fractional Residual Viscosity in Crude Oils 1, 2, and 3 
Resulting from Sonication Only 

 
sonication occurred in Oil 1, the most viscous oil of the three.  The tests involving Oil 2 
produced intermediate results, and the least reduction in viscosity, as evidenced by the largest 
values of fractional residual viscosity, occurred in Oil 3 which had a very low viscosity prior to 
testing.  The viscosity of Oil 1 was reduced by approximately 42%, whereas that of Oil 3 was 
reduced by only about 6%.  The viscosity of Oil 2 was reduced by approximately 23%.  
Operating two actuators in parallel at frequencies of 0.8 kHz and 1.2 kHz produced the greatest 
reduction in viscosity in all three oils; frequencies of 0.8 kHz and 1.6 kHz produced nearly the 
same results in two of the three oils.  The trend of increasing fractional residual viscosity 
(reduced ability of sonication to decrease oil viscosity) as the initial, untreated oil viscosity 
decreases is well illustrated in Figure 73.  In other words, the ability of sonication to reduce the 
viscosity of crude oil is inversely related to the initial viscosity.  Sonication is more effective in 
reducing the viscosity of heavy, viscous crudes than lighter, less-viscous crudes. 

 3.10.2 Effects of Horn Design 

 The second independent variable that can be evaluated across all three crude oils is the 
effect of horn design.  It will be recalled that two different horn designs were evaluated during 
the study: one involved a fin spacing of one inch (2.5 cm) (narrow fin spacing) and the second 
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utilized a spacing of two inches (5 cm) (wide fin spacing).  Each of the three crude oils was 
tested with both horns while maintaining the same acoustic output from the actuators.   

 Table 50 contains the values of fractional residual viscosity for each of the three crude oils 
measured at the conclusion (120 min.) of testing under the specified treatment conditions.  As 
discussed in the previous report section, the two “best” results from each crude oil are used for 
comparison.  These data are presented graphically in Figure 74.  In general, these data indicate 
that the acoustic horn design based on the narrow (1 in, 2.5 cm) spacing is more effective in 
reducing the viscosity of all three oils than is the wide (2 in, 5 cm) spacing, although there is 
essentially no difference in the results for the low-viscosity Oil 3.  Clearly, the largest difference 
in residual viscosity due to changing horn design was in Oil 2.  It will be recalled that this oil had 
a significant water content which may have influenced this response; however, this is only 
speculation at this time.  There is no other obvious explanation for such a dramatic difference in 
the results from this oil compared to those obtained with Oils 1 and 3. 

Table 50  Fractional Residual Viscosity Values at the Conclusion of 
Testing the Three Crude Oils with Narrow Spacing and Wide Spacing 
Acoustic Horn Fins 

Fractional Residual Viscosity 
Treatment Conditions 

Narrow Fins Wide Fins 
2 actuators @ 0.8 kHz & 1.2 kHz, 
Crude Oil 1 0.5698 0.6612 

2 actuators @ 0.8 kHz & 1.6 kHz, 
Crude Oil 1 0.6722 0.6892 

2 actuators @ 0.8 kHz & 1.2 kHz, 
Crude Oil 2 0.2966 0.7682 

2 actuators @ 0.8 kHz & 1.6 kHz, 
Crude Oil 2 0.2418 0.7761 

2 actuators @ 0.8 kHz & 1.2 kHz, 
Crude Oil 3 0.9389 0.9386 

2 actuators @ 0.8 kHz & 1.6 kHz, 
Crude Oil 3 0.9556 0.9406 

 
 
 The data for the wide fin spacing show a progressive decrease in the amount of viscosity 
reduction with decreasing viscosity of the untreated crude oils (recall that Oil 1 is highly viscous, 
Oil 2 has intermediate viscosity, and Oil 3 has a low viscosity).  This trend is obviously related to 
the identical relationship in the sonication treatment data discussed previously (Table 49 and 
Figure 73).  A similar trend in the narrow fin horn design data might also exist were it not for the 
large disparity in the results for Oil 2.  In addition, one can see that the differences between the 
results of the two horn designs are larger in Oils 1 and 2 that in Oil 3.  This suggests that the 
narrow fin design is more likely to be a better choice with heavier, more-viscous crudes than 
with lighter, less-viscous crude oils. 



 121

 

0

0.2

0.4

0.6

0.8

1

2 @ 0.8 &
1.2 kHz

2 @ 0.8 &
1.6 kHz

2 @ 0.8 &
1.2 kHz

2 @ 0.8 &
1.6 kHz

2 @ 0.8 &
1.2 kHz

2 @ 0.8 &
1.6 kHz

Crude Oil 1 Crude Oil 2 Crude Oil 3

Treatment Conditions

Fr
ac

tio
na

l R
es

id
ua

l V
is

co
si

ty
Narrow Fins Wide Fins

Figure 74  Fractional Residual Viscosity Data for Oils 1, 2, and 3 Illustrating the 
Effects of Acoustic Horn Design 

 

 3.10.3 Effects of Chemical Additives 

 The third set of treatment conditions to be compared across all three crude oils is the 
addition and concentrations of chemical additives used in conjunction with sonication.  As 
discussed previously, the concentration of chemical A was varied from 3% (by volume) to 5%, 
and to 7% while the concentration of chemical B was maintained at 10% in each experiment.  
The two best results obtained with chemical additives and sonication for each of the three crude 
oils are given in Table 51 and Figure 75. 

 Based on these data, it is clear that the combined effects of sonication and chemical 
additives are much more effective in reducing the viscosity of Oil 1 than either Oil 2 or 3.  One 
can also see that the results for Oils 2 and 3 are very similar both in the value of fractional 
residual viscosity at the conclusion of the tests, and the patterns of variation with time.  The 
acoustic conditions/frequencies that produced the best results in conjunction with the chemicals 
in Oil 1 are different from those associated with the best results in Oils 2 and 3, but the best
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Table 51  Fractional Residual Viscosity Data for Crude Oils 1, 2, and 3 Treated 
with Chemical Additives and Sonication 

Fractional Residual Viscosity 
Time, (min) Treatment Conditions 

0 30 60 90 120 
2 actuators @ 0.8 kHz, 
3% A + 10% B, Crude Oil 1 1 0.970 0.480 0.410 0.320 

2 actuators @ 1.2 kHz,  
5% A + 10% B, Crude Oil 1 1 0.330 0.390 0.399 0.320 

2 actuators @ 0.8 kHz and 1.2 kHz, 
3% A + 10% B, Crude Oil 2 1 0.851 0.790 0.697 0.565 

2 actuators @ 0.8 kHz and 1.6 kHz, 
3% A + 10% B, Crude Oil 2 1 0.863 0.795 0.707 0.576 

2 actuators @ 0.8 kHz and 1.6 kHz, 
5% A + 10% B, Crude Oil 3 1 0.799 0.682 0.673 0.567 

2 actuators @ 0.8 kHz and 1.6 kHz, 
7% A + 10% B, Crude Oil 3 1 0.968 0.903 0.682 0.559 
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Figure 75  Variation of Fractional Residual Viscosity of the Three Crude Oils with 
Changing Mixtures of Chemical Additives and Sonication Conditions 
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frequencies for these latter two test oils are similar.  Finally, it is apparent that the pattern of 
variation within the results obtained with both sonication and chemical additives (Figure 75) are 
similar to those obtained with sonication alone (Figure 73); however, the amount of viscosity 
reduction is greater (lower values of fractional residual viscosity) in all six tests when chemical 
additives are used than in the tests involving only sonication. 

 3.10.4 Summary of Comparisons of Three Crude Oil Results 

 The data and observations presented in this report section show that the viscosity of all 
three crude oils having viscosities ranging over two orders of magnitude (approximately 60,000 
cP to 700 cP) can be reduced when exposed to sonication either in the presence or absence of 
chemical additives.  The amount of viscosity reduction is greater when the chemicals are added 
than when sonication is used alone.  The reductions in viscosity attained by the acoustic and 
chemical treatments are inversely related to the initial, pre-treatment viscosity of the crude oils.  
The greatest reduction in viscosity occurred in Oil 1 which was the most viscous of the three, 
whereas the minimum viscosity effects were observed with the Crude Oil 3 having the lowest 
initial viscosity.  A very similar pattern of variation was observed in the results obtained with 
sonication only and with sonication plus chemical additives. 

 The results involving the acoustic horn design are inconclusive.  In most tests, the smaller 
fin spacing design was more effective in reducing crude oil viscosity than was the wider spacing.  
However, there was essentially no difference in the results involving Oil 3.  The pattern of 
variation in results involving the wide spacing is progressive in that the greatest effects were 
observed in Oil 1, intermediate results with Oil 2, and the least effects in Oil 3.  A dramatic 
reduction in post-treatment viscosity in Oil 2 occurred with the narrow spacing.  It is reasoned 
that this may be due to the larger water content of Oil 2 as compared to the other two oils.  
However, it is unclear why this condition would cause the narrow spacing to be so much more 
effective in separating the water and reducing the oil viscosity than when the wide horn design 
was employed. 
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4  PROCESS ECONOMICS, MARKET POTENTIAL, AND SCALE-UP FACTORS 

4.1 Process Economics 

 Process economic data that can be developed at this time must be viewed as preliminary 
and subject to change as more tests are completed and additional data are obtained.  Because this 
project is a “first of a kind”, all economic data must be considered as estimates or projections.  
The project was a laboratory-based study, but the design used in the laboratory, a three-acutator 
“cross” design, is unsuitable for downhole use.  However, for above-ground applications, such as 
moving heavy crude between the well site and a transportation vehicle (ship, rail tank car, etc.) 
and between the vehicle and crude user/processor facility (e.g. refinery), the design, with some 
modifications, may be acceptable.  The modifications could entail enlarging the equipment, 
designing a series of reaction chambers to work in sequence, changing the cross design to a 
single-plane design where the number and spacing of actuators could be increased to address 
more power and reaction-time requirements, and similar engineering considerations.  The cost of 
such a system would be dependent upon the size and complexity of the system along with the 
number of components, but it is estimated that an initial cost would be approximately $40,000 
for a two-actuator system.  Downhole systems would likely cost approximately $25,000 for a 
single actuator system.  Multiple actuator systems for downhole use are possible, but further 
development of this concept is necessary. 

4.2 Market Potential 

 4.2.1 Applications 

 Treating crude oil with acoustic energy may have a number of applications.  These 
potential uses range from in-situ to surface applications. 

1. Surface crude oil viscosity reduction.  Reducing the viscosity of heavy crude oil will 
add value by increasing the API gravity (adds value differential) and by making the 
crude easier to pump (eliminate the cost of heating the crude while transporting 
through pipelines or on tankers).  Surface treatment of crude may be enhanced by using 
additives such as the following: 

• Solvents 
• Chemicals/catalysts 
• Surfactants 
• Hydrogen 

The proprietary chemicals used in this study enhanced the reduction in viscosity of the 
three crude oils used in the investigation with the largest effects being evident in the 
most viscous oil. 
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2. Subsurface crude oil viscosity reduction.  Similar to the benefits of treating crude oil 
on the surface, treating crude oil downhole provides the added benefit of increasing 
recovery factors (reserves) and minimizing surface treatment problems and associated 
costs.  Subsurface treatment may also be enhanced by using additives such as the 
following: 

• Solvents 
• Chemicals/catalysts 
• Surfactants 

TechSavants, Inc. and its collaborators have demonstrated the increase in production 
using downhole acoustic energy (Johnson and others, 2004; Paulsen and others, 
2005b).  The chemicals used in this study increased appreciably the levels of viscosity 
reduction attained by sonication.   

3. Subsurface micro fracture propagation.  Treating low permeability reservoir rock 
with acoustic energy at specific frequencies and power levels may cause the rock 
matrix to fail locally, resulting in the formation of micro fractures (secondary 
permeability).  Successful development of this technology would facilitate oil 
production from tight reservoirs currently not productive.  Work in this area requires 
further research.  This area of investigation was not part of this SBIR project. 

4. Sulfur removal from crude oil.  Sour crude production makes up 60% of the daily 
global crude oil production and 80% of the economically recoverable global oil 
reserves (Harvey, 2005).  As the demand for crude oil increases, more sour crude will 
enter the market.  These sour crudes contain sulfur contents greater than 0.5% by 
weight and may contain as much as 5% or 6% sulfur (Petroleumiran, 2005).  There is 
limited global refining capacity to refine these high sulfur crude oils and environmental 
constraints on sulfur emissions continue to be tightened.  A technology that can cost 
effectively reduce sulfur at the point of production would reduce the refining capacity 
problem and would add value to the raw product.  The price spread between 
comparable sour and sweet API crudes is approximately $3.00 (Cooke, 2004).  This 
spread will increase as more sour crude enters the market.  Theoretically, treatment 
with acoustic energy applied at specific frequencies and power levels should be able to 
break molecular bonds within sour crudes, thereby facilitating sulfur removal.  
However, research on this topic was not part of this SBIR investigation. 

5. Well bore cleaning.  As producing wells age, the completions and the “near wellbore” 
reservoir plugs with fines, paraffin, asphaltenes, sand, iron silicate, and other 
substances.  Acoustic energy applied at specific frequencies and power levels will 
remove or mobilize deposits in the completion interval.  Cleaning the completion 
interval (screens, perforations, casing, etc.) will facilitate increased fluid flow that 
should increase oil/gas production.  TechSavants, Inc. and Furness-Newburge, Inc. 
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recently participated in a study examining acoustic energy as a remediation tool in 
natural gas storage (injection/withdrawal) wells (Paulsen and others, 2005a, 2005b). 

4.2.2 Market Projections 

 Since the applications mentioned above are either pre-commercial or conceptual in nature, 
market projections are speculative at the present time.  However, a preliminary analysis of 
market size and value has been performed to provide an “order of magnitude” estimate.  Table 
52 below summarizes estimates based on conditions that exist today and assuming a reasonable 
acceptance of the technology by the petroleum industry. 

 
Table 52  Estimated Market Size and Value for Selected Petroleum Industry Applications 

Application Estimated Annual 
Volume, (MMBO) 

Estimated Annual 
Revenue, ($ MM) 

Viscosity Reduction   

 Surface >1,000 >$6,000 

 Subsurface >250 >$1,500 

Fracture Propagation   

 Subsurface >1,250 >$12,500 

Sulfur Removal   

 Surface >14,000 >$6,300 

Wellbore Cleaning   

 Subsurface >40 >$400 

Note:  MMBO is Millions of Barrels of Oil and $ MM is Millions of Dollars  
 

4.2.3 Assumptions 

 The following assumptions form the basis for the calculations used to obtain the data 
presented in Table 52.  In all examples, the assumptions were developed to provide very 
conservative market potential values.  Given the recent rise in the price of crude oil to more than 
$60/bbl associated with supply constraints, one could argue that the pricing and market 
penetration assumptions could be significantly increased compared to those used in this 
document.  However, the authors believe that the approach employed is much more realistic and 
defensible.  Because of the historical cyclic nature of petroleum supply-demand and pricing 
variations, being conservative in future projections and estimates seems prudent.  This is also a 
major factor in the reasoning for using a price margin (sale price minus all costs/expenses) of 
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$10/bbl for estimating potential revenues.  This represents a sound, conservative, and easily 
defended value. 

 Surface Viscosity Reduction Assumptions 

• Heavy oil/Bitumen = API gravity is lower than 20 degrees and viscosity is greater than 
1000 cP (Herron, 2000). 

• Daily global crude oil production = 65-70 million BOPD (barrels of oil per day). 
• Daily production of heavy oil/bitumen = 2.8 million BOPD (~ 1 billion bbls/yr) which 

is a very conservative estimate. 
• Viscosity reduction equal to WTI (West Texas Intermediate benchmark standard for oil 

pricing).  Current price spread between WTI and Kern River crude (API 13) is 
approximately $14/bbl.  Conservatively use the historic spread = $6.00/bbl in these 
estimates. 

• A majority of the value created by reducing crude oil viscosity is associated with 
realizing the API gravity value differential as compared to WTI.  Therefore, only the 
API gravity value differential is used in the analysis and the value associated with 
making the crude easier to transport is not included (conservative approach). 

 Subsurface Viscosity Reduction 

• Same assumptions used to calculate the value for “Surface Viscosity Reduction” 
above. 

• Total world oil reserves = 1.5 trillion barrels (Cooke, 2004). 
• Reserves applicable for this technology (assumed 10% of total) = 150 billion barrels. 
• Increase recovery by 5% (conservative estimate) of the 150 billion barrels applicable to 

this technology over 30 years (7.5 billion bbls/30 years = 250 MMBO/yr). 
• Use historic spread between heavy crude and WTI = $6.00/bbl ($1,500 MM/yr) 

 Fracture Propagation 

• 10% of the world’s oil reserves are in low permeability rock. 
• Total world oil reserves = 1.5 trillion barrels (Cooke, 2004). 
• Reserves applicable for this technology assumed to be 10% of total = 150 billion 

barrels. 
• Recover 25% of the 150 billion barrels applicable to this technology over 30 years 

(37.5 billion bbls/30years = 1.25 billion bbls/yr). 
• Average oil price margin = $10/bbl ($12.5 billion/yr). 

 Sulfur Removal from Crude Oil 

• 60% of world production is classified as “sour” crude (Harvey, 2005). 
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• Daily global production = 65-70 million BOPD. 
• Daily global sour production = 39-42 million BOPD (14-15 billion bbls/yr) 
• Average price uplift for sulfur removal = $1.50/barrel (use 30% of $1.50 in estimate = 

$0.45/bbl). 
• Revenue range of $6.3 billion/yr to $6.75 billion/yr.  Use the smaller value as estimate. 

 Production Well Bore Cleaning 

• Number of crude oil production wells in the U.S. = 500,000 (Energy Information 
Agency, 2003). 

• Assume 10% of the U.S. wells could use his technology = 50,000 wells. 
• Average production per U.S. well = 11 BOPD (Energy Information Agency, 2003). 
• Assume 20% average production gain per well = 2.2 BOPD per well (110,000 BOPD = 

39.6 MMBO/yr increased production). 
• Average oil price margin = $10/bbl ($396 million/yr additional revenue). 
• Estimated annual revenue is from incremental oil production only and does not include 

service company fees. 

4.2.4 Geographical Use 

 The application of treating crude oil with acoustic energy can be used globally.  This 
technology is simple in nature, relative small in size, portable, and only requires electric power to 
energize the system.  It can be used in either a refinery or in an oil field setting.  Once the 
applications mentioned in the market potential section are matured to a point for 
commercialization, deployment should be rapid due to the relatively low cost of the technology. 

4.2.5 Potential Clients 

 Due to the projected low cost of the technology, both small and large oil companies and 
refineries, could afford to adopt the technology into their daily operating strategies.  For several 
of the potential applications, service companies can be equipped with the technology for 
deployment in the field. 

4.3 Scale-Up Factors 

 Because the technology is small, scale-up factors are not a major issue.  In fact, a real issue 
was scaling down the technology to fit downhole without a significant loss in acoustic energy 
power.  Furness-Newburge, Inc. and TechSavants, Inc. have designed and developed a downhole 
system to meet variable well constraints.  During two previous projects, this system was 
deployed downhole six times, three times to stimulate oil production and three times to clean 
natural gas storage well perforations and casing.  Oil production was increased a minimum of 
15% within each well and the gas storage well “skin” improved from -2.5 to +1.3.  However, 



 129

other applications will require scale-up engineering to accomplish necessary performance levels.  
Future scale-up will examine methods to increase the power output, expand the broadband 
capabilities of the actuators, and increase the efficiency of the horns.  In addition, a multi-
acutator system may be designed and developed for certain applications. 
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5  COMMERCIALIZATION PLAN 

5.1 Background 

 TechSavants, Inc. is preparing an initial draft commercialization plan focusing initially on 
the downhole stimulation of marginal wells (stripper wells) for several reasons.  These are: 

1. The technology as currently developed is limited to operating to depths of less than 
approximately 7000 feet (2134 m) and 2000 pounds/in2 (psi) (141 kg/cm2) of pressure.  
Most marginal wells fall within these limitations. 

2. The technology has been demonstrated in three downhole projects, two conducted with 
government funding and one with private sector support.  In each case, the data 
indicated that production increased a minimum of 15%, although more precise 
measurements might have shown in increase of 20-25% (values suggested in some of 
the data). 

3. TechSavants, Inc. is currently in discussions with three oil-field operators regarding 
future downhole stimulation projects.  Most of the likely projects involve deploying the 
acoustic unit down two to four wells to validate the technology.  Successful tests will 
lead to additional work in these three fields and the likelihood of similar work in 
nearby well fields. 

4. TechSavants believes it has a niche market where it has few competitors.  Most 
technology in acoustic or seismic stimulation is targeting deeper and more productive 
wells. 

5.2 Strategy 

 Depending on the application, the technology could be commercialized following two 
different approaches: process enhancement or service company deployment.  For the applications 
focused on “surface crude oil viscosity reduction” and “sulfur removal from crude oil” as 
discussed in Section 4.2, the technology could be sold as a process enhancement.  These systems 
could be integrated into either a refinery or into oil field processing facilities for field treatment.  
The technology systems could be either leased to individual operators or the technology could be 
licensed to individual companies for their use within their operations and infrastructure.  These 
options would most likely be accomplished through strategic alliances or partnering 
arrangements with firms within the petroleum industry. 

 As discussed previously (Section 4.2), other potential applications focus on “subsurface 
crude oil viscosity reduction” and “subsurface micro-fracture propagation”.  These two 
applications could be sold as either process enhancement or delivered to an end user through a 
service company.  If sold as a process enhancement, the customer would integrate the technology 
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into the daily operating strategy of the oil field operations.  This approach could involve an 
outright sale of the technology, a licensing arrangement, or an equipment lease.  A service 
company approach would provide the customer with periodic treatments for a fee.  As with the 
process enhancement option, the technology could be commercialized by selling it to a service 
company, licensing the technology to a service company, and/or leasing the equipment.  The 
deployment specifics would depend on actual field performance (treatment time vs. benefit) and 
the cost-effectiveness of the treatment.  The final application area, “well bore cleaning” would 
most likely be deployed via a service company, although the technology could be licensed or 
bought by other types of companies for subsequent integration within well service operations.  
Well cleaning does not require continuous treatment and therefore would not be permanently 
installed in individual wells.  However, this is an option if subsequent tests demonstrate an 
obvious benefit to this approach.  For reasons cited above in the previous section. TechSavants 
believes the initial commercialization efforts should be focused on the stripper well segment of 
the petroleum industry. 

 TechSavants’ goal is to dominate the marginal oil well market by 2009 using strategic 
alliances in regional-to-national settings.  Marginal oil well production provided 15% of total 
U.S. domestic crude oil production in 2003, averaging 860,000 BOPD (IOGCC, 2004).  This 
percentage increases to about 25% if only onshore production from the lower 48 states is 
considered.  An increase in production of 20% resulting from sonication stimulation would 
provide 175,000 additional barrels per day from marginal wells.  At $30/barrel marginal oil 
price, this would result in daily revenues of $5.25 million.  Assuming a 10% market penetration, 
this production increase would provide more than $500,000 in revenue per day from marginal 
wells.   

 The conceptual commercialization plan short-term activity (2006-2007) is to deploy the 
technology in as many downhole applications as is logistically feasible, documenting the success 
of increased production.  TechSavants will act as the technology operator on a leased-unit cost 
basis.  Strategic alliances may form where others will be trained in the operation of the systems.  
By 2008, the maturity and value of the technology will position TechSavants as a target to be 
acquired or for partnership with a major field service company. 
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6  CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

 6.1.1 General Conclusions 

 The primary conclusions drawn from the project activities are as follow: 

1. The initial phase of this investigation demonstrated that exposure of single-weight oils 
to sonication would reduce their viscosity.  These findings supported the hypothesis 
that sonication could be used as an alternative method for reducing the viscosity of 
heavy crude oils and provided the basis for the larger, second phase of he project. 

2. The application of acoustic energy (sonication) has been demonstrated to significantly 
reduce the viscosity of crude oils under laboratory conditions. 

3. The amount of viscosity reduction due to sonication is greater for more viscous (greater 
initial viscosity) heavy crude oils than it is for less viscous light crude oils. 

4. The viscosity reduction is further enhanced by the addition of two proprietary chemical 
mixtures studied in the experiments.  The amount of viscosity reduction due to the 
chemical additives was inversely related to initial crude oil viscosity – greater viscosity 
reduction was obtained with a more viscous, heavy crude and lesser reductions in less 
viscous crudes. 

5. Although the viscosity tends to recover with time following sonication treatment, in no 
case did the viscosity return to more than about 50% of the pre-treatment value during 
a period of 30 days following treatment.  Therefore, in most cases, more than half of 
the initial viscosity reduction was maintained for a month without additional treatment. 

6. As expected, heating tests demonstrated the effectiveness of this method of viscosity 
reduction.  As the crude oils were allowed to cool, the viscosity returned to nearly the 
same values that were measured during the heating cycle except that the “cooling” 
values were somewhat less than the “heating” values at the same temperature.  The 
reductions in viscosity were not sustained following heat treatment to the extent that 
the post-sonication reductions were sustained. 

7. The best results obtained with the flow-through test apparatus were with two actuators 
operating at different frequencies, aligned in parallel and adding energy to the reaction 
vessel from opposite sides.  This arrangement should be considered in subsequent 
engineering design evaluations for larger-scale systems. 
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8. Two acoustic horns were evaluated.  One horn design using a narrow fin spacing (1 in, 
2.5 cm) produced somewhat better results (improved viscosity reductions) than did the 
design based on a fin spacing of 2 in (5 cm).  However, in most tests, the differences 
were not great. 

9. It was observed that reducing the input power by 25% had very little effect on the 
ability of sonication to alter crude oil viscosity.  Therefore, if input power were an 
issue (either availability or cost), it is probable that a lower input could be utilized 
without sacrificing the treatment efficacy. 

10. Although a significant amount of additional work is needed, the project results indicate 
that sonication technology could serve several roles within the oil and gas industry.  
Conservative estimates indicate that if all of these prospective applications were fully 
developed, optimized, and implemented, several billion barrels of oil potentially could 
be upgraded or produced annually generating between $400 million and potentially 
more than $20 billion in estimated annual revenue. 

11. With time, the oil being produced by the marginal or stripper well industry is 
becoming, on average, more viscous and difficult to produce because in many fields 
the lighter crudes have already been or are rapidly being withdrawn.  In addition, 
newer, less-expensive methods are needed to clean the perforations and completion 
zones in these wells to sustain/enhance production rates.  In 2003, marginal oil 
accounted for about 28% of production from onshore wells in the lower-48 states and 
about 15% of total domestic production (IOGCC, 2004; Stripper Well Consortium, 
2005).  The successful integration of sonication technology into this industry sector 
would quickly yield appreciable economic benefits. 

 6.1.2 Specific Conclusions 

 A number of more specific conclusions were drawn from the major tasks of the project.  
The first phase of the project involved experiments with three commercially available single-
weight oils (30-weight, 90-weight, and 120-weight) that were conduced under “batch” treatment 
conditions.  The second phase of the project utilized a flow-through experimental system using 
three different crude oils with very different viscosities.  Crude Oil 1 was a heavy, highly viscous 
crude from California with an initial viscosity of approximately 65,000 cP.  The second crude oil 
that was evaluated was produced in Alabama and had a viscosity of approximately 6,000 cP as 
well as a significant water content.  The third crude oil included in the experiments was a very 
light crude produced in Middle East having an initial viscosity of only about 700 cP. 



 134

 Conclusions drawn from the Phase I of the project include those listed below. 

• The reduction in viscosity observed in the experiments was due to both sonication 
effects and the dissipation of heat into the oil.  The reduction due to heat only was 
defined by regression analysis allowing the effects of the two energy sources (heat and 
acoustic energy) to be segregated. 

• The 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 oil viscosity. 

• Three horn fin spacings were evaluated: small (0.25 in, 6.4 mm), medium (0.75 in, 19.1 
mm), and large (1.25 in, 31.8 mm).  In general, the horn design with medium spacing 
provided greater viscosity reductions than either the small or large spacing. 

• The results obtained with the low-viscosity, 30-weight oil were subject to greater 
potential error in viscosity measurements than the data obtained with the other two, 
more viscous oils due to the method of viscosity measurement in Phase I.  
Consequently, there is less confidence in the results obtained from the 30-weight oil. 

• 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 as compared to the higher frequencies.  
Typical viscosity reductions were in the range of 46% to 67% for these two 
frequencies. 

• At the lower frequencies, heat from the sonication process using the 90-weight oil 
appeared to be the primary effect responsible for viscosity reduction as compared to the 
effects of sonication alone. 

• 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 viscosity reduction 
than does heat dissipation.  Overall viscosity reductions at lower frequencies ranged 
from approximately 45% to 55%. 

• Tests of higher frequencies involving the 140-weight oil suggest that heat input was 
more the cause of viscosity reduction than was sonication when the small horn spacing 
was employed; however, the reverse appeared to be the case with the medium and large 
horn spacings. 

• After sonication treatment, the viscosity of oil samples allowed to equilibrate to room 
temperature returned to approximately the pre-treatment condition. 

• 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 
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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. 

 In Phase II of the project, a number of important observations and conclusions were 
obtained from the laboratory experiments with the three crude oils described above.  They are 
summarized in the following list.  

• All three crude oils were heated to temperatures exceeding 80°C and incremental 
measurements of viscosity were collected during both heating and cooling cycles.  The 
most rapid decrease in viscosity as heat was applied occurred in the range of 20°C to 
40°C, and the maximum viscosity reduction exceeded 90% in all three oils.  In all tests, 
the viscosity during the cooling cycle was less than that during the heating cycle at the 
same temperatures. 

 Conclusions involving Crude Oil 1 follow. 

• Sonication reduced the viscosity of Crude Oil 1 by a minimum of 6.3% and a 
maximum of 43.0%.  Two parallel actuators operating at 0.8 kHz or one at 0.8 kHz and 
the second operating at 1.2 kHz provided the greatest viscosity reductions. 

• The maximum reduction of 43% noted above occurred after 120 minutes.  However, 
after only 30 minutes of sonication, the viscosity was reduced by 35.8%.  Thus, about 
80% of the total viscosity reduction occurred in the first 30 minutes.  Similar trends 
were observed during other experiments. 

• The results of altering the horn design (narrow fin spacing of 1 in/2.5 cm vs. wide fin 
spacing of 2 in/5 cm) in the Crude Oil 1 experiments indicated that this variable had 
only minimal effects on the observed viscosity results.  Although the smaller spacing 
provided somewhat greater viscosity reductions than the larger one with the same 
frequencies, the average difference for all tests was only 6.5%. 

• Experiments were conducted with Crude Oil 1 to evaluate the effects of reducing input 
electrical/acoustic power by 25%.  The results were somewhat inconclusive in that 
some tests showed an increased viscosity reduction with reduced power and other 
results indicated the opposite.  The average difference for these two series of tests was 
about 14% suggesting that, if necessary, power could be reduced by up to 25% without 
significantly reducing sonication effectiveness. 

• Tests involving both power level and horn design suggest that the effects of input 
power level on viscosity reduction are somewhat greater than those due to changing the 
fin spacing of the acoustic horns. 
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• A suite of experiments examining the effects of two proprietary chemical additives (A 
and B) used alone and in conjunction with sonication.  Volume concentrations of 3%, 
5%, and 7% A in combination with 10% B in each case were evaluated for all three 
crude oils.  These additives alone in these concentrations reduced the viscosity of 
Crude Oil 1 by approximately 37%, 71%, and 45%, respectively.  When sonication was 
added to each treatment, maximum viscosity reduction ranged from 45% to 89%.  
Viscosity was reduced more than 80% in six of ten tests, and the average reduction for 
all tests with chemical additives and sonication was 74%. 

• The best results using both chemical additives and sonication were obtained with lesser 
concentrations of chemical additives and sonication frequencies in the range of 0.8 kHz 
to 1.2 kHz. 

 Conclusions involving Crude Oil 2 follow. 

• Crude Oil 2 had a significant water content that was not consistent among the various 
large containers of oil gathered for this project.  In some tests of this oil examining the 
effects of sonication, viscosity was observed to increase with time.  In most of these 
experiments, oil samples showed a distinct separation of water from the oil after 
sonication, thereby increasing the viscosity of the oil.  This suggests that sonication 
could have potential as an alternative oil-water separation methodology. 

• A maximum reduction in viscosity of 23% was measured in the sonication tests using 
the wide horn fin spacing.  Using the narrow spacing, the maximum reduction reached 
almost 76%, indicating that this narrow horn design was much more effective at 
reducing the viscosity of Crude Oil 2. 

• The two best acoustic frequency combinations employed with the two parallel 
actuators were 1) 0.8 kHz and 1.2 kHz, and 2) 0.8 kHz and 1.6 kHz.  These 
observations agree with those obtained with Oil 1. 

• Tests involving chemical additives with composition and concentrations the same as 
those used with Oil 1 indicated that the additives alone reduced the viscosity of Oil 2 
by more than 90%.  It appears that the effectiveness of the chemicals was enhanced by 
elevated water content within the oil.  Sonication of these samples reduced the 
viscosity even further. 

• The mix of 7% additive A plus 10% B appeared to be the most effective followed by 
5% A and 3% A both in combination with 10% A.  However, these differences are 
vary small. 
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• A series of tests was conducted to evaluate viscosity recovery in samples of Oil 2 
allowed to sit undisturbed for 30 days following the individual tests.  In all samples, 
viscosity tended to increase during this period of time, but the increases were relatively 
small when compared to the pre-treatment condition.  In most cases, the majority of the 
recovery occurred in the first seven days or earlier following treatment.   

• The viscosity recovery data from Oil 2 indicate that the samples exposed to sonication 
with the narrow horn spacing sustained those reductions much more effectively than 
the samples sonicated using the wide horn spacing.  At the end of the rest period, 
viscosity values of samples exposed to sonication using the narrow horn design ranged 
from about 34% to 54% of the initial, pre-treatment values with an average value of 
40%.  In other words, in the worst case, the viscosity reduction at the end of the 
recovery period remained at about one-half of the pre-treatment value.  On average, the 
viscosity reduction from sonication at the end of 30 days was 60%. 

• The observed viscosity recovery in the samples containing chemical additives and 
receiving sonication treatment also increased slightly during the 30 days following 
treatment, but the change was very small.  In the worst case, the viscosity remained at 
about 7.5% of the initial, pre-treatment value; thus, a reduction in viscosity in excess of 
93% was observed after a month-long recovery period. 

 Conclusions involving Crude Oil 3 follow. 

• Although test conducted by sonicating Crude Oil 3, a very light crude, indicated a 
general trend of reduction in viscosity with increasing treatment time, the results are 
highly variable and less well defined as in Oils 2 and 3.  In some cases, viscosity 
increases somewhat initially during the tests.  The reason for this is unclear. 

• The maximum reduction in the viscosity Crude Oil 3 was only about 6% using both the 
narrow-fin and wide-fin horn designs.  Therefore, horn design had only a minimal 
effect on the ability of sonication to reduce the viscosity of this low-viscosity oil. 

• Combined frequencies of 0.8 kHz and 1.2 kHz provided better viscosity reductions in 
Oil 3 with the combination of 0.8 kHz and 1.6 kHz also producing enhanced results.  
These observations are in general agreement with those involving the other two crude 
oils. 

• The addition of the proprietary chemicals to Crude Oil 3 reduced the viscosity by a 
minimum of 43% and a maximum of 73% prior to sonication.  When the oil and 
additives are sonicated, the viscosity is further reduced by more than 50% based on the 
post-additives, pre-sonication values. 
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• The mix of 3% A and 10% B appears to be most effective in reducing the viscosity of 
Oil 3, although the differences in results obtained with the three mixes are small. 

• Viscosity recovery in Oil 3 was evaluated during a month-long recovery period.  The 
data indicate essentially no difference in the results obtained with the small fin spacing 
and the wide fin spacing horn designs.  In both cases, the recovery was less than 10% 
during the 30 days. 

• Increases in viscosity during the recovery period were greater in those samples treated 
with both chemical additives and sonication than in samples treated by sonication 
alone.  However, the final viscosity values of samples receiving the chemicals were 
only about 25% to 47% of the pre-treatment values at the end of 30 days. 

• The reductions in viscosity of Oil 3 are small compared to those observed in the more-
viscous Crude Oils 1 and 2.  However, even these small reductions in the light crude 
are persistent and sustained in large part for at least 30 days following treatment. 

 Conclusions involving all three crude oils follow. 

• The viscosity (cP) of the three crude oils evaluated in this project varied over two 
orders of magnitude.  The study demonstrated that sonication can effectively reduce the 
viscosity of each oil tested, either alone or in the presence of chemical additives 
included in the study.  The greatest effects due to sonication alone are observed in the 
heavy crude with the least effects being produced in the light crude. 

• A very similar pattern of variation was observed in the results obtained with sonication 
only and with sonication plus chemical additives.  The greatest viscosity changes due 
to the addition of the chemical additives, both without sonication and with sonication, 
occurred with the heavy crude, whereas the least effects occurred with the lighter 
crude. 

6.2 Recommendations 

 This investigation has demonstrated the potential utility of sonication/acoustic stimulation 
in reducing the viscosity of crude oil.  These results have many potential applications and 
benefits to different sectors of the petroleum industry.  However, before these potential 
applications can become reality, additional scientific and engineering work remains to be done.  
The recommendations given below are made with this need in mind.   

• A brief follow-up laboratory investigation using the same equipment as in the study 
described herein should be undertaken to solidify the results obtained and to expand 
upon them.  Three or four additional crude oils with viscosity values in the range of 
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approximately 5,000 cP to 50,000 cP (approximately 12º to 24º API gravity) should be 
included.  The test procedures should focus on optimizing results with shorter 
treatment/residence times and lesser concentrations of chemical additives.  Testing 
should be performed with the approximate acoustic range used in the present study as a 
maximum value, with a focus on lower frequencies and using more powerful, second-
generation actuators. 

• A simple laboratory investigation should be conducted to quantify the effects, if any, of 
sonication alone and sonication with chemical additives on the chemistry of crude oils.  
A range of acoustic conditions should be evaluated on heavy crude oils with different 
properties and characteristics. 

• An extensive engineering evaluation and design activity should be undertaken to 
develop optimal equipment designs that could be used as a basis for various proposed 
applications within the petroleum industry.  These would be both in-well, underground, 
in situ applications as well as above ground applications.  The key design objectives 
would focus on directing the most powerful and intense acoustic energy of optimum 
frequency within a specific treatment area.  Above-ground applications should also 
focus on the ability to obtain the desired oil flow conditions in the minimum amount of 
time. 

• Efforts should be undertaken to identify or design next-generation, more powerful 
acoustic equipment that can be modified and optimized for the proposed petroleum 
applications and to integrate these items into the design activities recommended 
immediately above.  Experiments with this more powerful equipment should evaluate 
the ability of sonication to change crude oil viscosity to handle paraffins, waxes, and to 
break sulfur compound chains. 

• Additional laboratory testing should be performed in which sonication is applied in a 
hydrogen-rich environment or in the presence of a hydrogen source.  The molecular 
structure of crude oil before and after the test needs to be determined in order to 
evaluate sonication’s potential to upgrade crude by the addition of hydrogen and/or 
removal of carbon. 

• Multiple in-well tests should be performed to verify viscosity reduction/production 
stimulation by sonication.  Various items of sensor equipment that can be deployed 
downhole should be employed to evaluate the effects of variations in power, wave 
focus mechanisms, and acoustic characteristics under differing geologic and crude oil 
conditions. 

• Several field demonstrations should be performed to evaluate the various methods of 
integrating sonication technology into surface petroleum applications such as 



 140

transportation (pipelines, storage tanks, tankers, etc.) and refining (e.g. sulfur removal).  
Data from these projects would be used to optimize the sonication applications, refine 
equipment designs, and provide information on changes in system efficiencies. 

• As more data on the technology applications become available, a detailed economic 
assessment of the technology applications within various petroleum industry sectors 
must be completed to quantify the probable economic benefits given various 
commercialization scenarios.  
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APPENDIX A  VISCOSITY MEASUREMENT SUPPORTING DOCUMENTATION 

A-1  ASTM Standard Test Method for Viscosity by 
Dip-Type Viscosity Cups (Designation: D 4212) 

 
A-2  Calibration Data and Computation Procedures Provided 

by the Manufacturer of the Cups Used in this Study 
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Appendix Section A-2 
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APPENDIX B 

Project Phase I Data 
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Table B-1  Drainage Times as a Function of Temperature for the 30-Weight Oil 

30-Weight Oil     
     

Initial Drainage Times (sec): 176.46 T=19.9oC  
  168.16 (No.2 Dip Cup)  
  174.97   
 Mean: 173.19   
 Standard Deviation: 4.43   
     
Temperature, (oC) Drainage Time, (sec) Drainage Time at Oil Temperature, t/to 

    Room Temperature (oC)   

19.9 173.20 --- 19.9 1 

28.0 60.13 207.49 19.9 0.3472 

39.5 46.53 195.24 19.9 0.2686 

45.4 40.75 200.35 19.9 0.2353 

50.8 37.39 193.97 20.4 0.2159 

57.5 34.18 196.55 20.1 0.1973 

62.1 31.67 197.29 20.1 0.1829 

66.3 29.57 194.16 20.3 0.1707 

70.7 27.74 190.01 20.3 0.1602 

75.4 35.93 192.01 20.3 0.2074 

80.1 24.18 195.91 20.3 0.1396 

84.4 22.57 191.04 20.4 0.1303 

90.2 21.51 191.94 20.5 0.1242 

95.1 20.28 187.69 20.5 0.1171 

99.5 19.69 190.26 20.7 0.1137 

 Mean: 194.57     

 Standard Deviation: 5.02     
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Table B-2  Drainage Times as a Function of Temperature for the 90-Weight Oil 

90-Weight Oil     
     

Initial Drainage Times (sec): 412.20 T=20.4oC  
  397.53 (No.2 Dip Cup)  
  409.20   
 Mean: 406.31   
 Standard Deviation: 7.75   
    
 38.40 T=20.4oC  
 39.33 (No.5 Dip Cup)  
 39.16   
 Mean: 38.96   
 Standard Deviation: 0.50   
    
Temperature, (oC) Drainage Time, (sec) Drainage Time at Oil Temperature, t/to 

    Room Temperature (oC)   

20.4 406.31 --- --- 1 

24.9 107.52 48.71 20.1 0.2646 

39.7 74.89 38.21 20.1 0.1843 

51.5 59.37 40.17 19.9 0.1461 

58.5 54.48 38.09 20.1 0.1341 

62.2 49.59 39.93 19.9 0.1220 

67.8 46.46 37.75 19.9 0.1143 

72.3 41.42 36.83 20.7 0.1019 

76.3 35.85 33.71 21.5 0.0882 

81.0 31.18 36.56 21.9 0.0767 

85.5 32.64 33.73 21.9 0.0803 

85.5 31.61 --- --- 0.0778 

91.1 27.67 32.95 21.7 0.0681 

95.0 28.48 35.32 21.1 0.0701 

101.1 24.45 36.89 21.3 0.0602 

105.1 23.71 33.29 21.8 0.0584 

 Mean: 37.30     

 Standard Deviation: 4.04     
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Table B-3  Drainage Times as a Function of Temperature for the 140-Weight Oil 

140-Weight Oil     
     

Initial Drainage Times (sec): 39.82 T=20.3oC  
  36.48 (No.5 Dip Cup)  
  38.30   
  38.72   
 Mean: 38.33   
 Standard Deviation: 1.39   
     
Temperature, (oC) Drainage Time, (sec) Drainage Time at Oil Temperature, t/to 

    Room Temperature (oC)   

20.3 38.33 38.33 20.3 1 

28.5 24.53 45.63 20.7 0.6400 

38.5 16.20 46.65 20.3 0.4226 

43.5 13.47 44.13 20.1 0.3514 

49.6 11.26 43.04 21.1 0.2938 

52.9 10.75 43.89 20.3 0.2805 

57.0 10.12 41.05 20.7 0.2640 

62.1 8.94 43.25 21.1 0.2332 

67.1 8.12 42.38 20.9 0.2118 

73.9 7.23 48.46 20.0 0.1886 

79.1 7.13 47.67 19.3 0.1860 

84.5 6.44 47.43 19.1 0.1680 

89.6 6.27 48.89 19.9 0.1636 

94.0 5.42 47.71 19.2 0.1414 

100.9 5.49 49.01 19.1 0.1432 

  Mean: 45.17     

  Standard Deviation: 3.19     
 
 
 



 

  

 
Table B-4  Data from Testing 30-Weight Oil at 6.9 kHz with Small Horn Spacing 

30-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 18.99 T=21.7oC 
    18.03 (No.5 Cup) 

Acoustic Frequency: 6.9 kHz    18.09  
Horn Design: Small Spacing  18.47  

   18.64  
   Mean: 18.44  
   Standard Deviation:   0.40  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.88 0 21.7 18.44 18.67 21.5 1 

6.88 5 22.6 13.98 19.17 21.7 0.75797 

6.88 10 21.9 11.71 19.33 21.5 0.63489 

6.88 14.5 23.1 10.14 18.93 21.5 0.54977 

6.88 19 23.0 12.69 18.31 21.7 0.68776 

6.88 23 24.2 11.54 18.39 21.6 0.62568 

6.88 27.5 24.7 12.63 18.72 21.3 0.68478 

6.88 31.5 25.1 12.49 18.07 21.7 0.67718 

6.88 35 24.4 12.34 18.23 21.6 0.66905 
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Table B-5  Data from Testing 30-Weight Oil at 6.9 kHz with Medium Horn Spacing 

30-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 19.03 T=21.4oC 
    18.19 (No.5 Cup) 

Acoustic Frequency: 6.9 kHz    16.89  
Ultrasonic Horn: Medium Spacing  17.83  

   Mean: 17.99  
   Standard Deviation:   0.89  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.87 0 21.5 17.99 17.38 22.4 1 

6.87 5 21.5 15.85 17.20 23.6 0.88129 

6.87 10 22.8 14.54 16.44 23.8 0.80845 

6.87 15 22.8 11.67 16.81 23.7 0.64887 

6.87 20 23.3 11.13 16.94 23.6 0.61885 

6.87 25 23.8 10.47 17.04 23.5 0.58215 

6.87 30 23.8 10.30 16.13 23.7 0.57270 

6.87 35 24.2 9.63 16.83 23.7 0.53545 

6.87 40 25.2 10.37 16.57 23.8 0.57659 
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Table B-6  Data from Testing 30-Weight Oil at 6.9 kHz with Large Horn Spacing 

30-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 18.60 T=20.9oC 
     18.25 (No.5 Viscometer) 

Acoustic Frequency: 6.9 kHz    17.59  
Horn Design: Large Spacing  16.95  

   Mean: 17.85  
   Standard Deviation:   0.73  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.87 0 20.3 17.85 17.75 23.1 1 

6.87 5 21.3 14.65 17.76 22.3 0.82084 

6.87 10 21.8 10.5 17.60 22.7 0.58832 

6.87 15 22.0 10.69 17.79 22.6 0.59896 

6.87 20 22.8 10.87 17.65 22.9 0.60905 

6.87 25 23.0 11.56 17.91 22.8 0.64771 

6.87 30 23.6 11.51 17.60 22.9 0.64491 
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Table B-7  Data from Testing 30-Weight Oil at 13.1 kHz with Small Horn Spacing 

30-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 17.53 T=22.7oC 
     17.94 (No.5 Cup) 

Acoustic Frequency: 13.1 kHz    16.47  
Horn Design: Small Spacing  16.46  

   Mean: 17.10  
   Standard Deviation:   0.75  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual
Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.07 0 22.7 17.10 17.24 23.0 1 

13.07 5 28.7 12.85 17.44 23.1 0.75146 

13.07 10 24.8 10.43 17.40 23.1 0.60994 

13.07 15 28.1 11.13 17.27 23.0 0.65088 

13.07 20 28.7 10.52 17.33 23.0 0.61520 

13.07 25 29.5 10.27 17.17 23.2 0.60058 

13.07 30 29.7 9.95 17.12 23.2 0.58187 

13.07 35 30.7 10.39 16.94 23.2 0.60760 
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Table B-8  Data from Testing 30-Weight Oil at 13.1 kHz with Medium Horn Spacing 

30-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 18.08 T=22.7oC 
     17.47 (No.5 Cup) 

Acoustic Frequency: 13.1 kHz    18.09  
Horn Design: Medium Spacing   Mean: 17.88  

   Standard Deviation:   0.36  
     

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.08 0 22.7 17.88 17.91 22.6 1 

13.08 5 24.2 13.4 17.93 22.7 0.74944 

13.08 10 25.1 9.46 18.33 22.7 0.52908 

13.08 15 26.0 8.02 17.10 22.6 0.44855 

13.08 20 25.2 8.28 18.14 22.6 0.46309 

13.08 25 25.2 8.84 17.35 22.6 0.49441 

13.08 30 28.6 8.57 18.19 22.7 0.47931 

13.08 35 27.9 8.92 16.70 22.7 0.49888 

13.08 40 29.1 9.81 17.14 22.7 0.54866 
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Table B-9  Data from Testing 30-Weight Oil at 13.1 kHz with Large Horn Spacing 

30-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 17.60 T=22.6oC 
     17.52 (No.5 Cup) 

Acoustic Frequency: 13.1 kHz    17.77  
Horn Design: Large Spacing   17.49  

   Mean: 17.59  
   Standard Deviation:   0.13  
     

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.07 0 22.6 17.59 17.76 22.7 1 

13.07 5 22.5 13.98 17.39 22.7 0.79454 

13.07 10 24.5 11.56 17.54 22.7 0.65700 

13.07 15 27.9 10.24 17.49 22.8 0.58198 

13.07 20 29.2 8.88 17.56 22.7 0.50469 

13.07 25 26.9 8.97 17.57 22.8 0.50980 

13.07 30 30.3 8.45 17.79 22.2 0.48025 

13.07 35 28.7 8.49 16.33 22.6 0.48252 

13.07 40 33.4 8.42 17.19 22.7 0.47855 
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Table B-10  Data from Testing 90-Weight Oil at 1.8 kHz with Small Horn Spacing 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 39.35 T=22.3oC 
     40.22 (No.5 Cup) 
Acoustic Frequency: 1.8 kHz    40.71  
Horn Design: Small Spacing   40.10  
   40.77  
    Mean: 40.23  
    Standard Deviation:   0.57  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

1.76 0 22.3 40.23 51.27 20.7 1 

1.76 5 27.5 25.72 51.70 20.8 0.6393 

1.76 10 34.6 14.19 50.42 20.9 0.3527 

1.76 15 39.5 10.29 51.61 20.9 0.2558 

1.76 20 41.7 10.38 47.03 21.5 0.2580 

1.76 25 44.6 9.94 48.46 21.0 0.2471 

1.76 30 48.1 9.48 47.48 20.9 0.2356 

1.76 35 47.6 9.49 47.76 21.1 0.2359 

1.76 40 43.6 10.94 50.30 21.0 0.2719 
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Table B-11  Data from Testing 90-Weight Oil at 1.8 kHz with Medium Horn Spacing 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 36.98 T=22.7oC 
     38.15 (No.5 Cup) 
Acoustic Frequency: 1.8 kHz    37.77  
Horn Design: Medium Spacing   Mean: 37.63  
    Standard Deviation:   0.60  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

1.74 0 22.7 37.63 46.49 19.9 1 

1.74 5 24.3 23.19 45.09 19.7 0.6162 

1.74 10 25.1 12.26 40.66 20.0 0.3258 

1.74 15 29.1 11.30 43.43 19.9 0.3003 

1.74 19 40.2 10.31 45.21 19.9 0.2740 
1.74 25 39.1 10.12 44.17 19.9 0.2689 
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Table B-12  Data from Testing 90-Weight Oil at 1.8 kHz with Large Horn Spacing 
90-Weight Oil:       

       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 40.11 T=21.1oC 
     44.52 (No.5 Cup) 
Acoustic Frequency: 1.8 kHz    37.66  
Horn Design: Large Spacing   40.14  
     41.16  
    Mean: 40.72  
    Standard Deviation:   2.49  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

1.76 0 21.1 40.72 47.37 20.7 1 

1.76 5 21.7 25.67 39.06 20.8 0.6304 

1.76 10 23.2 14.60 40.25 20.7 0.3586 

1.76 15 30.3 11.38 42.53 20.7 0.2795 

1.76 20 31.6 10.62 39.37 20.6 0.2608 

1.76 25 35.2 11.43 38.62 20.7 0.2807 

1.76 30 34.3 11.14 41.57 20.6 0.2736 
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Table B-13  Data from Testing 90-Weight Oil at 3.1 kHz with Small Horn Spacing 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 51.36 T=21.0oC 
     51.04 (No.5 Cup) 
Acoustic Frequency: 3.1 kHz    50.10  
Horn Design: Small Spacing   51.49  
    51.93 
    Mean: 51.18  
    Standard Deviation:   0.68  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

3.10 0 21.0 51.18 51.59 21.5 1 

3.10 5 28.9 22.07 51.23 21.6 0.4312 

3.10 10 36.4 15.37 50.39 21.7 0.3003 

3.10 15 39.1 12.73 49.77 21.7 0.2487 

3.10 20 43.7 12.59 50.30 21.6 0.2460 

3.10 25 48.2 11.19 48.76 22.0 0.2186 

3.10 30 45.9 10.89 49.71 21.7 0.2128 

3.10 35 46.7 11.37 49.94 21.7 0.2221 
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Table B-14  Data from Testing 90-Weight Oil at 6.9 kHz with Small Horn Spacing 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 35.78 T=20.7oC 
     37.47 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    38.71  
Horn Design: Small Spacing   36.45  
    Mean: 37.10  
    Standard Deviation:   1.28  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.86 0 20.7 37.10 46.29 20.3 1 

6.86 5 25.2 28.43 44.05 20.5 0.7663 

6.86 10 26.3 16.68 41.86 20.0 0.4496 

6.86 15 27.7 14.69 41.69 20.6 0.3959 

6.86 20 27.2 13.49 41.03 20.5 0.3636 

6.86 25 28.9  39.56 20.9  

6.86 30 30.6 11.64 40.47 20.5 0.3137 

6.86 40 30.8 11.65 43.69 20.4 0.3140 
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Table B-15  Data from Testing 90-Weight Oil at 6.9 kHz with Small Horn Spacing Using a Water Bath 

90-Weight Oil:        
        
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 36.93 T=22.5oC  
     37.24 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    37.22   
Horn Design: Small Spacing   36.42   
(Performed in Water Bath)    36.23   
    Mean: 36.81   
    Standard Deviation:  0.46   
        

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual Water Bath
Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity Temp., 

  (oC) (sec) (sec) (oC)  (oC) 

6.78 0 22.5 36.81 37.35 20.9 1 22.3 

6.78 5 23.7 31.38 36.32 21.1 0.8525 22.1 

6.78 10 24.8 23.71 36.87 21.2 0.6442 22.4 

6.78 15 24.9 20.48 38.40 21.2 0.5564 22.4 

6.78 20 24.7 21.98 35.81 21.6 0.5972 22.4 

6.78 25 26.6     22.4 

6.78 30 26.8 20.72 38.59 21.3 0.5629 22.3 

6.78 35 26.5     22.3 

6.78 40 27.9 18.15 35.23 21.5 0.4931 22.3 
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Table B-16  Data from Testing 90-Weight Oil at 6.9 kHz with Medium Horn Spacing 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 45.95 T=22.5oC 
     44.54 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    45.13  
Horn Design: Medium Spacing   45.91  
    Mean: 45.38  
    Standard Deviation:  0.68  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.81 0 21.1 45.38 48.50 20.7 1 

6.81 5 20.3 44.07 37.94 20.5 0.9711 

6.66 10 23.2 36.99 37.13 20.1 0.8151 

6.66 15 24.3 25.31 35.89 19.9 0.5577 

6.66 20 25.4 20.07 39.67 19.9 0.4422 

6.66 30 26.4 15.77 43.80 20.2 0.3475 

6.66 40 31.1 14.20 38.49 19.9 0.3129 

6.66 50 27.8 12.01 35.50 20.3 0.2646 

6.66 60 34.5 11.49 35.42 20.2 0.2532 
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Table B-17  Data from Testing 90-Weight Oil at 6.9 kHz with Medium Horn Spacing (Duplicate Experiment with that 
Summarized in Table B-16) 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 40.61 T=21.3oC 
     41.76 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    39.62  
Horn Design: Medium Spacing   41.36  
(Duplicate Experiment)     39.84  
     40.52  
    Mean: 40.62  
    Standard Deviation:  0.83  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.78 0 21.3 40.62 38.68 21.2 1 

6.78 5 21.6 35.77 35.21 20.7 0.8806 

6.78 10 23.1 24.89 38.95 21.0 0.6128 

6.78 15 24.5 22.78 40.31 21.5 0.5608 

6.78 20 24.4 20.18 37.19 20.9 0.4968 

6.78 25 31.1 19.10 36.13 21.5 0.4702 

6.78 30 27.0 19.25 40.35 21.6 0.4739 

6.78 35 27.6 17.67 37.65 21.7 0.4350 

6.78 40 29.8 16.77 36.05 21.4 0.4129 

6.78 45 29.5 17.19 38.78 21.5 0.4232 

6.78 50 31.1 16.19 38.43 21.5 0.3986 
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Table B-18  Data from Testing 90-Weight Oil at 6.9 kHz with Large Horn Spacing 

90-Weight Oil:       
       
Nominal Experimental Conditions:    T=21.4oC 
   Initial Drainage Times, (sec): 57.93 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    57.72  
Horn Design: Large Spacing    58.18  
     56.57  
     56.36  
   58.64  
   Mean: 57.57  
   Standard Deviation:  0.91  

       
Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.84 0 21.4 57.57 60.66 21.3 1 

6.84 5 22.9 48.63 57.83 21.6 0.8448 

6.84 10 27.3 36.13 56.93 21.5 0.6276 

6.84 15 28.5 27.09 61.19 21.4 0.4706 

6.84 20 31.9 27.13 57.57 21.3 0.4713 

6.84 25 30.3 24.81 56.97 21.5 0.4310 

6.84 30 33.5 21.59 55.27 21.7 0.3750 

6.84 35 31.5 26.75 57.46 21.6 0.4647 

6.84 39.5 34.3 25.86 56.29 21.7 0.4492 

6.84 44 31.8 26.65 57.01 21.5 0.4629 
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Table B-19  Data from Testing 90-Weight Oil at 6.9 kHz with Large Horn Spacing Using a Water Bath 

90-Weight Oil:        
        
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 48.50 T=20.8oC  
     47.78 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    47.99   
Horn Design: Large Spacing   48.19   
(Performed in Water Bath)    48.14   
    Mean: 48.12   
    Standard Deviation:  0.27   
        

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual Water Bath

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity Temp., 

  (oC) (sec) (sec) (oC)  (oC) 

6.88 0 21.2 48.12 44.15 21.7 1 21.8 

6.88 5 23.4 37.07 44.19 21.5 0.7704 22.1 

6.88 10 27.6 29.91 43.97 21.6 0.6216 22.0 

6.88 15 29.3 25.30 41.26 22.1 0.5258 22.0 

6.88 20 28.6 22.60 43.67 21.8 0.4697 21.9 

6.88 25 29.5 23.06 42.44 21.8 0.4792 22.0 

6.88 30 31.0 22.77 43.28 22.0 0.4732 21.9 

6.88 35 31.9 22.43 44.23 21.8 0.4661 21.9 

6.90 40 31.9 21.38 42.68 21.9 0.4443 21.9 

6.90 45 28.7 22.03 42.92 21.9 0.4578 21.9 

6.90 50 31.5 21.93 42.12 21.9 0.4557 21.8 
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Table B-20  Data from Testing 90-Weight Oil at 13.1 kHz with Small Horn Spacing 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 38.56 T=21.5oC 
     38.40 (No.5 Cup) 
Acoustic Frequency: 13.1 kHz    37.43  
Horn Design: Small Spacing   39.73  
     38.53  
    Mean: 38.53  
    Standard Deviation:  0.82  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.08 0 21.5 38.53 37.14 22.3 1 

13.08 5 22.0 34.59 37.14 21.7 0.8977 

13.08 10 23.8 25.19 35.95 22.0 0.6538 

13.08 15 25.8 20.42 33.05 22.5 0.5300 

13.08 20 26.3 20.84 36.49 23.1 0.5409 

13.08 25 29.8 19.07 37.79 22.9 0.4949 

13.08 30 32.3 18.58 35.80 22.9 0.4822 

13.08 35 30.4 19.29 36.39 22.6 0.5006 

13.08 40 32.5 17.435 36.49 24.3 0.4525 

13.08 45 33.1 17.49 36.13 22.7 0.4539 
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Table B-21  Data from Testing 90-Weight Oil at 13.1 kHz with Medium Horn Spacing and Reduced Power Input 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 38.59 T=22.5oC 
     37.97 (No.5 Cup) 
Acoustic Frequency: 13.1 kHz    38.80  
Horn Design: Medium Spacing   38.90  
     38.66  

71.7% current; 89.8 volts     37.54  
    Mean: 38.41  
    Standard Deviation:  0.54  

       
Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.07 0 22.5 38.41 45.13 20.7 1 

13.07 5 23.1 33.29 40.26 20.7 0.8667 

13.07 10 27.3 24.54 45.17 21.5 0.6389 

13.07 15 32.6 22.35 45.07 20.6 0.5819 

13.07 20 30.3 19.39 45.03 20.5 0.5048 

13.07 25 35.7 18.31 46.05 20.4 0.4767 

13.07 30 38.7 16.16 46.30 20.7 0.4207 

13.07 35 41.1 14.75 46.33 20.7 0.3840 
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Table B-22  Data from Testing 90-Weight Oil at 13.1 kHz with Large Horn Spacing 

90-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 44.83 T=21.5oC 
     44.44 (No.5 Cup) 
Acoustic Frequency: 13.1 kHz    43.87  
Horn Design: Large Spacing   44.12  
     44.77  
     44.87  
    Mean: 44.48  
    Standard Deviation:  0.42  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual
Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  
13.05 0 21.1 44.48 38.79 22.7 1 
13.06 5 22.7 35.01 40.07 22.5 0.7870 
13.06 10 27.5 29.77 40.37 22.3 0.6692 
13.06 15 29.7 25.75 40.84 22.6 0.5789 
13.06 20 30.3 24.2 37.73 22.9 0.5440 
13.06 25 31.5 21.23 39.54 22.6 0.4773 
13.06 30 35.2 19.73 40.62 22.4 0.4435 
13.06 35 34.7 17.3 40.49 22.5 0.3889 
13.06 40 37.4 17.19 38.59 23.1 0.3864 
13.06 45 37.4 16.88 39.68 22.7 0.3795 
13.06 50 38.7 14.01 40.59 22.4 0.3149 
13.06 55 38.5     
13.06 60 35.7 14.97 40.48 22.6 0.3365 
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Table B-23  Data from Testing 140-Weight Oil at 1.8 kHz with Small Horn Spacing 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 46.98 T=21.2oC 
     44.62 (No.5 Cup) 
Acoustic Frequency: 1.8 kHz    42.58  
Horn Design: Small Spacing   44.87  
   Mean: 44.76  
   Standard Deviation:   1.80  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

1.75 0 21.2 44.76  ---  --- 1 

1.75 5 22.6 38.19 36.47 20.1 0.8532 

1.75 10 24.6 26.83 35.73 20.3 0.5994 

1.75 15 25.5 24.19 35.43 20.9 0.5404 

1.75 20 25.0 21.15 40.53 21.1 0.4725 

1.75 25 26.3 15.04 37.63 21.5 0.3360 

1.75 30 26.2 14.99 36.30 21.7 0.3349 

 
 
 
 
 
 
 
 
 

180



 

  

Table B-24  Data from Testing 140-Weight Oil at 1.8 kHz with Medium Horn Spacing Using a Water Bath 

140-Weight Oil:        
        
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 36.59 T=22.0oC  
     37.09 (No.5 Cup)  
Acoustic Frequency: 1.8 kHz    37.34   
Horn Design: Medium Spacing   37.59   
(Performed in a water bath)    37.11   
    Mean: 37.14   
    Standard Deviation: 0.37   
        

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual Water Bath

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity Temp., 

  (oC) (sec) (sec) (oC)  (oC) 

1.767 0 22.1 37.14 46.36 20.7 1 22.4 

1.767 5 22.3 35.72 37.13 20.7 0.9617 22.0 

1.767 10 23.0 25.06 36.76 20.9 0.6747 22.0 

1.767 15 23.3 21.36 36.6 21.1 0.5751 22.0 

1.767 20 22.8 17.33 37.9 20.9 0.4666 22.2 

1.767 25 23.5   ---  ---  22.3 

1.767 30 24.2 18.22 35.79 20.9 0.4905 22.2 

1.767 35 25.5 19.56 35.19 21.1 0.5266 22.3 

1.767 41 25.4 18.43 38.28 20.7 0.4962 22.4 
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Table B-25  Data from Testing 140-Weight Oil at 1.8 kHz with Large Horn Spacing 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 35.26 T=22.4oC 
     34.09 (No.5 Cup) 
Acoustic Frequency: 1.8 kHz    34.59  
Horn Design: Large Spacing   Mean: 34.65  
    Standard Deviation:  0.59  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

1.72 0 22.2 34.65 45.11 20.3 1 

1.72 5 24.1 29.26 46.29 20.7 0.8445 

1.72 10 29.4 19.30 41.61 20.3 0.5571 

1.72 15 27.5 18.82 40.17 20.3 0.5432 

1.72 20 28.6 15.82 41.89 20.2 0.4566 

1.72 25 29.8 14.87 40.26 20.3 0.4292 

1.72 30 31.7 13.78 39.99 20.1 0.3977 

1.72 35 32.5 13.53 40.92 20.5 0.3905 

1.72 40 35.1 14.29 40.70 20.1 0.4124 
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Table B-26  Data from Testing 140-Weight Oil at 3.1 kHz with Small Horn Spacing 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 38.75 T=22.4oC 
     40.74 (No.5 Cup) 
Acoustic Frequency: 3.1 kHz    39.50  
Horn Design: Small Spacing   40.38  
    Mean: 39.84  
    Standard Deviation:  0.90  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

3.09 0 20.9 39.84 38.72 20.4 1 

3.09 5 22.3 26.11 36.90 19.9 0.6553 

3.09 9 24.1 21.3 37.91 20.1 0.5346 

3.09 15 23.8 25.15 34.81 20.3 0.6312 

3.09 15 23.8 25.5  ---  --- 0.6400 

3.09 20 24.4 22.09 37.66 19.9 0.5544 

3.09 25 27.9 26.04 39.04 20.3 0.6536 

3.09 25 27.9 25.63  ---  --- 0.6433 
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Table B-27  Data from Testing 140-Weight Oil at 6.9 kHz with Small Horn Spacing 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 40.43 T=22.8oC 
     40.02 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    36.01  
Horn Design: Small Spacing   35.65  
     38.33  
    Mean: 38.09  
    Standard Deviation:  2.21  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.78 0 22.8 38.09 38.44 20.8 1 

6.78 5 23.6  37.71 20.4  

6.78 10 25.4 29.14 38.93 20.8 0.7651 

6.87 15 28.8   ---  ---  

6.87 20 27.2 28.28 40.00 20.7 0.7425 

6.92 25 28.5  40.53 20.7  

6.92 30 30.5 25.49 41.47 20.8 0.6692 

6.92 35 28.3   ---  ---  

6.92 40 30.9   ---  ---  

6.92 45 28.7 25.20  ---  --- 0.6616 
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Table B-28  Data from Testing 140-Weight Oil at 6.9 kHz with Medium Horn Spacing 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 39.03 T=20.5oC 
     41.19 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    40.23  
Horn Design: Medium Spacing   41.16  
    Mean: 40.40  
    Standard Deviation:  1.02  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.93 0 20.5 40.40  ---  --- 1 

6.93 5 21.5 35.73 40.67 20.8 0.8844 

6.93 10 24.5 30.70 37.76 19.5 0.7599 

6.93 15 26.8   ---  ---  

6.93 20 26.9 27.59 37.07 19.7 0.6829 

6.93 25 25.7   ---  ---  

6.93 30 26.5 25.36 37.03 20.0 0.6277 

6.93 35 26.3   ---  ---  

6.93 40 29.5   ---  ---  

6.93 45 31.1 25.46 38.24 20.5 0.6302 

6.93 50 27.9   ---  ---  

6.93 55 28.1   ---  ---  

6.93 60 29.1 25.53 39.80 20.1 0.6319 
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Table B-29  Data from Testing 140-Weight Oil at 6.9 kHz with Medium Horn Spacing (Continuation of Test Summarized in 
Table 28) 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 39.03 T=20.5oC 
     41.19 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    40.23  
Horn Design: Medium Spacing   41.16  
    Mean: 40.40  
    Standard Deviation 1.02  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.74 0 22.0 41.97 43 21.5 1 

6.74 5 22.5 37.89 35.7 21.5 0.9028 

6.74 10 22.2 39.37 34.38 20.7 0.9381 

6.83 15 22.5 29.81 37.06 21.4 0.7103 

6.83 20 24.3 30.53 32.97 22.1 0.7274 

6.84 27 25.6 28.36 36.91 21.6 0.6757 

6.84 32 25.8 28.71 33.38 21.6 0.6841 
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Table B-30  Data from Testing 140-Weight Oil at 6.9 kHz with Large Horn Spacing 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 45.31 T=20.7oC 
     46.06 (No.5 Cup) 
Acoustic Frequency: 6.9 kHz    43.81  
Horn Design: Large Spacing   43.39  
     44.35  
    Mean: 44.58  
    Standard Deviation: 1.09  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

6.88 0 20.7 44.58 41.19 20.4 1 

6.88 5 21.0 38.39 39.47 20.1 0.8611 

6.88 10 21.6 33.10 39.28 19.9 0.7424 

6.88 15 23.1 26.96 38.45 20.5 0.6047 

6.88 20 23.0 25.47 39.58 20.3 0.5713 

6.88 30 26.0 19.38 43.93 20.4 0.4347 

6.88 39 23.5 17.80 39.09 20.5 0.3992 
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Table B-31  Data from Testing 140-Weight Oil at 13.1 kHz with Small Horn Spacing with Reduced Power Input 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 42.75 T=20.5oC 
     42.73 (No.5 Viscometer) 
Acoustic Frequency: 13.1 kHz    42.81  
Horn Design: Small Spacing   41.91  
    42.81  
71% current output; 89 volts    Mean: 42.60  
    Standard Deviation:  0.34  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.06 0 20.5 46.60 44.09 20.5 1 

13.06 5 21.5 35.57 45.09 20.5 0.7633 

13.09 10 26.4 29.01 45.87 20.4 0.6225 

13.09 14 22.8 30.17 46.39 20.3 0.6474 

13.09 18 26.8 27.81 46.27 20.3 0.5968 

13.09 22 25.1 31.52 44.29 20.3 0.6764 

13.09 26 26.1 28.69 44.94 20.4 0.6156 

13.09 29 26.6 31.60 45.04 20.2 0.6781 
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Table B-32  Data from Testing 140-Weight Oil at 13.1 kHz with Small Horn Spacing with Reduced Power Input (Duplicate of 
Test Summarized in Table B-30) 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 45.70 T=20.2oC 
     46.30 (No.5 Cup) 
Acoustic Frequency: 13.1 kHz    45.14  
Horn Design: Small Spacing   45.76  
    44.37  
71% current output; 89 volts    Mean: 45.45  
(Duplicate Experiment)    Standard Deviation: 0.73  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.05 0 20.2 45.45 45.43 21.3 1 

13.05 5 21.0 40.83 43.02 21.1 0.8983 

13.05 10 21.8 35.91 44.58 21.2 0.7900 

13.05 15 27.7 29.47 44.02 21.1 0.6483 

13.05 20 28.7 24.76 43.78 21.2 0.5447 

13.05 25 29.0 25.30 43.79 21.2 0.5566 

13.05 30 29.1 24.74 46.60 21.1 0.5443 

13.05 35 30.1 24.16 46.96 21.3 0.5315 

13.05 40 29.5 24.02 40.19 21.5 0.5284 

13.05 45 31.1 21.77 40.91 21.3 0.4789 

13.05 50 31.1 23.34 43.18 21.2 0.5135 
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Table B-33  Data from Testing 140-Weight Oil at 13.1 kHz with Medium Horn Spacing with Reduced Power Input 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 43.74 T=21.1oC 
     44.01 (No.5 Cup) 
Acoustic Frequency: 13.1 kHz    43.99  
Horn Design: Medium Spacing   44.00  
    44.04  
70% current output; 88 volts    Mean: 43.96  
    Standard Deviation:  0.12  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.05 0 21.1 43.96 43.33 21.7 1 

13.06 5 21.0 38.61 38.16 22.0 0.8784 

13.06 10 21.5 30.62 37.88 22.1 0.6966 

13.06 15 22.4 27.68 41.80 21.9 0.6297 

13.06 20 23.1 24.99 42.33 21.7 0.5685 

13.06 25 24.3 23.73 40.03 21.9 0.5399 

13.06 30 26.5 21.13 39.66 21.9 0.4807 

13.06 35 28.3 19.09 37.47 22.0 0.4343 

13.06 40 24.7 23.48 40.23 22.1 0.5342 

13.06 45 27.9 22.03 41.31 22.1 0.5012 

13.06 50 28.2 21.99 40.03 22.1 0.5003 
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Table B-34  Data from Testing 140-Weight Oil at 13.1 kHz with Large Horn Spacing with Reduced Power Input 

140-Weight Oil:       
       
Nominal Experimental Conditions:  Initial Drainage Times, (sec): 42.72 T=22.0oC 
     40.69 (No.5 Cup) 
Acoustic Frequency: 13.1 kHz    42.43  
Horn Design: Large Spacing   43.82  
     42.12  
70% current output    Mean: 42.36  
    Standard Deviation:  1.13  
       

Acoustic Frequency Treatment Oil Drainage Drainage Time Temperature Fractional Residual 

Measured, (kHz) Time, (min) Temperature Time After Cooling, After Cooling, Viscosity 

  (oC) (sec) (sec) (oC)  

13.05 0 22.0 42.36 47.84 20.1 1 

13.05 5 23.3 26.17 45.55 20.2 0.6179 

13.06 10 23.1 25.96 46.02 20.3 0.6129 

13.06 15 23.3 22.49 43.92 20.9 0.5310 

13.06 20 24.4 21.31 44.08 20.5 0.5031 

13.06 25 23.2 19.06 44.00 20.5 0.4500 
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Table B-35  Fractional Viscosity Effects of Heat, Sonication, and Both for 30-Weight Oil, 6.9 kHz, and Small Horn Spacing 

30-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Small Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.7 0.61741 1 0 1 1 

5 22.6 0.58961 0.95497 0.19700 0.80300 0.75797 

10 21.9 0.61102 0.98965 0.35476 0.64524 0.63489 

14.5 23.1 0.57516 0.93157 0.38180 0.61820 0.54977 

19 23.0 0.57800 0.93617 0.24841 0.75159 0.68776 

23 24.2 0.54561 0.88372 0.25804 0.74196 0.62568 

27.5 24.7 0.53311 0.86346 0.17868 0.82132 0.68478 

31.5 25.1 0.52349 0.84788 0.17070 0.82930 0.67718 

35 24.4 0.54055 0.87551 0.20646 0.79354 0.66905 
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Table B-36  Fractional Viscosity Effects of Heat, Sonication, and Both for 30-Weight Oil, 6.9 kHz, and Medium Horn Spacing 

30-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Medium Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.5 0.62392 1 0 1 1 

5 21.5 0.62392 1 0.11871 0.88129 0.88129 

10 22.8 0.58375 0.93561 0.12716 0.87284 0.80845 

15 22.8 0.58375 0.93561 0.28674 0.71326 0.64887 

20 23.3 0.56957 0.91288 0.29403 0.70597 0.61885 

25 23.8 0.55602 0.89117 0.30902 0.69098 0.58215 

30 23.8 0.55602 0.89117 0.31847 0.68153 0.57270 

35 24.2 0.54561 0.87449 0.33904 0.66096 0.53545 

40 25.2 0.52113 0.83525 0.25866 0.74134 0.57659 
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Table B-37  Fractional Viscosity Effects of Heat, Sonication, and Both for 30-Weight Oil, 6.9 kHz, and Large Horn Spacing 

30-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Large Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 20.3 0.66590 1 0 1 1 

5 21.3 0.63057 0.94694 0.12610 0.87390 0.82084 

10 21.8 0.61420 0.92236 0.33404 0.66596 0.58832 

15 22.0 0.60787 0.91286 0.31390 0.68610 0.59896 

20 22.8 0.58375 0.87663 0.26758 0.73242 0.60905 

25 23.0 0.57800 0.86800 0.22029 0.77971 0.64771 

30 23.6 0.56137 0.84302 0.19811 0.80189 0.64491 
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Table B-38  Fractional Viscosity Effects of Heat, Sonication, and Both for 30-Weight Oil, 13.1 kHz, and Small Horn Spacing 

30-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Small Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.7 0.58667 1 0 1 1 

5 28.7 0.44969 0.76652 0.01506 0.98494 0.75146 

10 24.8 0.53067    0.60994 

15 28.1 0.46059 0.78511 0.13423 0.86577 0.65088 

20 28.7 0.44969 0.76652 0.15132 0.84868 0.61520 

25 29.5 0.43589 0.74300 0.14242 0.85758 0.60058 

30 29.7 0.43257 0.73733 0.15546 0.84454 0.58187 

35 30.7 0.41663 0.71016 0.10256 0.89744 0.60760 
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Table B-39  Fractional Viscosity Effects of Heat, Sonication, and Both for 30-Weight Oil, 13.1 kHz, and Medium Horn Spacing 

30-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Medium Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.7 0.58667 1 0 1 1 

5 24.2 0.54561 0.93003 0.18059 0.81941 0.74944 

10 25.1 0.52349 0.89231 0.36323 0.63677 0.52908 

15 26.0 0.50299 0.85738 0.40883 0.59117 0.44855 

20 25.2 0.52113 0.88830 0.42521 0.57479 0.46309 

25 25.2 0.52113 0.88830 0.39389 0.60611 0.49441 

30 28.6 0.45148 0.76956 0.29025 0.70975 0.47931 

35 27.9 0.46434 0.79149 0.29261 0.70739 0.49888 

40 29.1 0.44269 0.75459 0.20593 0.79407 0.54866 
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Table B-40  Fractional Viscosity Effects of Heat, Sonication, and Both for 30-Weight Oil, 13.1 kHz, and Large Horn Spacing 

30-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Large Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.6 0.58961 1 0 1 1 

5 22.5 0.59258 1 0.20546 0.79454 0.79454 

10 24.5 0.53805 0.91255 0.25555 0.74445 0.65700 

15 27.9 0.46434 0.78754 0.20556 0.79444 0.58198 

20 29.2 0.44097 0.74791 0.24322 0.75678 0.50469 

25 26.9 0.48396 0.82081 0.31101 0.68899 0.50980 

30 30.3 0.42287 0.71720 0.23695 0.76305 0.48025 

35 28.7 0.44969 0.76270 0.28018 0.71982 0.48252 

40 33.4 0.37866 0.64222 0.16367 0.83633 0.47855 
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Table B-41  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 1.8 kHz, and Small Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 1.8 kHz      
Horn Design: Small Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (ºC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.3 0.51083 1 0 1 1 

5 27.5 0.37972 0.74334 0.10404 0.89596 0.6393 

10 34.6 0.27436 0.53708 0.18438 0.81562 0.3527 

15 39.5 0.22747 0.44529 0.18949 0.81051 0.2558 

20 41.7 0.21067 0.41241 0.15441 0.84559 0.2580 

25 44.6 0.19155 0.37498 0.12788 0.87212 0.2471 

30 48.1 0.17213 0.33696 0.10136 0.89864 0.2356 

35 47.6 0.17470 0.34198 0.10608 0.89392 0.2359 

40 43.6 0.19780 0.38721 0.11531 0.88469 0.2719 
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Table B-42  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 1.8 kHz, and Medium Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 1.7 kHz      
Horn Design: Medium Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (ºC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.7 0.49814 1 0 1 1 

5 24.3 0.45237 0.90811 0.29191 0.70809 0.6162 

10 25.1 0.43210 0.86743 0.54163 0.45837 0.3258 

15 29.1 0.35052 0.70365 0.40335 0.59665 0.3003 

19 40.2 0.22188 0.44542 0.17142 0.82858 0.2740 

25 39.1 0.23077 0.46326 0.19436 0.80564 0.2689 
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Table B-43  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 1.8 kHz, and Large Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 1.8 kHz      
Horn Design: Large Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (ºC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.1 0.55242 1 0 1 1 

5 21.7 0.53093 0.96110 0.33070 0.66930 0.6304 

10 23.2 0.48302 0.87436 0.51576 0.48424 0.3586 

15 30.3 0.33104 0.59924 0.31974 0.68026 0.2795 

20 31.6 0.31193 0.56466 0.30386 0.69614 0.2608 

25 35.2 0.26776 0.48471 0.20401 0.79599 0.2807 

30 34.3 0.27776 0.50280 0.22920 0.77080 0.2736 
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Table B-44  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 3.1 kHz, and Small Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 3.1 kHz      
Horn Design: Small Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (ºC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.0 0.55615 1 0 1 1 

5 28.9 0.35396 0.63644 0.20514 0.79486 0.4313 

10 36.4 0.25536 0.45915 0.15885 0.84115 0.3003 

15 39.1 0.23077 0.41494 0.16624 0.83376 0.2487 

20 43.7 0.19716 0.35451 0.10851 0.89149 0.2460 

25 48.2 0.17163 0.30860 0.09000 0.91000 0.2186 

30 45.9 0.18392 0.33071 0.11791 0.88209 0.2128 

35 46.7 0.17948 0.32272 0.10062 0.89938 0.2221 
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Table B-45  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 6.9 kHz, and Small Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Small Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (ºC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 20.7 0.56759 1 0 1 1 

5 25.2 0.42968 0.75702 0 1 0.7663 

10 26.3 0.40447 0.71261 0.26301 0.73699 0.4496 

15 27.7 0.37585 0.66218 0.26628 0.73372 0.3959 

20 27.2 0.38566 0.67947 0.31587 0.68413 0.3636 

25 28.9 0.35396 0.62361    

30 30.6 0.32645 0.57516 0.26146 0.73854 0.3137 

40 30.8 0.32346 0.56988 0.25588 0.74412 0.3140 
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Table B-46  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 6.9 kHz, and Small Horn Spacing 
(Test Performed Using a Water Bath) 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Small Spacing      
(Test Performed in a Water Bath)      

       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (ºC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.5 0.50442 1 0 1 1 

5 23.7 0.46866 0.92911 0.07661 0.92339 0.8525 

10 24.8 0.43952 0.87133 0.22713 0.77287 0.6442 

15 24.9 0.43702 0.86639 0.30999 0.69001 0.5564 

20 24.7 0.44204 0.87633 0.27913 0.72087 0.5972 

25 26.6 0.39803 0.78908    

30 26.8 0.39383 0.78076 0.21786 0.78214 0.5629 

35 26.5 0.40016 0.79330    

40 27.9 0.37204 0.73756 0.24446 0.75554 0.4931 

 
 
 
 
 
 
 203



 

  

Table B-47  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 6.9 kHz, and Medium Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 6.7 kHz      
Horn Design: Medium Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.1 0.55242 1 0 1 1 

5 20.3 0.58348  0.02890 0.97110 0.9711 

10 23.2 0.48302 0.87436 0.05926 0.94074 0.8151 

15 24.3 0.45237 0.81888 0.26118 0.73882 0.5577 

20 25.4 0.42490 0.76915 0.32695 0.67305 0.4422 

30 26.4 0.40230 0.72825 0.38075 0.61925 0.3475 

40 31.1 0.31905 0.57755 0.26465 0.73535 0.3129 

50 27.8 0.37394 0.67690 0.41230 0.58770 0.2646 

60 34.5 0.27548 0.49868 0.24548 0.75452 0.2532 

 
 
 
 
 
 
 
 
 204



 

  

Table B-48  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 6.9 kHz, and Medium Horn Spacing 
(Duplicate Experiment) 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 6.8 kHz      
Horn Design: Medium Spacing      
(Duplicate 
Experiment)       
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.3 0.54510 1 0 1 1 

5 21.6 0.53442 0.98040 0.09980 0.90020 0.8806 

10 23.1 0.48598 0.89154 0.27874 0.72126 0.6128 

15 24.5 0.44715 0.82032 0.25952 0.74048 0.5608 

20 24.4 0.44975 0.82508 0.32828 0.67172 0.4968 

25 31.1 0.31905 0.58531 0.11511 0.88489 0.4702 

30 27.0 0.38971 0.71494 0.24104 0.75896 0.4739 

35 27.6 0.37778 0.69304 0.25804 0.74196 0.4350 

40 29.8 0.33892 0.62177 0.20887 0.79113 0.4129 

45 29.5 0.34381 0.63073 0.20753 0.79247 0.4232 

50 31.1 0.31905 0.58531 0.18671 0.81329 0.3986 
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Table B-49  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 6.9 kHz, and Large Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 6.8 kHz      
Horn Design: Large Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.4 0.54150 1 0 1 1 

5 22.9 0.49200 0.90858 0.06378 0.93622 0.8448 

10 27.3 0.38366 0.70852 0.03192 0.96808 0.6766 

15 28.5 0.36101 0.66668 0.19608 0.80392 0.4706 

20 31.9 0.30779 0.56840 0.09710 0.90290 0.4713 

25 30.3 0.33104 0.61133 0.18033 0.81967 0.4310 

30 33.5 0.28719 0.53037 0.15537 0.84463 0.3750 

35 31.5 0.31333 0.57864 0.11394 0.88606 0.4647 

39.5 34.3 0.27776 0.51295 0.06375 0.93625 0.4492 

44 31.8 0.30916 0.57093 0.10803 0.89197 0.4629 
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Table B-50  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 6.9 kHz, and Large Horn Spacing 
(Test Performed Using a Water Bath) 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 6.8 kHz      
Horn Design: Large Spacing      
      
(Test Performed in a Water Bath)      

       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.2 0.54874 1 0 1 1 

5 23.4 0.47719 0.86960 0.09920 0.90080 0.7704 

10 27.6 0.37778 0.68844 0.06684 0.93316 0.6216 

15 29.3 0.34714 0.63261 0.10681 0.89319 0.5258 

20 28.6 0.35922 0.65463 0.18493 0.81507 0.4697 

25 29.5 0.34381 0.62655 0.14735 0.85265 0.4792 

30 31.0 0.32051 0.58408 0.11088 0.88912 0.4732 

35 31.9 0.30779 0.56090 0.09480 0.90520 0.4661 

40 31.9 0.30779 0.56090 0.11660 0.88340 0.4443 

45 28.7 0.35745 0.65140 0.19360 0.80640 0.4578 

50 31.5 0.31333 0.57100 0.11530 0.88470 0.4557 
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Table B-51  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 13.1 kHz, and Small Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Small Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.5 0.53794 1 0 1 1 

5 22.0 0.52072 0.96799 0.07029 0.92971 0.8977 

10 23.8 0.46588 0.86604 0.21224 0.78776 0.6538 

15 25.8 0.41561 0.77259 0.24259 0.75741 0.5300 

20 26.3 0.40447 0.75189 0.21099 0.78901 0.5409 

25 29.8 0.33892 0.63004 0.13514 0.86486 0.4949 

30 32.3 0.30241 0.56216 0.07996 0.92004 0.4822 

35 30.4 0.32950 0.61252 0.11192 0.88808 0.5006 

40 32.5 0.29978 0.55727 0.10477 0.89523 0.4525 

45 33.1 0.29212 0.54303 0.08913 0.91087 0.4539 
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Table B-52  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 13.1 kHz, and Medium Horn Spacing 

90-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Medium Spacing      
       
Treatment Time,  Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.5 0.50442 1 0 1 1 

5 23.1 0.48598 0.96344 0.09674 0.90326 0.8667 

10 27.3 0.38366 0.76061 0.12171 0.87829 0.6389 

15 32.6 0.29848 0.59172 0.00982  0.5819 

20 30.3 0.33104 0.65627 0.15147 0.84853 0.5048 

25 35.7 0.26247 0.52035 0.04365 0.95635 0.4767 

30 38.7 0.23415 0.46420 0.04350 0.95650 0.4207 

35 41.1 0.21504 0.42631 0.04231 0.95769 0.3840 
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Table B-53  Fractional Viscosity Effects of Heat, Sonication, and Both for 90-Weight Oil, 13.1 kHz, and Large Horn Spacing 

90 Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Large Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.1 0.55242 1 0 1 1 

5 22.7 0.49814 0.90174 0.11474  0.7870 

10 27.5 0.37972 0.68737 0.01817 0.98183 0.6692 

15 29.7 0.34054 0.61645 0.03755 0.96245 0.5789 

20 30.3 0.33104 0.59924 0.05524 0.94476 0.5440 

25 31.5 0.31333 0.56720 0.08990 0.91010 0.4773 

30 35.2 0.26776 0.48471 0.04121 0.95879 0.4435 

35 34.7 0.27324 0.49462 0.10572 0.89428 0.3889 

40 37.4 0.24575 0.44486 0.05846 0.94154 0.3864 

45 37.4 0.24575 0.44486 0.06536 0.93464 0.3795 

50 38.7 0.23415 0.42386 0.10896 0.89104 0.3149 

55 38.5 0.23587 0.42698    

60 35.7 0.26247 0.47513 0.13863 0.86137 0.3365 
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Table B-54  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 1.8 kHz, and Small Horn Spacing 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 1.8 kHz      
Horn Design: Small Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.2 0.88572 1 0 1 1 

5 22.6 0.81950 0.925244085 0.07204 0.92796 0.8532 

10 24.6 0.73928 0.834664449 0.23526 0.76474 0.5994 

15 25.5 0.70770 0.799009148 0.25861 0.74139 0.5404 

20 25.0 0.72493 0.818466598 0.34597 0.65403 0.4725 

25 26.3 0.68163 0.769576569 0.43358 0.56642 0.3360 

30 26.2 0.68479 0.77314687 0.43825 0.56175 0.3349 
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Table B-55  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 1.8 kHz, and Medium Horn Spacing 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 1.8 kHz      
Horn Design: Medium Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.1 0.84208 1 0 1 1

5 22.3 0.83292 0.98911 0.02741 0.97259 0.9617

10 23.0 0.80222 0.95265 0.27795 0.72205 0.6747

15 23.3 0.78969 0.93777 0.36267 0.63733 0.5751

20 22.8 0.81078 0.96282 0.49622 0.50378 0.4666

25 23.5 0.78153 0.92808 0.92808   

30 24.2 0.75415 0.89557 0.40507 0.59493 0.4905

35 25.5 0.70770 0.84040 0.31380 0.68620 0.5266

41 25.4 0.71108 0.84443 0.34823 0.65177 0.4962
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Table B-56  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 1.8 kHz, and Large Horn Spacing 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 1.8 kHz      
Horn Design: Large Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.2 0.83748 1 0 1 1 

5 24.1 0.75795 0.90504 0.06054 0.93946 0.8445 

10 29.4 0.59532 0.71085 0.15375 0.84625 0.5571 

15 27.5 0.64566 0.77096 0.22776 0.77224 0.5432 

20 28.6 0.61561 0.73508 0.27848 0.72152 0.4566 

25 29.8 0.58563 0.69927 0.27007 0.72993 0.4292 

30 31.7 0.54326 0.64868 0.25098 0.74902 0.3977 

35 32.5 0.52705 0.62933 0.23883 0.76117 0.3905 

40 35.1 0.48000 0.57315 0.16075 0.83925 0.4124 
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Table B-57  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 3.1 kHz, and Small Horn Spacing 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 3.1 kHz      
Horn Design: Small Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 20.9 0.90119 1 0 1 1 

5 22.3 0.83292 0.92425 0.26895 0.73105 0.6553 

9 24.1 0.75795 0.84106 0.30646 0.69354 0.5346 

15 23.8 0.76958 0.85396 0.22276 0.77724 0.6312 

15 23.8 0.76958 0.85396 0.21396 0.78604 0.6400 

20 24.4 0.74664 0.82851 0.27411 0.72589 0.5544 

25 27.9 0.63443 0.70399 0.05039 0.94961 0.6536 
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Table B-58  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 6.9 kHz, and Small Horn Spacing 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Small Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.8 0.81078 1 0 1 1 

5 23.6 0.77751 0.95896    

10 25.4 0.71108 0.87704 0.11194 0.88806 0.7651 

15 28.8 0.61042 0.75289    

20 27.2 0.65432 0.80703 0.06453 0.93547 0.7425 

25 28.5 0.61824 0.76253    

30 30.5 0.56934 0.70221 0.03301 0.96699 0.6692 

35 28.3 0.62355 0.76908    

40 30.9 0.56039 0.69118    

45 28.7 0.61301 0.75607 0.09447 0.90553 0.6616 
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Table B-59  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 6.9 kHz, and Medium Horn Spacing 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Medium Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 20.5 0.92260 1 0 1 1 

5 21.5 0.87072 0.94377 0.05937 0.94063 0.8844 

10 24.5 0.74294 0.80527 0.04537 0.95463 0.7599 

15 26.8 0.66621 0.72210    

20 26.9 0.66320 0.71884 0.03594 0.96406 0.6829 

25 25.7 0.70101 0.75982    

30 26.5 0.67538 0.73204 0.10434 0.89566 0.6277 

35 26.3 0.68163 0.73881    

40 29.5 0.59287 0.64261    

45 31.1 0.55602 0.60267 0 1 0.6302 

50 27.9 0.63443 0.68766    

55 28.1 0.62895 0.68171    

60 29.1 0.60279 0.65336 0.02146 0.97854 0.6319 
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Table B-60  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 6.9 kHz, and Medium Horn Spacing 
(Continuation of Test Summarized in Table 59) 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Medium Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.0 0.84674 1 0 1 1 

5 22.5 0.82393 0.97306 0.07026 0.92974 0.9028 

10 22.2 0.83748 0.98906 0.05096 0.94904 0.9381 

15 22.5 0.82393 0.97306 0.26276 0.73724 0.7103 

20 24.3 0.75038 0.88620 0.15880 0.84120 0.7274 

27 25.6 0.70434 0.83183 0.15613 0.84387 0.6757 

32 25.8 0.69771 0.82400 0.13990 0.86010 0.6841 
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Table B-61  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 6.9 kHz, and Large Horn Spacing 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 6.9 kHz      
Horn Design: Large Spacing      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 20.7 0.91178 1 0 1 1 

5 21.0 0.89598 0.98267 0.12157 0.87843 0.8611 

10 21.6 0.86583 0.94960 0.20720 0.79280 0.7424 

15 23.1 0.79800 0.87522 0.27052 0.72948 0.6047 

20 23.0 0.80222 0.87984 0.30854 0.69146 0.5713 

30 26.0 0.69119 0.75807 0.32337 0.67663 0.4347 

39 23.5 0.78153 0.85715 0.45795 0.54205 0.3992 
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Table B-62  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 13.1 kHz, and Small Horn Spacing 
with Reduced Power Input 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Small Spacing      
      
71% current output; 89 volts      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 20.5 0.92260 1 0 1 1 

5 21.5 0.87072 0.94377 0.18047 0.81953 0.7633 

10 26.4 0.67849 0.73541 0.11291 0.88709 0.6225 

14 22.8 0.81078 0.87880 0.23140 0.76860 0.6474 

18 26.8 0.66621 0.72210 0.12530 0.87470 0.5968 

22 25.1 0.72142 0.78195 0.10555 0.89445 0.6764 

26 26.1 0.68798 0.74570 0.13010 0.86990 0.6156 

29 26.6 0.67230 0.72870 0.05060 0.94940 0.6781 
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Table B-63  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 13.1 kHz, and Small Horn Spacing 
with Reduced Power Input (Duplicate of Test Summarized in Table B-62) 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Small Spacing      
       
71% current output; 89 volts      
(Duplicate Experiment)      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 20.2 0.93927 1 0 1 1 

5 21.0 0.89598 0.95391 0.05561 0.94439 0.8983 

10 21.8 0.85619 0.91154 0.12154 0.87846 0.7900 

15 27.7 0.64000 0.68138 0.03308 0.96692 0.6483 

20 28.7 0.61301 0.65264 0.10794 0.89206 0.5447 

25 29.0 0.60531 0.64445 0.08785 0.91215 0.5566 

30 29.1 0.60279 0.64176 0.09746 0.90254 0.5443 

35 30.1 0.57854 0.61595 0.08445 0.91555 0.5315 

40 29.5 0.59287 0.63120 0.10280 0.89720 0.5284 

45 31.1 0.55602 0.59197 0.11307 0.88693 0.4789 

50 31.1 0.55602 0.59197 0.07847 0.92153 0.5135 
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Table B-64  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 13.1 kHz, and Medium Horn 
Spacing with Reduced Power Input 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Medium Spacing      
       
70% current output; 88 volts      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 21.1 0.89082 1 0 1 1 

5 21.0 0.89598 1.00579 0.12739 0.87261 0.8784 

10 21.5 0.87072 0.97744 0.28084 0.71916 0.6966 

15 22.4 0.82840 0.92993 0.30023 0.69977 0.6297 

20 23.1 0.79800 0.89581 0.32731 0.67269 0.5685 

25 24.3 0.75038 0.84235 0.30245 0.69755 0.5399 

30 26.5 0.67538 0.75816 0.27746 0.72254 0.4807 

35 28.3 0.62355 0.69998 0.26568 0.73432 0.4343 

40 24.7 0.73564 0.82580 0.29160 0.70840 0.5342 

45 27.9 0.63443 0.71219 0.21099 0.78901 0.5012 

50 28.2 0.62624 0.70299 0.20269 0.79731 0.5003 
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Table B-65  Fractional Viscosity Effects of Heat, Sonication, and Both for 140-Weight Oil, 13.1 kHz, and Large Horn Spacing 
with Reduced Power Input 

140-Weight Oil:       
       
       
Acoustic 
Frequency: 13.1 kHz      
Horn Design: Large Spacing      
       
70% current output      
       
Treatment Time, Oil Temperature Calculated Fractional Normalized Fractional Viscosity Reduction Normalized Fractional Overall Fractional

(min) (oC) Residual Viscosity Residual Viscosity due to Sonication Residual Viscosity Residual Viscosity

  (due to heat) (due to heat)  due to Sonication  

0 22.0 0.84674 1 0 1 1 

5 23.3 0.78969 0.93262 0.31472 0.68528 0.6179 

10 23.1 0.79800 0.94244 0.32954 0.67046 0.6129 

15 23.3 0.78969 0.93262 0.40162 0.59838 0.5310 

20 24.4 0.74664 0.88179 0.37869 0.62131 0.5031 

25 23.2 0.79382 0.93751 0.48751 0.51249 0.4500 
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APPENDIX C 

Standard Operating Procedures for the Storage, Handling, and 
Disposal of Crude Oil at the University of Alabama at Birmingham 
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SOP Developed for Crude Oil Storage, Handling, and Disposal 
 
 

1) The oil samples for an experiment were collected from the main storage area in the cage 
having controlled access and located at the Business and Engineering Complex (BEC).  
Approved hazardous waste containers were used to collect and transport the oil to the 
laboratory, and these same containers were later used to dispose of the waste. 

2) The experimental equipment was placed in a kitty litter pan containing litter that was also 
covered with plastic sheets to contain any oil in case of a spill.  The test chamber along 
with spill containment was placed inside a fume hood and maintained there while 
experiments were conducted. 

3) The exit lines from the reaction chamber apparatus were used to drain the oil from the 
reaction chamber into an approved hazardous waste container.  Waste oil that was no 
longer being used for testing was placed in 55-gallon drums for storage until final 
disposition.  These drums were stored in a secure cage area outside of the laboratories 
and the BEC complex. 

4) During an experiment, plastic Dixie cups were used to collect samples for viscosity 
analysis. After the viscosity measurement was taken, the cups were placed upside down 
in a funnel and the oil was drained as much as possible into the hazardous waste 
container, and the cups were disposed of in a separate hazardous waste container. 

5) As soon as an experiment was completed, the parts of the equipment that required 
cleaning were first cleaned with paper towels, and the paper towels were disposed of in 
the same container that was marked “Hazardous Waste”, which was previously used to 
dispose of the Dixie cups.  The waste paper towels containing oil were placed in a plastic 
bag and the bag opening was tied to prevent leakage from the paper towels.  The bag was 
then placed in the waste container. 

6) After the first stage of cleaning, the equipment was cleaned further with paper towels that 
were soaked in mineral sprits.  The waste was disposed of in the same container marked 
as “Hazardous Waste”, as described above in Step 4. 

7) After the oil was removed from the equipment and any parts of the hood necessary 
because of a spill, the cleaning materials were placed in the waste container that was 
properly sealed. 

8) During all times of operation, the waste container was kept as near to the hood as 
possible or fully inside the hood) if there was sufficient room thereby eliminating any 
chance of volatile or gaseous emissions emitting from the stored waste. 

9) When the waste container was nearly full, a chemical manifest was filled out and the 
UAB Chemical Safety Department or the Hazardous Waste Office was notified to request 
removal of the waste. At this point, the hazardous waste container was placed in a 
secondary container until it was collected and removed for disposal. 

10) Records of the amount and the date of generation of the waste as well as the date when 
the material was picked up by the UAB Chemical Safety Department were prepared and 
maintained. 
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11) At the end of the experiments, all of the waste oil stored in 55-gallon drums was removed 
by a licensed firm for recycle and/or disposal. 
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APPENDIX D 

Sonication System Testing: Sand Test Conditions and Observations 
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Sand Test Methods 
 

All of 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. 
 
Photos of tank before test: 5 photographs taken. 
 
Test Series A (A1, A2, A3, A4) 
 
Horn configuration was the following: 

• Two fins. 
• Four slots in both fins. 
• Both fins have 2.5 inch diameter. 
• Slots were offset by 45-degree difference between top and bottom fins. 
• Fins were 1 inch apart (inside to inside dimension). 
• Both fins were 0.050 inches thick. 
• Bottom fin (bottom of horn) was 1 inch above aquarium floor. 

 
Test A1:  Output Conditions: Frequency = 900 Hz, Current = 99.9%, Voltage = 187 volts 
 Photos: 0 during and 5 after. 
 
Test A2:  Output Conditions: Frequency = 1136 Hz, Current = 100%, Voltage not recorded 
 Photos: 2 during and 4 after. 
 
Test A3:  Output Conditions: Frequency = 1291 Hz, Current = 99.5%, Voltage not recorded 
 Photos: 2 during and 4 after. 
 
Test A4:  Output Conditions: Frequency = 1560 Hz, Current = 87%, Voltage not recorded 
 Photos: 2 during, 5 after. 
 
 
Test Series B (B1, B2, B3, B4) 
 
Horn configuration was the following: 

• Two fins. 
• Four slots in both fins. 
• Both fins have 2.5 inch diameter. 
• Slots were offset by 45-degree difference between top and bottom fins. 
• Fins were 2.0625 inches apart (inside to inside dimension). 
• Both fins were 0.050 inches thick. 
• Bottom fin (bottom of horn) was 1 inch above aquarium floor. 
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Test B1:  Output Conditions: Frequency = 900 Hz, Current = 99.5%, Voltage = 187 volts 
 Photos: 2 during and 4 after. 
 
Test B2:  Output Conditions: Frequency = 1139 Hz, Current = 99.8%, Voltage = 239 volts 
 Photos: 2 during and 6 after. 
 
Test B3:  Output Conditions: Frequency = 1288 Hz, Current = 98.0%, Voltage = 260 volts 
 Photos: 2 during and 4 after. 
 
Test B4:  Output Conditions: Frequency = 1563 Hz, Current = 85.4%, Voltage = 278 volts 
 Photos: 2 during and 4 after. 
 
 
Test Series C (C1,C2,C3,C4) 
 
Horn configuration was the following: 

• One fin. 
• Four slots in the single fin. 
• The fin has a 2.5 inch diameter. 
• Fin is 0.050 inches thick 
• Bottom fin (bottom of horn) was 1 inch above aquarium floor. 

 
Test C1:  Output Conditions: Frequency = 900 Hz, Current = 99.4%, Voltage = 185 volts 
 Photos: 2 during and 5 after. 
 
Test C2:  Output Conditions: Frequency = 1178 Hz, Current = 99.7%, Voltage = 278 volts 
 Photos: 2 during and 4 after. 
 
Test C3:  Output Conditions: Frequency = 1247 Hz, Current = 98.3%, Voltage = 249 volts 
 Photos: 3 during and 4 after. 
 
Test C4:  Output Conditions: Frequency = 1563 Hz, Current = 85.4%, Voltage = 278 volts 
 Photos: 2 during and 4 after. 
 
 
Test Series D (D1,D2,D3,D4) 
 
Horn configuration was the following: 

• One fin. 
• No slots in the fin. 
• Fin has 2.5 inch diameter. 
• Fin is 0.050 inches thick 
• Bottom fin (bottom of horn) was 1 inch above aquarium floor. 

 
Test D1:  Output Conditions: Frequency = 902 Hz, Current = 99.4%, Voltage = 186 volts 
 Photos: 2 during and 4 after. 
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Test D2:  Output Conditions: Frequency = 1147 Hz, Current = 98.8%, Voltage = 238 volts 
 Photos: 2 during and 4 after. 
 
Test D3:  Output Conditions: Frequency = 1347 Hz, Current = 94.6%, Voltage = 278 volts 
 Photos: 4 during and 4 after. 
 
Test D4:  Output Conditions: Frequency = 1534 Hz, Current = 92.0%, Voltage = 276 volts 
 Photos: 4 during and 5 after. 
 
 
Test Series E (E1,E2,E3,E4) 
 
Horn configuration was the following: 

• Two fins. 
• No slots in the fins. 
• Fins have 2.5 inch diameter. 
• Both fins are 0.050 inches thick. 
• Fins were 1 inch apart (inside to inside dimension). 
• Bottom fin (bottom of horn) was 1 inch above aquarium floor. 

 
Test E1:  Output Conditions: Frequency = 901 Hz, Current = 99.2%, Voltage = 186 volts 
 Photos: 2 during and 4 after. 
 
Test E2:  Output Conditions: Frequency = 1146 Hz, Current = 98.6%, Voltage = 240 volts 
 Photos: 2 during and 4 after. 
 
Test E3:  Output Conditions: Frequency = 1295 Hz, Current = 96.2%, Voltage = 276 volts 
 Photos: 3 during and 4 after. 
 
Test E4:  Output Conditions: Frequency = 1538 Hz, Current = 92.2%, Voltage = 275 volts 
 Photos: 2 during and 4 after. 
 
 
Test Series F (F1,F2,F3,F4) 
 
Horn configuration was the following: 

• Two fins. 
• No slots in the fins. 
• Fins have 2.5 inch diameter. 
• Both fins are 0.050 inches thick. 
• Fins were 2.0625 inches apart (inside to inside dimension). 
• Bottom fin (bottom of horn) was 1 inch above aquarium floor. 

 
Test F1:  Output Conditions: Frequency = 903 Hz, Current = 99.0%, Voltage = 186 volts 
 Photos: 2 during and 4 after. 
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Test F2:  Output Conditions: Frequency = 1147 Hz, Current = 99.6%, Voltage = 242 volts 
 Photos: 0 during and 5 after. 
 
Test F3:  Output Conditions: Frequency = 1280 Hz, Current = 95.1%, Voltage = 276 volts 
 Photos: 2 during and 6 after. 
 
Test F4:  Output Conditions: Frequency = 1420 Hz, Current = 95.0%, Voltage = 276 volts 
 Photos: 3 during and 5 after. 
 
 
The observations made during each of these test are presented on the following pages of this 
appendix. 
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DATE   9/24/2003 
TIME   1:34 PM EDT 
TEST NUMBER A1 
 
TEST CONDITIONS 

FREQUENCY 900 Hz 
CURRENT 99.9%  
VOLTAGE 187 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned (fins are 0.050 inch thick) 
 Slotted (4 slots per fin) 
 Slots not aligned (45% out of alignment)  

Fins are 1 inch apart 
 
OBSERVATIONS DURING THE TEST 
 
After 2 to 3 minutes, the sand clears out from immediately under the bottom fin.  At 6 to 
6.5 minutes, the hole (circle) under the bottom fin is becoming elongated (elliptical) on 
the east (right hand side as you are looking at the aquarium).  Bubble continues to 
dance on bottom fin’s west side (left) at the 8 to 8.5 minute mark.  At the 9 minute mark, 
the bubble floats off.  Then a bubble forms on the NE quadrant of the top fin.  Sand 
begins to fill in around circle (hole) under the horn on the E and W sides.  Twin circles 
begin appearing on both the E&W sides.  The sand directly underneath the horn is not 
as cleared out as before.  Bubbles at 11 minute mark switched to SW quadrant of top fin 
at the 12.5 minute mark.  Three circles are now becoming one blob.  Test was 
shutdown at approximately 13-14 minute mark.  Five photos were taken before and 5 
photos after test.  2 circles, one ellipse and one big blob observed at end of test (six 
holes).  
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DATE   9/24/2003 
TIME   1:55 PM EDT 
TEST NUMBER A2 
 
TEST CONDITIONS 

FREQUENCY 1136 Hz 
CURRENT 100% 
VOLTAGE   
 

AQUARIUM CONFIGURATION 
Actuator centered (6 inches from top and bottom 15” from sides) 

 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned (fins are 0.050 inch thick) 
 Slotted (4 slots per fin) 
 Slots not aligned (45% out of alignment)  

Fins are 1 inch apart 
 
OBSERVATIONS DURING THE TEST 
 
During the first thirty seconds, sand is drawn to the center of the bottom fin.  Bubbles 
start appearing on all four quadrants of both top and bottom fins.  Three distinct “holes” 
appear to the east (right of the actuator/horn at about the 2-minute mark.  Sand is now 
being pushed away (clear spot) form directly underneath the bottom fin at the 2.5-
minute mark.  At 3 minutes, sand is being drawn into a cone shape underneath the 
bottom fin.  At 3.5 minutes, there are four holes around the bottom fin and seven other 
“holes” appear throughout the aquarium.  At 4 minutes, the cone disintegrates.  At 4.5 
minutes the buildup underneath the bottom fin begins again.  Photos 11 and 1 are taken 
at the 5-minute mark.  There appears to be more bubbles on the fins than at the 900 Hz 
(test A1).  Asymmetry under the bottom fin is due to the bubbles attracting the sand 
particles.  At the 10-minute mark several bubbles are appearing on all 8 quadrants.  
Five photos (#13-16) were taken after test.  A total of thirteen “holes” was observed.   
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DATE   9/24/2003 
TIME   2:22 PM EDT 
TEST NUMBER A3 
 
TEST CONDITIONS 

FREQUENCY 1291 Hz 
CURRENT 99.5%  
VOLTAGE   
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned (fins are 0.050 inch thick) 
 Slotted (4 slots per fin) 
 Slots not aligned (45% out of alignment)  

Fins are 1 inch apart 
 
OBSERVATIONS DURING THE TEST 
 
During the first minute, sand is moving rapidly.  A big “hole” appears just west (left) of 
the actuator.  Lots of big bubbles with lots of activity (bubble action) were observed on 
underneath side of bottom fin.  Very seldom was there a “hole” directly underneath the 
bottom fin.  Typically there was a cone building up, then a flattening out of the pile of 
sand and then a build-up to a peak on the cone.  This pattern kept on repeating several 
times during the test.  Photos #17 & #18 were taken at the 10-minute mark.  Test 
concluded at the approximately the 11 minute mark when photos # 19 to #22 were 
taken.  Twenty “holes” were counted at the end of the test.  This appeared to be the 
most aggressive movement of sand observed as part of this series of tests.   
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DATE   9/24/2003 
TIME   2:46 PM EDT 
TEST NUMBER A4 
 
TEST CONDITIONS 

FREQUENCY 1560 Hz 
CURRENT 87%  
VOLTAGE   
 

AQUARIUM CONFIGURATION 
Actuator centered (6 inches from top and bottom 15” from sides) 

 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned (fins are 0.050 inch thick) 
 Slotted (4 slots per fin) 
 Slots not aligned (45% out of alignment)  

Fins are 1 inch apart 
 
OBSERVATIONS DURING THE TEST 
 
During the first minute, 2 “holes” appeared on the west (left) side of the actuator/horn 
and one “hole” appeared on the east (right) side.  The bubbles that appeared on all 4 
quadrants of both fins were much smaller than those observed during test A3.  At the 3-
minute mark, two additional “holes” appeared on the east (right) side of the horn.  
Photos # 23 and #24 were taken at the 5-minute mark.  Minimal activity on the 
underneath side of the bottom fin was observed throughout test A4.  Not much really 
happening during test A4.  Test was shut down at the 11-minute mark, when photos # 
25 to #29 were taken.  A total of six “holes” were observed at the end of test A4.  
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DATE   9/25/2003 
TIME   11:01 AM EDT 
TEST NUMBER B1 
 
TEST CONDITIONS 

FREQUENCY 900 Hz 
CURRENT 99.5%  
VOLTAGE 187 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned (fins are 0.050 inch thick) 
 Slotted (4 slots per fin) 
 Slots not aligned (45% out of alignment)  
 Fins are 2.0625 inches apart 
 
OBSERVATIONS DURING THE TEST 
 
Initially not much action.  Even after 4 minutes, not much is happening.  No sand 
appears to be moving.  After 5 minutes, a small hole starts forming under the horn.  A 
few bubbles are observed on the bottom fin.  Test ended at 11 minutes.  One hole, 1.5 
inches in diameter, directly under the horns/actuator. 
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DATE   9/25/2003 
TIME   11:32 AM EDT 
TEST NUMBER B2 
 
TEST CONDITIONS 

FREQUENCY 1139 Hz 
CURRENT 99.8%  
VOLTAGE 239 
 

AQUARIUM CONFIGURATION 
Actuator centered (6 inches from top and bottom 15” from sides) 

 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned (fins are 0.050 inch thick) 
 Slotted (4 slots per fin) 
 Slots not aligned (45% out of alignment)  
 Fins are 2.0625 inches apart 
 
OBSERVATIONS DURING THE TEST 
 
Immediately upon starting the test, a large 4-inch oval begins to appear on the east 
(right) side.  During the first thirty seconds, two ovals 2.5 inches long and 1 inch wide 
start to appear on the north and south.  At time equals one minute, a small (1-inch 
diameter) begins to appear northeast of the actuator/horn.  One large bubble appears 
on all eight quadrants on the horns.  One bubble appears to be moving sand on the 
underneath side of the bottom fin at time = 2 minutes.  The bubbles on the top of both 
fins appear to pair up (NW and SE being large and NE and SW being smaller) before 
they bubble off towards the top of the aquarium.  Between the t=5 and t=8 minute 
marks, several small holes opened up on the east and west sides.  Test concluded at 
t=11 minutes.  Fourteen holes were observed at the end of the test.  
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DATE   9/25/2003 
TIME   1:12 PM EDT 
TEST NUMBER B3 
 
TEST CONDITIONS 

FREQUENCY 1288 Hz 
CURRENT 98.0%  
VOLTAGE 260 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned (fins are 0.050 inch thick) 
 Slotted (4 slots per fin) 
 Slots not aligned (45% out of alignment)  

Fins are 2.0625 inches apart 
 
OBSERVATIONS DURING THE TEST 
 
During the first minute, bubbles appeared on all four quadrants on both the top and 
bottom fins.  During the first minute a 2-2.5 inch diameter hole opened up on the west.  
There is also activity on the underneath side of the bottom fin.  At t=2 minutes, a 1.5 
inch diameter hole begins NE of the actuator.  At t=3, the west hole begins filling in and 
the NE hole expands to 2 to 2.5 inch diameter.  At t=4.4 minute, a large oval 2-3 inches 
long and 2-2.5 inches in diameter is forming on west-southwest side.  The NE hole now 
begins to diminish and begins filling in.  At t=6.5 west-southwest oval has increased to 
include a hole to the south.  Meanwhile sand is coned up directly under the horn.  At 
t=8, a ridge begins to form around the west to south arc of the hole.  At t=9, the crescent 
is moving north, with the southern portion filling in.  The ridge is sort of heart shaped.  
Test concluded at t=10 minutes.  Only one hole observed. The ridge is about 3/8 inch 
high.  
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DATE   9/25/2003 
TIME   1:32 PM EDT 
TEST NUMBER B4 
 
TEST CONDITIONS 

FREQUENCY 1563 Hz 
CURRENT 85.4%  
VOLTAGE 278 
 

AQUARIUM CONFIGURATION 
Actuator centered (6 inches from top and bottom 15” from sides) 

 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned (fins are 0.050 inch thick) 
 Slotted (4 slots per fin) 
 Slots not aligned (45% out of alignment)  

Fins are 2.0625 inches apart 
 
OBSERVATIONS DURING THE TEST 
 
Small bubbles forming mainly on the top fin.  Very little action.  At t=5 minutes no sand 
movement is observed.  At t=7.5 minutes a slight increase in bubble size on top fin.  
Nothing else is happening.  Tiny bubbles are forming (but not growing on the lower fin.  
Test concluded at t=10 minutes.  No holes observed.  Very little if any sand moved 
during this entire ten-minute test.    
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DATE   9/25/2003 
TIME   2:47 PM EDT 
TEST NUMBER C1 
 
TEST CONDITIONS 

FREQUENCY 900 Hz 
CURRENT 99.4%  
VOLTAGE 185 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Single Fin (0.050 inch thick) 
 Slotted (4 slots per fin) 
 
OBSERVATIONS DURING THE TEST 
 
Initially some sand started out on top of fin.  Not much else is happening.  Even after 5 
minutes, not much is happening.  Sand grains on top fin are moving/swaying, but no 
bubbles.  Test ended after 10 minutes.  No holes. 
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DATE   9/25/2003 
TIME   3:04 PM EDT 
TEST NUMBER C2 
 
TEST CONDITIONS 

FREQUENCY 1178 Hz 
CURRENT 99.7%  
VOLTAGE 278 
 

AQUARIUM CONFIGURATION 
Actuator centered (6 inches from top and bottom 15” from sides) 

 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Single Fin (0.050 inch thick) 
 Slotted (4 slots per fin) 
 
OBSERVATIONS DURING THE TEST 
 
Immediately upon starting the test, 2 big bubbles appear on the SW and SE quadrants 
and sand begins pushing out and away from directly underneath the horn.  At t=1 
minute, 2 holes (1 inch diameter) appear 4” east on the centerline of the aquarium, plus 
a 2 inch diameter hole appears 4 inches north of horn.  At time = 2 minutes, a big 
bubble is added to the NE quadrant.  At time = 5 minutes, a second 1 inch hole appears 
on the east side of the centerline.  At time = 8 minutes, a hole begins to appear directly 
under the NE quadrant of the horn.  At time = 9, the NE quadrant hole starts expanding 
to the SW.  There are now 3 big bubbles on the top, with a small bubble on the other 
(NE) quadrant of the horn.  Test concluded at t=11 minutes.  Five holes were observed 
at the end of the test.  
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DATE   9/25/2003 
TIME   3:25 PM EDT 
TEST NUMBER C3 
 
TEST CONDITIONS 

FREQUENCY 1247 Hz 
CURRENT 98.3%  
VOLTAGE 249 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Single Fin (0.050 inch thick) 

Slotted (4 slots per fin)  
 
OBSERVATIONS DURING THE TEST 
 
Immediately, sand starts swirling.  Holes begin to appear at 6 inches west of the 
centerline, 4 and 7 inches east of the centerline.  A big oval begins to swirl from 2 
inches east to 2 inches west of the centerline.  This area includes heavy activity directly 
under the fin.  There is only one big bubble on top of the NE quadrant of the fin.  At time 
4 min, and additional hole 6 inches north of the actuator appears.  At time = 6 min, three 
one-inch holes appear at 4.5 inches east of the west edge of the aquarium, each one 
0.5 to one inch in diameter.  A big bubble is now on the shaft and one on the NE 
quadrant of the fin.  Test concluded at 10.5 minutes.  14 holes were observed at the end 
of the test. 
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DATE   9/25/2003 
TIME   3:58 PM EDT 
TEST NUMBER C4 
 
TEST CONDITIONS 

FREQUENCY 1563 Hz 
CURRENT 85.4%  
VOLTAGE 278 
 

AQUARIUM CONFIGURATION 
Actuator centered (6 inches from top and bottom 15” from sides) 

 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Single Fin (0.050 inch thick) 

Slotted (4 slots per fin)  
 
OBSERVATIONS DURING THE TEST 
 
Not much happening at the beginning.  No bubbles, no sand movement.  At t=4 min, 
same as at the beginning.  At t=10 min, no activity, no bubbles.  Test concluded at 11 
minutes.  No holes observed.  Very little if any sand moved during this entire test.    
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DATE   9/26/2003 
TIME   9:40 AM EDT 
TEST NUMBER D1 
 
TEST CONDITIONS 

FREQUENCY 902 Hz 
CURRENT 99.4%  
VOLTAGE 186 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Single Fin (0.050 inch thick) 
 No Slots 
 
OBSERVATIONS DURING THE TEST 
 
Some sand movement just west of midpoint at t= 0.5 minutes.  At t=1.5 minutes, some 
clockwise movement of sand at center point.  This type of motion continued throughout 
the test, but no real holes developed.  Motion at (2, 0), but nowhere else. Test ended at 
t=11.5 minutes.   
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DATE   9/26/2003 
TIME   10:08 AM EDT 
TEST NUMBER D2 
 
TEST CONDITIONS 

FREQUENCY 1147 Hz 
CURRENT 98.8%  
VOLTAGE 238 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Single Fin (0.050 inch thick) 
 No Slots 
 
OBSERVATIONS DURING THE TEST 
 
Initially, tiny bubble is dancing around in the SE quadrant of the horn.  Some sand is 
moving directly under the horn.  At t=2 minutes, three one-inch diameter holes are 
forming at 1.5 inches from the south edge on the centerline and 2 inches SE of 
centerline and at north edge at the centerline.  At t=4.5 minutes, a 1 inch diameter hole 
is forming, 6.5 inches east of and on the centerline.  At t=5.5 min, 10 inches from the W 
edge of the aquarium, 1.5 inches from the southern edge, a 0.5 inch hole has opened 
up.  The hole at the north edge on the centerline has become three holes.  The hole on 
the centerline and 1.5 inches from the south edge has become an ellipse 2 inches long 
by 1 inch wide.  A new hole has begun developing at 10.5 inches in line with the others.  
At t= 9 minutes, the three holes at the north edge have become one ellipse.  Sand had 
mounded up under the horn.  Test was concluded at t= 10 minutes.  8 holes were 
observed.   
 



 

   245

 
DATE   9/26/2003 
TIME   10:27 AM EDT 
TEST NUMBER D3 
 
TEST CONDITIONS 

FREQUENCY 1347 Hz 
CURRENT 94.6%  
VOLTAGE 278 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Single Fin (0.050 inch thick) 

No Slots  
 
OBSERVATIONS DURING THE TEST 
 
Immediately big bubbles are underneath the horn, driving sand away forming a 
crescent/smile along the south edge of the fin.  2-2.5 inches south of that hole are two 
more holes near the south edge of the aquarium.  A large (1.5 inch wide by 3 inch long) 
hole butts up against the north edge at the centerline.  Two one-inch diameter holes 7 
inches off the west edge and 1 inch north of the centerline and 2.5 inches north of the 
centerline.   Two holes (half-circles) are at the north edge 3.5 inches from the centerline 
and a 1-inch diameter hole approximately 1.5 inches south of that previous hole.  At t=5 
minutes, this hole has sand swirling in cone shape—this stopped at t=6 minutes.  A new 
hole 3 inches west of there.  At t=7.5 minutes, the bubble underneath the fin continue to 
stir/swirl sand into a mound.  Test concluded at t= 10 minutes.  12 holes were observed.   
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DATE   9/26/2003 
TIME   11:08 AM EDT 
TEST NUMBER D4 
 
TEST CONDITIONS 

FREQUENCY 1534 Hz 
CURRENT 92.0%  
VOLTAGE 276 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Single Fin (0.050 inch thick) 
 No Slots  
 
OBSERVATIONS DURING THE TEST 
 
Nine holes formed almost immediately.  Sand movement is very active, with fine sand 
particles swirling up above the top of the horn towards the actuator.  Movement so 
active that the aquarium is cloudy due to suspended solids (sand grains and other fine 
particles).  Aquarium was too cloudy to count the number of holes during the 10 minutes 
of this test.  Once test concluded at t=10 minutes, the aquarium was allowed to settle 
w/o taking photos.  At 1:20 p.m. EDT, an attempt was made to count, photograph and 
locate the 20 holes formed during the test.    
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DATE   9/30/2003 
TIME   11:34 AM EDT 
TEST NUMBER E1 
 
TEST CONDITIONS 

FREQUENCY 901 Hz 
CURRENT 99.2%  
VOLTAGE 186 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned, each 0.050 inch thick 
 No Slots 

Fins are 1 inch apart 
 
OBSERVATIONS DURING THE TEST 
 
At the beginning, a large bubble began traversing the bottom of the lower fin with one 
small bubble on top of each fin.  At t=1.45 minute, two small bubbles appear and a 1-
inch diameter hole appears just SW of the center point of the aquarium.  At t=2 min, a 1-
inch hole appears one inch west of the eastern edge of the aquarium on the centerline 
and a 1-inch diameter hole appears at (10, 4).  At t=4, the hole just southwest of the 
center point is becoming elliptical.  There is still one bubble on each of the fin’s bottom 
surface and on the top fin a single bubble continues to move about.  At t= 7 min, a large 
bubble on the underneath side of the bottom fin appears in its SE quadrant.  At t= 8.5 
min, the bubble on the underneath side of the bottom fin moves more to the east and 
sand begins filling in the ellipse to the west of the center point as the bubble moves to 
the northwest.  Test ended at t=10 minutes. Only three holes observed at the end.   
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DATE   9/30/2003 
TIME   12:10 PM EDT 
TEST NUMBER E2 
 
TEST CONDITIONS 

FREQUENCY 1146 Hz 
CURRENT 98.6%  
VOLTAGE 240 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned, each 0.050 inch thick 
 No Slots 

Fins are 1 inch apart  
 
OBSERVATIONS DURING THE TEST 
 
Initially, the sand begins mounding underneath the horn.  Within the first two minutes, 
ten holes appear.  Almost continuously throughout the test, one bubble appears on 
each fin and sand continues to mound up directly underneath the horn.  At t=8.5 min, 
two bubbles are on the top fin.  At t=9.5 min, three additional 0.5-inch diameter holes 
appear.  A total of thirteen holes are observed when the test concluded at t=10 minutes.   
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DATE   9/30/2003 
TIME   1:25 PM EDT 
TEST NUMBER E3 
 
TEST CONDITIONS 

FREQUENCY 1295 Hz 
CURRENT 96.2%  
VOLTAGE 276 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned, each 0.050 inch thick 
 No Slots 

Fins are 1 inch apart  
 
OBSERVATIONS DURING THE TEST 
 
Immediately two holes appear—a 2-inch diameter hole southwest of the center point of 
the aquarium and a 2” by 1” north-south ellipse at 23 inches  from the west edge on the 
centerline.  At t=1 min, all kinds of holes begin to form.  One bubble is underneath the 
bottom fin, and 1-2 bubbles are racing around on the topside of each fin.  At t=2 min, 
and at t=4.5 min, bubbles on the underneath side of the top fin are observed.  Sand is 
constantly moving underneath the horn.  At t=6 min, a big mound of sand is collecting 
underneath the horn.  At t=9 min, bubble is observed on shaft above the horn.  Test 
ended at t=10 minutes, when 17 holes were counted.   
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DATE   9/30/2003 
TIME   2:15 PM EDT 
TEST NUMBER E4 
 
TEST CONDITIONS 

FREQUENCY 1538 Hz 
CURRENT 92.2%  
VOLTAGE 275 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned, each 0.050 inch thick 
 No Slots 

Fins are 1 inch apart  
 
OBSERVATIONS DURING THE TEST 
 
Within the first minute, 17 holes are formed.  At t=2 min, four bubbles are observed on 
top of the bottom fin.  Also a big mound of sand is forming underneath the horn.  At t=5 
min, lots of sediment fines are being kicked up to cloud up the aquarium.  At t= 6 min, 
the bottom horn manages to unscrew itself.  Test is suspended and horn is reattached.  
We are still observing four bubbles chasing each other counterclockwise around the top 
of the bottom fin.  Lots of fine sediment being stirred up and aquarium is very cloudy.  
Mound directly underneath the horn is so high that bubbles on the bottom fin are picking 
up sand.  At t=8.5 min, “clear” bubbles appear on both fins on the outer circumference 
surface.  Very unusual observations were noted during this test.  Test concludes at t=10 
min with a very dark/cloudy aquarium.  After some 45 minutes, 28 holes were counted.   
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DATE   10/01/2003 
TIME   3:22 PM EDT 
TEST NUMBER F1 
 
TEST CONDITIONS 

FREQUENCY 903 Hz 
CURRENT 99.0%  
VOLTAGE 186 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned, each 0.050 inch thick 
 No Slots 

Fins are 2.0625 inches apart 
 
OBSERVATIONS DURING THE TEST 
 
Within the first 30 seconds, a 2-in hole appears under and southwest of the center point.  
At t=2 min, 5 more holes appear.  One hole is north-northwest of center point.  Three 
more holes are at 2 in, 3 in, and 5 in east of the west edge.  The fifth hole is 5 in west of 
the east edge and 2 in south of north edge.  At t=5.5 min, holes 2, 3 and 4 have merged 
into an ellipse 1.5 in by 3 – 3.5 in long running east to west.  Test concluded at t=11 
minutes.  8 holes observed.   
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DATE   10/01/2003 
TIME   3:43 PM EDT 
TEST NUMBER F2 
 
TEST CONDITIONS 

FREQUENCY 1147 Hz 
CURRENT 99.6%  
VOLTAGE 242 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned, each 0.050 inch thick 
 No Slots 

Fins are 2.0625 inches apart  
 
OBSERVATIONS DURING THE TEST 
 
Within the first minute, 6 holes appear.  There is a bubble on each side (top and bottom) 
of each fin.  At t=2 min, 10 holes ar3e observed.  At t=2.5 min, a bubble runs up and 
down on horn shaft between the two fins.  At t=3 min, mounding of sand is noticed at 
the center point (directly underneath the horn/actuator).  At t=4 min, 13 holes are now 
observed.  At t=6 min, two bubbles are observed on the topside of each fin.  At t=7.5 
min, only a tiny bubble on the topside of the bottom fin is observed.  At t=8 min, the only 
bubble observed is a big one on the underneath side of the top fin.  Test concluded at 
t=10 minutes.  15 holes were counted after the test concluded.   
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DATE   10/02/2003 
TIME   1:02 PM EDT 
TEST NUMBER F3 
 
TEST CONDITIONS 

FREQUENCY 1280 Hz 
CURRENT 95.1%  
VOLTAGE 276 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned, each 0.050 inch thick 
 No Slots 

Fins are 2.0625 inches apart  
 
OBSERVATIONS DURING THE TEST 
 
Immediately at the beginning of the test, 8 holes appear.  At t=1 minute, sand is mixing 
on bottom fin all the way up to underneath side of upper fin.  At t-=1.5 mon, holes 
elongate to ellipses running north-south, 4 – 5 inches long and 1 – 2.5 inches wide.  At 
t=4 min, chaos is occurring in the tank.  At t=5 min, there are bubbles racing around the 
topside of the top fin, both near the shaft and around the far edge of the fin (~1 inch 
from shaft).  At t=5.5 minutes, three- to four-inch thick fog clouds the entire bottom of 
the aquarium.  At t= 7.5 minutes, fog is now 3.5 to 4.5 inches thick.  At t= 9 min, fog at 
center point of the aquarium is 5 inches thick and is as high as 6 inches above the 
bottom of the aquarium in several other spots.  Test concluded at t=10 minutes.  After 
the fog cleared, it was noticed that the bottom fin had come unscrewed during the 10-
minute test.  Due to the dense sediment cloud in the aquarium, it was not possible to 
observe exactly when it came off.  Twelve large holes observed after fog settled 
sufficiently to document the results. 
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DATE   10/01/2003 
TIME   4:06 PM EDT 
TEST NUMBER F4 
 
TEST CONDITIONS 

FREQUENCY 1420 Hz 
CURRENT 95.0%  
VOLTAGE 276 
 

AQUARIUM CONFIGURATION 
 Actuator centered (6 inches from top and bottom 15” from sides) 
 Bottom of Horn is 1 inch above sand 
 Sand is 1/8 in. deep  
 
HORN INFORMATION 
 Double Finned, each 0.050 inch thick 
 No Slots 

Fins are 2.0625 inches apart  
 
OBSERVATIONS DURING THE TEST 
 
Chaos.  Immediately aquarium looks cloudy/murky.  Many holes appear within the first 
minute.  It looks like Swiss cheese.  Sand is mixing with the bubbles on both sides of 
the bottom fin and creating a “dust devil” (sediment vortex).  At t=5.5 min, sand is being 
kicked up so high that it is mixing with he bubbles on the topside of the top fin.  Test 
over at t=10 minutes.   
 
 



 

   255

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX E 

Brookfield Digital Viscometer Operating Manual 
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