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Excellence in Scholarship & Creative Endeavors Award — Dr, Ken McGill

RE: Nomination letter

What is more noteworthy for Georgia College and Dr. McGill’s scholarship than being awarded
a patent? AS noted by a Google search:
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While | understand the basic idea of the patent, for the purpose of this nomination, | was struck
by the following comment from the September 15, 2016 Front Page write up: “It took 20 years
of false starts, outright failure and bureaucratic delays - as well as 30 students, a 256-inch pipe,

Milledgeville ¢ Macon e Warner Robins

Georgia College, the state’s designated pubilic liberal arts university, combines the educational experience
expected at esteerned private liberal arts colleges with the affordability of public higher education.



128 microphones, 512 cables and financial support from Georgia College - for McGill to realize
his dream. U.S. Patent #9,441,993 was issued Tuesday, Sept. 13, giving Georgia College
ownership of McGill’s new theory: the “Conduit Bound Propagation Separation Model.” The
method will lead to constructing a better flow-meter to measure fluids in interstate pipelines
worth trillions of dollars a day.

The timeframe of 20 years and the number of students involved over that time speaks volumes
to me of what form scholarship at the undergraduate public liberal arts university of Georgia
takes: perseverance, collegiality, mentorship and patience! His work will be “heard” far beyond
Milledgeville while keeping Georgia College in the flow of science!

The Front Page article about the patent had 3,275 “unique” page views and has been on GC’s
list of the top 25 most-read stories every month since September. In addition, according to
Cindy McDonnell, GC’'s Media Relations Specialist: the patent story was covered by WGXA24 in
Macon and featured on the Union Recorder’s front page. The press release was reprinted in the
Middle Georgia CEO Newsletter. The Colonnade and student GC360 also did stories on the
patent. Now that is dissemination!

| urge the committee to give Dr. McGill’s application packet the highest consideration.

AN

Lee Gillis, RhD )

Chair and Professor




Samuel O. Colgate, Professor Emeritus PO Box 117200

Department of Chemistry Gainesville, FL 32611-7200

Division of Physical Chemistry/Center for Chemical Physics (352) 392-5876

colgate@chem.ufl.edu Fax: (352) 392-0872
Feb. 14, 2017

Re: Recommendation of Prof. Ken McGill

Dr. Steve Jones
Assistant Director for Faculty Development
Georgia College

Dear Dr. Jones:

I am very pleased to endorse the nomination of Prof. Kenneth McGill for the College of Arts & Sciences
Excellence in Scholarship and Creative Endeavors award. He has made a major scientific
breakthrough which will lead to many useful applications in science, engineering, and commerce
and will bring recognition and honor to him and to your school. Ken was my graduate student and
arespected leader in our active group. He made significant contributions to our efforts to launch a
new field of study using theoretical acoustics to measure physical properties of chemical systems
and follow the rates of chemical change.

One problem of special interest derived from understanding the importance of measuring fluid flow
rates in situations where conventional meters either will not work or fail early due to harsh
conditions in the conduit. These frequently occur, for example, in the production, processing, and
transport of natural gas and petroleum. It was generally accepted that sound is generated when
fluids flow through pipes (think of noisy plumbing, for example) and additional sound, introduced
by transmission through the pipe wall, propagates with the self-generated sound in both the
upstream and downstream directions. It was also accepted that information about the specific fluid
and its motion must be encoded in the acoustics, and it could, in principle, be retrieved by
successfully braking that code. If that were done, the problem of measuring flow without exposing
the meter to the fluid would be solved.

We, along with many other researchers around the globe, worked on this problem, all with little or,
at best, marginal success. Ken took this formidable challenge with him to Georgia College and, with
limited resources, continued working on it. His persistence, together with his broad knowledge of
theoretical acoustics and his exceptional mathematical and computer coding skills, ultimately led to
his breaking the complex code and using this key to extract useful information from an otherwise
overwhelmingly chaotic background noise. When fully implemented this tool will advance the art of
constrained flow measurements in many important applications including oil and gas production,
pipeline fluid transmission, and monitoring steam and coolant flows in nuclear reactors, to name a
few. All currently available constrained fluid flow meters require either introduction of structures
inside the pipe to react with the fluid or bends or loops add resistance to flow and dissipate energy.
Ken’s invention is unique in that it is completely noninvasive and requires no modification of the
pipe. The importance of creating a practical flow meter with these features cannot be overstated.

Ken prudently chose not to publish this work before final action on the patent application was

taken. The issue of that patent is itself a confirmation of the work’s merits. Additionally, | have
studied the patent, as has my colleague, Dr. Robert Horton, a physical chemist now retired from a

Equal Opportunity/Affirmative Action Institution



lifetime career as research scientist in the petroleum industry. Both of us offer unconditional
affirmation of those merits. There is no doubt that its publication in a respectable peer-reviewed
journal will meet with wide spread acclaim. Further established confirmation is implicit in the
interest already shown in the new technology by a major producer, Exonmobil, and an instrument
marketer, SPX Flow.

[ am very proud of all of Ken’s professional accomplishments and especially of his solution of a
complex problem that has baffled scientists and engineers for many years. He is certainly a worthy
nominee for this Excellence in Scholarship and Creative Endeavors award, and I am pleased to
recommend him for it without reservation.

Sincerely,

St O, 5/7&1

Sam O. Colgate
Professor Emeritus

Equal Opportunity/Affirmative Action Institution



Yokogawa Corporation of America

North American Headquarters
12530 West Airport Blvd.
Sugar Land, TX 77478

www.yokogawa.com/us YOKOGAWA

Recommendation of Dr. Ken McGill for the Excellence in Scholarship &
Creative Endeavors Award

| first heard of Dr. McGill’s invention from a Georgia College State University newsletter. Several things in the article
attracted my attention. Firstly, the scientific discovery in acoustics. The courage to stand against the almost a century
and a half well accepted acoustic theory and show that in a confined space (like a pipe) with flows at high velocities,
there are additional off diagonal solutions. This discovery put the Georgia College State University ahead of many
respected graduate institutes. Secondly, the potential contribution to the Industrial flow measurements. The beauty
of the invention is that like the passive sonar, it uses the sound waves that already exist in every flow line. Thirdly,
the similarity between the story of the discovery and my own discovery of a new Vortex Flowmeter. Like Dr. McGill, it
took me more than 20 years to finally come up with a new concept of and a Patent for a Vortex Ring Generator
flowmeter.

Immediately, | went to our Patent search platform to read Dr. McGill’s invention claims. That is when | confirmed the
huge and broad industrial application potential. As a flow company, Yokogawa can benefit from his discovery. This is
a superior device for the measurement of flow in a market niche for Yokogawa; the multiphase flow. It complements
the impressive Yokogawa flow portfolio.

| sent an e-mail to Dr. McGill requesting a meeting with him at his Lab. This is when the simplicity of the technique
and its application became clear to me. Immediately, one sees the simplicity of the non-invasive flow meter where
acoustic transducers are mounted on the outside of a pipe. Added to this is the ability to measure the stream
velocity regardless of being single or multiphase fluid flow. | was impressed with the simple set up and construction
of a flow metering facility with limited resources. As one who spent close to forty years in flow metering, | could not
believe what Dr. McGill’'s undergraduate students were able to accomplish and learn. Flow metering involves math,
fluid mechanics, electronics, data acquisition, processing, etc.

Shortly after my visit to his Lab, Dr. McGill and two of his students visited the manufacturing facility of Yokogawa
Corporation of America in Newnan, GA. Yokogawa is a global leader in the area of Industrial Automation and has a
history of pioneering innovative flow measurement techniques. . Yokogawa helps customers in a wide range of
industries including oil, chemicals, natural gas, power, iron and steel, pulp and paper, pharmaceuticals, and

food. Nonetheless, several features of this scientific discovery are of interest to Yokogawa. Among those are the high
accuracy, the passive non-intrusive/ invasive no additional pressure drop, the multiphase/ air entrainment and slurry
measurement, the no drift no calibration, the ability to deduce the pipe diameter (important in mass flow
calculations), and the ease of installation on an existing pipeline. The issue that remains is the compactness of the
design. Again, this invention would be a significant addition to Yokogawa’s flow product portfolio.

We highly recommend Dr. McGill for the prestigious 2016/ 2017 Georgia College Excellence in Scholarship and
Creative Endeavors Award.

Dr. Mohamed Khalifa
GM Innovation & Development

2/225’/20/?




Dr. Ken C. McGill Sr
Georgia College & State University
Chemistry, Physics and Astronomy

(478) 445-5271
Email: ken.mcgill@gcsu.edu

Published Intellectual Contributions

Referred Journal Articles

McGill, K., Ham, K. J., Schock K. (2015). The Failure of the Cross Correlation Measurement
Technique. Open Journal of Acoustics. www.scirp.org/journal/oja/

McGill, K. C., Patent, Flow Measurement Systems and Methods for Gas and Liquid Application,
Ken McGill and the BOR USG, Ken McGill and the BOR USG. Submission date: September 1,
2008, Patent application date: March 14, 2013, Patent approval date: September 13, 2016

Presentations Given

McaGill, K. C. (Author & Presenter), Shue, A. (Author), Savage, A. (Author), Burleson, A. (Author),
Gantt, C. (Author), Moore, J. (Author), Southeastern Section of the American Physical
Society, "Passive acoustic flow meter," American Physical Society, Charlottesville, VA.
(November 10, 2016).

McGill, K. C. (Author & Presenter), Huffman, Z. (Author), Jackson, A. (Author), Axt, C. (Author),
Barret, C. (Author), Cronan, E. (Author), Williams, J. (Author), Wilhoit, T. (Author),
Southeastern Section of the American Physical Society, "Refinement of production grade
biodiesel," American Physical Society, Charlottesville, VA. (November 10, 2016).

McGill, K. C. (Author & Presenter), Shue, A. (Author & Presenter), Savage, A. (Author &
Presenter), Burleson, A. (Author & Presenter), Gantt, C. (Author & Presenter), Moore, J.
(Author & Presenter), 68th Southeastern Regional Meeting of the American Chemical
Society, "Passive acoustic flow meter," American Chemical Society, Columbia, SC. (October
23, 2016).

McaGill, K. C. (Author & Presenter), Huffman, Z. (Author & Presenter), Jackson, A. (Author &
Presenter), Axt, C. (Author & Presenter), Barret, C. (Author & Presenter), Cronan, E. (Author
& Presenter), Williams, J. (Author & Presenter), Wilhoit, T. (Author & Presenter), 68th
Southeastern Regional Meeting of the American Chemical Society, "Refinement of production
grade biodiesel," American Chemical Society, Columbia, SC. (October 23, 2016).

McGill, K. C. (Panelist), APS 2015 Chairs Conference, "Panel on Building Thriving
Undergraduate Programs," American Physical Society, College Park, Maryland. (June 6,
2015).

McGill, K., Building a Thriving Undergraduate Physics Program, "From Worst to First, Building a
new Physics Program," PhysTec, Seattle Washington. (February 6, 2015).
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Reflective Statement about Integration of Teaching and Scholarship

I am very thankful that my colleague and friend Dr Lee Gillis saw fit to take the time to write a
nomination letter for the College of Arts & Sciences Excellence in Scholarship and Creative Endeavors
award. This submission may be a bit more unique than past nominations, given that this nomination is
based on only one item; the first patent for Georgia College US2016/9,441,993 B2 issued September 13,
2016.

This patent represents twenty four years of work at Georgia College, all of which could not be
published or presented without rendering the Intellectual Property in the public domain. A brief
chronology of the journey to acquiring this patent will give you a better idea of the impact at Georgia
College. | originally had the idea for the Acoustic Flow meter when | came to Georgia College in 1992.
For eight years myself and several students constructed and tested several devices until completion of a
working apparatus circa 2000. This took several years since Georgia College did not have the necessary
infrastructure for this research. For example, we had no instrument machine shop. Hence, | had to
build one from external and internal grants and items acquired from state surplus. Once, | had a device
that demonstrated a proof of principle | contacted the Georgia College administration (President
Rosemary DePaolo) to let them know | had this intellectual property that was owned by the USG that
needed to be protected. Georgia College at the time did not have the mechanism/policy in place to
support Intellectual Property. Hence, | had to develop the policy and shepherd it through university
shared governance. The Intellectual Property Policy was approved (President Dorothy Leland) April 28,
2008, and | submitted my proposal in September of 2008. It took several years to set up the necessary
funding, and after working with two sets of contracted Intellectual Property attorneys the Patent was
submitted March 14, 2013. During this process it was discovered that a company (CiDRA) had patented
the idea in 2006 (U.S. patent US2006/0201430 A1). In a serendipitous way this led to an even greater
discovery that is the basis of the first Patent to the USG and the Georgia College administration
(President Steve Dorman) September 13th 2016. This twenty four year journey has brought many
rewards to Georgia College beyond the first patent. | generally reserve applications for awards to junior
faculty working towards tenure and promotion, but this achievement transcended my tenure and
promotion. This is my first proposal for this award. Waiting these years and navigating policy and
resources until | could bring the work to fruition.

Over the twenty four years of working on this project there have been, on average, six students
per year working with me on this research project. This represents around 144 total students involved.
These students learned methods of experimental design and construction, as well as theoretical
development of acoustic properties. | attempted to identify the names of all the students, but it
became too large a project to finish in a timely way. To give an idea of how many students were
impacted by this research our Facebook alumni page exploded with over 10,000 hits of students wishing
congratulations of the patent announcement. The FrontPage article by Cindy O’Donnell received over
3,000 hits in September alone. This is more hits than all previous articles combined.

Of these approximately 144 students, over half attended graduate school. The senior most
student involved, (Johnny Evans, GC grad 1995), graduated from the University of Florida (circa 2000)
with a Ph.D. in Physical Chemistry and is now the Dean of Math and Science in a USG institution. Many
of the students could have gone to graduate school without the benefit of undergraduate research, but



many never have thought about it - if not for their involvement in undergraduate research. Although,
several students over the years only got into graduate school because of this history of undergraduate
research. In addition, several were successful in going to professional schools because of this
experience on their resume. One anecdotal example was a student several years ago that was just not
able to perform well on standardized exams. This student wanted to attend Medical School, but the
dreaded MCAT (Medical College Admission Test) was in his way. He scored so low that he never even
made the first cut of Medical School admissions, to the point they did not even look at his portfolio of
work. | personally contacted Mercer Medical School Admissions and asked them to look at his portfolio
of work. They were impressed with his experience in undergraduate research and granted a conditional
admission. That student ended up doing so well he was their outstanding graduate, and is a successful
practicing physician today.

Undergraduate research has been a part of the Chemistry degree requirements since semester
conversion (circa 1998). It is also a degree requirement for the Physics program since it’s revitalization
in 2009. The department has always valued undergraduate research for the sake of learning, and not
necessarily the sake of developing published results. This philosophy not only allows for, but was
necessary for this research to come to fruition. In a publish-above-all-else environment, this intellectual
property could have never come to fruition. This research required deep reflection of theory, and
significant time for construction of very detailed apparatus. The result of this research has challenged a
theory of sound that remained unchanged since 1877 when John William Strutt, Baron of Rayleigh, first
published his Theory of Sound. Einstein is credited with saying that the definition of genius is to make
the complex simple. My advisor in graduate school said that the secret to teaching was to develop your
lectures as if you were explaining it to a seven year old. He said you really don’t understand it yourself
until you can achieve that explanation. Not that our students are on the level of a seven year old, they
are in fact quite capable. But, for twenty four years, every year | have tried to explain extremely
complex theory to a new group of undergraduate researchers on a very basic level because of
undergraduate research. This consistent exercise, | believe, is what truly allowed me to make this
significant discovery. Maybe, | can even explain it to a seven year old.
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57 ABSTRACT

A system for measuring the superposition of a plurality of
sound waves propagating within a conduit containing a fluid
having a plurality of transducers positioned substantially
parallel to the flow direction along the wall of the conduit.
The system includes means for modeling the superposition
of a plurality of sound waves as they propagate within the
conduit.

20 Claims, 21 Drawing Sheets
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1
FLOW MEASUREMENT SYSTEMS AND
METHODS FOR GAS AND LIQUID
APPLICATIONS

FIELD

This invention relates to a system and method for mea-
suring the phases of sound waves. More specifically, this
invention relates to a system and method for measuring the
superposition of multiple sound waves as they propagate
through a fluid within a conduit.

BACKGROUND

There are a variety of known techniques for measuring
flow through a conduit by the measurement of up-field and
down-field speeds of a propagating sound wave. However,
these known methods are ineffective unless the up-field
sound waves can be separated from the down-field sound
waves.

More recently, slightly different approaches have been
proposed to address the limitations of conventional flow
measurement techniques to model sound waves within a
conduit. One such approach is described in U.S. Pat. No.
7,725,270. According to this approach, it is assumed that the
measured sound wave is a free (unbound) sound wave
propagating in a linear fashion. Thus, this approach ignores
the reality that sound waves are actually bound by the
conduit and that the sound waves travel in three dimensions.
By simplifying the modeling of the sound waves, only an
approximate model of the flow of the sound waves can be
produced.

Thus, there is a need in the pertinent art for a system and
method that are capable of accurately measuring the velocity
of fluid flow and the speed of sound within a conduit.
Additionally, there is a need in the pertinent art for a system
and method that are capable of accurately modeling the
phases of sound waves propagating through a fluid within a
conduit, while taking the presence of the conduit into
account. Further, there is a need in the pertinent art for a
system and method that are capable of accurately modeling
the superposition of multiple sound waves as they propagate
through a fluid within a conduit.

SUMMARY

In one embodiment, the invention comprises a system for
measuring the superposition of a plurality of sound waves
propagating within a conduit containing a fluid. In this
embodiment, the conduit has an external surface, and the
fluid flows through the conduit in a flow direction. In one
aspect, the plurality of sound waves includes at least two
sound waves.

In one aspect, the system for measuring the superposition
of the plurality of sound waves includes a plurality of
transducers positioned substantially parallel to the flow
direction along the external surface of the conduit. In an
additional aspect, the system for measuring the superposi-
tion of the plurality of sound waves includes means for
modeling the superposition of the plurality of sound waves
as they propagate within the conduit.

In a further aspect, the means for modeling the superpo-
sition of the plurality of sound waves is configured to receive
a data set from each transducer indicative of the velocity of
fluid flow through the conduit and the speed at which the
sound waves propagate through the fluid. Upon storage of a
selected number of data sets, the means for modeling the
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superposition of the plurality of sound waves is configured
to process an array of data sets to produce a model of the
superposition of the plurality of sound waves as they propa-
gate within the conduit. In one aspect, the means for
modeling the superposition of the plurality of sound waves
processes the array of data sets by performing a one-
dimensional fast Fourier transform on the array of data sets.
In this aspect, the means for modeling the superposition of
the plurality of sound waves can use the results of the
one-dimensional fast Fourier transform to generate a nor-
malized time domain signal for each respective transducer.
The means for modeling the superposition of the plurality of
sound waves can then produce a two-dimensional time and
space domain matrix based on the array of data sets and the
normalized time domain signals of each transducer. The
means for modeling the superposition of the plurality of
sound waves can then perform a two-dimensional fast
Fourier transform on the two-dimensional time and space
domain matrix. The results of the two-dimensional fast
Fourier transform can then be correlated with a wave equa-
tion that models the superposition of the plurality of sound
waves. Based on this correlation, the speed of the sound
waves with and against the flow of the fluid can be deter-
mined. Based on the determined speed of the sound waves
with and against the flow of the fluid, the fluid flow velocity
and speed of sound within the conduit can be determined.

DETAILED DESCRIPTION OF THE FIGURES

These and other features of the preferred embodiments of
the invention will become more apparent in the detailed
description in which reference is made to the appended
drawings wherein:

FIG. 1 is a perspective view of the plurality of transducers
positioned along the external surface of the conduit, as
described herein.

FIG. 2 is an enlarged perspective view of the plurality of
transducers positioned along the external surface of the
conduit, as described herein.

FIG. 3 is a cross-sectional side view of the conduit
depicting the separation between respective transducers of
the plurality of transducers. FIG. 3 also schematically
depicts the communication between the processor and the
plurality of transducers as described herein.

FIG. 4 depicts an exemplary method of determining the
normalized time domain signal at a respective transducer of
the plurality of transducers as described herein.

FIG. 5 depicts an exemplary method of forming a two-
dimensional time and space domain matrix of data acquired
by the plurality of sensors and applying a two-dimensional
fast Fourier transform to the two-dimensional time and
space domain matrix.

FIG. 6 depicts an exemplary method of correlating the
two-dimensional fast Fourier transform data to a flow model
equation for Left-to-Right and Right-to-Left propagating
waves as described herein. FIG. 6 also depicts the use of the
results of the correlation to determine sound propagation
with and against the flow of the fluid, the fluid flow velocity,
and the speed of sound within the fluid within the conduit.

FIGS. 7-9 depict the experimental application of the
methods described herein to model the propagation of
left-to-right sound waves. FIG. 7 depicts a two-dimensional
fast Fourier transform of the sound waves. FIG. 8 depicts a
theoretical surface plot for the sound wave. FIG. 9 depicts a
contour plot of FIG. 7.

FIGS. 10-12 depict the experimental application of the
methods described herein to model the propagation of
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right-to-left sound waves. FIG. 10 depicts a two-dimen-
sional fast Fourier transform of the sound waves. FIG. 11
depicts a theoretical surface plot for the sound wave. FIG. 12
depicts a contour plot of FIG. 10.

FIGS. 13-15 depict the experimental application of the
methods described herein to model the propagation of sound
waves propagating in both directions (left-to-right and right-
to-left). FIG. 13 depicts a two-dimensional fast Fourier
transform of the sound waves. FIG. 14 depicts a theoretical
surface plot for the sound wave. FIG. 15 depicts a contour
plot of FIG. 13.

FIGS. 16-17 depict the correlation information corre-
sponding to the two-dimensional fast Fourier transform data
of FIG. 13, using the methods as described herein. FIG. 16
is a surface plot, while FIG. 17 is a contour plot.

FIGS. 18-19 depict the correlation information associated
with a fluid having a velocity flow of 5.5 m/s and a speed of
sound of 347 m/s, using the methods as described herein.
FIG. 18 is a surface plot, while FIG. 19 is a contour plot.

FIGS. 20-21 depict the correlation information associated
with a fluid having a velocity flow of 9.0 m/s and a speed of
sound of 347 m/s, using the methods as described herein.
FIG. 20 is a surface plot, while FIG. 21 is a contour plot.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention can be understood more readily by
reference to the following detailed description, examples,
drawings, and claims, and their previous and following
description. However, before the present devices, systems,
and/or methods are disclosed and described, it is to be
understood that this invention is not limited to the specific
devices, systems, and/or methods disclosed unless otherwise
specified, as such can, of course, vary. It is also to be
understood that the terminology used herein is for the
purpose of describing particular aspects only and is not
intended to be limiting.

The following description of the invention is provided as
an enabling teaching of the invention in its best, currently
known embodiment. To this end, those skilled in the relevant
art will recognize and appreciate that many changes can be
made to the various aspects of the invention described
herein, while still obtaining the beneficial results of the
present invention. It will also be apparent that some of the
desired benefits of the present invention can be obtained by
selecting some of the features of the present invention
without utilizing other features. Accordingly, those who
work in the art will recognize that many modifications and
adaptations to the present invention are possible and can
even be desirable in certain circumstances and are a part of
the present invention. Thus, the following description is
provided as illustrative of the principles of the present
invention and not in limitation thereof.

As used throughout, the singular forms “a,” “an” and
“the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “a trans-
ducer” can include two or more such transducers unless the
context indicates otherwise.

Ranges can be expressed herein as from “about” one
particular value, and/or to “about” another particular value.
When such a range is expressed, another aspect includes
from the one particular value and/or to the other particular
value. Similarly, when values are expressed as approxima-
tions, by use of the antecedent “about,” it will be understood
that the particular value forms another aspect. It will be
further understood that the endpoints of each of the ranges
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are significant both in relation to the other endpoint, and
independently of the other endpoint.

As used herein, the terms “optional” or “optionally” mean
that the subsequently described event or circumstance may
or may not occur, and that the description includes instances
where said event or circumstance occurs and instances
where it does not.

As used herein, the term “fluid” can refer to a gas, a liquid,
and mixtures thereof.

In one embodiment, and with reference to FIGS. 1-3, a
system 100 for measuring the propagation of at least one
sound wave within a conduit 10 containing a fluid is
described. In exemplary aspects, the at least one sound wave
can comprise a plurality of sound waves, and the system 100
can be configured to measure the superposition of a plurality
of sound waves propagating within the conduit 10. In this
embodiment, and as depicted in FIG. 3, the conduit 10 can
have an inner surface 12 and an outer surface 16. It is
contemplated that the inner surface 12 of the conduit 10 can
define a bore 14 that is configured to receive the fluid. It is
further contemplated that the fluid can flow through the bore
14 of the conduit 10 in a flow direction F. In one aspect, the
plurality of sound waves can comprise two sound waves (a
first sound wave and a second sound wave).

In one aspect, the system 100 for measuring the propa-
gation of at least one sound wave can comprise a means for
generating the at least one sound wave. In this aspect, the
means for generating the at least one sound wave can
comprise any means commonly known in the art for pro-
ducing a sound wave within a fluid. For example and
without limitation, it is contemplated that the means for
generating the at least one sound wave can comprise at least
one speaker or other vibratory device. However, as one
having ordinary skill in the art will appreciate, it is contem-
plated that the at least one sound wave can be generated by
the fluid flowing through the conduit. It is further contem-
plated that the at least one sound wave can include sound
waves resulting from random or ambient sound.

In another aspect, the system 100 for measuring the
propagation of the at least one sound wave can comprise a
plurality of transducers 20 coupled to the conduit 10 such
that the plurality of transducers are substantially parallel to
the flow direction F along at least a portion of the outer
surface 12 of the conduit 10. In exemplary aspects, the
plurality of transducers 20 can be securely coupled to the
outer surface 12 of the conduit 10. However, as shown in
FIG. 3, in other exemplary aspects, it is contemplated that
the plurality of transducers 20 can be secured within a wall
15 of the conduit 10 such that the plurality of transducers are
positioned in fluid communication with the bore 14 of the
conduit. In still other exemplary aspects, it is contemplated
that the plurality of transducers 20 can be securely coupled
to the inner surface 12 of the conduit 10 such that the
plurality of transducers are in fluid communication with the
bore 14 of the conduit. It is contemplated that the portion of
the conduit 10 along which the plurality of transducers 20
are positioned can have any suitable longitudinal length for
a particular application.

In exemplary aspects, each transducer 20 of the plurality
of transducers can be configured to acquire data indicative of
a sound wave within a normal acoustic region (ranging from
about 0 to about 20 kHz). In these aspects, each transducer
20 of the plurality of transducers can comprise means for
sensing the velocity of fluid flow through the conduit 10 in
the flow direction F. In exemplary aspects, it is contemplated
that the means for sensing the velocity of fluid flow through
the conduit 10 can comprise a conventional flow sensor.
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Additionally, each transducer 20 of the plurality of trans-
ducers can further comprise means for sensing the speed at
which the at least one sound wave is propagating through the
fluid. In exemplary aspects, it is contemplated that each
transducer 20 can comprise a microphone for detecting
sound within the conduit 10 proximate the transducer. In
other exemplary aspects, it is contemplated that each trans-
ducer 20 can comprise an optoacoustic device configured to
detect sound within the conduit proximate the transducer. In
additional exemplary aspects, it is contemplated that the
plurality of transducers 20 can be configured to detect one or
more sound waves within the conduit through the wall 15 of
the conduit.

In a further aspect, the each transducer 20 of the plurality
of transducers can be spaced from an adjacent transducer
relative to the flow direction F. In this aspect, each trans-
ducer 20 of the plurality of transducers can be positioned in
a spaced position relative to a predetermined reference point
18 on the external surface 16 of the conduit 10. In this
aspect, the spaced position can correspond to the longitudi-
nal distance between the transducer 20 and the reference
point 18.

It is contemplated that each transducer 20 of the plurality
of transducers can be configured to detect sound waves
propagating within the conduit 10 in a linear fashion relative
to the flow of the fluid through the conduit. It is further
contemplated that each transducer 20 of the plurality of
transducers can be configured to also detect sound waves
other than the sound waves propagating within the conduit
10, including, for example and without limitation, ambient
sound waves.

As discussed herein, it is further contemplated that the
system 100 can be used to analyze the at least one sound
wave to identify the sound waves that are required for
measurement of the flow velocity and the speed of sound
within the conduit 10. In one aspect, the plurality of trans-
ducers 20 can comprise, for example and without limitation,
electret transducers, piezoelectric transducers, fiber optic
transducers, laser transducers, liquid transducers, Micro-
Electrical Mechanical System (MEMS) transducers, and the
like. However, it is contemplated that any transducer that is
capable of detecting a sound wave and converting the sound
wave into an electrical signal can be used in the system 100
described herein.

In an additional aspect, the system 100 for measuring the
propagation of the at least one sound wave can comprise
means for modeling the superposition of a plurality of sound
waves as they propagate within the conduit 10. In this
aspect, the means for modeling the superposition can be in
communication with each transducer 20 of the plurality of
transducers. Although described herein with respect to mod-
eling the superposition of a plurality of sound waves, it is
contemplated that the means for modeling the superposition
can also be used to model the flow of a single sound wave
within the conduit 10.

In a further aspect, the means for modeling the superpo-
sition of the plurality of sound waves can be configured to
receive a data set in the form of a time domain signal from
each transducer 20 indicative of the sensed velocity of fluid
flow through the conduit 10 in the flow direction F and the
sensed speed at which the sound waves are propagating
through the fluid. As used herein, the term “time-domain
signal” refers to the signal acquired by a transducer 20 over
time that is indicative of the sound waves propagating
through the conduit. As one will appreciate, the time-domain
signal is distinguishable from a space-domain signal. For
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example, a sine wave can propagate in time according to the
equation sin(2xft) (time domain) or in position according to
the equation sin(2mkx).

In an additional aspect, the means for modeling the
superposition of the plurality of sound waves can be con-
figured to assign a position value to the data set indicative of
the spaced position of the transducer 20 which generated the
data set. In still another aspect, the means for modeling the
superposition of the plurality of sound waves can be con-
figured to store an array of data sets and their corresponding
position values. It is contemplated that the array of data sets
can be used to determine the speed of the plurality of sound
waves and the velocity of the fluid at a given position
(corresponding to the location of a particular transducer). It
is further contemplated that, upon storage of a selected
number of data sets, the means for modeling the superpo-
sition can be configured to process the array of data sets to
produce a model of the superposition of the plurality of
sound waves as they propagate within the conduit 10.

In one aspect, it is contemplated that each sound wave of
the plurality of sound waves can be generated at any position
within the conduit 10 without affecting the functionality of
the system 100 described herein. It is further contemplated
that the phase, frequency, and amplitude of each sound wave
of the plurality of sound waves does not affect the function-
ality of the system 100 described herein.

It is understood that a wave propagating through a conduit
is bound by the conduit. Thus, as disclosed herein, in order
to accurately model such a wave, it is necessary to apply
accurate boundary conditions. Because the interference of
ambient sound cannot be removed, conventional practice
has required separation of the two different phase compo-
nents of a waveform propagating through a conduit. How-
ever, as explained in further detail below, the methods and
models disclosed herein do not require separation of left-
to-right and right-to-left propagating waves.

The disclosed methods and models are based in part upon
the assumption that sound waves propagating through the
conduit 10 are propagating inwardly and outwardly,
unbounded in three dimensions according to the following
equation:

gy LoV
T2

where VW represents the laplacian of the wave equation W,

i g
ar

represents the second derivative of the wave equation with
respect to time, and ¢ represents the speed of the propagating
wave.

Given that the wave is confined to a cylindrical conduit,
the equation can be represented in cylindrical coordinates.
Since left-to-right and right-to-left flow can only be sepa-
rated in the z-axis (parallel to the flow direction F), the
following equation is used to represent the other two coor-
dinates (r and ¢):

1(5 a) L&Y Y 189

Fo e b = .
\ar ar r2d¢r 92 2 A
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The above equation can be separated as follows:

v

’(aﬂriw)”z(azw - ag2

1 az\y)_
r or a2 -

2 o

If a separable solution is assumed where R(r) represents
the bound radial component of the wave, ®(¢) represents the
angular rotation of the wave in the cylindrical conduit, and
P(z,t) represents the unbounded propagating wave, then the
following equation can be used:

W(rz,0)=R(»)D($)P(z,).

The wave equation can now be reduced to the following:

Pz, 1)

r ;8 9 r? (BZP(z, 3]

1 8Pz
w5l 3 k) = ):

4z 2 o

1 52<I>(¢)_ )
Op) d¢r

where m represents an arbitrary constant employed in the
separation of variable ¢.

The solution for the angular rotation wave can be found
based on the following equation:

D(p)=e"".
The boundary conditions mandate a continuous wave,
hence m=0, =1, 2, etc. As further described below, it can be
assumed for real data that m=0 because the wave propagates

with substantially no rotational component. Thus, the wave
equation can be reduced to the following:

r ;8 0 r? (BZP(z,t)

7l O e

1 8Pz, 0 )
Pz D ) =m.

a2 & ar

A new constant A having the following form can be
reduced:

1 (BZP(z,t) 152P(z,z)]_A2
Pz o\ 8 & ae )7

This can be rearranged to further separate the variable as
follows:

r a
——(=r=R 2A = m?.
R(r)(BrrBr (r))+r "

If it is assumed the propagating wave has no angular
component, and m=0, then the equation can be rearranged in
the form of a cylindrical Bessel function:

#R IR
27 9 2.2 2p_
r 32 +rar+(Ar mIR=0.

This equation has the solution of the zeroth order (since
m=0) cylindrical Bessel function of the first kind (J,):

R(r)=Jo(47).
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8
The unbound portion of the wave that can propagate from
left-to-right and right-to-left can be addressed with the
remaining portion of the wave equation:

L (18Ren 2Pen)

az2

As previously indicated, the wave equation was devel-
oped with the assumption that waves are propagating from
left-to-right and right-to-left at the same time (in and out in
three dimensions). However, it is possible to separate the
equation into a left-to-right form and a right-to-left form to
address both wave components. The fundamental form of
the equation before combining the Left to Right and Right
to Left components can be represented as follows:

1 10 dyl ad d P o4l
—P(z,n(za—fa—z](zaw—z] @ 1) = A

Thus, the partial differential operator can be separated into
two terms, a Left-to-Right term

19 9
(5 7)

and a Right-to-Left term

18 o
(-3

A parallel solution for both the Right to Left and Left to
Right propagating waves can then be developed. A Right-
to-Left propagating wave can be represented by the follow-
ing equation:

1 (13 ,3]2P N
Pri(z, D\c 01 3z eL(z, 1) = —AZ.

Thus, for a wave propagating from Right to Left, there is
a solution of

Py (2 )= 000k,

where k represents the wave number (or 1/wavelength).

If the Right to Left partial differential equations are
expanded and the Right to Left solution is substituted, then
the following equation results:

1 ( 1 8 2 9 2
P Ol PO e P P

)EZmi(fsz) — —Az.

Following operation of the partial differential operators,
the following equation results:

1 1 2 B ft+kz) _
s | RS = S0P k) + (k) = a2,
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This equation can be reduced to the following:

f2

—(zmz(c—z - %(fk) +k2] =-Al

Further reduction reveals a solution for A:

(Zn)z(g —k)2 =4,

where

It is contemplated that, because the Bessel function is an
even function, the form of the equation does not make a
difference on the result. For example, as shown below, the
solution for A for the Right-to-Left partial differential opera-
tor can be the same as the solution for A for the Left-to-Right
partial differential operator.

! (15 +B)2P (z,0)=-A%
Pra@ \cdr * az) HEEUT
2 2 2
L (1P 20 T ) i g2
eilfi-ka| ¢2 912 ¢ 9z0r 92

Substituting the individual solutions into the combined
wave equation reveals that the solution for a bound wave
propagating from Left to Right is as follows:

Yir(r, 2, 0) = NJO(Z”V(% - k))ehri(ﬁ—kz)’

where N is an amplitude component.

Analogously, the form of the solution for a bound wave
propagating from Right to Left can be represented as fol-
lows:

Yrr(r, 2, 1) = NJO(an(g - k))eszwkz)

Experimental testing has confirmed that this wave equa-
tion substantially exactly models the time and space domain
of a sound wave capture in a conduit by a two-dimensional
acoustic array, such as the plurality of transducers described
herein. A calibration term M_,; can be added to better fit the
real data:

Yrr(r, 2, 1) = NJo(Mcaﬂﬂr(£ - k))ezm(ﬁm)
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-continued

Yiplr,z, 1) = NJO(MCGIZRr(g —k))ez"i(f”"Z).

The boundary condition at the wall of the conduit can then
be addressed. Given that the velocity of the wave can be

defined as 71?111, and that the radial velocity at the wall
must be zero, the following boundary condition can be used:

_8Y  ado(An

= 0
v ar ar

Roots of the first derivative of this zeroth order Bessel
function can be found numerically. The first six roots (C,) are
in Table 1, which follows.

TABLE 1

Roots (T;)

0

3.831630

7.015578
10.173635
13.323847
16.470579

A wWo = O

The preceding description demonstrates that there is more
than one diagonal result from the two-dimensional fast
Fourier transform (2DFFT). This is contrary to the teachings
of' known systems, such as the system taught in U.S. Pat. No.
7,725,270, which teaches that there is only a single diagonal
spectra in the 2DFFT that is related to

Indeed, there are multiple diagonal spectra possibilities that
can be determined according to the following formulas:

Mm,27rrw(§ —k) "y
or

(i

c

£
k) = MC;ZRrW

Given r,, is the fixed radius of the cylindrical conduit, the
following equations can be used to model the propagation of
sound in a cylindrical conduit:

Wee(r. 2,1 = Nio (Mmlz:rrw(g - ke,

Yir(r, 2, 1) = NJO(McaIZRrW(£ —k))ezm(f”"”.

In one aspect, the plurality of sound waves can comprise
a first sound wave and a second sound wave. In this aspect,
the first sound wave can propagate in the direction of flow,
and the second sound wave can propagate opposite the
direction of flow. It is contemplated that the first sound wave
and the second sound wave can be modeled using the above
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wave equation, which is generally referred to herein as the
“conduit bound propagation separation model (CBPSM)”
equation.

In exemplary aspects, the means for modeling the super-
position of the plurality of sound waves can comprise a
computer having a processor. In this aspect, the processor
can comprise an analog-to-digital converter for processing
the data sets received from the plurality of transducers 20.
As shown in FIG. 3, it is contemplated that the processor of
the computer can be in operative communication with each
transducer 20 of the plurality of transducers such that the
processor (and analog-to-digital converter) is configured to
receive the data sets collected by each respective transducer.
The processor can be in operative communication with the
plurality of transducers 20 through any conventional com-
munication means, including wired and wireless electronic
connections. In another aspect, the processor (and, option-
ally, the analog-to-digital converter) can process the data
sets at a sample rate.

In one exemplary aspect, and not meant to be limiting, in
order to adequately model the sound waves using the wave
equation, the plurality of transducers 20 can comprise 2~
transducers, wherein N is greater or equal to 3, greater or
equal to 4, and preferably is greater or equal to 5. However,
it is contemplated that the system 100 can function as
disclosed herein with as few as two transducers. In one
aspect, the plurality of transducers 20 can comprise 32
transducers (N=5). In another aspect, the plurality of trans-
ducers 20 can comprise 64 transducers (N=6). In still
another aspect, the plurality of transducers 20 can comprise
128 transducers (N=7). In a further aspect, the plurality of
transducers 20 can comprise 256 transducers (N=8). It is
contemplated that the accuracy of the special component of
the model can be improved by increasing the number of
transducers in the system. It is further contemplated that the
accuracy of the time component of the model can be
increased by acquiring additional data from the plurality of
transducers 20.

In exemplary aspects, it is contemplated that the size and
dimensions of the transducer array can be determined in
view of several factors, including, for example and without
limitation, the sample rate (SR) of the processor for the time
domain, which determines the maximum frequency
(f,..x=SR/2) at which data sets can be acquired, the separa-
tion distance between adjacent transducers (z,,,,), and the
propagation speed (c) of the at least one wave. It is con-
templated that the maximum wavenumber (k,,,.=1/(27,,..))
can be the inverse of the distance between the adjacent
transducers. It is further contemplated that the major diago-
nal in the 2d-FFT can fit perfectly across the entire domain
with the speed of sound (cg,s) of the fluid.

In an additional aspect, each transducer 20 of the plurality
of transducers can be longitudinally spaced from adjacent
transducers by a separation length (z,,,,,). In this aspect, the
separation length (z,,,,,) of the transducers 20 can be related
to the sample rate (SR) of the processor (analog-to-digital
converter) and the speed (c5,s) at which the plurality of
sound waves are propagating through the fluid. The rela-
tionship between sample rate, separation length, and speed
of the sound waves can be represented by the following
equation:
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Using these relationships, and with reference to FIG. 3,
the components of the system 100 can be used to calculate
an appropriate separation length 22 of the transducers 20. In
one aspect, the separation length 22 can be between about
0.5 inches and 3.5 inches, more preferably between about
1.0 and 3.0 inches, and most preferably between about 1.5
and 2.5 inches. In exemplary aspects, the separation length
22 can be about 2 inches. However, it is contemplated that,
the more transducers 20 there are in the system, the smaller
the separation length 22 can be. It is further contemplated
that, the shorter the portion of the external surface 16 of the
conduit 10 along which the transducers 20 are positioned,
the smaller the separation length 22 can be. Specifically, the
separation length 22 can be selectively reduced to accom-
modate additional transducers 20 and to improve the accu-
racy of the model produced by the system 100. In another
aspect, it is contemplated that the separation length 22 can
be substantially inversely proportional to the sample rate.
Therefore, in this aspect, the separation length 22 will be
proportionally decreased as the sample rate increases. In
particular, if the plurality of sound waves comprise a plu-
rality of high-frequency sound waves, the sample rate can be
increased, thereby leading to a decrease in separation length.
Additionally, as the speed of sound associated with the fluid
within the conduit 10 decreases, the separation length 22 can
be proportionally decreased.

However, it is contemplated that the sample rate can be
higher or lower depending on the performance of the com-
ponents of the system 100, as well as the number of
transducers 20. Additionally, it is further contemplated that
the sample rate can be determined with reference to the
maximum frequency of sound discernable within the conduit
10. In exemplary aspects, it is contemplated that the sample
rate can be less than about 40,000 samples per second.

Optionally, in a further aspect, the plurality of transducers
20 can be detachably mountable on the outer surface 16 of
the conduit 10. It is contemplated that the plurality of
transducers 20 can be mounted on the outer surface 16 using
any conventional means commonly known in the art, such
as, for example and without limitation, suction means,
temporary binders, clamping means, fixation means and the
like. In this aspect, the plurality of transducers 20 can be
interconnected to form a substantially linear array of trans-
ducers. It is contemplated that the substantially linear array
of transducers 20 can permit movement of the plurality of
transducers while maintaining the desired separation length
22 between adjacent transducers.

In use, a method of using the system described herein can
comprise positioning the plurality of transducers 20 sub-
stantially parallel to the flow direction F as described herein.
In exemplary aspects, the plurality of transducers 20 can be
positioned along at least a portion of the outer surface 16 of
the conduit 10. In an additional aspect, each transducer 20 of
the plurality of transducers can be positioned in a spaced
position relative to the predetermined reference point on the
external surface of the conduit 10.

In another aspect, the method can comprise receiving at
least one data set in the form of a time domain signal from
each transducer 20 indicative of the sensed velocity of fluid
flow through the conduit 10 in the flow direction F and the
sensed speed at which the sound waves are propagating
through the fluid. In an additional aspect, the method can
comprise assigning a position value to each data set indica-
tive of the spaced position of the transducer which generated
the data set and time domain signal. In a further aspect, the
method can comprise storing an array of data sets and their
corresponding position values. In still a further aspect, the
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method can comprise processing the array of data sets to
produce a model of the superposition of the plurality of
sound waves as they propagate within the conduit 10.

It is contemplated that the flow of the at least one sound
wave through the conduit can be independent of amplitude.
Thus, it is contemplated that electronic/mechanical ampli-
tude calibration does not need to be extremely precise. It is
still further contemplated that as each time domain signal
(and data set) is captured by a transducer, a numerical
normalization of amplitude can occur such that any discrep-
ancies between transducers are removed.

In another aspect, after the time domain signals (data sets)
are collected from each respective transducer, the step of
processing the array of data sets can comprise performing a
one-dimensional fast Fourier transform (1DFFT) on each
respective time domain signal to determine the real and
imaginary coefficients for each frequency (C™*¥ and C™%).
In a further aspect, using the following equation, a normal-
ized time domain signal can be produced for each trans-
ducer:

Jom _ Z (Cleos(2n fiT;) + 7 %sin(21 £ T})
; imag\2
i €+ (cires)

where:

T,*o""=the normalized time domain signal for the transducer
at position (i)

T,~the time domain signal measured at a given transducer at
position (i) within the conduit,

Cj"mlﬁhe real frequency coefficient based on the time
domain signal measured at a given transducer at position
G)S

Cji’”“gﬁhe imaginary frequency coefficient based on the
time domain signal measured at a given transducer at
position (j), and

f=the frequency at a given transducer at position (j).

In an additional aspect, the step of processing the array of
data sets (time domain signals) can comprise forming a
two-dimensional time- and space-domain matrix based on
the normalized time domain signals produced for each
respective transducer and the horizontal position of each
respective transducer. In still another aspect, the step of
processing the array of data sets (time domain signals) can
comprise performing a two-dimensional fast Fourier trans-
form (2DFFT) on the two-dimensional time- and space-
domain matrix.

In a further aspect, the step of processing the array of data
sets can comprise modeling the superposition of the plurality
of sound waves using the wave equations

Yre(r, z, 1) = NJO(MCaIZHrW(g _ k))ezm(ﬁﬂcz)’

and

Wir(r, 2, D) = NJO(Mmlzan(g - k))ezm(ﬁ—kz),

where:

W=the phase of the wave moving right-to-left (RL) or
left-to-right (LR) through the conduit,

r,,=the radius of the conduit,

z=the horizontal position of the wave measured relative to
the direction of fluid flow within the conduit,
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t=elapsed time since generation of the wave,
N=amplitude of the sound wave,

Jo=cylindrical Bessel function of the first kind,

M, ~calibration coefficient,

f=frequency of the sound waves,

c=speed of the sound waves within the conduit, and
k=the wavenumber associated with the sound waves.

In a further aspect, the step of processing the array of data
sets can comprise sorting the 2DFFT data and the wave
equation data to identify maximum correlation between the
2DFFT data and the wave equation data. In this aspect, the
maximum correlation can be identified by preparing a three-
dimensional correlation surface map and/or contour plot of
the 2DFFT data and the wave equation data, with the speed
of the sound waves in the lefi-to-right and right-to-left
directions being provided on opposing axes. It is contem-
plated that the location of maximum correlation between the
2DFFT data and the wave equation data can correspond to
the location at which the speed of the sound waves in the
left-to-right direction is equal to the speed of the sound
waves in the right-to-left direction. It is further contemplated
that this location of maximum correlation can correspond to
the measured speed of sound (c) within the conduit.

In exemplary aspects, a set of surfaces can be generated
from the CBPSM equation for a left-to-right propagating
speed ranging from 300 m/s to 400 m/s and, similarly, for
right-to-left propagating speeds with a precision of about 1
m/s. This set of surfaces can represent about 10,000 (100x
100) surfaces.

It is contemplated that each surface of the surface map can
be correlated with the data acquired from the plurality of
transducers 20 by a least squares comparison test as is
known in the art. A resulting correlation coefficient can then
be plotted against the right-to-left and left-to-right speeds as
shown in FIGS. 16, 18, and 20. The maximum correlation
can represent the best fit of the data to the CBPSM equation.
It is contemplated that the maximum correlation can reveal
the propagating speeds both with and against the flow of the
fluid within the conduit.

When there is a non-zero velocity of fluid within the
conduit, then it is contemplated that the maximum correla-
tion can be determined for both right-to-left flow and
left-to-right flow, thereby providing the sound propagation
(cy) with the direction of fluid flow and the sound propa-
gation (c,) against the direction of fluid flow. Using this
information, it is contemplated that the velocity of fluid flow
within the conduit can then be calculated using the following
equation:

Flow=(cy~c4)/2

It is further contemplated that the speed of sound (cg,5)
within the conduit can then be calculated by using the
following equation:

Csos=(cptc)2
EXAMPLES

In one experimental example, an exemplary system as
described herein was tested with the following parameters:
sample rate (SR)=10000 Hz; speed (cg,5)=350 m/s; and
conduit diameter (r,,)=1 inch (0.02540 m). Given these
parameters, the ideal separation between adjacent transduc-
ers was calculated to be 0.0350 m, according to the follow-
ing calculation: z,,,=(350 m/s)/(10000 Hz)=0.0350 m.
However, for ease of construction, the array of transducers
was built with a 2.000" (0.05080 m) separation between
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adjacent transducers. Given the sample rate, it was assumed
that frequencies above 5000 Hz would not propagate in the
fluid contained within the conduit.

Given the design parameters discussed above, the exem-
plary system was tested. Sound at frequencies ranging from
500 Hz to 5000 Hz was introduced into the conduit from
Left to Right, and the methods described herein were applied
to acquire the following 2DFFT data in FIG. 7. The speed of
sound of the fluid was 347 m/s. Using the CBPSM wave
equation described herein, a theoretical surface was simu-
lated for 347 m/s over the same frequency range. This
theoretical surface is displayed in FIG. 2. The contour plot
in FIG. 9 clearly illustrates the presence of the off diagonal
frequencies not modeled in conventional systems, such as
those described in U.S. Pat. No. 7,725,270. The off diagonal
elements in the contour plot were perfectly modeled by the
equation resulting from the roots of the first derivative of the
zeroth order Bessel function

£
Meg27r,,

-

As shown in FIGS. 10-12, similar experiments were
performed for Right to Left sound waves moving at 347 m/s.
In both cases (Left to Right and Right to Left), there was a
clear presence of the reflected wave. As shown, the wave
number axis is beyond the Nyquist limit and entered into
what can be considered the negative wavenumber region.

The next set of data, depicted in FIGS. 13-15, was for
sound waves propagating from Left to Right and Right to
Left. The real 2DFFT data in FIG. 13 reveals the reason for
keeping the data beyond the Nyquist limit—the Bessel
function impacts both the positive and the negative wave
number quadrants.

The processing steps disclosed herein were performed on
the data in FIG. 13. In order to perform these steps, a set of
theoretical surfaces for Left to Right propagating speeds and
Right to Left propagating speeds were generated using the
CBPSM wave equation disclosed herein. For this exercise,
a propagating flow range from 300 m/s to 400 m/s was
created for both directions in steps of 1.0 m/s, representing
a basis set of 10,000 (100x100) surfaces. Correlation for
each of these surfaces with respect to the 2DFFT data
collected for the surface in FIG. 13 is shown in FIGS. 16 and
17.

The data in FIG. 13 was collected for a zero velocity flow
of'the fluid. Hence, it was expected that the two propagating
sound waves would have the same propagation speed. It can
be clearly seen in FIG. 17 that maximum correlation
occurred at 347 m/s for both axes.

The same algorithm was then applied to a fluid with a
non-zero flow velocity. The data displayed in FIGS. 18 and
19 were acquired for a fluid with a velocity flow of 5.5 m/s
and a speed of sound of 347 m/s.

From FIG. 19, the propagating speed with the fluid flow
was found to be 352 m/s, and the propagating speed against
the fluid flow was found to be 341 m/s. Using the formulas
disclosed herein, these parameters corresponded to a flow
velocity of 5.5 m/s and a speed of sound of 346.5 m/s, which
agreed very well with the input parameters.

A higher flow was modeled in FIGS. 20 and 21. From
FIG. 21, the propagating speed with the fluid flow was found
to be 355 m/s, and the propagating speed against the fluid
flow was found to be 338 m/s. Using the formulas disclosed
herein, these parameters corresponded to a flow velocity of
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9.0 m/s and a speed of sound of 346.5 m/s, which agreed
very well with the input parameters.

Although several embodiments of the invention have been
disclosed in the foregoing specification, it is understood by
those skilled in the art that many modifications and other
embodiments of the invention will come to mind to which
the invention pertains, having the benefit of the teaching
presented in the foregoing description and associated draw-
ings. It is thus understood that the invention is not limited to
the specific embodiments disclosed hereinabove, and that
many modifications and other embodiments are intended to
be included within the scope of the appended claims. More-
over, although specific terms are employed herein, as well as
in the claims which follow, they are used only in a generic
and descriptive sense, and not for the purposes of limiting
the described invention, nor the claims which follow.

What is claimed is:
1. A system for measuring the superposition of a plurality
of sound waves propagating within a conduit containing a
fluid, the conduit having a longitudinal length, wherein the
fluid flows through the conduit in a flow direction, and
wherein at least one sound wave of the plurality of sound
waves is generated by the fluid flowing through the conduit,
the system comprising:
a plurality of transducers positioned substantially parallel
to the flow direction along at least a portion of the
longitudinal length of the conduit, wherein each trans-
ducer of the plurality of transducers comprises means
for sensing the velocity of fluid flow through the
conduit in the flow direction, wherein each transducer
of the plurality of transducers further comprises means
for sensing the speed at which the plurality of sound
waves are propagating through the fluid, and wherein
each transducer of the plurality of transducers is posi-
tioned in a spaced position relative to a predetermined
reference point on the conduit, the spaced position
corresponding to the longitudinal distance between the
transducer and reference point;
means for modeling the superposition of the plurality of
sound waves as they propagate within the conduit,
wherein the means for modeling the superposition is in
communication with each transducer of the plurality of
transducers, and wherein the means for modeling the
superposition is configured to:
receive a time domain signal from each transducer;
assign a position value to the time domain signal
indicative of the spaced position of the transducer
which generated the time domain signal; and

store an array of time domain signals and their corre-
sponding position values,

wherein, upon storage of a selected number of time
domain signals, the means for modeling the super-
position is configured to process the array of time
domain signals to produce a model of the phases of
the plurality of sound waves as they propagate
therein the conduit, and

wherein the superposition of the plurality of sound
waves is modeled using the wave equations

Wre(r, 2, D) = NJO(Mmlzan(g - k))e%fi(f#kz)’

and



US 9,441,993 B2

17

-continued

Yorlr 2,0 = NJO(MWIZMW(g - k))ez”i(ﬁ”‘Z)

where:

W=the phase of the wave moving right-to-left (RL) or

left-to-right (LR) through the conduit,

r,,=the radius of the conduit,

7=the horizontal position of the wave measured relative to

the direction of fluid flow within the conduit,
t=elapsed time since generation of the wave,

N=amplitude of the sound wave,

Jo=cylindrical Bessel function of the first kind,

M, ~calibration coefficient,

f=trequency of the sound waves,

c=speed of the sound waves within the conduit, and

k=the wavenumber associated with the sound waves, and

wherein the means for modeling the superposition of the
plurality of sound waves as they propagate within the
conduit further generating correlation information from
the model to display features of the fluid flowing
through the conduit.

2. The system of claim 1, wherein the means for modeling
the superposition is configured to:

generate a frequency domain signal associated with each

transducer;

form a two-dimensional time- and space-domain matrix

for the plurality of transducers comprising the time-
and frequency-domain signals associated with each
respective transducer;

perform a two-dimensional fast Fourier transform

(2DFFT) on the two-dimensional time- and space-
domain matrix; and

correlate the results of the 2DFFT with the results mod-

eled by the wave equations.

3. The system of claim 2, wherein the means for modeling
the superposition is configured to identify the maximum
correlation between the results of the 2DFFT and the results
modeled by the wave equations.

4. The system of claim 3, wherein, based upon the
maximum correlation between the results of the 2DFFT and
the results modeled by the wave equations, the means for
modeling the superposition is configured to calculate the
sound propagation in the direction of fluid flow and the
sound propagation against the direction of fluid flow within
the conduit.

5. The system of claim 4, wherein, based upon the
calculated sound propagation within the conduit, the means
for modeling the superposition is configured to calculate at
least one of the velocity of fluid flow and the speed of sound
within the conduit.

6. The system of claim 1, wherein the time domain signal
associated with each transducer is indicative of the sensed
velocity of fluid flow through the conduit in the flow
direction and the sensed speed at which the sound waves are
propagating through the fluid.

7. The system of claim 2, wherein the means for modeling
the superposition is further configured to:

perform a one-dimensional fast Fourier transform

(1DFFT) on the time domain signal acquired from each
respective transducer; and

generate a normalized time domain signal for each respec-

tive transducer,

wherein the normalized time domain signal is included in

the two-dimensional time- and space-domain matrix.
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8. The system of claim 1, wherein plurality of sound
waves comprises a first sound wave and a second sound
wave.
9. The system of claim 1, wherein the plurality of trans-
ducers comprises 2 transducers.
10. The system of claim 1, wherein the plurality of
transducers comprises at least 64 transducers.
11. The system of claim 1, wherein the plurality of
transducers comprises at least 128 transducers.
12. The system of claim 1, wherein each transducer of the
plurality of transducers is longitudinally spaced from adja-
cent transducers by a separation length.
13. The system of claim 12, wherein the separation length
ranges from about 0.5 inches to about 3.5 inches.
14. The system of claim 12, wherein the separation length
ranges from about 1.0 inches to about 3.0 inches.
15. The system of claim 12, wherein the separation length
ranges from about 1.5 inches to about 2.5 inches.
16. The system of claim 1, wherein the means for mod-
eling the superposition of the plurality of sound waves
comprises a computer having a processor.
17. The system of claim 16, wherein the processor com-
prises an analog-to-digital converter for processing the data
sets received from the plurality of transducers, and wherein
the analog-to-digital converter processes the data sets at a
sample rate.
18. The system of claim 1, wherein the conduit comprises
an external surface, and wherein the plurality of transducers
are detachably mountable on the external surface of the
conduit.
19. The system of claim 18, wherein the plurality of
transducers are interconnected to form a substantially linear
array of transducers.
20. A method for measuring the superposition of a plu-
rality of sound waves propagating within a conduit contain-
ing a fluid, wherein the fluid flows through the conduit in a
flow direction, and wherein at least one sound wave of the
plurality of sound waves is generated by the fluid flowing
through the conduit, the method comprising:
providing a plurality of transducers positioned substan-
tially parallel to the flow direction along at least a
portion of a longitudinal length of the conduit, wherein
each transducer of the plurality of transducers com-
prises means for sensing the velocity of fluid flow
through the conduit in the flow direction, wherein each
transducer of the plurality of transducers further com-
prises means for sensing the speed at which the plu-
rality of sound waves are propagating through the fluid,
and wherein each transducer of the plurality of trans-
ducers is positioned in a spaced position relative to a
predetermined reference point on the conduit, the
spaced position corresponding to the longitudinal dis-
tance between the transducer and reference point;

receiving a time domain signal each respective trans-
ducer;

assigning a position value to the time domain signal

indicative of the spaced position of the transducer
which generated the time domain signal;

storing an array of time domain signals and their corre-

sponding position values; and

processing the array of data sets to produce a model of the

superposition of the plurality of sound waves as they
propagate therein the conduit,

wherein the superposition of the plurality of sound waves

is modeled using the wave equations
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Yrr(r, 2, 1) = NJO(Mmlzan(g - k))e%'(fwkz)’

and

YR 2, 0) = NJO(Mmlzan(g - k))ehri(ﬁsz)

where:

W=the phase of the wave moving right-to-left (RL) or
left-to-right (LR) through the conduit,

r,,=the radius of the conduit,

7=the horizontal position of the wave measured relative to
the direction of fluid flow within the conduit,

t=elapsed time since generation of the wave,

N=amplitude of the sound wave,

Jo=cylindrical Bessel function of the first kind,

M, ,~calibration coefficient,

f=trequency of the sound waves,

c=speed of the sound waves within the conduit, and

k=the wavenumber associated with the sound waves, and

wherein the means for modeling the superposition of the
plurality of sound waves as they propagate within the
conduit further generating correlation information from
the model to display features of the fluid flowing
through the conduit.
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For the invention of his flow meter, Dr. McGill was issued Georgia College’s first patent. Any patent, let alone
a first patent, is a momentous achievement and particularly notable for an institution with a public liberal arts
mission. Dr. McGill’s patent results from a theoretical breakthrough in physics. A breakthrough like this is
what we expect from big research institutions where major labs are staffed with graduate students and postdocs.
Georgia College has no graduate program or graduate students in physics, only undergraduate physics and
chemistry, and our physics degree was reinstated fairly recently.

Dr. McGill’s flow research began at the University of Florida. Modern science—especially physics—is done in
teams. Problems are tackled by multiple, competitive research labs and funded by external grants. Many
research institutions attempted to solve the flow problem but came up short for over twenty years. Over those
two decades, Dr. McGill stayed with the problem, using undergraduates to assist with the hardware, while he
drilled deep into theories that had stood the test of time for over 150 years. Ironically, the context and pace of
an undergraduate institution and a “scrappy” do-it-yourself-on-a-shoestring-in-the-basement approach
contributed to his discovery. For example, to build the flow measurement device, Dr. McGill needed an
instrument machine shop. Dr. McGill built the shop in a damp, dim, unused campus cellar. The shop has not
been accessible except to a few, but by this fall, the instrument machine shop will be housed in Beeson Hall
where it will be an invaluable resource for the physics program and accessible to students and faculty. As Dr.
McGill’s discovery came to proof, the University needed proper policies to protect the intellectual property. Dr.
McGill was the motivation behind developing these policies and helped bring them to fruition for others to
enjoy.

Dr. McGill’s research has generated broad industrial interest. The patent will likely lead to royalties for the
University. Royalties can then help fund further intellectual property applications.

Dr. McGill more than deserves the 2016-2017 Georgia College Excellence in Scholarship & Creative
Endeavors Award.
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