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(57) Abstract: Methods for noninvasive determination of acoustical properties of fluids flowing in pipes having a large ratio (> 10) of
pipe diameter to wall thickness, and in highly attenuating fluids are described. When vibrations are excited on the outer surface of the
wall of a pipe, the resulting vibrations propagate directly through the wall in a normal direction and through the pipe wail as guided
waves, appearing on the opposite side of the pipe, in the oil/gas industry, where a majority of the pipes used for exploration are 2-in.
diameter steel pipes, the time of arrival of the signals through these two paths are almost identical. Additionally, if the pipe is filled with
various types of crude oil or crude oil/water mixtures, the acoustic attenuation increases significantly and the signals travelling through
the two paths become similar in strength. This dual path propagation through pipes, where guided waves take the circumferential path
in the wall of the pipe and may interfere with the time-of-flight measurement obtained from the direct path through the fluid, is at least
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in part resolved by subtracting the signal from the guided wave from the combined signal, thereby permitting improved observation
of the direct path propagation through the fluid.
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NONINVASIVE ACOQUSTICAL PROPERTY MEASUREMENT OF FLUIDS

CROSS-REFERENCE TO RELATED APPLICATIONS
(00011 The present application claims the bhenefit of United States Provisional
Patent Application Number 62/384,841 for "Noninvasive Acoustical Properly
Measurement OFf Fluids” which was filed on July 20, 2018, the entire content of which

application is hereby specifically incorporated by reference herein for all that #
discloses and teaches.

STATEMENT REGARDING FEDERAL RIGHTS
{00021 This invention was made with government support under Contract No, DE-
ACSHI-DENAZE38E awarded by the U.B. Depardment of Energy. The govemment has
ceriain rights in the invention.

BACKGROUND

[0003]  Noninvasive measurements of fluid properties include clamp-on acoustic
measurement capability where measurement sensors (ransducers) may be atiached
o the outside of vessels, conduits, and other fluid-filled structures. Penelration of
the exterior of the fluld container and provigion of a3 seal for the sensor to obiain
access to the fluld, which may adversely affect the structural integrity of the
gontainer, is not required.  Further, both the fluid and the sensors are protected from
contamination by the other,

{0004 Various acoustical properties of fiulds in metal pipes may bs determined
using noninvasive measurements. Typically, a piezoelectric transducer is attached
to the outside of a pipe as a3 sound sourcs, and another transducer is aftached to the
opposite side of the pipe as a receiver. Sound fransmission through the pipe is
determinative of which acoustical properties of the fuid can be extracisd.

Maasurements may be made in a noncontact or stand-off manner,

BUMMARY
00051 In accordance with the purposss of embediments of the present invention,
as embodied and broadly described herain, the method for noninvasively measwing

acoustical properties of a fluid hereof includes: applying a frequency shaped pulse
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signal to & first ultrasonic transducer in vibrational communication with an outside
surface of a pipe having a wall and through which the fiuid is flowing, whereby
vibrations are generated in the fluld and in the pipe wall; detecting the generated
vibrations on a second ultrasonic transducer disposed on the oulside surface of the
pipe diametrically opposite to the first ultrasonic transducer with fluid flowing through
the pipe, wherein a first ime-dependent electrical signal is obtained; applying the
fraquency shaped pulse signal to the first ultrasonic transducer when the pipe is
emply, such that vibrations are generated solely in the pipe wall; detecting the
generated vibrations on the second ulirasonic transducer, whersin a second time-
dependent electrical signal is obtained; subtracting the second electrical signal from
the first electrical signal whereby a time-dependent difference electrical signal is
produced; determining the time-of-flight of the generated vibrations between the first
transducer and the second transducer using the difference electrical signal and
determining the time of flight of the generated vibrations in the pipe wall from the
difference elscirical signal, from which acoustical properties of the fluid are
determined.

{0008]  In ancther aspect of embodiments of the present invention as embodied
and broadly described herein, the method for noninvasively measuring acoustical
properiies of a fluid hereol includes: applying a shaped pulse signal to a first
ultrasonic transducer in vibrational communication with an oulside surface of a pipe
having a wall and through which the fluid is flowing, whereby vibrations are
generated in the fluid and in the pipe wall;, detecting the generated vibrations on a
second ultrasonic transducer disposed on the outside surface of the pipe
diametrically opposite to the first ultrasonic transducer with fluid flowing through the
pipe, wherein a first ime-dependent elecirical signal is oblained; infroducing a
chosen gas into the fluid to & gas volume fraction such that no vibrations pass
through the fluld; applving the shaped pulse signal to the first ultrasonic transducer,
whereby vibrations are generated solsly in the pipe wall; detecting the generated
vibrations on the second ultrasonic transducer with no vibrations passing through the
fiuid, wherein a second time-dependent slectrical signal is obtained; sublracting the
second slectrical signal from the first slectrical signal whereby a difference electrical
sighal is generated; determining the tims-of-flight of the vibrations between the first
transducer and the second transducer using the difference electrical signal; and from
which acoustical properties of the fluid are determined.

3
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(00077 In yet ancther aspect of embodiments of the present invention as
embedied and broadly described herein, the method for noninvasively measuring
acoustical properties of a fluid hereof includes: applying a Gaussian modulated sine
puise signal fo @ first ultrasonic transducer in vibrational communication with an
outside surface of a pipe having 3 wall and through which said fluid is flowing,
whersby vibrations are generated in said fluid and in the pipe wall; detecling the
generated vibrations on a second ulfrasonic fransducer disposed on the cutside
surface of the pipe diametrically opposite to the first ultrasonic transducer with fiuid
flowing through the pipe, whersin an elscirical signal is obtained; digitizing the
slectrical signal; delermining the time-ofdlight of the vibrations between the first
transducer and the second transducer using the electrical signal; and determining
the time-of-flight of the generated vibrations through the pipe wall from the electrical
signal, from which acoustical properiies of the fluid are delermined,

[0008]  In another aspect of smbodiments of the present invention as embaodied
and broadly described herein, the mathod for noninvasively measuring acoustical
properties of a fluid hereof includes: applying a puise having a chosen fraquency to a
first ulfrasonic transducer in vibrational communication with an outside surface of a
pipe having a wall and through which said fiuld is flowing, whereby vibrations having
a first paak intensity are generated in sald fluid and vibrations having a second pesk
intensity are generated in the pipe wall, detecting the generated vibrations on a
second ultrasonic transducer dispesed on the oulside surface of the pipe
diametrically opposite fo the first ultrasonic transducer after a time period such that
the ratio of the first peak vibration intensity to the second peak vibration intensity has
reached a chosen value, wherein an electrical signal is obtained; determining the
time-of-flight of the vibrations from the first transducer to the second fransducer
using the electrical signal; and determining the time-offlight of the generated
vibrations through the pipe wall from the electrical signal, from which acoustical
proparties of the fluid are delermined.

[0008]  Benefits and advantages of embodiments of the present invention include,
but are not limited to, a method for noninvasively measuring acoustical properties of
a fluid in a pipe, where dual path propagation through pipes in which guided waves
take the clrcumferential path in the wall of the pipe and may interfere with the time-
of-fiight measurement obtained from the direct path through the fluid, is at least in
part rescived by sublracting the signal from the guided wave from the combinsd

Ged
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signal, thereby permiting Improved observation of the single path propagation
through the fluid.

BRIEF DESCRIPTION OF THE DRAWINGS
{00101 The accompanying drawings, which are incorporated in and form a part of
the specification, lHlustrate the embodiments of the present invention and, togeather
with the description, serve {0 explain the principles of the invention. In the drawings:
[0011]  FIGURE 1 s a schematic representation of an embodiment of an
apparatus suitable for practicing the methods of the present invention.
[0012]  FIGURES 2A - 2C schematically describe the principle behind the Pulse
Cverlap Frequency Mixing (POFM), where FIG. 24 is a graph of the transmitted (To
and received (Re) linear frequency chirps as a function of time, showing the
overlapping portions as a function of time, FIG. 2B is a graph of the multiplication of
the Tr and Re chirp signals as a function of time, and FIG. 2C llustrates the multiplied
signal being fitered to remove the sum frequency, the difference frequency, fu, being
constant in time.,
[0013]  FIGURE 3A is a schematic representstion of sound waves bsing
infroduced info a pipe by a transmilting transducer atiached to flat portion of the
outer surface of the pipe and powersd by a funclion generator, illustrating that the
sound waves ¢o not only travel through the liguid inside the pipe, but also along the
circumference of the pipe wall {guided wave), while FIQ. 3B is a schematic
reprasentation of the use of a curved transmitling transducer adapted to efficiently
couple acoustic energy inte a rounded portion of the outer surface of the pipe,
thereby generating less intense guided waves than the fint transducers.
[0014]  FIGURE 4 is a schematic representation of the present subtraction
method, flustrating the minimization of the effect of guided waves on the
measurement of the sound spesd in 5 fluid.
[0015]  FIGURED 5A and 5B are graphs of a received signal in response to a
frequency chirp excitation for an empty stesl pipe (spool) and for the same pipe filled
with water, respectively, and FIG. 5C is a graph of the amplitude versus time for the
difference in amplitude between the two received signals using a simple aigsbraic
poirt-by-point subtraction.
{0018] FIGURES 8A - 80 show the analysis of the dala presented in FIG. 5
hereof using the deconvolution method, where FIGE. 8A and 8B are the
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deconvolved impulse response of the transducer-pipe-wali-fluid-pipe-wall-ransducer
systern for an emply pipe and a water-filled pipe, respectively, which correspond io
the chirp data shown FIGS. BA and 8B, respectively, with FIG. 8A baing a graph of
the sound propagation as guided waves as a function of time, the dashed line being
an envelope of the data since there are many modes present that arrive at different
fimes, FiIG. 6B being a graph of the sound propagation through the fiquid
superimposed on the guided wave signal as a function of time, the first large peak in
FIG. B8 being the first-arrival information, and FIG. 8C showing the benefit of the
subtraction technique, where the noise floor has practically disappeared and the
signal-to-noise ratio has increased o about 70.

0017} FIGURES 7A(g) and TB(a) show the POFM-processed data for a process
water-filled oif field pipe for a strong signal, while FIGS. TA(b) and 78(b), by contrast,
show data from a situation where the fluid attenuation is high due to the fiuid being
highly attenuating crude ol and gas, where FIG. 78(b) is a graph of the processed
received signal, but with the reference signal obtained using an emply pipe having
been subtracted from the raceived time domain data before POFM processing is
performead.

0018]  FIGURE 8 is a graph of the defected signals in response to a Gabor pulse,
one arrving first through the circumferential path, but being very small in amplitude
when compared to the signal traveling through the fluid inside the pipe (sharp peak
around 33 ps), which can be clearly defined without any ambiguity or distortion.
[0018] FIGURE ¢ is a graph Hlusirating the effect of fiuid loading on the guided
wave sighal where transmission measuremeants were made under three conditions;
{1} an empty pipe so that all the sound travels around the circumference to reach the
receiver ransducer; (2) a water-filled pipe that has dual path propagation; and (3} a
pipe filled with nearly 70% gas, which blocks all signal through the direct path but
shows the loading effect of the fluld near the pipe wall, only the baseline information
being shown on an expanded scale (prior to any liquid peak) in order to compare the
different signals.

{0201 FIGURE 10 is a graph illustrating the improvement in signal-to-noise ratio
using the present reference background subraction.

{0021} FIGURE 11 is a graph of the oplimized subtraction of the reference
baseline, where the root-mean-square amplilude and its standard deviation is
measured for the sublracted signal as & percentage of the quantity of reference
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signal subiracted from the signal obtained from a fuidfilled pipe, for this pipe
geometry and configuration, the optimum value being 75% of the reference signal.
(0022]  FIGURE 12 shows an example of a pulse which permits accurate
measurements.

0231 FIGURE 13 ilustrates the resulls of the subtraction method where the
water cut is varied and the sound speed is determined for crude ol-water mixdure
flowing at 1000 barrels per day through 2-in. diameter pipe, measurements having
the same oil-water ralios being taken two weeks apart, the solid curve being a curve
fited to the data representing the conversion of sound speed to composition (water-
cut) over a wide range of oil-water ratios,

[0024] FIGURE 14 ifllustrates the use of the subltraction method for enabling the
measurement of small variations in composition over ime in a flowing crude oil-water
mixture, FIG. 14{a) showing the dynamics of the flow and its composition variation
for high water-cut situation (water-cut ~ 80%), while FIG. 14{b) shows the dynamics
for a lower water-cut {~ 20%).

[0028] FIGURE 15A shows measurements made with an empty pipe and the
same pipe filled with water, the sound fransmission in this case is much higher as
shown by the solid curve, and FiG. 158 shows signalto-noise ratio enhancement
derived from the ratic of the two curves, the baseline dashed curve showing the
sffect of the guided wave.

{0026] FIGURE 18 is a graph of expermental data for sound transmission
magnitude in a 2-in. {OD) for two situations: {1} the pipe is emply {thick solid curve);
and (2} the pips is fillad with a liguid (light solid curve).
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DETAHLED DESCRIPTION

{00271  Briefly, smbodiments of the present invention include noninvasive
acoustical properly measurement of fluids. As mentioned above, such
measurements are commonly performed.  However, these fechniques work well
where the ratio of pipe diameter to wall thickness is large (for example, in thin walled
containers, where the diamster to thickness ratio exceeds 10) or in situations where
the fluid is not highly attenuating, When ulfrasonic vibrations are excited on the
outer surface of the wall of a fluid-filled pipe, the resulting vibrations propagate
directly through the wall and through the fluld in a normal direction, and also through
the pipe wall as guided waves, appearing on the opposite side of the pipe.
Depending on the size of the pipe, the wall thickness, and the fluid inside of the pipe,
these two waves can arrive at different times and may be separated. However, in
the oiligas industry, where a majority of the pipes used for off extraction from wells
and its transport are 2-in. diamester steel pipes, the time of arival of the signals
through these two paths is almost identical or significantly overlapping. If the fluid
inside is not significantly acoustically attenuating {e.g., water) the direct path signal is
much  sironger than the guided-wave signal that propagales around the
circumference of the pipe, and accurate sound speed measurements can be made.
The exact nature of the waves propagating around the pipe is complicated. There
are many modes that propagate, each having s own characteristics and frequency
dependence. Most of the waves are confined between the two sides of the wall and
are guided by the wall swiaces with some modes having microscopic surface
undulations.

{0281 By contrast, if the pipe is filled with various types of crude off or crude
oiffwaler mixtures, the acoustic altenuation increases and the signals travelling
through the two paths become close to each other in intensity, and the signal
through the dirgct path may become obscured in the background of the guided wave
signal along the pipe circumference.

(0287 In off well production, fiuids are commonly multiphase fluids where, In
addition to liquids, gas may also be present. The presence of gas substantiaily
lowers the direct path signal through the fluid, making it difficult to separate the two
signals and oblain reliable scoustic property measurements.  This problem is
particularly acute in the siutation of high water-cut fluids where the composition of
the fluid is greater than 80% water. This is prevalent in a large number of oif wells
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around the world, with many wells having water-cut as high as » 95%. In these
situations, the guided wave signal, so strongly interferes with the direct path signal
that it becomes impossible to separate the acoustic transmission through the fuid for
fluid property determinations, Since water has the highest sound speed in an ol
water fluid mixture, the arrival time through water becomes coincident with that of the
guided wave in steel pipes used in the industry, and the signal intensities also
become comparable in the presence of any normal quantity of gas found in many oil-
wells,

[0030]  As stated, in the ollfgas industry this is a generic problem; howsver, #
oocurs in other situations as well where highly attenuating fluids flow through a
conduit. Common approaches for reducing this interference include complicated
design of the exciting transducer, special mounting of transducers on the pipe, and
various types of damping mechanisms added to the outer surface of the pipe that
attempt to reduce the guided wave signal. These approaches al best only
incompletely  reduce the interference and add substantially fo the cost of
implementation and maintenance.

00317 Embodiments of the present invention include procedures that are
relatively simple to implement withouwt requiring any hardware modification, thus
reducing cost. Dual path propagation through pipes, where guided waves take the
circumferential path in the wall of the pipe and may interfere with the time-of-flight
measursment obtained from the direct path through the fiuld, is at least in pant
resolved by subiracting the signal from the guided wave from the combined signal,
thereby parmitiing improved observation of the single path propagation through the
fluid. As will be explained in detail below, after subtracting the guided wave signal
from the combined received signal, any of the following data processing methods
may be performed: Pulse Overlap Frequency Mixing (POFM); Signal deconvolution;
Shaped pulse {more effective than cross-correlation); Selective frequency exciiation;
and Guided wave decay.

Present Noninvasive Measurement Technigues:
{0032] Reference will now be made in detail o the present embodiments of the
invention, examples of which are illusitrated in the sccompanying drawings. in the
FIGURES, similar structure will be identified using identical reference characters. it
will be understood that the FIGURES are for the purpose of describing particular
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smbodiments of the invention and are not intended to limit the invention thereto. The
following provides a description of an embodiment of the curent noninvasive
measurament technology. This technology may be used to practice the methods of
embadiments of the present invention. As mentioned above and #lustrated in FIG. 1,
ultrasonic transmit ransducer, 18, attached on the outside of comtainer, 12, such as
a pipe, through which fhuid, 14, may be flowing, and driven by a frequency chirp from
arbitrary wave funclion generator, 18, (betwaen 500 kHz to 10 MHz}, and of short
duration (typically ~50 to ~80 us, depending on the pipe geometry (in this case, 1.75
in. 10}, and on the fiuid inside the pipe (fluid path length in a 2-in. diameter pipe fillad
with water}, which may be amplified using power amplifier, 17, generates uitrasonic
vibrations which are detected on the opposite side of pipe 12 by @ second
transducer, 18, which may be amplified using amplifier, 48, and shown as the signal
on display, 20. The received signal may be amplified depending on the fluid that is
being interrogated or monifored.  The frequency chirp duration is adjusted for any
given pipe configuration such that the fransmitted and the received signals overlap in
time by approximately 80%. The duration also needs {o be shorler than the time for
the first acho to be received by the receiver transducer, but not sufficiently short that
there is no overlap between the transmitted and the received signals. This latter
requirement is necessary only for the POFM method described below. Following
ampiification, the received signal may be digitized by a dual-channe! 14-bit analog-
to-digital converter (ADC) at a 50 MMz digitization rate. For the shaped pulse
method, the digitization rate may be increased o 100 MHz. The digitization rate may
be adjusted 1o provide good time resolution for the data, and is not limited to the
above rates. Both the excitation and received signel are digitized by the duab
channel ADC and stored in memaory for digital processing. The signal processing is
carried out by Digital Signal Processor (USP), 21, and the entire operation of the
measurement including the timing of the input signal and its repetition is controlied
by the same DSP. A laptop computer may also be used to confrol the electronics
and the DSP through USB. Typieally, for crude ofl, the upper applied frequency is
approximately 5 MHz since higher frequencies are significantly attenuated by the
figuid in a 2-in. diameter pipe. The applied frequencies employed also depend on
the pipe diameter, 22, or fluid path length. For shorter path lengths, the upper iimit of
the frequency may be higher than 8 MHz, as the atienuation depends on the path
tength the signal has to travel. The received signal is captured for a longer duration
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than the transmit chirp to enable observation of multiple reflections through the fluid
from the opposite ends of pipe diameter 22. This allows the measurement of sound
attenuation through the fluid inside the pipe and also losses dus to acoustic
impedance mismatch between the pipe wall and the fluid,

{00331 The sound speed in the fluid is derived from the time-of-flight (TOF), which
is the time that a signal takes fo travel from the transmitter to the receiver through
the fiuid path, and yislds information regarding the composition of the fluid. The
refationship between sound speed and fluid composition in a binary system, such as
crude oiliwater, is well known and can also be derived from a calibration. Since the
sound takes a finite tme to trave! through the wall of the pipe on both sides, this wall-
travel time must be sublracted from the total TOF measurement. There are multiple
approaches to determining the TOF. One approach, used in embodiments of the
present invention, that provides high signalto-noise (S/N) ratio is the Puise-Overlap
Freguency Mixing (POFM) method, where the transmit signal as a voltage is
multiplied by the time-delayed received signal as a voltage, using a multiplier
infegrated circuit or both signals can first be digitized and multiplied in a digital signal
processor (DSP), there being a partial overlap between the two signals. Typically,
the chirp duration is adjusted such that the overlap is approximately 50%, but it can
be anywhere between about 30% and about 70%. The degree of overlap is related
to the processed signal quality. If a linear frequency chirp is used (the frequency of
the signal increases linearly with time), the resull of the frequency mixing is a
combination of & sum and a difference signal. The difference signal is a fixed
frequency, whereas, the sum frequency is variable in frequency and is removed
using a low-pass filter, or performed digitally. The result is a single frequency sine-
wave difference signal AT, the wall effects being ignored to illustrate the procedurs,
A fast Fourer transform, FFT, of the low-pass filtered signal obtained using signal
processor, 21, vields sharp difference frequency, which is directly related to the TOF.
Since the ultrasound chirp signal bounces multiple times within the thickness of the
pipe wall, additional peaks having progressively diminishing amplitude that are
separated by a fixed amount, are observed. This frequency peak separation is
related to the travel ime within the pipe wall, which may be directly measured from
this. The processed POFM data from processor 21 is displayed on display, 28,

i
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where the first peak (having the largest amplitude) is the time of first arrival of the
chirp ultrasound signal.
{0034]  An slternative method for determining the TOF is signal deconvolution, as
shown in display, 28, and will be explained in more detail below, where the received
signal is assumed to be a convolution of the input frequency chirp signal with the
impulse response function of the transducer-pipe-fluid system.
{0035]  Ancther method for determining the TOF s cross-comrelation, a
mathematical method for determining the best match between the ransmitted and
the received signal by time shifting the transmitted signal against the received signal
one glement at a time, and searching for the time where a maximum is observed, the
best correlation. In praclice, the present inventors have found that for the
measurement of a bubbly fluid, the maxima are difficult to dentify, and the cross-
correlation approach is not as robust as the POFM method.  Moreover, the cross-
correlation method has side-lobes that appear as spurious peaks that make the
central peak identification less robust that that obtained from the POFM method.
30368]  High process gain (Process gain = Signal duration x Signal frequency
Bandwidth) may be obtained using both of these methods when compared o the
common puise propagation technigque, since for a constant frequency bandwidth, a
typical pulse duration in a pulse techniqus is of the order of 1 us {or less) as
compared fo the ~100 ys for the POFM or cross-comrelation technigues. Therefore,
a high signal to nolse, S/N, ratio is obtained without significant averaging vielding
fast measurements.
{00371 The principle behind the POFM method is schematically further described
in FIG. 2. FIGURE 24 is a graph of the fransmitted (T)) and received (R.) linsar
frequency chirps as a function of fime, showing the overlapping portions as a
function of time.  As stated, the generated frequency varies linearty with time for a
certain duration. The chirp signal aimives at the receiver affer a time delay, At that is
dependent on the speed of sound in the fiuld and in the wall.
{0038]  The tranamit and the fime-delaved received chirped signals can be
expressed as:

) Ao t] £\=

T‘r{:f\; = §in {E'Cd e e P
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where, the chirp begins at the radial frequency me {o=3xf, and T is fraquancy} at time
t =0 and ends gt frequency we + Ao after ime T, After a delay fime « dus o
propagation through the pipe and the fluid, the same frequency patiem is detected.
The multiplication process takes advaniage the frigonomairic product formula
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where the various powers of { have been coliected inside parentheses as ihe
argument of the cosine, and the higher order quadratic terms are negiecied. The
sffect of multiplication of the original chirp signal with the time-delayed chirp is to
create 8 single frequency Ts at (Aw/Tir and & new chirp starting &t 2eet{As/ Tt and
increasing at wice the rate of the orginal chirp. A low pass filter is used to remove
the higher frequency information and only kesp the single frequency &, from which
the time delay 1 is exiracted.

[0039]  FIGURE 2B is a graph of the multiplication of the Tr and Rq chirp signals
as a function of time, and FIG. 20 Hiusirates the multiplied signal being filtered to
remove the sum frequency, the difference frequency, fu, being constant in tims as
seen in the graph. An FFT of the filtered signal vields a single difference frequency
f5. x. the TOF, is proportional to fs, according to © = (TIF)fu, where T is the duration
of the frequency chirp, and F is the chirp frequency bandwidth, F = Fiy ~ Fu, the
difference between the start frequency and the stop frequency. i should be
mentionad that the start frequency need not be lower than the stop frequency, and
the direction of the chirp can be reversed.
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Guided Wave Problam:

00401 VWhen the fluid being measurad inside a pipe is a pure fluid or a mixtwre of
fluids, the technigues mentioned above can be used. However, if the fluid being
measured Is a bubbly fluid or a fluld with high attenuation, such as heavy crude,
separation of the guided wave from the signal passing through the fluid becomes
problematic.  As is Hlustrated in FIG. 3A, sound waves introduced into pipe 12 by
transducer 10 attached {o flal portion, 38, of the cuter surface 32 of pipe 12 and
powered by funclion generator 18, do not only travel through the liquid inside the
pipe, 34, but also within the pipe wall, 38, Waves, 38, are called gquided waves. A
similar situation occurs for curved transmitting fransducer 10, which is adapted to
efficiently couple acoustic energy into a roundsd portion of outer surface 32 of pipe
12, as ilustrated in FIG, 38, The curved fransducers generate less infense guided
waves than the fiat transducers.

{0041} it should be mentioned that it Is not a single signal that arrives as guided
wave but it consists of multitude of wave packets spread over time {over the duration
of the frequency chirp). The guided waves are generated primardly at the wall-
thickness mode resonance frequencies and there are at least 5 such resonance
frequencies encountered in a typical 2-in. diameter pipe within the measurement
frequency range of about 300 kHz fo about 5 MMz, The number of resonance
fraquencies depends on the wall thickness and the sound speed in the wall material.
Iy & 3-in. pipe there are mors resonances. As the frequency chirp used is a linear
chirp with increasing frequency (it can also be decreasing frequency), each time the
excitation frequency coincides with the wall thickness mode resonance fraquency,
guided waves are generaled. These waves are also known as pass bands of the
wall, and high-intensity sound can pass through the wall and the liguid at these
frequencies as well, as will be described below. Thus, the maximum sound
franamission appears 0 be in packats of sound In both time and frequency as the
frequency chirp is linear in fime. These sound packeis propagate along the
circumferance of the pipe and also through the Hquid across the diameter of the pipe
{from the transmitter to the receiver) at two different speeds and interfere at the
raceiver,

0042]  For example, if the pipe diamster is greater than 3 in. (sieel pipe having a
waill thickness of & mmj, the two signals arriving at the recsiver from the two paths
may be separated. Howsver, 2-in. diametler (stee! pipe having a wall thickness of 8
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mim} is prevalent in the cilfgas industry. If such pipe is filled with water, the received
signais from both propagation paths (direct vs. circumferential) arive approdimately
at the same time and overlap in time. The amplitude of the direct path signal can
become much smaller than the signal along the circumference under various
circumstances, bubbly fluid being an important one, making it virtually impossible fo
determine the TOF through the fluid in 2 noninvasive manner. Of imporiance is the
relative value Delween the two paths of propagation as opposed to their absolule
values, Ultrasound introduced info a bubbly fluid, particularly when the fluld is crude
oll, may be seversly attenuated.
{0043}  Fluid pumped from an off well is a mulliphase fluid, a mixure of olf, water,
and gas. The presence of gas can be infermittent or continucus, but i appears in
various quantiies for diferent flow regimes, making conventional measursment
techniques difficult under these complex flow conditions. The problem of the
cirsumferential wave interfering with the direct path signal, the signal of interest, has
been addressed by several approaches, which have been field tested in ofl wells.
{0044]  One approasch is to reduce the circumferential wave by clamping the
oulside of the pipe with various materals. Such materials have to withstand & wide
variation in femperature, do not solve the problem effectively, and increase the
instaliation and maintenance costs. Clamps will loosen over time after undergoing
repeated changes in temperature, and lose their effectiveness.
Solutions to the Guided-Wave Problem:

A, Simple Subtraction:
[0045]  The propagation characteristics {e.g., sound spesd, aftenuation and
dispersion} of ultrasound through any fluid will vary depending on its composition
and flow properties. By confrast, the propagation of sound along the circumference
of a pipe is essentially constant for alt practical purposes. There are small variations
dug 1o interaction of the guided waves with the fluid inside the pipe, and for large
variations in temperature, ~100°C, with the latter varistions being dependent
prinarily on the vardation in thermal expansion {or contraction). The effect of
temperature on the elastic properties of the wall material is small, and can be
neglected for the temperature variations encountered in an actual ol field. i the
temperature is measured, such variations can readily be corrected as the varation is
found to be linear with temperature. Tempersture measurements of the fluid can be
used to correct the measured spesd of scund. Fluid loading primarily affects the

14



WO 2018/017902 PCT/US2017/043179

amplitude of the waves, and can be comected for. Effects dus to the presence of
water and ol are alse small, and can be neglected for all practical purposes,

[0048] FIGURE 4 Is a schematic representation of the present subtraction
method. First, frequency chirp measurements may be oblained using an empty pipe
that will be used for subsequent measuremeants, and that date saved as reference.
The present inventors have found that obtaining a reference signal using a pipe filled
with Hiquid (e.g., with water) and pumping sufficient gas into the system to achisve >
80 % gas volume fraction {(GVF), is more effective since the GVF value guaraniees
that no direct path signal can propagate through the liquid dus fo émund scatiering by
the gas and therefore the detected signal is that from guided waves propagating
along the circumference.  An added advantage is that any possible fluid loading
effects are taken into sccount. Fluid loading effects do not change much
independent of whether the liquid is water or crude off, the variation being negligible
for all practical purposes. The reference measurement is illustrated in the pipe in the
middie of FIG. 4. Measurements are then made with whatever fuid is {o be
observed. The dualpath propagation measurement is llustrated in the lsft-hand
pipe of FIG. 4, while the right-most pipe llusirstes how the present subtraction
method minimizes the interference.  This subltraction can be accomplished either in
the time domain or in the frequency domain. However, the sublraction in the time
domain is simpler where the reference received signal is sublracted from the
measured signal.

{00471 The effectivensss of the present subtraction method is #Hustrated in FIG. 5
using the chirp fransmission measurements described in FIG. 1, hereof. FIGURES
SA and 5B are graphs of a received signal in response to a frequency chirp
exciiation for an empty 2-in. diamster (D = 1.75 in), 3 fi. long vertical stes! pipe
{(spool), and for the same pipe filled with water, respectively. The thickness of the
wall corresponds to a total propagation time of 2 us. The propagation of sound
through water is efficient and the recelved signal is much sironger than for an empty
pipe.

[0048] FIGURE 5C is a graph of the amplitude versus time for the difference in
amplitude between the two received signals using a simple algebraic point-by-point
subtraction. The signal in FIG. 8C appears significantly cleaner than the original
signal shown in FIG. 88, The initial arrival of the guided wave is almost completely
eliminated and the detected signal amplitude is approximately zero until the arrival of

bt
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the signal through the liquid {and the wall thicknesses) as indicated by the arrow.
The TOF may be determined from this sublracted waveform. The ampiifude
modulated portion shows the enhancement in signal tranamission due {o increased
ransmission at wall-thickness mode resonances of the pipe wall as mentioned
above,

(048] As stated, the sound speed in the fluid is related to the fluid composition,
The sound speed is determined from the time-of-flight (TOF) in the fluid which may
now be accurately determined by the POFM method, as describad above, and the
deconvolution method.

[CCBG]  When a signat passes through any system, the system modifies (filters)
the signal based on the characteristics of that system and the chserved signal on the
giher end is that modified signal. Mathematically this process is called a convolution
process where the original signal is convolved by the system fo produce a modified
signal. Deconvolution is an algorithm-based process used to reverse the effects of
convelution on recorded data. The process IS also fermed inverse filtering since i
reverses the filtering process. The concept of deconvolution is widely used in the
techniquss of signal processing and image processing. In general, the object of
deconvolution is o find the solution of a convolution equation of the form: . g = h,
where h is the measurad signal (typically at the output of some instrument), and fis
the original input signal that is {o be recovered from the measurement. The function
g iz the transfer function of the instrumant. i g is Known,  can be recoversd. In
accordance with the feachings of ambodiments of the present invention, the
frequency response characteristics {ransfer funclion) of the pipe-wall-liguid-pipe-wall
system is determined from the input excitation signal and the received signal. Thisis
different from the conventional approach of recovering the input signal once one
knows the transfer function. A frequency chirp signal is directed through the pipe
and the amplifude modulated frequency chirp i observed. | should be stated that
there is no need for an overlap in the transmitted and recelved signals, as requirad
for the POFM method; therefore, no signal is wasted. From this information the
frequency response of the pipe system is obtained using the deconvolution process.
This frequency response is then converted o a time response of the pipe system,
also known as the impuise responss. This is eguivalent to learning how the pipe
system will behave i a very sharp and clean impulse is used as the sxcitation signal
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instead of a frequency chirp. This in tum gives provides the information about how
such a pulse will propagate through the pipe system and therefore, the TOF may be
obtainad from this data. A frequency chirp and its associated process gain can then
be used {0 oblain the same resulls as if a very sharp pulse is used to make that
measurement.  The sharpness of the impulse is iimited by the bandwidih of the
transducers used and, therefore, broadband transducers provide beter results. The
advaniage this method has over the POFM method is that the information is derived
fram the entire recorded data (both input and oulpu) and not from the overlapped
region, which essentiafly throws out half the data. The deconvolution process is very
fast and simply uses a division of two FFTs that can be rapidly carried out in modermn
DSP systems.
[00561] Az siated above, in the deconvolution method, the received signal is
assumed to be a convolution of the input frequency chirp signal with the impulse
response function of the transducer-pipe-liquid systerm. That is, the input signal is
modified by the transducerpipe-wal-iguid-pipe-wall-ransducer as i propagstes
through it and appears as the received signal. The impuise response describes the
reaction of the system as a funclion of time due to an impulse. The impulse
rasponse comains the information regarding pulse propagation through the system,
and the TOF can be determined from this information. By deconveolving the impulse
rasponse function of the syslem from the excitation (nput) signal and the received
signal, the required TOF can be obtained as follows:
( FETR

Impulse Responge = Real {vavi n-?:;,(m) +JJ§
where, FFT(R} and FFT(T) are the Fourder Transforms of the Received and
Transmitted signals, respectively, the paramsier A is the Tikhonov regularization
parameter, which is a small number (s actual value s not important) that prevenis
denominator from becoming zero, and IFFT is the inverse Fourler transform that
converls the deconvolved signal to the time domain 50 that one gels a time
response. This deconvolution may be achieved in a number of ways, and this is only
an sxample. The final resull of the deconvolution is similar to the resulls obiained
using the POFM method, but the signal is much cleanser and sharper.
[0052]  FIGURE & shows the analysis of the data presented in FIG. 8 hereof using
the deconvelution method. The result is similar {o that oblained using the POFM
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method,  FIGURES 8A and 8B are the deconvolved impulse response of the
ransducer-pipe-wall-luid-pipe-wali-ransducer system for an emply pipe and 3
water-filled pipe, respectively, which comrespond to the chirp data shown FIGS. 5A
and 58, respactively. FIGURE 8A is a graph of the sound propagation as guided
waves as a funclion of time, the dashed line bsing an envelope of the data since
there are many modes present that arrive at different times. FIGURE 88 is & graph
of the scund propagation through the liquid superimposed on the guided wave signal
as & function of time. The multiple peaks having decreasing amplitudes are the
muitiple reflections within the pipe wall within iis thickness. Similarly 1o the POFM
procedure described above, the spacing In time of these peaks is 2 us {rounded) for
the 2-in. pipe used. This is the same sffect obsarved in the amplitude modulation of
the fransmitied signal shown in FIG. 5B hereof. The first large peak in FES. 8B is the
first-arrival information, which is the signal that arives al the receiver first through
the direct path and represents the total time taken for sound fo propagate from the
transmilter ransducer to the recelver transducer through the pipe wall and through
the fluid inside the pipe. The TOF through the liquid is obtained by sublracting the
tima delay through the pipe wall, which is 2 us.

[0053]  As the fluid composition inside the pipe changes, this peak (slong with the
multiple reflection paaks) moves to longer times (see horizontal line with arows)
because the sound speed in ofl and, consequently, in an oil-water mixture is less
than that of water. MHowsver, sound attenuation increases in an oll-water mixiure as
the proportion of ofl increases. Therefore, the amplitudes of the peaks decrease with
the water-oll ratio, which is shown by the vertical dofted line. it should be pointed out
that the signal in FIG. BA is also present in FIG. 68 and the two signals are actually
superimposed, which distorts the cbserved signal shapes of the peaks and can
introduce error in the determination of the TOF, When gas is introduced into the
fluid, the altenuation increases and beyond a certain GVF value (~50%), thers is no
deteciable signal. However, sven above 10% GVF significant attenuation of the
fiquid path peak occurs and the peak can become obscured by the background
guided wave signal. I iz possible o disregard any peak beyond a cerfain time
threshold, but that approach falls beyond 3 cerlain GVF in the fiuid, and particularly
for higher water-cut fluids.  Time thresholding is effective If the fluld composition is
such that the first arrival peak is farther removed from the primary interfering guided
wave signal and the fluid attenuation is not sufficiently high that the signal from the
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fluld falls below the envelops of the guided wave. If the guided wave signal
envelope is considered as the background noise fioor, the signal-to-noise {S/N) ratio
{the highest peak amplitude valus to envelope ampiitude ratio) is less than 10

[0084]  FIGURE 8C shows the benefit of the subtraction technique. The noise
floor has practically disappearad and the SN ratio has increased to about 70, The
resuiting signal is clean and the correct peak for the TOF can be determined. This
works well for extracting fluid signals which would otherwise be obscured in the
background noise. The characleristic peak pattern (see, FIG. 80), can also be used
to extract signals buried in the noise in addition to signal subiraction. This pattern is
related to fluid densily (the impedance mismatch between the pipe wall and the fiuid
inside). it should be mentioned that # is not necessary to actually measure the wall
thickness of the pipe {(often a difficult thing to do for special shaped pipes) as the
sound transmission time through the pipe wall can be determined accurately from
the multiple refiection peaks.

{0055]  FIGURES TA(g) and 7B(a) show the POFM-processed data for a process
water-filled ol field pipe for a strong signal. In the case of high quality signals, the
sffect of the subtraction of the reference is minimal, and the determination of the
TOF simply requires locating the first peak. FIGURES 7A{b) and 78(b), by contrast,
show data from a situation where the fluid attenuation is high due to the fiuid being
highly stlenuating crude off and gas. In this siluation, the signal is small and
comparable to the background signal {circumferential mode) and i is not possible to
determine which peak is the correct peak for the TOF measurement. Normally, the
first large peak would be sslected; however, this is the incorrect peak in this case.
FIGURE 7B{() is a graph of the processed received signal, but with the reference
signal obtained using an emply pipe having been sublracted from the received time
domain data before POFM processing is performed. The resulting dala appears
aimost identical to the water data illusirated In FIG. TB{(a), which has litlls
aftenuation.  The comec! peak is now readily iocated and the correct TOF
determined. The distortion in the peak is also noticeabis due to superposition of two
signals as indicated by the vertical dashed line in the FIGS, 7AD) and 78B{b). There
is also a slight horizontal shift of the paak, and without subtraction this would have
introduced error. Even when the Hquid peak is lower than the guided wave
background envelope, the present subtraction method can exiract the correct peak
and the subsequent determination of sound speed.
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B. Shaped Puise:

[0058]  As mentioned above, the traditional approach for determining TOF s to
use either a cross-correlation scheme o localize the signal transmission time or to
use the POFM technigus.  Both of these methods require additional signal
processing, and are useful when the received signal is nolsy. The POFM method
requires that a fraction (~ 80%:) of the excitation pulse cverlaps with the transmitied
signal (see FIG. 2, hereof) and, therefore, is duration is diclated by the path-length
{e.g.. the pipe diamsler). Another method in accordance with embodiments of the
present invention involves the use of a shapsed pulse, such as 8 Gabor pulse, also
known as @ Caussian modulated sine pulse.  This pulse shape provides
simiuifaneous fime and freguency localization. The time localization of the Gabor
pulse is betler because the pulse energy is concentraled near the center. This
calization property is useful for identifying the arrival time of the pulse, the TOF.

The Caussian modulated waveform is given by

F(8) = expl—t* {20 cas(Zn £ )

Where 2 is the center freguency and the pulse-width s 2ro. The Fourer

transform of this waveform Is given by:

) 1 e F{gp w3y 17§ ~a {0+ 61, )°
Flw) = 5oV i E&X}’} {WA@} R ECET-D e e L
2 ]

i

it should be mentioned that a Gaussian waveform is not 8 ransmittable pulse dus fo
the non-existence of the derivative at time £ = 0. In other words, the frequency
domain confaing a DO compenent thal does not propagate.  The Gaussian
modulated sine pulses provide good speciral control.

{0087] Most commercial instruments use @ puise that s derived from 3 step
function or ancther function that generates a short puise which decays quickly in
time. That is, these instruments generate a short pulse without any predefined
shape, since that would requirs more sophisticated electronics. Mo consideration is
taken of the pulse ime-bandwidth product (TBP). The time-bandwidih product of g
pulse is the product of iis temporal duration and speciral width {in freguency space).
To take the full advantage of the bandwidth of the transducer used and to provide
the eptimum energy transfer and lemporal localization, the time-bandwidth product of
the pulse shape used must be considerad. A Gaussian modulated sine pulse has

the narrowest pulse width for any given bandwidth.  Narrow pulse widths are

20
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important for accurately determining the pulse propagation time and identifying its
peak. The Sinc puise is bandwidth limited and also provides excellent TBP. A
bandwidth-imited pulse (also known as Fourier-transform-limited pulse, or more
commonly, transform-iimited pulse} is a pulse of a wave that has the minimum
possible duration for a given spectral bandwidth. Keeping pulses bandwidth-limited
is necessary o compress energy in time and to achieve high intensity sound with
less excitation power than a more traditional system,

The present inventors have found that such pulses arrive at the receiver in a
very clean form and can be easily observed and measured.  Other pulses
{commercial instruments) become distorted duwing transmission through any
muitiphase fluid, and § is difficult to hoth define and identify a peak. For g 2-in.
diameter steel pipe, the signal that arrives through the circumferential path arrives
first but is very small in amplitude when comparsad to the signal traveling through the
fiuid inside the pipe, which can be clearly defined without any ambiguity or distortion,
as shown in FIG. B
[0058] InFIG. 8, the sharp peak around 33 us is the propagation of a Gabor pulse
through the pipe diametrically across from the transmitier transducer to the receiver
transducer (see FIG. 1 hereof). The circumferential waves are generated much
earlier and may be obssrved starting at about 20 us. There are many guided modes
generated and each mode travels at a different frequency. Once generated these
guided waves persist for a whils and superimpose on the direct signal through the
iguid as can be seen by the slightly nolsy signal along the base line (near zero
amplitude). The signal-to-noise ratio is guite high and the large peak that is the so-
called first artival of the transmitied pulse can readily be detected. The effect of the
guided waves may be sublracted to further improve the signalto-noise ratic. The
subsequent smaller peaks are due fo mulliple reflections within the pipe wall
thickness. Thess peaks are sguidistant in time and provide an accurate measure of
the pipe wall thickness i the material of the pipe is known (lypically steel). The
amplitude decay rate of the subsequent peaks provides a measwre of the energy
loss due to reflections from the wallliguid interface, which is related to figuid density
since the density of the pipe wall is known. it should be stated that due to the short
duration of the Gabor excitation pulss {(~ 5 us) as compared to a chirp signal (> 80
us for a 2-in. pipe and greater for larger pipes), the guided waves generated appear
to be much lower in amplitude. This significantly helps in the determination of TOF
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in the fluld. To determine the correct TOF, the propagation delay time through both
sides of the pipe wall (3t} is subtracted (t ~ 2}, where { is the time-offlight of the
signal between the transmitting and receiving transducers, and ty is the travs! time
through a single wall thickness. This assumes that the start time, t = {, is &t the peak
of the Gabor puise excitation.
(0059 FIGURE ¢ shows the effect of fluid loading on the guided wave signal
where transmission measurements were made under three conditions in a 2-in.
diameler piper (1) an emply pipe so that afl the socund travels around the
circumberence to reach the recaiver fransducer; (2) a water-filied pipe that has dugl
path propagation (See FIG. 3, hereof); and (3) a pipe filled with nearly 70% gas,
which blocks alf signal through the direct path bul shows the loading effect of the
fluid near the pipe walll In FIG. 8, only the baseling information is shown on an
expanded scale (prior to any liquid peak) in order {o compare the different signals.
As may be observed, the effect dus to fuld lvading is small when probed with this
fast pulse. This permits sublraction of the bassline signal as a reference signal
measured using either an emply pipe or 3 gas-filled pipe (having high gas content
which compistely biocks all direct path transmitted signals).
[0080]  FIGURE 10 illustrales the improvement in signaito-noise ratio using the
reference background subraction of embodiments of the present invention, which is
clearly noticeable. Typicaily, only a fraction of the reference bassline amplitude is
subtlracted. There are no liquid peaks in the dala measured for an empty pipe or a
gas-filled pipe and, as is expected, a simple baseling is oblained, as shown n FIG.
3. The oplimized sublraction of the reference baseline is fllustrated in the FIG. 11,
where the roohmear-square amplifude and its stendard deviation is measured for
the sublracted signal as a percentage of the quantity of reference signal sublracted
from the signal oblained from a fluid-fifled pipe.  For this pipe geomstry and
configuration, the optimurm value is 75% of the reference signal. That is,

Qptimum Signal = fluid-filled signal ~ 0.75x Reference signal
Again, the refernce signal can be either measured using an smpty pipe or a pipe that
is filled with > 80% gas. The improvemeant in signal-to-noise ratio is approximately a
factor of 3 {or 10 dB} in this case. The improvement is significantly greater when the
fluid path signal is comparable to the background signal envelope. The sublraction
method can effeclively exdract signals completely buriad in the background noise.
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[0081]  The shaped pulse method thus permits an accurate and simple procedure
for measuring the TOF. The peak is determined directly from the received voliage
output signal from the receiver transducer without requiring sophisticated processing,
such as POFM or cross-correlation.  Arbitrary selection of the pulse shape will
generally not yield a good resull. For example, commercial instruments generate the
following pulses: (1) 8 steep pulse fo obfain the shoriest pulse duration (high
excitation voltages are employed); (2} step function excitation; or (3) a tone burst,
Such pulses are adequate for nondestructive testing and measurements in solids.
However, they do not provide clean peaks for measurements in multiphase flulds.
An example of a pulse which permits accurate measurements is Hustrated in FIG.
2. The symmieric dips on both sides of the principal pesk end with zero amplitude.
{0082] The digitization rate for the data acquisition system suiiable for the
analyses described above is 50 MMz, although 25 MHz should be sufficient, and 200
MHz can provide even befter time resolution Ef sensitive changes in the fluid are
required o be monilored. Use of frequency chirps with cross-correlation or POFM
methadology without pipe-noise subtraction failed fo identify the peak sven with this
acguisition speed. Cross-correlation analysis is effective for single-phase fluids, but
is plagued with side-iches that ofien make peak determination difficult when the
transmitied signal through the direct path is low. The ability to accurately and readily
defect the Hguid peak simply from the digitized data significantly simplifies the
measurement and the measurement rate. Measurement rates excesding 1 KHz are
possible, which are necessary for high flow rates and in systems that have significant
fluctuations, such as turbulence. At high fiuid flow rates the measurement quality
has been found not to degrade, and obtained curves are similar in appearance o
those of FIG. 10, Reference sublraction is generally unnecessary for fluid
measurements under flowing conditions so far tested up to 2000 barrels per day.
The lower flow rate can be an approximately static fluid. Accurate measurements
have also been madse in water up to a GVF of 80% in both 2-in. diameter and 3-in.
diameter pipes.

{0083] Thus, in accordance with embodiments of the methed of the present
invention, measurements can be made with a2 GVF as high as 80% without the need
for sublraction.

{00841  In the presence of gas, howsver, the peak signal ampiitude (not the time of
the peak) fluctuates due 1o the dynamic nature of the multiphase fluid.  Since the

o
tas



WO 2018/017902 PCT/US2017/043179

measurements can be made al a high pulse repetition rate, it is straightforward to
fime average a number of pulses (anywhers from 10 ~ 200 averagss depending on
the GYF). The averaging speed is limited by the electronics. Since for a 2-inch pipe,
the measurement time is of the order of 50 us, 100 averages can be accomplished in
about & ms,
[0088]  Therefore, high quality measurements can be made with the present
method using simple and inexpensive electronics.
10066]  FIGURE 13 dlustrales the results of the subtraction method where the
water oul is varied and the sound speed is determined for crude oif-water mixture
flowing at 1000 barrsis per day through 2-in. diameter pipe. Measurements having
the same oilwater ratios were taken two weeks apart.  The repeatability of the
measuraments (shown by the circles) is excalient. The solid curve is a curve fitted to
the data and represents the conversion of sound speed (o composition {(water-cut)
over a wide range of oll-water ratis.
0671 FIGURE 14 Hlustrates the use of the sublraction method for enabling the
maasurement of small variations in compaosition over fime in a flowing crude olbwater
mixture. Without subtraction the data would be noisy and the correct peak would not
be able {o be located with reliabilty. FIGURE 14(a) shows the dynamics of the flow
and its composition varistion for high water-cut situation {(water-cut ~ 80%). There
are large fluctuations in composttion as that reflects the hydrodynamics of the fluid.
FIGURE 14(b} shows the dynamics for a lower water-cut {~ 20%). Because of the
higher viscosity of the Huid, the fluctuations are damped. Thus, the shaped-pulse
method demonstrates the observation of fluld dynamics In a noninvasive manner.
Typically, such measwremenis are performed using optical methods  through
transparent pipes and fransparent fluids, which are not applicable for orude off since
the fluid is not optically transparent.

C. Gther Methods:

1. Selactive Frequancy Excitation:

[2088] When a pipe or g plate is sxcited with an ulfrasonic fransducer, guided
waves {(8.g., Lamb waves) are generated. Thess waves are a family of elastic
waves, but are bounded by the two swifaces of a plate, requiring a houndary for their
existence. The propagation of these waves are highly dispersive meaning the speed
of propagstion depends on the frequency. Measuremenis in sccordance with the
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teachings of the present invention are typically in the frequency range {> 500 kHz in
a 44-mm 1D tube with a thickness of 8 mm. In the frequency range between about
500 kHz and about 7 MHz, the guided modes are strongly excited at the same
frequancies that match the thickness mods resonance of the pipe wall. At the wall
thickness mode resonance the sound transmission through the pipe wall reaches a
maximum,

[008g] FIGURE 15A shows measurements made with the pipe emply and the
same pipe filled with water. When the pipe is empty, socund wave propagation
through the cireumferential path is detected. As already discussed, when the pipe is
filled with a fluid, there are two paths of propagation. The sound transmission in this
case is much higher and is shown by the solid curve, There are frequencies where
the signal transmission ratio is higher than at other frequencies. FIGURE 158 shows
signal-io-noise (S/N) ratic enhancement derived from the ratio of the two curves.
The baseline dashed curve shows the effect of the guided wave. Both curves in FiG.
158 show larger signal near the middie of the frequency axis, which is related to the
center-frequency (& MHz) of the fransducer and the transducer bandwidih. At
frequencies that correspond to the wall resonance frequency, there is enhanced
signal transmission as well as improved signal-to-noise ratio. Thus, although it is not
possible to completely sliminate the circumferential mode, & is still possible o
anhance the signal by using selective excilation at these freguencies. The
improvement can be as much as 500% over not using those specific frequencies or
fraquency bands centered on those frequencies. There are multiple ways of
applying this method. First, the signal can be excited with a narrow band (frequency
chirp of 10 ps — 20 ps duration directed through a band-pass filter), or a fixed
frequency tone burst {a few cycles of any selected frequency). Typically, the pulses
employed are shorter in duration than the time-of-fiight of the signal through the fluid.
For example, less than one-half the fime-of-flight betwean the transmitling and the
receiving transducers.  The second method creates a modified frequency chirp
waveforny using an Arbitrary Waveform Generator (AWG) that is not continuous in
frequency, but has interrupted frequency bands where the frequencies that
correspond o the valleys in the signal ransmission (see FIG. 158) are removad.
That is, the same frequency chirp excitation signal is used, but certain frequency
regions are zeroed oul such that the modes corresponding to those frequencies are

2
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not generated, thereby reducing interference. The POFM method can be used for a
madified waveform such as this.
2. Ggidec& wave decay:

{0070} The guided waves described above decay in amplitude with time much
faster than the signal through a liguid that is not highly attenuating. Therefore, if the
measurements are delayed to allow these waves to die down 0 an acceptable leval,
then accurate measuremeants of TOF in the fluid can be made. By acceptable level it
s meant that the correct peak due o the sound ransmission in the liguid can be
corectly identified without the interference due to the guided wave.

[0071] FIGURE 16 shows experimental data of spund ransmission magnitude on
a 2-in. (00} stesl pipe, the same pipe as used throughout, for two situations: (1) the
pipe is emply {thick solid curve); and (2} the pipe is filled with a Bguid (ight solid
curve). These two cunves are superimposed to show that the intensity (amplitude) of
the guided waves decay quickly relative o the intensity of the detected vibrations
passing through the fluid, and afler approximately 50 s, the signal level is many
times smaller than the signal through the fluid. When the ratio of the intensity
{amplitude) of the delected vibrations passing through the liquid to the intensity
{amplifude} of the guided waves becomes sufficlently great (Jor example, whers the
signalte-noise ratio of the detected vibrations passing through the lguid is » 2),
accurate measurement may be obiained. The first set of peaks (betwesn 30 us and
40 us) are due (o the sound transmission that arrives after being excited by a pulse
signal of shott duration.  Typically, the pulses smployed are shorter in duration than
the time-of-flight of the signal through the fluid. For example, iess than one-half the
time-of-flight belween the transmilling and the receiving transducers. The same
resuit can be oblained by a frequency sweep excilation and then transforming the
data to time domain through a Fast Fourler Transform (FFT). The close sharp peaks
are dus to mulliple reflections within the thickness of the pipe wall and ars 2 us
apart. This separation in time is related o the particular wall thickness of the pipe.
The subsequent sets of peaks between 20 us and 100 us and 150 us and 160 us are
due to mulliple reflections through the full path length of the liquid inside the pipe,
which is twice the pipe ID. Since the path-length is Known, the TOF can be
accurately defermined. When the fluid flowing inside is highly attenuating (heawy
crude oif} or confaing a ot of gas, the transmitied signal becomes significantly less

26
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than what is shown for water in FIG. 18. in that case, the first arrival peak (betwsen
30 ps and 40 ys) may become comparable in magnitude with the guided wave peaks
shown in thicker solid lines. In such a situation, sound speed measurement
hecomes very diffficult at best and impossible in most situations. However it may be
possible to take advantage of the first reflection {peaks shown between 80 ps and
100 us) peaks and determing the TOF with the advantage that the guided wave
signal has significantly decayed by this time. It should be mentioned that the times
mentionad are specific to the pipe used and the approprigie times should be
considered for pipes with other dimensions. It there is sufficient signal, even the
third set of peaks can be used. The first peak of the group should be considersd for
the TOF determination.

[0072]  The foregoing description of the invention has been presented for
purposes of dlusiration and description and is not intended fo be exhaustive or o
fimit the invention to the precise form disclosed, and obviously many modifications
and varigtions are possible in light of the above teaching. The embodiments were
chosen and described in order {o best explain the principles of the invention and its
practical appiication o thereby enable others skilled in the art 1o best utilize the
invention in various embodiments and with various modifications as are suited o the
particular use confemplated. |t is intended that the scope of the invention be defined
by the claims appended hereto.
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{00737 WHAT IS CLAIMED S:

1. A method for noninvasively measwing acoustical properties of a fuid,
comprising: applying a frequency shaped pulse signal to a first ultrasonic transducer
in vibrgtional communication with an outside surface of 3 pipe having a wall and
through which said fluld is flowing, whereby vibrations are generated in said fiuid and
in the pipe wall; detecting the generated vibrations on a second ultrasonic transducer
disposed on the oulside surface of the pipe diametrically opposite to the first
ultrasonic transducer with fiuid flowing through the pipe, wherein a first time-
dependent slectrical signal is oblained, applving the frequency shaped pulse signal
to the first ultrasonic fransducer when the pipe s emptly, such thal vibrations are
generated sclely in the pipe wall; detecting the genersted vibrations on the second
ultrasonic transducer, whereln a second time-dependent electrical signal is obtained;
subtracting the second electrical signal from the first electrical signal whereby a time-
dependent difference slectrical signal is produced, datermining the time-of-flight of
the genersted vibrations belween the first transducer and the second transducer
using the difference electdcal signal, and determining the time of Bight of the
genaraled vibrations in the pips wail from the difference slecirical signal, from which
acoustical propertias of the fuid are defemined.

2. The method of claim 1, wharein the shaped pulse signal comprises a
fraquancy chirp.

3 The method of claim 2, wherein the frequancy varies inearly with time,

4, The method of claim 3, wherein the time-of-flight of the generated vibrations

betwaen the firs! transducer and the second transducsr is determined from the
difference slectrical signal using methods chosen from pulse-overlap frequency
mixing, signal deconvolution, and cross-correiation.

8. The methed of claim 1, wherein the shaped pulse signal comprises a
Gaussian modulated sine pulse.

8. The method of claim 1, further comprising the step of storing the second
slectrical signal as a reference signal.

7. The method of claim 1, whersin the frequency shaped pulse signal comprises
frequencies chosen {o maximize the ratio of the first signal to the second signal.

8, The method of claim 7, whersin the frequency shaped puise signal is chosen
from & frequency chirp having 8 chosen band width, and a fixed frequency tone
burst.
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8. The method of claim 8, wherein the frequency shaped pulse signal has a time
duration less than the ime-of-flight of the pulse through the fluid.

10.  The method of daim 1, further including the step of measuring the
temperature of the fluid.

1. A method for noninvasively measuring acoustical properties of a fluid,
comprising: applying a shaped pulse signal to a first ultrasonic transducer in
vibrational communication with an cutside swiface of a pipe having & wall and
through which said fluid is flowing, whereby vibrations are generated in said fluid and
in the pipe wall; detecting the generated vibrations on & second ultrasonic fransducer
disposed on the outside surface of the pipe diametrically opposite to the first
ultrasonic transducer with fluld flowing through the pipe, wherein a first time-
dependent electrical signal is obtained; infroducing a chosen gas into the fiuid to a
gas volume fraction such thal no vibrations pass through the fluid, applying the
shaped pulse signal to the first ultrasonic fransducer, whereby vibrations are
generated soisly in the pipe wall, detecting the generated vibrations an the second
ultrasonic transducer with no vibrations passing through the fluid, whersin a second
fime-dependent electrical signal is oblained; sublracting the second electrical signal
from the first slectrical signal whereby a difference slectrical signal is generated:
determining the time-of-light of the vibrations between the first transducer and the
second fransducer using the difference electrical signal; and from which acoustical
properties of the fluld are determined.

12, The method of claim 11, wherein the shaped pulse signal comprises a
fraquency chirp.

13, The method of claim 12, wherein the frequency varies linearly with time,

14, The method of claim 13, whersin the time-of-flight of the generated vibrations
between the first transducer and the second transducer is determined from the
difference electrical signal using methods chosen from pulse-overlap frequency
mixing, signal deconvolution, and signal cross-correlation.

1. The method of claim 11, whersin the shaped pulse signal comprises a
Gaussian modulated sine pulse,

18, The method of claim 11, further comprising the step of sioring the second
signal as a reference signal.
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17, The method of claim 11, whersin the frequency shaped pulse signal
comprises frequencies chosen fo maximize the ratio of the first signal to the second
signal.

18, The method of claim 17, wherein the frequency shaped puise signal is chosen
from a frequency chirp having a chosen bandwidth, and a fixed frequency tone burst.
18, The method of claim 18, wherein the frequency shaped pulse signal has a
time duration less than the time-of-flight of the pulse through the fluid.

20, The method of claim 11, further including the step of measuring the
temperature of the fluid.

21, A method for noninvasively measuring acoustical properties of a fluid,
comprising: applying a Gaussian modulated sine pulse signal to a first ultrasonic
transducer in vibrational communication with an oulside surface of a pipe having a
wall and through which said fluld is flowing, whereby vibrations are generated in said
fiuid and in the pipe wall, detecting the generated vibrations on 8 second ulirasonic
ranaducer disposed on the oulside surface of the pipe diametrically opposite to the
first ultrasonic transducer with fluid flowing through the pipe, wherein an electical
signal is oblained; digitizing the slectrical signal; determining the fime-of-flight of the
vibrations between the first transducer and the second transducer using the slecirical
signal; and delermining the time-of-flight of the generatad vibrations through the pipe
wall from the eiscirical signal, from which acoustical properties of the fluid are
determined.

22, The method of claim 21, further comprising the steps of detecting the
generated vibrations in the wall on the second ultrasonic transducer; and subtracting
the detected wall vibrations from the slectrical signal before said step of digitizing the
electrical signal.

23.  The method of claim 21, further comprising the siep of measuring the
temperature of the fluid.

24, A method for noninvasively measuring acoustical properties of a fld,
comprising: applying a pulse having a chosen frequency o a first uitrasonic
transducer in vibrational communication with an outside surface of a pipe having a
wall and through which said fluid is flowing, whereby vibrations having a first peak
intensily are generated in said fluld and vibrations having a second peak intensity
are generated in the pipe wall, delecting the generated vibrations on a second
uitrasonic fransducer disposed on the oulside surface of the pipe diametrically

Lad
e
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opposite to the first ultrasonic transducer afler a time period such that the ratio of the
first peak vibration intensify to the second peak vibration intensity has reached a
chasen value, wharein an slectrical signal is oblained; determining the time-of-flight
of the vibrations from the first transducer fo the second transducer using the
glectrical signal, and determining the tme-offiight of the generated vibrations
through the pipe wall from the slectrical signal, from which acoustical properties of
the fluid are determinad.

25 The method of claim 25, wherein the pulse signal has 2 time duration less
than the time-of-flight of the pulse through the fluid,

28, The method of claim 24, further comprising the step of measuring the
temperature of the fluid.
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