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FIG. 1A

pressures up to 3,000 psi is described. Swept Frequency Acoustic Interfero-
metry measurement for liquid sound speed determinations in liquids up to
250C is of both fundamental interest, as in the case of basic equations of
state, and applied interest, such as for characterizing geothermal or petroleum
down hole environments. Representative sound speeds for water, as a func-
tion of temperature and pressure, are in agreement with an internationally ac-
cepted standard for the sound speed of water.
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HIGH-TEMPERATURE, HIGH PRESSURE ACOUSTIC RESONANCE CELL

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims the benefit of United States Provisional
Patent Application Number 61/909,304 for ‘High-Temperature, High Pressure
Acoustic Resonance Cell,” which was filed on November 26, 2013, the entire
contents of which is hereby specifically incorporated by reference herein for all that it

discloses and teaches.

STATEMENT REGARDING FEDERAL RIGHTS
[0002]  This invention was made with government support under Contract No. DE-
AC52-06NA25396 awarded by the U.S. Department of Energy. The government has
certain rights in the invention.

FIELD OF THE INVENTION
[0003]  The present invention relates generally to measurement of the speed of
sound in fluids and, more particularly, to an acoustic resonance-based apparatus
effective for speed of sound measurements in fluids at high temperatures and/or high
pressures.

BACKGROUND
[0004] The measurement of sound speed in a fluid as a function of both
temperature and pressure is useful for the determination of accurate equations of
state. Sound speeds in liquid water have been reported up to about 3.5 GPa, at
temperatures up to about 100°C using complex, custom-made measuring
instruments requiring high-precision machining and fabrication, which also tend to be
non-portable and largely inseparable from the test environment. That is, samples
are introduced into the instrument rather than the instrument being moveable from
one test environment to another. Applications requiring an apparatus for measuring
sound speeds of liquids that is capable of performing high precision measurements,
portable between test environments, mechanically rugged, and able to withstand
high temperatures, include the characterization of Enhanced Geothermal Systems
(EGS) or Hot Dry Rock (HDR) working fluids, as well as those in the oil industry.
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Sound speed varies with many physical parameters of a liquid such as temperature,
pressure, and dissolved solid or gas content. Thus, when used with complimentary
characterization tools, sound speed provides valuable information regarding the
dynamics of a fluid system

[0005]  Greater than 97% of the land area of United States is at temperatures of
less than 250°C, at depths up to 10 km, making this a good high temperature target
for operation of down hole characterization instruments. While the high pressures of
such environments can be accommodated by incorporating appropriately thick walls
in the device packaging, at the temperatures characteristic of down hole
applications, fluids in geothermal systems are chemically harsh brines which are
corrosive. '

[0006] Swept Frequency Acoustic Interferometry (SFAI), where acoustic
resonances of a fluid-filled cavity are measured over a range of frequencies,
provides information from which the fluid sound speed, attenuation, and density can
be determined. Currently available SFAI resonant cavities are delicate, room
temperature instruments constructed using high purity, optically polished glass,
which are excited using commercially available broadband transducers limited to
operation near room temperature.

SUMMARY OF THE INVENTION
[0007] Embodiments of the present invention overcome the disadvantages and
limitations of the prior art by providing an apparatus for SFAI measurements on high
temperature and/or high pressure fluids (HTP-SFAI).
[0008]  Another object of embodiments of the present invention is to provide an
apparatus for HTP-SFAI measurements on fluids capable of operation up to about
250°C.
[0009]  Yet another object of embodiments of the present invention is to provide
an apparatus for HTP-SFAI measurements on fluids capable of operation up to
about 250°C and having a precision better than 0.1%.
[0010]  Additional objects, advantages and novel features of the invention will be
set forth in part in the description which follows, and in part will become apparent to
those skilled in the art upon examination of the following or may be learned by

practice of the invention. The objects and advantages of the invention may be
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realized and attained by means of the instrumentalities and combinations particularly
pointed out in the appended claims.

[0011]  To achieve the foregoing and other objects, and in accordance with the
purposes of the present invention, as embodied and broadly described h.erein, the
high-temperature, high—pressure acoustic resonance cell hereof includes: a first
piezoelectric transducer; a first enclosure effective for protecting the first transducer
from mechanically and chemically harsh environments, the first enclosure having a
first side with a flat exterior surface and a flat interior surface parallel thereto, and
wherein the first transducer is acoustically coupled to the interior surface of the first
side; a second piezoelectric transducer; a second enclosure effective for protecting
the second transducer from mechanically and chemically harsh environments, the
second enclosure having a second side with a flat exterior surface and a flat interior
surface parallel thereto, wherein the second transducer is acoustically coupled to the
interior surface of the second side, and wherein the exterior surface of the first side
of said first enclosure and the exterior surface of the second side of the second
enclosure are parallel and spaced apart a selected distance, forming thereby a
volume; a spacer member for establishing and maintaining the selected distance and
parallel disposition of the first side and the second side; a signal generator for
supplying a chosen time-varying electrical signals to the first piezoelectric
transducer; a signal gain and phase analyzer for receiving electrical signals from the
second transducer; and a processor for processing the received electrical signals
from the signal gain and phase analyzer, and for controlling the signal generator.
[0012] In another aspect of the invention, and in accordance with its objects and
purposes, the high-temperature, high—pressure acoustic resonance cell hereof
includes: a piezoelectric transducer; an enclosure effective for protecting the
transducer from mechanically and chemically harsh environments, the enclosure
having a first side with a flat exterior surface and a flat interior surface parallel
thereto, and wherein the transducer is acoustically coupled to the interior surface of
the first side; a flat reflecting surface, wherein the exterior surface of the first side of
the enclosure and the reflecting surface are parallel and spaced apart a selected
distance, forming thereby a volume; a spacer for establishing and maintaining the
selected distance and the parallel disposition of the first side and the reflective
surface; a signal generator for supplying a chosen time-varying electrical signals to

the first piezoelectric transducer; an impedance analyzer for measuring the electrical
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impedance of the transducer; and a processor for processing the measured electrical
impedance of the transducer, and for controlling the signal generator.

[0013]  Benefits and advantages of embodiments of the present invention include,
but are not limited to, providing an apparatus for measuring the speed of sound of
fluids at high temperatures and pressures in hostile environments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014]  The accompanying drawings, which are incorporated in and form a part of
the specification, illustrate the embodiments of the present invention and, together
with the description, serve to explain the principles of the invention. In the drawings:
[0015] FIGURE 1A is a schematic representation of a side view of an
embodiment of the acoustic resonance-based apparatus for measuring fluid
properties of the present invention, showing transmitting and receiving acoustic
transducers each mounted on the inside of a flat side of a protective container,
wherein the flat sides are disposed on opposing sides of an open volume and have a
chosen spacing therebetween, while FIG. 1B is a schematic representation of a side
view of another embodiment of the acoustic resonance-based apparatus for
measuring fluid properties hereof, showing a transmitting and receiving acoustic
transducer mounted on the inside of a flat side of a protective container, and a
spaced-apart, opposing flat reflecting surface, wherein an open volume is formed
therebetween.
[0016] FIGURE 2 is a schematic representation of a side view of the apparatus
for measuring fluid properties illustrated in FIG. 1, hereof, showing the apparatus
inserted into a potentially thermally, chemically and/or mechanically hostile
environment as may exist for below ground applications, surrounded by a filter/mesh
cage for keeping particulate matter out of resonance cavity, and coaxial cables for
powering the transmitting transduber and for directing the signals received by the
receiving transducer to the surface where they can be detected and digitized in the
vector network analyzer, which also functions as a signal generator, from where they
are directed to a processor for analysis and display of data.
[0017] FIGURE 3A is a schematic representation of a side view of the
embodiment of the apparatus of the present invention for measuring fluid properties

illustrated in FIG. 1, hereof, showing the elements of the two, spaced-apart
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transducer enclosures for the high temperature and high pressure acoustic
resonance cell, FIG. 3B is a schematic representation of a perspective view of one of
the piezoelectric transducer mounting flanges, while FIG. 3C is a schematic
representation of a side view of the mounting flange illustrated in FIG. 3B.

[0018]  FIGURE 4A is a graph of the transmission scattering parameter, IS24], as a
function of frequency for water at 30°C and ambient pressure, while FIG. 4B is a
graph of the center frequencies indicated with open circles from regions not affected
by wall or transducer resonances, as a function of cycle number, for determining
df/dn,

[0019] FIGURE 5 is a graph of the speed of sound in water as a function of
temperature up to 250.4°C along the liquid-vapor coexistence curve, where the 22
open circles represent sound speeds determined from SFAl measurements
employing the apparatus of the present invention, and the solid trace corresponds fo
calculated sound speeds.

[0020] FIGURE 6 is a graph of the reflection coefficient (scattering parameter
[S11]) as a function of frequency using the reflection embodiment of the present
apparatus illustrated in FIG. 1B hereof for pure water at laboratory ambient
temperature and pressure.

DETAILED DESCRIPTION OF THE INVENTION
[0021] Embodiments of the present invention include an acoustic resonance cell
for sound speed measurements at elevated temperatures using Swept Frequency
Acoustic Interferometry, SFAI that is mechanically rugged, and offers a precision
better than 0.1%. The cell described below has been repeatedly used at
temperatures up to 250°C and pressures up to 3000 psig. Applications of the
present cell include the measurement of sound speed in liquids up to 250°C for
generating equations of state, and for characterizing geothermal or petroleum down
hole environments, as examples. Measured sound speeds as a function of
temperature and pressure using the present SFAI cell are in good agreement with
internationally accepted standard values for water sound speed. It is believed by the
present inventors that there are no commercially available devices that are capable
of this type of measurement under high temperatures, high pressures, and in

mechanically abrasive and corrosive environments.
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[0022]  SFAI measurements are made in a fluid-filled acoustic resonant cavity
having piezoelectric transducers that are used to input and extract energy from the
system. See, e.g., D. N. Sinha and G. Kaduchak, in Experimental Methods in the
Physical Sciences, edited by H. E. B. Moises Levy and S. Richard (Academic Press,
2001), Vol. Volume 39, pp. 307-333. The frequency response of the
transducer/wall/fluid-filled cavity system can be obtained by slowly and continuously
changing the frequency of the input signal, and resonant frequencies where
transmission is maximized, resulting from constructive interference of forward and
backward traveling acoustic waves can be identified. The applied continuous wave
signal can be either a square wave or a sine wave or any combination of these. The
resonance condition occurs when the liquid path length, L, is an integer number of
half wavelengths of the ultrasonic wave, or A, = 2L/n where n is an integer indicating
the harmonic number. Using the wave relation ¢ = f,A,, the resonant frequencies, f,,
can be expressed in terms the path length and the sound speed in the liquid, c.: f, =
nc/2L. Measurement of L and at least two f, enables determination of the sound
speed:

o =2 (1)
where df,/dn measures the frequency spacing between successive higher order
harmonics (n, n+1, n+2, ...). In principle, two f, are sufficient to determine df./dn =
fas1-fn. However, greater precision in dfy/dn can be achieved by considering a larger
number of f,.

[0023]  SFAI cells do not consist solely of single fluid layers, and the walls and
transducers each have resonant frequencies. At frequencies near wall or transducer
resonances, energy can be coupled between the wall or transducer and the fluid,
which decreases the spacing between fluid resonance peaks and affects the
accurate determination of dfy/dn.  For this reason, these frequency regions are
avoided when selecting fluid peaks for calculating the speed of sound. In the
EXAMPLES presented hereinbelow, the transducers have resonance frequencies at
about 5 MHz, the wall resonance frequencies are spaced at approximately 800 kHz,
and the desired fluid resonances are spaced at about 80 kHz.

[0024] It should be mentioned that sound attenuation may be obtained using the
same data by measuring the width of each of the liquid resonance lines. From this

measurement, frequency-dependent sound absorption can be determined. Sound
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absorption in liquids typically increases with frequency as the square of the
frequency. The measured resonance width includes both the effect of absorption by
the liquid, and the effect of energy loss at the metal-liquid interface due to acoustic
impedance (product of density and sound speed) mismatch. The acoustic
impedance mismatch effect remains constant over the entire range of the frequency
sweep, except in the region where there are wall resonances. The resonance width
is thus due to the sum of sound attenuation (energy loss) from acoustic impedance
mismatch, and absorption by the liquid. Since the liquid density and sound speed
are known, and the sound speed is determined independently, the density of the
liquid can also be determined from the resonance spectrum.

[0025] Reference will now be made in detail to the present embodiments of the
invention, examples of which are illustrated in the accompanying drawings. In the
FIGURES, similar structure will be identified using identical reference characters. It
will be understood that the FIGURES are presented for the purpose of describing
particular embodiments of the invention and are not intended to limit the invention
thereto. Turning now to FIG. 1, schematic representation of a side view of an
embodiment of the apparatus of the present invention, 10, is shown. Transmitting
piezoelectric transducer, 12, and receiving transducer, 14, may comprise lithium
niobate (LiNbOs3) crystals having 5MHz fundamental frequencies (Boston
PiezoOptics, Inc., Bellingham, MA), as an example. Lithium niobate has significantly
higher piezoelectric coupling than quartz and, with a Curie temperature of 1150°C, is
operable at significantly higher temperatures than lead zirconium titanate
piezoelectric transducers. The 36° Y-rotated cut of lithium niobate having “Z-Y'-Z"
convention” Euler angles (90°, -36°, 0°) is beneficial because excitation of a pure-
longitudinal acoustic mode without a shear component is desired since apparatus 10
is used to study fluids. The 10 mm diameter crystals 12 and 14 may be metalized
with Cr/Au in a standard coaxial configuration to yield an active area 7 mm in
diameter. Metal enclosures, 16, and, 18, were constructed using commercially
available Swagelok and Conflat (CF) fittings to protect transducers 12 and 14,
respectively, from mechanically and chemically harsh test environments, as will be
described in more detail hereinbelow. Stainless steel fittings were employed, but
other metals may provide similar protection. High-temperature acoustic coupling
epoxy, 20, and 22, was used to couple transducers 12 and 14, respectively, to the
interior surfaces, 24, and, 26, of flat surfaces, 28, and, 30, respectively, of the metal
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enclosures 16 and 18, respectively. A suitable acoustic couplant having high
temperature stability, showing little degradation in preliminary furnace tests up to
400°C, and capable of maintaining a low resistivity and high efficiency of ultrasound
transmission at these temperatures, was a commercially available high temperature
epoxy (Epoxy H24 from Epoxy Technologies, Inc., Billerica, MA).

[0026]  Flat surfaces 28 and 30 are spaced-apart by at least 3 spacers, shown as
spacers, 32a, and, 32b, having chosen equal lengths, such that volume, 34, is
formed thereby. Volume 34, which performs as an ultrasonic resonance cavity, is
shown as being open such that fluids may freely flow therethrough, but may be
enclosed and have inlet and outlet ports and associated valves, not shown in FIG. 1,
allowing fluids to be filtered or otherwise processed before entering the volume and
flowed at chosen velocities (including no velocity for the case of static
measurements) therethrough. In its open construction, where volume 34 is directly
exposed to the fluids undergoing measurement, apparatus 10 is insensitive to
variations in pressure, because there is no differential pressure across the cell
cavity. Any defect due to ambient pressure on the dimension of the spacer is
negligible. High temperature signal carrying coaxial cable, 36, provides a time-
varying signal from a signal generator (vector network analyzer 42, illustrated in FIG.
2, hereof) to transmitting transducer 12, while coaxial cable, 38, carries signals
received on receiving transducer 14 to signal processing apparatus.

[0027]  The flatness, parallelism and smoothness of surfaces 24, 26, 28, and 30,
should be better than approximately 1% of a wavelength corresponding to the
highest ultrasonic frequency employed. While measurements may still be possible
with less-perfect features, the quality of the signal will degrade.

[0028] FIG. 1B is a schematic representation of a side view of another
embodiment of acoustic resonance-based apparatus 10 for measuring fluid
properties hereof, showing transmitting and receiving acoustic transducer 12
mounted on the inside of flat side 28 of protective container 16, and spaced-apart,
opposing flat reflecting surface, 39, wherein open volume 34 is formed
therebetween. Reflecting surface 39 may comprise a metallic surface. In use, the
electrical impedance of crystal 12 is measured as it is loaded by a liquid in contact
therewith, since standing waves set up in the liquid in volume 34 affect the electrical

impedance of crystal 12. Therefore, the same sound speed measurements can be
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obtained from this simplified apparatus, although the data quality for the transmission
measurements has been found to be much higher.

[0029] FIGURE 2 is schematic representation of apparatus 10 inserted into a
thermally, chemically and/or mechanically hostile environment, for measuring fluid
properties, surrounded by filter/mesh cage, 40, for keeping particulate matter and
other solids out of resonance cavity 34. Apparatus 10 may be located at depths
greater than 10,000 feet below the earth’s surface for making such measurements.
Coaxial cable 36 transmits a chosen signal from vector network analyzer, 42, that
generates a linearly variable frequency as a function of time, and is controlled by
processor, 44, which is amplified by power ampilifier, 46, to transmitter transducer 12.
Receiver transducer 14 receives resonance signals from resonance cavity 34 and
transmits these through coaxial cable 38 to buffer amplifier, 48, for conditioning the
signals for long distance transmission through coaxial cable, 50, to preamplifier, 52.
Preamplifier 52 optimizes the signals for detection and digitization by vector network
analyzer 42 from where they are directed to processor 44 for analysis.

[0030]  FIGURE 3A is a schematic representation of a side view of an assembled
apparatus 10 including the spaced-apart enclosures 16 and 18 for each of the
transmitting and receiving transducers 12 and 14, respectively. lllustrated are metal
enclosures 16 and 18 of apparatus 10 constructed from modified, commercial
vacuum fittings. Wells, 54a, and, 54b, each having a diameter of 12.5 mm, a depth
of 3.2 mm, and a smooth bottom surface bored in faces 24 and 26, respectively,
parallel to front faces, 28 and 30, respectively, of 1 and 1/3” diameter Conflat blank
flanges (CF), 56a, and, 56b, respectively to within 25 um, to accommodate one 10
mm diameter, 5 MHz, 36° Y-rotated lithium niobate transducer (12, 14) glued to the
flange with Epotek high temperature epoxy (H24). The sound waves from the
transducer crystals pass through a 1/8" inch thick wall. High temperature (~600°C)
stainless steel-sheathed coaxial cables 36 and 38 (THERMOCOAYX, Inc.) used to
transmit the signals into and out of the enclosure passes through 5/64”-0.75
Swagelok reducing unions, 58a and 58b, respectively, which make high-pressure,
high-temperature seals both to cables 36 and 38, and to 1 and 1/3” Conflat half-
nipples, 60a, and, 60b, respectively. Because the coaxial cable is rigid, flexible
Kapton insulated wires, 62a, and, 62b, were used to electrically connect the coaxial
center conductor to transducer 12 using a high-temperature silver-filled epoxy
(E4110-LV, from Epoxy Technology, Inc.). The flexibility of these wires allows the



WO 2015/081264 PCT/US2014/067721

Swagelok and Conflat assembly to be sealed after electrical connections have been
made.

[0031]  CF blank flange 56a was fastened to CF half nipple 60a, using six %" long
bolts, not shown in FIG. 3A, while CF blank flange 56b was fastened to CF half
nipple, again with a copper sealing gasket, using three %” long bolts, not shown in
FIG. 3A, and three bolts which incorporate spacers, designated as 32a and 32b, the
third spacer located behind apparatus 10 (that is, positioned at 120°). Assembled
transducer enclosures 16 and 18 were deployed facing each other with front faces
28 and 30 of CF blank flanges 56a and 56b, respectively, defining the boundaries of
the SFAI cell volume 34. The heads of the three bolts, not shown in FIG. 3A, and
stainless steel spacers 32, positioned at 120° apart, define the length of the resonant
cavity as L = 8.848 mm. The overall length of fluid measurement cell 10 was 14 cm
when opposing enclosures 56a and 56b were secured together using four bolts,
shown as bolts, 64a, and, 64b, having nuts, 66a, and, 66b, respectively, holding
square plates, 68a, and, 68b, respectively, adapted to capture CF half-nipples 60a
and 60b, respectively. In this manner, the transducer crystals are completely
protected.

[0032] FIG. 3B is a schematic representation of a perspective view of one of the
piezoelectric transducer mounting flanges, while FIG. 3C is a schematic
representation of a side view of the mounting flange illustrated in FIG. 3B. Shown in
FIG. 3C is copper gasket, 70, capable of withstanding >250°C used to seal flange
56a to Conflat half-nipple 60a, with a similar gasket, not shown in FIG. 3C, for
sealing flange 56b to Conflat half-nipple 60b.

[0033] A pressure vessel rated to 500°C and 5000 PS| (model # 4681, Parr
Instrument Company, Moline, IL) was used as a test environment for demonstrating
the measurement cell. The 1 L volume of the pressure vessel was filled with 700 mL
of distilled, degassed water. The measurement cell itself occupies a volume of ~100
mL and the remaining ~200 mL headspace consisted of air. The signal-carrying
coaxial cables were sealed to the pressure vessel using Grafoil gland compression
fittings (MHM2 series, Conax Technologies, Buffalo, NY). A furnace heater and
temperature controller were used to establish desired temperatures, and vessel
internal pressure was controlled independently of temperature by pressurizing the
headspace. A pressure amplifier with a 30:1 piston head area ratio (Model: AAD-30,

Haskel International, Inc., Burbank, CA) was used to enable repeated testing up to

10
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3000 psig. The temperature inside the water test fluid was monitored with an
accuracy of £1.1°C or 0.4% of the reading (whichever was greater) and a precision
of $#0.1°C using a type-J thermocouple (Model M8MJSS-M2-U-250, Omega
Engineering, Inc.). The system pressure was measured to an accuracy of +13 psi
using a pressure transducer with a 0-5000 psig range (Model PX309-5KG5V,
Omega Engineering, Inc.). A vector network analyzer (Mode!l Bode 100, OMICRON
electronics Corp. USA, Houston TX) was used to measure the signal transmission
characteristics of the fluid-filled cell, also termed the S,; forward transmission
scattering parameter. The scattering parameters S,1 and Sy; are used to quantify
the transmitted power and reflected power, respectively, as a fraction of the power
input into the measurement cell.

[0034] Having generally described embodiments of the present invention, the
following EXAMPLES provide additional details.

EXAMPLE 1

Determining Sound Speed from [S24| Transmission Spectrum:

[0035]  FIGURE 4A is a graph of the transmission scattering parameter, |S,4|, as a
function of frequency for water, collected at 30°C and ambient pressure. A number
of these resonances are chosen because they are separated from wall and
transducer resonances, and are indicated with circles. To determine df./dn, the
frequencies of the resonances identified in FIG. 4A are plotted against ‘cycle
number’, taking into account those cycles for which resonances are not recorded
(specifically: n = [5-7, 13-15, 22-25, 32-36]) as shown in FIG. 4B. For the purpose of
determining sound speed, it is only necessary to know n in a relative and not an
absolute sense since the slope of f, vs. n is the only quantity of interest. A linear
least-squares fit, shown in FIG. 4B, was performed using the 25 resonances shown
in FIG. 4A to yield dfi/dn = 85.408 + 0.033 kHz. Using the measured path length,
L=8.848 mm, the sound speed is determined to be 1511.4+0.6 m/s. The standard
deviation, o =33 Hz, of the linear fit slope contributes to a relative uncertainty in
sound speed of 0.04%.

I1
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EXAMPLE 2
Sound Speed as a Function of Pressure at 31°C:
[0036] The first set of data presented here was collected at 30.9+0.5°C at 20
pressures between ambient pressure and 3000 psig. TABLE | presents the
determined sound speed vs. pressure data along with the sound speed calculated by
the IAPWS-IF97 standard. See, e.g., W. Wagner and H.-J. Kretzschmar,
International Steam Tables: Properties of Water and Steam Based on the Industrial
Formulation IAPWS-IF97, second ed. (Springer-Verlag, Berlin, 2008).
[0037]  The IAPWS-IF97 sound speeds are not experimental points, but are
calculated from the equation of state for water given in W. Wagner et al., supra. The
equations used in these calculations are also found in W. Wagner et al., supra, while
the full set of experimental thermodynamic data upon which the equation of state is
based are described in W. Wagner and A. Pruss, J. Phys. Chem. Ref. Data 31 (2),
387-535 (2002). The IAPWS calculations are used for comparison since there is no
previous single set of direct sound speed measurements for temperature and
pressure range presently measured. The sound speed was determined from a
measured transmission spectrum, from which df,/dn was calculated as described
hereinabove. The path length, L = 8.848 mm, was calibrated using the known sound
speed in deionized and degassed 25°C water as a standard. In the present
measurements, pressure changes were accompanied by small changes in
temperature due to compression or expansion of the gas in the headspace of the
vessel. At about 30°C, an increase in temperature of 1°C has the same effect on the
sound speed in water as increasing the pressure by 200 psi, and the slightly different
temperatures were corrected for. In all cases, the determined sound speeds agree
with the IAPWS-IF97 values to within 0.5 m/s. This agreement provides a validation
for the measurement precision determined by the linear fit of f, vs. n

12
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TABLE I. Comparison of experimentally determined and
predicted sound speed

Predicted
Determined | Sound
Sound Speed
Pressure Speed (m/s)
Temp (°C) | (psig) (m/s) Ref [18]

30.4 7 1511.8 1512.0
30.4 195 1513.7 1514.0
30.5 397 1516.1 1516.3
30.4 600 1518.4 1518.5
305 797 1521.0 1520.9
30.6 999 1523.0 1523.4
30.6 1205 1525.4 1525.6
30.7 1400 1528.1 1528.0
30.7 1606 1530.2 1530.3
30.8 1798 1532.9 1532.7
30.9 1997 1534.8 1535.1

31 2195 1537.2 1537.6
31.2 2402 1540.1 1540.4
31.3 2602 1543.0 1542.8
31.4 2813 1544.9 1545.4
314 2995 1547.2 1547.5

EXAMPLE 3

Liquid Water Sound Speeds Measured Along the Liquid-Vapor Coexistence
Curve:

[0038]  The second set of data presented here was collected in liquid water at 22
temperatures between laboratory ambient and 250°C, at pressures corresponding to
the liquid-vapor coexistence line. At each temperature, the sound speed was
determined using the procedure described hereinabove. The path length, L, was
corrected for changes in temperature using a calibrated 25°C value of L and a linear
thermal coefficient of expansion for stainless steel of 16x10%/°C. The measured
data show very good agreement with the IAPWS-IF97 predicted sound speeds
(Wagner et al., supra) as can be seen from FIG. 5 and TABLE Il. For all points, the
discrepancy between the measured and IAPWS-IF97 predicted sound speed is less
than 0.3% (~3 m/s). Discrepancies are likely attributed to errors in the temperature

measurements by the thermocouple. At higher temperatures, small errors in
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temperature can have a significant impact on the sound speed of water. For
example, at 220°C, a change in temperature of 1°C leads to a 3.6 m/s change in
water sound speed. The inability to measure temperature to better than about one
degree Celsius does not affect the measurement precision of the present HTP-SFAI
measurement cell. As indicated above and in TABLE |, the precision of the
measurement cell is better estimated by the standard deviation in df,/dn, and is

typically in the range of 0.5 m/s or less than 0.1%.

EXAMPLE 4
Measurements Using The Reflection Embodiment:
[0039] FIGURE 6 is a graph of the reflection coefficient (scattering parameter
[S11]) as a function of frequency using the reflection embodiment of the present
apparatus illustrated in FIG. 1B hereof for pure water at laboratory ambient
temperature (22°C) and pressure (12 psi).
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TABLE II. Experimentally determined and predicted water sound

speeds along the liquid-vapor coexistence curve

Predicted
Determined Sound Speed
Temperature | Sound Speed (m/s) Difference ®
(%) (m/s) Ref [18] (%)
27.5 1504.4 1504.7 -0.02
30.3 1510.2 15115 -0.09
455 1538.5 1539.6 -0.07
56.5 1548.7 1551.3 -0.17
57.3 1549.9 1551.9 -0.13
70.4 1555.2 1557.5 -0.15
84.5 1555.0 1555.5 -0.03
90.3 1551.1 15525 -0.09
104.8 1539.1 1540.3 -0.08
109.6 1534.3 1534.9 -0.04
120.5 1518.0 1520.3 -0.15
132.1 1500.6 1501.3 -0.05
1414 1483.4 1483.9 -0.03
151.4 1462.1 1462.9 -0.05
163.1 1436.0 1435.7 0.03
171.6 1412.9 1414.1 -0.09
184.4 1378.7 1378.8 -0.01
199.8 1331.1 1332.1 -0.08
210.1 1297.1 1298.3 -0.10
223.1 1252.8 1252.8 0.00
235.6 1206.2 1206.0 0.01
250.4 1143.6 1146.7 -0.28

a. Difference=100* (Measured-Calculated)/Measured

[0040]

The foregoing description of the invention has been presented for

purposes of illustration and description and is not intended to be exhaustive or to

limit the invention to the precise form disclosed, and obviously many modifications

and variations are possible in light of the above teaching. The embodiments were

chosen and described in order to best explain the principles of the invention and its

practical application to thereby enable others skilled in the art to best utilize the

invention in various embodiments and with various modifications as are suited to the

particular use contemplated. It is intended that the scope of the invention be defined
by the claims appended hereto.

15
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[0041] WHAT WE CLAIM IS:

1. A high-temperature, high—pressure acoustic resonance cell, comprising:

a first piezoelectric transducer;

a first enclosure effective for protecting said first transducer from
mechanically and chemically harsh environments, said first enclosure
having a first side with a flat exterior surface and a flat interior surface
parallel thereto, and wherein said first transducer is acoustically
coupled to the interior surface of the first side;

a second piezoelectric transducer;

a second enclosure effective for protecting said second
transducer from mechanically and chemically harsh environments, said
second enclosure having a second side with a flat exterior surface and
a flat interior surface parallel thereto, wherein said second transducer
is acoustically coupled to the interior surface of the second side, and
wherein the exterior surface of the first side of said first enclosure and
the exterior surface of the second side of said second enclosure are
parallel and spaced apart a selected distance, forming thereby a
volume;

a spacer member for establishing and maintaining the selected
distance and parallel disposition of the first side and the second side:

a signal generator for supplying a chosen time-varying electrical
signals to said first piezoelectric transducer;

a signal gain and phase analyzer for receiving electrical signals
from said second transducer; and

a processor for processing the received electrical signals from
said signal gain and phase analyzer, and for controlling said signal
generator.

2. The acoustic resonance cell of claim 1, wherein said first transducer and said
second transducer comprise high-temperature transducers.

3. The acoustic resonance cell of claim 2, wherein said first transducer and said
second transducer are chosen from lithium niobate and lead zirconium
titanate piezoelectric transducers.

16
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4. The acoustic resonance cell of claim 1, wherein said first transducer is
acoustically coupled to the interior surface of the first side of said first
enclosure using high-temperature acoustic coupling epoxy, and said second
transducer is acoustically coupled to the interior surface of the second side of
said second enclosure using high-temperature acoustic coupling epoxy.

5. The acoustic resonance cell of claim 1, wherein said spacer member
comprises at least one spacer adapted to permit fluids to freely flow through
the volume, whereby pressure of the fluid in the volume is the same as
pressure of the fluid outside of the volume.

6. The acoustic resonance cell of claim 5, wherein the fluid-filled volume
performs as an acoustic resonance cavity.

7. The acoustic resonance cell of claim 6, wherein speed of sound and sound
absorption in the fluid is measured.

8. The acoustic resonance cell of claim 1, further comprising a filter/mesh cage
surrounding said first enclosure, said second enclosure and said spacer
member, for keeping particulate matter out of the volume.

9. The acoustic resonance cell of claim 1, wherein the chosen time-varying
electrical signal to said first piezoelectric transducer is chosen from sinusoidal
and periodic square-wave signals.

10. The acoustic resonance cell of claim 9, wherein the chosen time-varying
electrical signal is swept over a selected frequency range.

11, A high-temperature, high—pressure acoustic resonance cell, comprising:

a piezoelectric transducer;

an enclosure effective for protecting said transducer from
mechanically and chemically harsh environments, said enclosure
having a first side with a flat exterior surface and a flat interior surface
parallel thereto, and wherein said transducer is acoustically coupled to
the interior surface of the first side;

a flat reflecting surface, wherein the exterior surface of the first
side of said enclosure and the reflecting surface are parallel and
spaced apart a selected distance, forming thereby a volume;

a spacer for establishing and maintaining the selected distance
and parallel disposition of the first side and the reflecting surface;

17
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a signal generator for supplying a chosen time-varying electrical
signals to said first piezoelectric transducer,;

an impedance analyzer for measuring the electrical impedance
of said transducer; and

a processor for processing the measured electrical impedance
of said transducer, and for controlling said signal generator.

12. The acoustic resonance cell of claim 11, wherein said transducer comprises
a high-temperature transducer.

13. The acoustic resonance cell of claim 12, wherein said transducer is chosen
from lithium niobate and lead zirconium titanate piezoelectric transducers.

14. The acoustic resonance cell of claim 11, wherein said transducer is
acoustically coupled to the interior surface of the first side of said enclosure
using high-temperature acoustic coupling epoxy.

15. The acoustic resonance cell of claim 11, wherein said spacer member
comprises at least one spacer adapted to permit fluids to freely flow through
the volume, whereby pressure of the fluid in the volume is the same as
pressure of the fluid outside of the volume.

16. The acoustic resonance cell of claim 15, wherein the fluid-filled volume
performs as an acoustic resonance cavity.

17. The acoustic resonance cell of claim 16, wherein speed of sound and sound
absorption in the fluid is measured.

18. The acoustic resonance cell of claim 11, further comprising a filter/mesh
cage surrounding said enclosure and said spacer member, for keeping
particulate matter out of the volume.

19. The acoustic resonance cell of claim 11, wherein the chosen time-varying
electrical signal to said first piezoelectric transducer is chosen from sinusoidal
and periodic square-wave signals.

20. The acoustic resonance cell of claim 19, wherein the chosen time-varying

electrical signal is swept over a selected frequency range.

18



PCT/US2014/067721

WO 2015/081264

1/7

V1 '9id




PCT/US2014/067721

WO 2015/081264

2/7

a1 "'Oid




PCT/US2014/067721

WO 2015/081264

| 3/7

J @
J3zAjeuy

UOIBIILUNWIWOY) T 10MIBN JOPIA




PCT/US2014/067721

WO 2015/081264

V€ 'Ol

eps .
q09 ‘slddiu-jjeH 485 ‘uolun

gzg 49oeds 1e)jU0)H 8upnpay

144 J0|98em
ZT ‘te1sAin el >
311103|207314
urg/t 01
ﬁ \wm
T g ‘ ./
s 374
. 8¢ ‘ajqed |eixe-02
ve yieays |aa1s
, $Sajuiels
0L "1=3sen A 4 epg
e
. 1addo) _ mmmmm be ‘uoiFay +T ‘jeisAi)
_ UM w_n_ . , . >>o.=OI qgg MIP[R0z3Id



PCT/US2014/067721
5/7

WO 2015/081264

(u) Jaqwinu 8PAD

oOb G&€ 0 G¢ 0C GIL Ol S 0

w o 0
N N

<
)

arv "SOld

e
™

(zHW) Aousnbauy yead

0
<

<
0

(ZHW) Aousnba.4
g b > 4

00000

G000°0

0L00°0—

VY "Old

G1L00°0

— 102000



PCT/US2014/067721

WO 2015/081264

6/7

(0,) @injessdwa |

00¢

S "Old

0s1

001

00L1

0021

00ci

oori

00S1

0091

(s/w) peadg punosg



PCT/US2014/067721

WO 2015/081264

7/7

9 °Old

Inbi

(zHN) Aousanbaui
8'C 9¢€ ¥'€ Z€ 0€ 8¢ 9¢ ¥Z 22 02 81
" ooueuosas
i _®
i |e1ship
5 ri
[ S9oUBUOSA)

880

06°0

¢60

v6°0

960

860

00}

VETIITETRIINIETIEN



INTERNATIONAL SEARCH REPORT PCT/US2

International application'No.

PCTAS2014/067721

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - GO1F 13/00 (2015.01)
CPC - GO1S 15/885 (2014.12)

According to International Patent Classification (IPC) or to both national classification and IPC '

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC(8) - GO1F 13/00; GO1P 5/00 (2015.01)
USPC -73/170.13, 19.03, 19.04, 19.1, 152.24, 170.11, 861

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
CPC - G01S 15/885, 15/588; GO1P 13/02, 5/245, 5/248 (2014.12) (keyword delimited)

Electronic data base consulted during the intemational search (name of data base and, where practicablc; -search terms used)

Orbit, Google Patents, Google Scholar, Google.
Search terms used: acoustic, sound, noise, resonance, vibrate, oscillate, transducer, sensor, detector, monitor, housing, enclosure,
casing, cover, cell, signal, wave, generator, induce, trigger, produce, maker, processor, microprocessor, cpu, computer, controller

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages " Relevant to claim No.

X A , _ 1-7, 11-17

- US 5,501,098 A (CADET et al.) 26 March 1996 (26.03.1996) entire document | —emeeememn

Y 8-10, 18-20

Y US 2010/0097892 A1 {AUGHTON et al.) 22 April 2010 (22.04.2010) entire document 8,18

Y US 8,120,500 B2 (TOKHTUEYV et al.) 21 February 2012 (21.02.2012) entire document 9, 10, 19, 20

A US 2008/0280371 A1 (ANILKUMAR et al.) 13 November 2008 (1:3.141.2008) entire document 1-20

A US 2013/0167622 A1 (FRIVIK) 04 July 2013 (04.07.013) entire document 1-20

A US 5,235,235 A (MARTIN et-al.) 10 August 1993 (10.08.1993) entire document 1-20

D Further documents are listed in the continuation of Box C. D

* Special categories of cited documents: “T” later document published after the international filing datc or priority

“A”  document defining the general state of the art which is not considered date and not in conflict with the application but cited to un crstand
to be of particular relevance the principle or thcory underlying the invention

“E” carlier application or patent but published on or after the international «X” document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

“L”  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to cstablish the publication date of another citation or other “Y* document of particular relcvance; the claimed invention cannot be

special reason (as specified) . . considered to- involve an inventive step when the document is
“0” - document referring to an oral disclosure, use, exhibition or other combined with one or morc other such documents, such combination
means being obvious to a person skilled in the art

“p*  document published prior to the international filing date but later than «g»  gocument member of the same patent family
the priority date claimed .

Date of the actual completion of the international search Date of mailing of the international search report
28 January 2015 z 6 F E B 20]5

Name and mailing address of the ISA/US Authorized officer:

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Blaine R. Copenheaver

P.O. 'Bo>.< 1450, Alexandria, Virginia 22313-1450 PCT Helpdesk: 5712724300

Facsimile No. 571-273-3201 : PCT OSP: 571-272-7774




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - wo-search-report

