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SYSTEMS AND METHODS FOR DETERMINING
A LEAK RATE THROUGH AN OPENING USING ACOUSTICAL SENSORS

FIELD OF INVENTION

[0001] The present disclosure relates to systems and methods for determining a leak
rate through an opening of a structure using at least one acoustical sensor and systems

and methods for correlating at least one acoustical signal with a known leak rate.
BACKGROUND OF INVENTION

[0002] Acoustic emission (AE) sensors are used widely to capture and record stress
waves in materials. These stress waves may be caused by changes in material loads
or due to physical changes to the materials by heat or corrosion, or as the material
approaches its yield point. AE sensors and signal processing techniques are used to
detect leakage of a fluid or gas through a closed valve into a low pressure
environment, such as another conduit, the atmosphere, or the ground in the case of a
buried pipeline.

[0003] Various signal processing techniques and analysis methods have been
employed to calculate or estimate a rate of the leakage. Units used for such
measurements include liters/minute, gallons/minute, or mass leakage such as
kilograms/second. There are at least four commercially available acoustic emission
based products for calculating the leak rate based on the AE sensor signal. Three of
those systems include the PAC 5131 and versions of the PAC 1278 ASL amplifier for
on line monitoring and the SCORE MIDAS Meter. These systems employ similar
broadband (e.g., 0 to 1 MHz) AE sensors and associated signal processing. Signal
processing includes, for example, calculating and recording the average signal level
(ASL) from the AE sensor. The ASL value can be used with lookup tables or in a
simple algorithm to estimate the leak rate through the valve. The fourth commercially
available product that uses acoustic emission to estimate valve leakage is the
VALVEANALYZER marketed by Leak Detection Services (LDS).
VALVEANALYZER uses similar broadband AE sensors but requires extended time

domain recording of the output signal followed by conversion to the frequency
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domain using Fourier Transform processes. The analysis is performed manually by
one skilled in the art of finding specific peak frequencies in the resulting frequency
spectrum using electronic signature analysis techniques.

[0004] However, the conversion process from the AE signal level to actual leak rate
through a valve with these prior art systems can be inaccurate. The PAC and SCORE
products both provide a method of determining the error associated with the
conversion process. The error calculated by PAC and SCORE at low confidence is
+100/-50% of the calculated value. Thus, actual leakage can be anywhere between
half and twice the calculated result. This level of inaccuracy is only available at low
(i.e., 1 standard deviation) confidence. If higher confidence is required, such as 2 or 3
sigma, the actual leak rate could be up to 10 times the calculated value. The LDS
system does not quote accuracy. It simply identifies the leak as red (large), yellow
(not as large), and green (nonexistent or insignificant). High accuracy is required to
be “Q-rated” for use in nuclear safety related applications. Accordingly, these

existing leak detection systems would benefit from improved accuracy.
BRIEF SUMMARY

[0005] Various implementations described herein illustrate the use of filtered
acoustical signals to improve the accuracy of processes for calculating leak rate
through a structure (e.g., a closed valve or coupling). Some of these implementations
may employ modal analysis techniques on the filtered acoustical signals. For
example, disclosed below are systems and methods for determining a leak rate
through a structure. In addition, a testing apparatus for simulating a leak through a
structure and methods for correlating an acoustical signal with a known leak rate are
disclosed. The data gathered from the testing apparatus may be used to determine the
leak rate through the structure.

[0006] A method of determining leak rate of a fluid or gas through at least one
opening in a structure may include: (1) receiving at least one acoustical signal
associated with a leak from at least one acoustical sensor positioned a known distance
from a structure; (2) receiving and separating through filters a low frequency
component and a high frequency component of the acoustical signal; (3) calculating a

ratio of the low frequency component to the high frequency component; and (4)
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identifying a leak rate associated with the calculated ratio. Identifying the leak rate
associated with the calculated ratio may include executing an algorithm that provides
the leak rate. Alternatively, identifying the leak rate associated with the calculated
ratio may include retrieving the leak rate associated with the calculated ratio from a
memory of a computing device that is configured to store a plurality of ratios and
corresponding leak rates. In addition, the leak rate may be associated with the
calculated ratio and at least one of the following: a pressure on the structure, a
structure wall thickness, a leak path geometry, or a distance to a leak path from the at
least one acoustical sensor.

[0007] The method may also include using modal analysis techniques to transform
the low frequency component and the high frequency component from the time
domain to the frequency domain, such as by conducting a Fourier transform of the
high and low frequency components. In this implementation, calculating the ratio
includes calculating the ratio of the Fourier transformed low frequency component
and the Fourier transformed high frequency component. The method may also
include determining an average signal level for each of the high frequency component
and the low frequency component separately. And, the method may include filtering
the acoustical signal into the low frequency component and the high frequency
component.

[0008] According to various implementations, the structure is a valve or a coupling.
In either of these implementations, the opening may be a crack in a surface of the
structure or a physical degradation of the valve sealing surface.

[0009] An acoustical sensor and computer system are also disclosed. At least one
acoustical sensor is configured for disposal adjacent a structure. The computer
system includes a computing device, which includes a processor that is in
communication with the at least one acoustical sensor and a memory. The processor
is configured for: (1) receiving at least one acoustical signal from the at least one
acoustical sensor, the acoustical signal including a low frequency component and a
high frequency component, (2) calculating a ratio of the low frequency component
and the high frequency component, and (3) identifying a leak rate associated with the
calculated ratio. The processor may be further configured for filtering the acoustical

signal to determine the low frequency component and the high frequency component.
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In addition, the processor may be configured for applying a Fourier transform to the
low frequency component and the high frequency component and calculating the ratio
of the Fourier transformed low and high frequency components.

[0010] A method of correlating an acoustical signal with a leak rate of a fluid or gas
through at least one opening in a structure is also disclosed. The method includes the
steps of: (1) receiving at least one acoustical signal from at least one acoustical sensor
positioned a known distance from a structure; (2) receiving a low frequency
component and a high frequency component of the acoustical signal; (3) calculating a
ratio of the low frequency component and the high frequency component; (4)
associating the ratio with a known leak rate through the structure; and (5) storing the
associated ratio and the known leak rate in a memory of a computing device. The
structure may include a valve, a leak simulator, or a coupling, for example. The
method may also include the step of associating the ratio and the known leak rate with
the type of structure. The type of structure may include, for example, at least one of
an associated leak geometry or an associated structure wall thickness. The method
may also include the step of associating the ratio and the known leak rate with a
pressure on the structure and/or associating the ratio and the known leak rate with a
distance to the structure or opening from the at least one acoustical sensor.

[0011] A testing apparatus is disclosed that includes: (1) a leak simulator disposed
between a high pressure conduit and a low pressure conduit; and (2) a processor in
communication with at least one acoustical sensor. The leak simulator includes at
least one leakage insert that defines at least one leak path, and the at least one leak
path is in fluid communication with the high pressure conduit and the low pressure
conduit. The processor is configured for: (1) receiving at least one acoustical signal
from the at least one acoustical sensor, the at least one acoustical signal including a
low frequency component and a high frequency component which is separated by
filtering, (2) calculating a ratio of the low frequency component and the high
frequency component, (3) associating the calculated ratio with the leak rate through
the leak path, and (4) storing the ratio and the leak rate in a memory of a computing
device. The at least one acoustical sensor is disposed adjacent an outer surface of the

leakage insert a known distance from the leak path. The leak simulator may also
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include at least two leakage inserts. The at least two leakage inserts define the leak
path through the leak simulator.

[0012] The testing apparatus may also include a first pressure transducer configured
for receiving a first pressure signal from fluid or gas leak through the high pressure
conduit and a second pressure transducer configured for receiving a second pressure
signal from fluid or gas leak through the low pressure conduit. The testing apparatus
may also include at least one calibrated flow meter configured for recording leak rate
of a fluid through the leak path or at least one calibrated bubble counter configured
for recording leak rate of a gas through the leak path.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is a schematic of an exemplary embodiment of a leak simulation
system that simulates a leak through a single valve.

[0014] FIG. 2 is a schematic of an exemplary embodiment of a leak simulation
system that simulates a leak through a double seated valve.

[0015] FIGS. 3A-3C illustrate exemplary valve plate configurations.

[0016] FIGS. 4A-4D illustrate exemplary leak paths.

[0017] FIGS. 5A-5C illustrate different wall thicknesses around the valve simulation
plates.

[0018] FIG. 6 illustrates a schematic of acoustic sensors, pressure sensors, flow
meters, and a corresponding computer system used with the leak simulation system.
[0019] FIG. 7 illustrates a flow chart of data being processed by the leak simulation
System.

[0020] FIG. 8 illustrates exemplary average signal length data.

[0021] FIG. 9 illustrates exemplary data that has been transformed to the frequency
domain using modal analysis.

[0022] FIG. 10 illustrates an exemplary schematic of a system for determining a leak
rate through an opening in a structure.

[0023] FIG. 11 illustrates a method for determining a leak rate through an opening in
a structure.

[0024] FIG. 12 illustrates a schematic diagram of a central server configured to

implement a computer system.
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DETAILED DESCRIPTION
[0025] Disclosed herein are various systems and methods for improving the accuracy
of processes and systems for converting acoustical signals to leak rates through a
structure, such as a closed valve or coupling, using filtering techniques and modal
analysis. Also disclosed are systems and methods for testing and verification of
acoustical leak rate detection. Such systems may be useful for verifying the accuracy
of the conventional approaches or provide inventive systems and processes. Accuracy
improvement may lead to approval of systems and methods of using AE sensors for
leak rate detection in higher standard industries, such as the nuclear industry.
[0026] As described below in relation to FIGS. 1-9, a testing apparatus for simulating
a leak through a structure and methods for correlating an acoustical signal with a leak
rate are disclosed. The information gathered from the testing apparatus and/or
correlation methods can be used in the field to determine more accurately the leak rate
of a fluid or gas through the structure. Various implementations of systems and
methods for determining a leak rate through a structure are described below in
relation to FIGS. 10 and 11.
[0027] The described methods, systems, and apparatus should not be construed as
limiting in any way. Instead, the present disclosure is directed toward all novel and
nonobvious features and aspects of the various disclosed embodiments, alone and in
various combinations and sub-combinations with one another. The disclosed methods,
systems, and apparatus are not limited to any specific aspect, feature, or combination
thereof, nor do the disclosed methods, systems, and apparatus require that any one or
more specific advantages be present or problems be solved.
[0028] Although the operations of some of the disclosed methods are described in a
particular, sequential order for convenient presentation, it should be understood that
this manner of description encompasses rearrangement, unless a particular ordering is
required by specific language set forth below. For example, operations described
sequentially may in some cases be rearranged or performed concurrently. Moreover,
for the sake of simplicity, the attached figures may not show all of the ways in which
the disclosed methods, systems, and apparatus can be used in conjunction with other

systems, methods, and apparatus.



WO 2014/105839 PCT/US2013/077527

Leak Simulation System and Methods of Use

[0029] Leak simulators as disclosed herein provide a controlled environment for the
establishment of empirical relationships between AE signals and the characteristics of
various leak paths and corresponding leak rates. For instance, the simulators may
develop look up tables that associate AE signals with known leak rates, fluid pressure
differentials, and structure thicknesses. AE signals measured in the field can be
compared to the AE signals in the look up tables to determine the leak rate. In
addition, other variables may be simulated and associated with the AE signals to
establish uncertainty values associated with the known leak rate. These other
variables may include, for example, leak path geometry and the distance between the
AE sensor and the leak path (as opposed to the distance between the AE sensor and
the structure).

Exemplary Implementations of a Leak Simulation System

[0030] FIG. 1 is a schematic of an exemplary embodiment of a leak simulation
system, or testing apparatus, that simulates a leak through a single valve. The system
100 includes a high pressure conduit 102, a low pressure conduit 104, a leak simulator
106, a compressed air tank 108 (and/or an air compressor, which is not shown), a
hydraulic accumulator 110 (e.g., a piston or bladder accumulator), at least one flow
meter 112, and at least one acoustic emissions (AE) sensor 114 coupled to an outer
surface of the leak simulator 106. In addition, as discussed below in relation to FIG.
6, the system 100 further includes a computer system 600 having at least one
processor that receives signals from the at least one AE sensor 114 and flow meter
112.

[0031] The compressed air tank 108 and hydraulic accumulator 110 pressurize water
or other fluid flowing through the high pressure conduit 102 and the leak simulator
106 into the low pressure conduit 104. Conduits 102, 104 are 6” diameter schedule
80 stainless steel piping, and the water is pressurized up to about 1500 psi. Flow
meter 112, which is disposed downstream of the leak path in the low pressure conduit
104, measures the rate, or volume, at which fluid flows through the leak path. The at
least one AE sensor 114 receives acoustical vibrations generated by the fluid flowing
through the leak path. The flow meter signal and the AE sensor signal(s) are

communicated to at least one computer processor of the computer system 600. The
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signals are processed and stored in memory as data representing a flow rate and
acoustical signal, respectively, such as is described below in relation to FIGS. 6-9.
The at least one AE sensor 114 and the flow meter 112 may be calibrated prior to
cach test, and the calibration is documented.

[0032] Referring to FIGS. 3A-5C, the leak simulator 106 includes at least one leakage
insert and an outer ring that extends circumferentially around the leakage insert. The
leakage insert simulates the leak path through a structure. The outer ring simulates
the thickness of the structure, such as valve wall thickness. FIGS. 3A through 4D
illustrate various embodiments of leakage inserts. FIGS. 5A through 5C illustrate
various embodiments of outer rings.

[0033] FIG. 3A illustrates a plan view of a leakage insert 300 according to one
implementation. In particular, leakage insert 300 includes a plurality of discrete arcas
302 that are distributed in a radial pattern on an incident surface 301 of the leakage
insert 300. At least one leak path 303 is defined through at least one of the discrete
arcas 302. Thus, the leak path 303 is in communication with fluid contained by the
incident surface 301 and fluid adjacent to an exiting surface that is opposite the
incident surface 301. The various leak path inserts distributed around the
circumference of the simulator are used to simulate leaks at one or more locations
around the valve seating surface and differentiate the AE characteristics of single
versus multiple path leaks. In FIG. 3A, the leakage insert 300 defines a rectangular
shaped slit as the opening for the leak path 303. However, the shape of the opening to
the leak path can be other shapes. For example, the leak path 303 may be a circular
opening, such as the circular opening 403c shown in FIG. 4C, or a triangular opening,
such as the triangular opening 403d shown in FIG. 4D.

[0034] Different leak paths are further illustrated in FIGS. 3B, 3C, 4A, and 4B.

These figures provide cross sectional views of an exemplary discrete area 302, such as
the cross section through the A-A line shown in FIG. 3A. In particular, FIGS. 3B and
3C illustrate a trapezoidal-shaped leak path 303b, 303¢c. FIG. 4A illustrates a stair-
step shaped leak path 403a. FIG. 4B illustrates a V-shaped leak path 403b. Although
not shown, other types of leak path shapes may be studied, such as frustoconical and

diagonal leak paths, for example.
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[0035] The leakage insert 300 may, as another variation, define a larger leak path
opening on one side of the leakage insert 300 than on the other. For example, the
trapezoidal-shaped leak path 303b shown in FIG. 3B is substantially concave as
viewed from the incident surface 301b. The trapezoidal leak path 303¢ shown in FIG.
3C is substantially convex as viewed from the incident surface 301c. In addition,
multiple leak inserts 300 may be utilized together to create multiple leak paths 303 of
varying dimensions substantially simultaneously. Use of multiple leak inserts 300
allows the cumulative leak path and corresponding acoustical signal to be compared
to a single leak path of substantially equivalent size.

[0036] FIGS. 5A-5C illustrate various outer rings 502a, 502b, and 502c, respectively,
that may be included in the leak simulator 106. These outer rings may simulate the
thickness of the structure through which the leak occurs. This thickness may impact
leak rate measurements. For example, valve wall thickness acts as an attenuator (like
a waveguide) for the acoustical vibrations generated by the leak. Thus, although
substantially similar acoustical emissions signals are obtained from two valves, these
signals may represent different levels of leakage if the valve wall thicknesses are
different.

[0037] Outer ring 502a in FIG. 5A has a thickness t, as measured radially outwardly
from the inner surface of the outer ring 502a to the outer surface of the outer ring
502a. Thickness t, is smaller than a thickness t, of outer ring 502b, which is shown in
FIG. 5B. And, the thickness t, of outer ring 502b is smaller than a thickness t. of outer
ring 502¢, which is shown in FIG. 5C. In nuclear applications, there are usually six
valve classes, e.g., 150-2500, which are defined by differences in valve wall thickness
among other things. According to one implementation, the leak simulator 100
includes six outer rings of varying thicknesses that are used to simulate each of the six
valve classes. The thickness of the valve wall will act as an attenuator and reduce the
amplitude of the received signal. This attenuation effect will then result in a lower
signal level for equivalent leaks for larger wall thickness. The various wall
thicknesses and expected attenuation levels are therefore modeled by the simulator.
[0038] FIG. 6 illustrates a schematic diagram of AE sensors 114a, 114b coupled to
the leak simulator 106, pressure transducers PT1 and PT2, flow meter 112, a filtering

bank 602, an electronic board 604, data acquisition units 606 and 608, and a
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computing device 610 used with the leak simulation system 100. Acoustical data
received by AE sensors 114a is communicated to filtering bank 602, which filters the
signal data from each sensor 114a into its high and low frequency components. This
filtered data is communicated to a high speed AE data acquisition unit 608 where the
data is sampled, digitized and recorded at high speeds up to 2 MHz per channel. The
high speed data acquisition allows for resolution of frequency events at half the
sample rate which is expected to be well above the range of frequencies affected by
leak noise. The processed data is then communicated by the data acquisition unit 608
to computing device 610.

[0039] Acoustical signal data received by AE sensors 114b is communicated to
electronic board 604. This data is communicated to a data acquisition unit 606 (e.g., a
16-channel DAU). In addition, signals received by pressure sensor PT1 and PT2 and
flow meter 112 are communicated to the data acquisition unit 606. The data
acquisition unit 606 then communicates the data to the computing device 610. The
analog sensor signals are converted to digital format and recorded by the DAUs. Any
differences in acoustical signal due to 18-24 inches of cable between the sensors 114b
and the data acquisition board 606 may be evaluated and considered in uncertainty
calculations by the data acquisition units 606, 608, for example. This is also
applicable to the sensors 114a used for modal analysis. The functions performed by
cach of these types of equipment, such as cloud based computing facilities, may be
consolidated into one or more computing devices. For example, other suitable
electronic data equipment may be used in place of filtering bank 602, electronic board
604, data acquisition units 606, 608, and computing device 610.

[0040] AE sensors 114a, 114b may be clamped around the surface of the valve
simulator 106 and wired as described above. The sensors 114a, 114b are coupled to
the leak simulator 106 with Dow 111 or other suitable alternative sealant. The
sensors 114a, 114b may be attached to the surface of the leak simulator 106 with
magnetic mounts and screw-type fixtures that can control the coupling force.

[0041] Pressure transducers PT1 and PT2 are disposed in high pressure conduit 102
and low pressure conduit 104, respectively, to record actual pressures and differential
pressures during each test. The data from the pressure transducers PT1 and PT2 and

flow meter 112 is communicated to the computing device 610 through data
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acquisition unit 606. Furthermore, in air tests, a bubble counter may be used instead
of or in addition to flow meter 112.

[0042] Referring back to FIG. 1, the system 100 also includes a high pressure stand
118. The high pressure stand 118 provides vertical support for the high pressure
conduit 102. Low pressure stand 120 provides vertical support for the low pressure
conduit 104. The low pressure stand 120 may be mounted on one or more wheels 116
to facilitate removal and replacement of one or more leak simulators 106.

[0043] Also, in other implementations (not shown), steam or another gas that may or
may not be subject to a phase change at the leak path may be used instead of a fluid.
The steam or gas may be pressurized up to about 2250 psi, and the conduits 102, 104
may have a smaller diameter and be made of another type of stainless steel or material
to accommodate the higher pressure.

[0044] FIG. 2 illustrates another system 200 for simulating leaks through other
structures, such as a double-seated or ball valve. The system 200 may include a spool
piece 208 between two leak simulators 206a, 206b. The spool piece, with leak
simulators at cach end, simulates a dual scated valve such as a ball valve. The leak
simulators described herein can also be used to simulate leaks through a coupling.
Exemplary Methods of Using the Leak Simulation System

[0045] FIG. 7 illustrates an exemplary schematic of system data flow and analysis. A
signal from at least one AE sensor 114 is received while leak rate through the leak
simulator 106 is also measured using a flow meter 112. The low and high frequency
components of the AE sensor signal are filtered, as shown in Block 701. In Block
702, the high and low frequency components are recorded in the time domain.

[0046] In Block 703, the high and low frequency components are transformed from
the time domain to the frequency domain (e.g., Fourier transform). The transformed
data allows the shape and frequency content to be verified and closely analyzed as
needed. The filtered and transformed data will be automatically analyzed in the
preferred embodiment. In Block 704, the transformed components are received by a
multi-channel display. A ratio of the high and low frequency components is
calculated in Block 705.

[0047] In Block 706, the high and low frequency components from Block 702 are

transmitted to an automated average signal length (ASL) processor such that basic
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analysis functions can be verified. The ASL calculations in Block 706 employ
algorithms to convert the broadband AE signal to an ASL value. (The Block 706 ASL
value in this implementation is not filtered into low and high frequency components.)
In Block 707 a ratio of the high frequency area of interest to the low frequency area of
interest is calculated for comparison to the filtered modal ratio data. In Block 708, the
ratios calculated in Blocks 705 and 707 are associated with the known leak rate as
measured by flow meter 112.

[0048] The associated data may be used to create models, such as algorithms or look
up tables, in Block 708. In Block 709, the models created in Block 708 are validated
for various valves by implementing the process on real valves in a field environment
and comparing the results to appropriately calibrated leak rate instrumentation. In
Block 710, the models are employed to identify leak rate in the field, such as when
using certain valve and pipe structures.

[0049] FIGS. 8 and 9 illustrate exemplary data gathered during a leak simulation test
using the leak simulation system described above in relation to FIGS. 1-7. In
particular, FIG. 8 illustrates exemplary average signal length (ASL) data associated
with each of eight AE sensors disposed circumferentially around the outer surface of
the outer ring of the leak simulator 106. AE sensors A through H shown in FIG. §,
for example, may correspond to AE sensors 114b shown in FIG. 6. The ASL data
shown in FIG. 8 has not been filtered or transformed from the time domain to the
frequency domain. As shown in FIG. 8, the AE sensors disposed closest to the leak
path 303 have higher ASL values than the AE sensors disposed further from the leak
path 303, and the range of ASL values received by the AE sensors is from 32 to 40.
[0050] FIG. 9 illustrates exemplary AE sensor data that has been transformed to the
frequency domain using modal analysis and is associated with each of four AE
sensors disposed circumferentially around the outer surface of the outer ring of the
leak simulator 106. AE sensors 1 through 4 shown in FIG. 9, for example, may
correspond to the AE sensors 114a shown in FIG. 6. Similar to the ASL data in FIG.
8, the AE sensors disposed closest to the leak path 303 have a higher modal ratio than
AE sensors disposed further from the leak path 303. The process(s) for validating the
ASL process may use off the shelf data acquisition and analysis packages. However,

modal analysis modeling may use more sophisticated data acquisition and analysis
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packages. The sample rates used to capture the data for the frequency domain
analysis are greater than 1 MHz and benefit from more sophistication. Furthermore,
to ensure that the AE sensors may be used for nuclear safety related applications (e.g.,
be “Q-rated”), all records associated with the project may be made available by the
system for audit by the nuclear issues procurement group (NUPIC) and the US NRC
vendor inspection branch. These records include the system parameters and the actual
leakage measurements, calibration records for the pressure transducers, the bubble
counters, and the flow meters (e.g., at the time of each test), records associating each
valve simulator, leakage insert, actual valves, and other equipment used for each test,
and the couplant used for coupling the AE sensors to the leak simulation system and
the techniques used by the technician for coupling.

[0051] In addition, the system may record the leak rate, the upstream and downstream
pressures, and the signal from each of the AE sensors taken from multiple locations
around the circumference of the leak simulator as time domain waveforms. Each
leakage insert (or controlled leak path) may be tested on water from 0 to 1500 psi.
Additional tests may be performed to document that the difference in pressure
between the upstream and the downstream sides of the leak simulator 100. These
pressures can also be used in the leak rate models instead of having to use the actual
pressures in each conduit. For example, 0 psi downstream and 250 psi upstream
creates substantially similar results as 750 psi downstream and 1000 psi upstream.
[0052] As shown in FIGS. 8 and 9, the steel structure through which the leak occurs
attenuates the AE signal. Thus, the sensors further from the leak source receive a
weaker signal than sensors closer to the leak source. Accordingly, the leak location
based on each AE sensor’s signal strength combined with the structure’s pressure
class/wall thickness (e.g., valve pressure class/wall thickness) may reduce variation in
the estimated leak rate results. This may lead to reduced error when measuring the
leak rate in the field.

[0053] Also, the acoustical sensor data associated with each of the various leakage
inserts may be used to verify that leak path geometry does not unduly influence the
acoustical sensor data. The acoustical sensor data may also be used to verify that the
exact distance between the sensor and the leak path (as opposed to the distance

between the sensor and the leakage insert) does not unduly influence the acoustical
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sensor data. If the acoustical sensor data is influenced by the leak path geometry or
the exact distance between the sensor and the leak path, these variations for a given
leak size at a given pressure and for a given structure thickness may be considered in
uncertainty calculations related to leakage quantification model(s) for these
parameters.

Exemplary Leak Detection Systems and Methods of Use

[0054] AE sensors and associated computing device(s) may be used to identify a leak
rate in the field by using leak rate models. The leak rate models may be created from
the data gathered from the leak simulation system described above in relation to
FIGS. 1-9. For example, in one implementation, a database includes look up tables in
which ratios of transformed high and low frequency components from acoustical
signals are associated with known flow rates through a type of structure. The ratios
and associated flow rates may also be associated with structures having a certain
radial thickness, that are a certain distance from the AE sensor(s), and that are used in
a system with a particular pressure, pressure differential, or pressure range.

[0055] In the field, acoustical signals from each AE sensor disposed adjacent a
structure are received and filtered into their respective high and low frequency
components. The high and low frequency components are transformed from the time
domain to the frequency domain using modal analysis, such as a Fourier transform. A
ratio of the transformed high and low frequency components is calculated. The look
up table associated with the type of structure is used to identify the flow rate
associated with the calculated ratio. In other implementations, an algorithm may be
used to identify the flow rate associated with the calculated ratio.

[0056] FIGS. 10 and 11 illustrate embodiments of a system and method, respectively,
for detecting a leak rate through an opening in a structure. In particular, as shown in
FIG. 10, the leak detection system 800 includes a valve 802, a conduit 804 through
which fluid or gas flows, at least one AE sensor 806 coupled to the conduit 804 a
certain distance from the valve 802, and a computing device 810 in communication
(e.g., wired or wireless) with the AE sensor 806.

[0057] FIG. 11 illustrates a method 900 for determining the leak rate through an
opening in a structure, such as the valve 802 shown in FIG. 10. Beginning at Step

902, at least one acoustical signal is received from at least one acoustical sensor, such
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as AE sensor 806 shown in FIG. 10, by a processor of an associated computing
device, such as computing device 810 shown in FIG. 10. In Step 904, a low and a
high frequency component of each acoustical signal are received by the processor.
Low and high frequencies, for example, may be around 60 kHz and 150 kHz
respectively. However, these frequencies may vary depending upon factors such as
pressure and leak size. This step may also include filtering of the acoustical signal by
the processor of the computing device.

[0058] In Step 906, a Fourier transform is conducted on the low and high frequency
components by the processor to convert each signal from the time domain to the
frequency domain. The modal analysis may also be done by another processor, and
the transformed components may be communicated to the processor of the computing
device. In Step 908, a ratio of the transformed low and high frequency components is
calculated. In Step 910, a leak rate associated with the calculated ratio is identified.
[0059] The step of identifying a leak rate associated with the calculated ratio may
include executing an algorithm that provides the leak rate. Step 910 may also include
retrieving the leak rate associated with the calculated ratio from a memory of the
computing device, such as a database stored on computing device 810 in FIG. 10 or
another computing device in communication with computing device 810. The leak
rate may be associated with the calculated ratio and at least one of the following
parameters: a pressure on the structure, a structure wall thickness, and an approximate
distance between the leak path and the AE sensor. For example, the calculated ratio,
valve wall thickness and pressure could be used to look up or calculate the leak size
based on the simulator data for those same parameters. Other parameters, such as the
leak path geometry and the exact distance between the leak path and the AE sensor
(as opposed to the distance between AE sensor and the structure), are accounted for in
uncertainty calculations associated with the leak rate. The uncertainty calculation
may be determined using the testing apparatus described above in relation to FIGS. 1-
6, for example.

[0060] According to various embodiments, the exemplary systems and methods
described herein may enable more accurate quantification of valve leakage. For
example, these systems and methods can be used to document the accuracy of the

ASL approach currently employed using prior art acoustic emissions sensors, which
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may improve the ability to establish accurate uncertainties based on industry
standards. In addition, the use of modal analysis may improve correlation accuracy
with leak rate through an opening beyond what is achievable with using ASL analysis
alone.

Exemplary Implementation of a Computer System

[0061] Referring now to FIG. 12, a schematic diagram of a central server 1500, or
similar network entity, configured to implement a computer system, according to one
implementation of the invention, is provided for executing various functions of the
leak simulation system or the leak detection system. As used herein, the designation
"central" merely serves to describe the common functionality the server provides for
multiple clients or other computing devices and does not require or infer any
centralized positioning of the server relative to other computing devices. As may be
understood from FIG. 12, the central server 1500 may include a processor 1510 that
communicates with other elements within the central server 1500 via a system
interface or bus 1545. Also included in the central server 1500 may be a display
device/input device 1520 for receiving and displaying data. This display device/input
device 1520 may be, for example, a keyboard or pointing device that is used in
combination with a monitor. The central server 1500 may further include memory
1505, which may include both read only memory (ROM) 1535 and random access
memory (RAM) 1530. The server's ROM 1535 may be used to store a basic
input/output system 1540 (BIOS), containing the basic routines that help to transfer
information across the one or more networks.

[0062] In addition, the central server 1500 may include at least one storage device
1515, such as a hard disk drive, a floppy disk drive, a CD Rom drive, or optical disk
drive, for storing information on various computer-readable media, such as a hard
disk, a removable magnetic disk, or a CD-ROM disk. As will be appreciated by one of
ordinary skill in the art, each of these storage devices 1515 may be connected to the
system bus 1545 by an appropriate interface. The storage devices 1515 and their
associated computer-readable media may provide nonvolatile storage for a central
server. It is important to note that the computer-readable media described above could

be replaced by any other type of computer-readable media known in the art. Such
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media include, for example, magnetic cassettes, flash memory cards and digital video
disks.

[0063] A number of program modules may be stored by the various storage devices
and within RAM 1530. Such program modules may include an operating system 1550
and a plurality of one or more (N) modules 1560. The modules 1560 may control
certain aspects of the operation of the central server 1500, with the assistance of the
processor 1510 and the operating system 1550. For example, the modules may
perform the functions described above and illustrated by the figures and other
materials disclosed herein, such as executing various functions of the leak simulation
system or the leak detection system.

[0064] The flowchart and block diagrams in the figures illustrate the architecture,
functionality, and operation of possible implementations of systems, methods and
computer program products according to various implementations of the present
invention. In this regard, each block in the flowchart or block diagrams may represent
a module, segment, or portion of code, which comprises one or more executable
instructions for implementing the specified logical function(s). It should also be
noted that, in some alternative implementations, the functions noted in the block may
occur out of the order noted in the figures. For example, two blocks shown in
succession may, in fact, be executed substantially concurrently, or the blocks may
sometimes be executed in the reverse order, depending upon the functionality
involved. It will also be noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block diagrams and/or flowchart
illustration, can be implemented by special purpose hardware-based systems that
perform the specified functions or acts, or combinations of special purpose hardware
and computer instructions.

[0065] The corresponding structures, materials, acts, and equivalents of all means or
step plus function elements in the claims below and the disclosure above are intended
to include any structure, material, or act for performing the function in combination
with other claimed elements as specifically claimed. The description of the various
implementations of the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaustive or limited to the

invention in the form disclosed. Many modifications and variations will be apparent
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to those of ordinary skill in the art without departing from the scope and spirit of the
invention. The implementation was chosen and described in order to best explain the
principles of the invention and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various implementations with
various modifications as are suited to the particular use contemplated.

[0066] Any combination of one or more computer readable medium(s) may be used
to implement the systems and methods described hereinabove. The computer
readable medium may be a computer readable signal medium or a computer readable
storage medium. A computer readable storage medium may be, for example, but not
limited to, an electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, or device, or any suitable combination of the
foregoing. More specific examples (a non-exhaustive list) of the computer readable
storage medium would include the following: an electrical connection having one or
more wires, a portable computer diskette, a hard disk, a random access memory
(RAM), a read-only memory (ROM), an erasable programmable read-only memory
(EPROM or Flash memory), an optical fiber, a portable compact disc read-only
memory (CD-ROM), an optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this document, a computer
readable storage medium may be any tangible medium that can contain, or store a
program for use by or in connection with an instruction execution system, apparatus,
or device.

[0067] A computer readable signal medium may include a propagated data signal
with computer readable program code embodied therein, for example, in baseband or
as part of a carrier wave. Such a propagated signal may take any of a variety of
forms, including, but not limited to, electro-magnetic, optical, or any suitable
combination thercof. A computer readable signal medium may be any computer
readable medium that is not a computer readable storage medium and that can
communicate, propagate, or transport a program for use by or in connection with an
instruction execution system, apparatus, or device.

[0068] Program code embodied on a computer readable medium may be transmitted
using any appropriate medium, including but not limited to wireless, wireline, optical

fiber cable, RF, etc., or any suitable combination of the foregoing.
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[0069] Computer program code for carrying out operations for aspects of the present
invention may be written in any combination of one or more programming languages,
including an object oriented programming language such as Java, Smalltalk, C++ or
the like and conventional procedural programming languages, such as the "C"
programming language or similar programming languages. The program code may
execute entirely on the user's computer, partly on the user's computer, as a stand-alone
software package, partly on the user's computer and partly on a remote computer or
entirely on the remote computer or server. In the latter scenario, the remote computer
may be connected to the user's computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the Internet using an Internet
Service Provider).

[0070] Aspects of the present invention are described below with reference to
flowchart illustrations and/or block diagrams of methods, apparatus (systems) and
computer program products according to implentations of the invention. It will be
understood that each block of the flowchart illustrations and/or block diagrams, and
combinations of blocks in the flowchart illustrations and/or block diagrams, can be
implemented by computer program instructions. These computer program
instructions may be provided to a processor of a general purpose computer, special
purpose computer, or other programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the processor of the computer
or other programmable data processing apparatus, create means for implementing the
functions/acts specified in the flowchart and/or block diagram block or blocks.
[0071] These computer program instructions may also be stored in a computer
readable medium that can direct a computer, other programmable data processing
apparatus, or other devices to function in a particular manner, such that the
instructions stored in the computer readable medium produce an article of
manufacture including instructions which implement the function/act specified in the
flowchart and/or block diagram block or blocks.

[0072] The computer program instructions may also be loaded onto a computer,
other programmable data processing apparatus, or other devices to cause a series of

operational steps to be performed on the computer, other programmable apparatus or
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other devices to produce a computer implemented process such that the instructions
which execute on the computer or other programmable apparatus provide processes

for implementing the functions/acts specified in the flowchart and/or block diagram

block or blocks.
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CLAIMS

1. A method of determining the leak rate of a fluid or gas through at least one opening
in a structure comprising the steps of:

receiving at least one acoustical signal from at least one acoustical sensor
positioned a known distance from a structure, the acoustical signal being associated
with a leak through the at least one opening in the structure;

receiving a low frequency component and a high frequency component of the
acoustical signal;

calculating a ratio of the low frequency component to the high frequency
component; and

identifying a leak rate associated with the calculated ratio.

2. The method of Claim 1, wherein the step of identifying the leak rate associated

with the calculated ratio comprises executing an algorithm that provides the leak rate.

3. The method of Claim 1, wherein the step of identifying the leak rate associated
with the calculated ratio comprises retrieving the leak rate associated with the
calculated ratio from a memory of a computing device, the memory configured to

store a plurality of ratios and corresponding leak rates.

4. The method of Claim 1, wherein the leak rate is associated with the calculated ratio
and at least one of the following: a pressure on the structure, a leak path geometry, a
structure wall thickness, or a distance to a leak path from the at least one acoustical

S€Nsor.

5. The method of Claim 1, further comprising the step of conducting a Fourier
transform of the low frequency component and the high frequency component,
wherein calculating the ratio comprises calculating the ratio of the Fourier
transformed low frequency component and the Fourier transformed high frequency

component.
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6. The method of Claim 1, further comprising determining an average signal level for

cach of the high frequency component and the low frequency component.

7. The method of Claim 1, further comprising filtering the acoustical signal into the

low frequency component and the high frequency component.

8. The method of Claim 1, wherein receiving the low frequency component and the
high frequency component comprises determining the low frequency component and

the high frequency component of the acoustical signal.
9. The method of Claim 1, wherein the structure is a valve.
10. The method of Claim 1, wherein the structure is a coupling.

11. The method of Claims 9 or 10, wherein the opening is a crack in the structure or a

physical degradation of the valve sealing surface.

12. An acoustical sensor and computer system comprising:
at least one acoustical sensor, the acoustical sensor configured for being
disposed adjacent a structure; and
a computing device comprising a processor in communication with the at least
one acoustical sensor and a memory, the processor configured for:
receiving at least one acoustical signal from the at least one acoustical
sensor, the acoustical signal comprising a low frequency component and a high
frequency component,
calculating a ratio of the low frequency component and the high
frequency component, and

identifying a leak rate associated with the calculated ratio.

13. The acoustical sensor and computer system of Claim 12, wherein the processor is
further configured for filtering the acoustical signal to determine the low frequency

component and the high frequency component.

14. The acoustical sensor and computer system of Claim 12, wherein the processor is
further configured for determining the low frequency component and the high

frequency component from the received at least one acoustical signal.
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15. The acoustical sensor and computer system of Claim 12, wherein the processor is
further configured for applying a Fourier transform to the low frequency component

and the high frequency component.

16. The acoustical sensor and computer system of Claim 15, wherein calculating the
ratio comprises calculating the ratio of the transformed low frequency component and

the transformed high frequency component.

17. The acoustical sensor and computer system of Claim 12, wherein identifying the
leak rate associated with the calculated ratio comprises executing an algorithm that

provides the leak rate.

18. The acoustical sensor and computer system of Claim 12, wherein identifying the
leak rate associated with the calculated ratio comprises retrieving the leak rate
associated with the calculated ratio from the memory, wherein the memory is

configured to store a plurality of ratios and corresponding leak rates.

19. The acoustical sensor and computer system of Claim 12, wherein the leak rate is
associated with the calculated ratio and at least one of the following: a pressure on the
structure, a leak path geometry, a structure wall thickness, or a distance to at least one

leak path from the at least one acoustical sensor.

20. The acoustical sensor and computer system of Claim 19, wherein the at least one

leak path is a crack in the structure.

21. The acoustical sensor and computer system of Claim 12, wherein the processor is
further configured for determining an average signal level for each of the high

frequency component and the low frequency component.

22. The acoustical sensor and computer system of Claim 12, wherein the structure is

a valve.

23. The acoustical sensor and computer system of Claim 12, wherein the structure is

a coupling.
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24. A method of correlating an acoustical signal with a leak rate of a fluid or gas
through at least one opening in a structure, the steps comprising:

receiving at least one acoustical signal from at least one acoustical sensor
positioned a known distance from a structure;

receiving a low frequency component and a high frequency component of the
acoustical signal;

calculating a ratio of the low frequency component to the high frequency
component;

associating the ratio with a known leak rate through the structure; and

storing the associated ratio and the known leak rate in a memory of a

computing device.

25. The method of Claim 24, wherein the structure is a valve.

26. The method of Claim 24, wherein the structure is a leak simulator.
27. The method of Claim 24, wherein the structure is a coupling.

28. The method of Claim 24, further comprising the step of associating the ratio and

the known leak rate with a type of structure.

29. The method of Claim 28, wherein the type of structure comprises at least one of

an associated leak geometry and an associated structure wall thickness.

30. The method of Claim 24, 28, or 29, further comprising the step of associating the

ratio and the known leak rate with a pressure on the structure.

31. The method of Claim 24, 28, or 29, further comprising the step of associating the
ratio and the known leak rate with a distance to the opening from the at least one

acoustical sensor.

32. The method of Claim 31, wherein:
the at least one opening comprises a first opening and a second opening,
the distance from the acoustical sensor comprises a first distance to the first

opening and a second distance to the second opening, and
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the ratio and the known leak rate are associated with the first and second

distances.

33. The method of Claim 24, wherein:

receiving the acoustical signal comprises receiving a first acoustical signal
from a first acoustical sensor and a second acoustical signal from a second acoustical
sensor, the first acoustical sensor being disposed a first distance from the opening, and
the second acoustical sensor being disposed a second distance from the opening,
wherein the first and second distances are different,

receiving the low frequency component and the high frequency component of
the acoustical signal comprises receiving a first low frequency component and a first
high frequency component of the first acoustical signal and a second low frequency
component and a second high frequency component of the second acoustical signal,

calculating the ratio of the low frequency component to the high frequency
component comprises calculating a first ratio of the first low frequency component to
the first high frequency component and calculating a second ratio of the second low
frequency component to the second high frequency component;

associating the ratio with the known leak rate comprises associating the first
ratio with the known leak rate and the first distance and associating the second ratio
with the known leak rate and the second distance; and

storing the associated ratio and the known leak rate in the memory of the
computing device comprises storing the associated first ratio with the known leak rate
and the first distance and storing the associated second ratio with the known leak rate

and the second distance.

34. The method of Claim 33, wherein:

the at least one opening comprises a first opening and a second opening,

the first distance from the first acoustical sensor comprises a third distance to
the first opening and a fourth distance to the second opening, and the second distance
from the second acoustical sensor comprises a fifth distance to the first opening and a

sixth distance to the second opening, and
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the first ratio is associated with the known leak rate and the third and fourth
distances, and the second ratio is associated with the known leak rate and the fifth and

sixth distances.

35. The method of Claim 24, further comprising conducting a Fourier transform of
the low frequency component and the high frequency component, wherein calculating
the ratio of the low frequency component to the high frequency component comprises
calculating the ratio of the transformed low frequency component to the transformed

high frequency component.

36. The method of Claim 35, further comprising the step of determining an average
signal level for each of the high frequency component and the low frequency

component.

37. The method of Claim 24, further comprising filtering the at least one acoustical

signal to determine the low frequency component and the high frequency component.

38. A testing apparatus comprising:

a leak simulator disposed between a high pressure conduit and a low pressure
conduit, the leak simulator comprising at least one leakage insert that defines at least
one leak path, the at least one leak path being in communication with the high
pressure conduit and the low pressure conduit; and

a processor in communication with at least one acoustical sensor, the
processor configured for:

receiving at least one acoustical signal from the at least one acoustical
sensor, the at least one acoustical signal comprising a low frequency component and a
high frequency component,

calculating a ratio of the low frequency component and the high
frequency component,

associating the calculated ratio with the leak rate through the leak path,
and

storing the ratio and the leak rate in a memory of a computing device.
39. The testing apparatus of Claim 38, wherein the processor is further configured for

applying a Fourier transform to the low frequency component and the high frequency
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component, and calculating the ratio of the low frequency component and the high
frequency component comprises calculating the ratio of the transformed low

frequency component and the transformed high frequency component.

40. The testing apparatus of Claim 38, wherein the at least one acoustical sensor is
disposed adjacent an outer surface of the leakage insert and a known distance from the

leak path.

41. The testing apparatus of Claim 38, wherein the leak simulator comprises at least
two leakage inserts, the at least two leakage inserts defining the leak path through the

leak simulator.

42. The testing apparatus of Claim 41, wherein the leak simulator further comprises

at least one spool between the two leakage inserts to simulate a double seated valve.

43. The testing apparatus of Claim 38, wherein the processor is further configured for
associating the calculated ratio and the leak rate with at least one of the pressure on
the leak simulator, a leak path geometry associated with the leak path, the thickness of

the leakage insert, or the distance between the acoustical sensor and the leak path.

44. The testing apparatus of Claim 38, further comprising a first acoustical sensor
mounted a first distance from the leak path and a second acoustical sensor mounted a
second distance from the leak path, the first distance and the second distance being

different.

45. The testing apparatus of Claim 38, further comprising a first pressure transducer
and a second pressure transducer, the first pressure transducer configured for
receiving a first pressure signal from a fluid or gas leak through the high pressure
conduit and the second pressure transducer configured for receiving a second pressure

signal from a fluid or gas leak through the low pressure conduit.
46. The testing apparatus of Claim 38, further comprising a bubble counter.

47. The testing apparatus of Claim 38, further comprising at least one calibrated flow

meter configured for recording leakage through the leak path.
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48. The testing apparatus of Claim 38, wherein the low pressure conduit is mounted

on at least one wheel.

49. The testing apparatus of Claim 38, wherein the processor is further configured for

determining an average signal level from the acoustical signal.

28



PCT/US2013/077527

WO 2014/105839

10
—~® GVERFLOW

{1

5D




WO 2014/105839

PCT/US2013/077527

(4]

S

QVERFLOW







000000000000




WO 2014/105839 PCT/US2013/077527




PCT/US2013/077527

WO 2014/105839

mwmmﬁ%;
SHA0W 3 STOIIYA " cTI00%
SWHENO9YY 404 STHO0W | a0
80/~ I JLYOTVA S
mmmé\ I
0T
TR et Do
SOLVE 1VIDW) BT | | ENNVHDLOOW "
\.Q /\/\q{é o
1174 i f
Tl (s [ oniouoo [ IVNOIS ONINDIEI MOT
SOLIVY m,ﬁa,ms\ WHLIGOSY | | worsyamon | | nivwoe
TN ™ oo -] mn - Ju |l
10 ~ gor  TYNOISAONINDIN HOM | WA B MO
907 £6/ N
< °o <
L]

g
—
—_—

[sat]
e
e




WO 2014/105839

PCT/US2013/077527

SENSOR st
A 36
B 34
( 32
b 34
E 36
F 38
G 40
H 38
/
./
HG.
SENSOR | HE/LF | MODAL
RATIO
i 46/40 1.15
2 4/39 112
3 3%/37 1.05
4 41/38 110
<




WO 2014/105839 PCT/US2013/077527

GO0
0G0
fo e el
[s e s]

METHOD OF DETERMINING LEAK 500
RATE THROUGH OPENING IN A STRUCTURE

¥

RECEIVEING AT LEAST ONE ACOUSTICAL STGNAL | 5702
FROM AT LEAST ONE ACOUSTICAL SENSOR

£

RECEIVING A LOW FREQUENCY COMPONENT ARD A B %04
HIGH FREQUENCY COMPONENT OF EACH ACOUSTICAL SIGRAL

|

(ONDUCTING A FOURIER TRANSFORM ON THE 90
LOW AND HIGH FREQUENCY COMPONENTS OF FACH |0
ACOUSTICAL SIGHAL

%

CALCULATING A RATIO OF THE TRANSFORMED J?@&
LOW AND HIGH FREQUENCY (OMPONENTS

IDENTIFY A LEAK RATE ASSOCIATED WITH THE j??ﬁ
CALCULATED RATIO

FIG. 11



WO 2014/105839 PCT/US2013/077527

9/9
NETWORK ENTITY 1500
STORAGE DEVICE 151
MEWORY 7505 ==
L2k GPERATING SYSTEM
TR
GPERATING SYTER MODULE ]
1550
WODULET 1549 KODULE N
MODULE ? PROCESSOR
1510 1545
HODULE 3 |
§ §
RODULEN
ROM 1535 DISPLAY NETWORK
- DEVICE/ INTERFACE
1540 NPT
1520 1525

_________________________________________________________________




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2013/077527

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - GOTM 3/24 (2014.01)
USPC - 73/40.5A

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

B.  FIELDS SEARCHED

IPC(8) - GO1M 3/02, 04, 24 (2014.01)
USPC - 73/40, 40.5A, 40.5R

Minimum documentation searched (classification system followed by classification symbols)

CPC - GO1M 3/02, 04, 24, 243 (2014.02)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

-

PatBase, Google Patents, Google

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
14, 6-14, 17-25, 27,

X N o 30-34, 37

- US 5,557,969 A (JORDAN) 24 September 1996 (24.09.1996) entire document -

Y - 5, 15, 16, 26, 28, 29, 35,
36, 38-49

Y US 5,533,383 A (GREENE et al) 09 July 1996 (09.07.1996) entire document 5, 15, 16, 35, 36, 39

Y US 5,587,534 A (MCCOLSKEY et al) 24 December 1996 (24.12.1996) entire document 28,29

Y |US 5,134,876 A (ROBERTSON et al) 04 August 1992 (04.08.1992) entire document 26, 38-49

Y 'US 3,300,345 A (LYONS, JR) 24 January 1967 (24.01.1967) entire document 46

Y US 5,648,603 A (HANSON) 15 July 1997 (15.07.1997) entire document 47

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

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance :

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the apﬂllcanon but cited to understand

the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

oy

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

wy”

“&” document member of the same patent family

Date of the actual completion of the international search

09 April 2014

Date of mailing of the international search report

2 9 APR 2014

Name and mailing address of the ISA/US

| Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Biblio page:1
	Description page:2
	Claims page:22
	Drawings page:30
	ISR page:39

