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SYSTEMS AND METHODS FOR NON-INVASIVE DETERMINATION OF

PROPERTIES OF PRESSURE VESSELS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to US Provisional Application No. 83/023017, filed

May 11, 2020, the entirety of which is incorporated herein by reference.

FIELD

[0602] The specification relates generally {0 pressure vessel technologies, and more
particularly o systems and methods for non-invasive determination of properties of

pressure vessels.

BACKGROUND

[0003] Cver the life of a pressure vessel, such as a pipe, it may be desirable to determine
properties, such as wali thickness, to monitor the integrity of the pressure vessel prior {0
incidences of leakage or bursting. Present methods determining such properties may
affect the integrity of the pressure vessel in order to perform the tests, or are invasive and
require access {o the interior of the pressure vessel, possibly even requiring that the
pressure vessel be taken out of commission for the test. This may be inconvenient or
dangerous, for example when the temperature or chemical composition of the fluid in the
pressure vessel is hazardous to human health, the environment, the surrounding

infrastructure, or other nearby equipment.
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SUMMARY

[0004] According to an aspect of the present specification, a system for non-invasive
determination of target properties of a pressure vessel is provided. The system includes:
a signal generator acoustically coupled to a fluid contained in the pressure vessel and
disposed externally io the pressure vessel, the signal generator to emit acoustic signals
into the pressure vessel a plurality of sensors acoustically coupled o the fluid and
disposed externally to the pressure vessel to detect the acoustic signals; a control device
interconnected with the signal generator and the plurglity of sensors, the computing
device configured to: control the signal generator o emit acoustic signals into the
pressure vessel obtain sensor data from the plurality of sensors, the sensor data
representing the acoustic signals as received by the plurality of sensors; compute, based
on the detected signal data, the target properties of the pressure vessel, and oulput an
indication of the target propertigs.

[8805] According to another aspect of the present specification, a non-invasive method
for determining target properties of a pressure vessel is provided. The method includes:
controlling a signal generator to emit acoustic signals into a fluid contained in the pressure
vessel from externally {o the pressure vessel, oblaining sensor data representing the
acoustic signals as transmitied through the pressure vessel, the sensor data oblained
externaily o the pressure vessel, computing, based on the sensor data, the target

properties of the pressure vesseal, and outputting an indication of the target properties.

BRIEF DESCRIPTION OF DRAWINGS



WO 2021/229393 PCT/1B2021/053916

[0806] Implementations are described with reference {o the following figures, in which:
[COOTIFIG. 1 depicts a block diagram of an example system for non-invasive
determination of properties of pressure vessels,

[OOOB]FIG. 2 depicts certain internal components of & control device in the system of FIG.
1

[0008IFIG. 3 depicts a method for non-invasive determination of properties of pressure
vessels in the system of FIG. 1;

[0010]FIGS. 4A and 4B depict exampie plots of acoustic signals emitted and received at
blocks 310 and 315 of the method of FIG. 3;

[BO11]FIGS. 5A and 5B depict a schematic diagram of an exampie method of detecting
a fault at block 325 of the method of FIG. 3; and

[BO12]FIGS. BA, 6B, and 6C depict example plots of amplitudes of coefficients, a time

sequence of an acoustic signal, and an associated source strength, respectively.

DETAILED DESCRIPTION

[0813] Pressure vessels nead to be monitored and evaluated over their lifetime. This may
include the calculation of the average values of several physical attributes of the inner
carrier/shell of a pressure vessel filled with fluid, which for reasons of temperature or
chemical composition may be hazardous 1o human health, the environment, the
surrounding infrastructure, or other nearby equipment.

[6014] Current methods may be invasive and may require introduction of instruments into
the interior of the pressure vessel, potentially allowing harmful contents to escape the

pressure vessel, or imparting potentially harmful pressure transients or strains 1o the
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vessel or fluid therein. Such methods may also require the evacuation of fluid prior to
testing. Current non-invasive methods lack the granular resolution required for effective
repair and many systems are not compatible with vessels whose wall construction
consists of multiple layers.

[0818]According the present specification, a system is provided for non-invasive
determination of properties of a pressure vessel. The system employs a signal generator
to introduce controlled acoustic signals. The sysiem selects, calibrates and tunes the
signals emitied in real-time based on sensor data received at sensors downstream from
the signal generator. Properties of the pressure vessel, such as wall thickness and fault
locations, may be determined based on the acoustic signals emilted by the signal
generator and the corresponding signals received at the downstream sensors. Further,
the determination of the properiies may be verified based on two or more paralle]
computations which are subsequently compared. The present system provides accurate
fault detection and is non-invasive as the components are located at an external surface
of the pressure vessel. The pressure vessels may thus continue to be utilized during
testing.

[G018]FIG. 1 depicts an example system 100 for non-invasive determination of target
properties of a pressure vesseal 101, The system 100 includes a control device 104. The
system 100 further includes a signal generator 108 and a plurality of sensors 112-1, 112-
2 (referred to herein collectively as sensors 112 and genericaily as a sensor 112)
interconnected with the control device 104 via communication links 116.

[0817] The system 100 is deployed to determine properties of the pressure vesse! 101,

For example, the pressure vessel 101 may be a pipe defined by a wall 102 enclosing a
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fivid. The system 100 may determine properties of the wall 102, such as a thickness of
the wall at various poinis along the wall, locations of any cracks or faults of the wall 102,
and the like. More particularly, the system 100 is configured o determine properties of
the pressure vessel 101 using non-invasive methods. Accordingly, the signal generator
108 and the sensors 112 may be deployed at an external surface 103 of the wall 102 io
generate and detect signals for the property determination operations, as will be
described further below. The system 100 may thus be employed on in-use pressure
vessels without destroying or otherwise affecting the integrity of the pressure vessel.
[0618] The control device 104 is generally configured to control the system 100 and
execute the property determination operations. The compuiing device may be a special
purpose computing device for the control and property determination operations. in other
gxamples, the control device 104 may be a computing device such as a deskiop
computer, alaptop computer, a server, a Kiosk, or other suitable device configured for the
control and property determination operations. In further examples, the control device 104
may be a mobile computing device, such as a tablet, smart phone, or the like configured
for the control and property determination operations.

[6019] The control device 104 may be in communication with other computing devices
(not shown), such as servers, deskiop computers, laptop computers, mobile devices, or
other suitable devices. In particular, the communication links to the other computing
devices may be wired or wireless, or a combination of wired and wireless including direct
links, or links that traverse one or more networks. For example, the communication links
may utilize networks including any one of, or any combination of, a local area network

(LAN) defined by one or more routers, switches, wireless access points or the like, any
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suitable wide area networks (WAN) including cellular networks and the internst, and the
like.

[0020] The signal generator 108 is acoustically coupled to a fluid contained within the
pressure vessel 101. The signal generator 108 is disposed exiernally to the pressure
vessel 101, such as at the external surface 103 of the wall 102, In other examples, the
signal generator 108 may be disposed at cther external lccations, such as attached to
fittings of the vessel, at flanges or vaives, for example. Accordingly, the signal generator
108 may include one or more additional acoustically fransparent membranes configured
to act as physical barriers between any fluid in the valve or flange and the sound source
in the signal generator 108 to prevent emission of harmful materials from within the
pressure vessel 101. The signal generator 108 is configured to emit acoustic signals into
the pressure vessel 101, and more particularly into the fluid contained in the pressure
vessel 101, That is, the signal generator 108 may include a sound source, such as a
hydrophone, a sonar transducer, an electro-dynamic shaker, a modal hammer, or the like.
Further, the signal generator 108 is coniroliable (i.e., by the conirol device 104) to emit
acoustic signals at different frequencies.

[6021] The sensors 112 are also acoustically coupled to the fluid and disposed externally
to the pressure vessel 101 to detect acoustic signals. For exampie, the sensors 112 may
include accelerometers, temperature sensors, pressure sensors, displacement sensors,
combinations of the above, and the like. The sensors 112 may be disposed, for example,
at the externai surface 103. In other examples, the sensors 112 may be hydrophones or
the like located at valves or other designated openings of the pressure vessel 101

Specifically, the sensors 112 are configured to detect the acoustic signals emitted by the
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signal generator 108, as transmitted and reflected through the pressure vessel 101, In
the present example, the system 100 includes two sensors 112; in other examples, the
system 100 may include more than two sensors 112.

[0822]In some examples, at least one of the sensors 112 may be integrated with the
signal generator 108 as a reference sensor to allow the system 100 to verify that the
signal cutput at the signal generator 108 is as desired. That is, the integrated reference
sensor is configured {o detect the acoustic signal as emitied by the signal generator.
[0623] The signal generator 108 and the sensors 112 are in communication with the
control device 104 via communication links 116, The communication links 116 may be
wired or wireless, or a combination of wired and wireless, including direct links. For
gxample, the communication links 118 may include universal serial bus (USB) wired
connections, wireless communications, such as Bluetooth, other suitable short-range
wireless communications protocols, or Wi-Fi, or the like. Accordingly, the signal generator
108 and the sensors 112 inciude suitable hardware (e.¢., transmitiers, receivers, and the
like) to allow the signal generator and the sensors 112 {0 communicate with the control
device 104, The specific components are selected based on the type of communications
links 116 that the signal generator 108 and the sensors 112 communicate over.
[0824]In  some examples, the system may further include an  integral
thermodilatohydrometer 120 configured o determine dissolved gas parameters of the
fivid contained within the pressure vessel 101. The thermodilatohydrometer 120 may be
for non-homogeaneous agqueous mixtures or other fluids. In the present example, the
thermodilatohydrometer is incorporated with the signal generator 108. In other examples,

the thermodilatohydrometer maybe incorporated with one of the sensors 1120 in
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particular, the dissolved gas parameters obtained from the thermodilatohydrometer 120
may be used by the control device 104 to correct for the presence of dissclved gases and
bubbles in the fluid contained in the pressure vessel 101.

[0828]1Each of the signal generator 108 and the sensors 112 may further include
temperature conirol components coupled thereto to maintain suitable respective
cperating temperatures for the signal generator 108 and the sensors 112. This may be
particularly applicable when, for example, the pressure vessel 101 contains a high
temperature fluid. For example, the temperature control components may include a
cooling system including a coolant reservoir, a recirculating pump, tubing connected to
the sensorfsignal generator casing, and a microcontroller. The microcontroller may
monitor the temperature via a temperature sensor, and controi the pump to circulate the
coolant when the temperature is above a first threshold temperature. Further, if the
temperature continues {o rise above a second threshold temperaiure, the microcontrolier
may be configured to alert an operator (e.g., via a notification to a mobile device or similar)
and shut down the sensor 112 or signal generator 108. In other examples, the
temperature control components may include a healing system, fans, radiators,
gvaporative cooling systems, vapor chambers, thermoeelectric Peltier chips, and the like.
Further, in other exampiles, the temperature conirol componenis may alert an operator
and shut down the sensor 112 or signal generator 108 in the event the femperature drops
beiow a threshold temperature. in particular, by shulting down the signal generator 108
or the sensor 112, the internal components and functioning of the device may be

preserved if the environment gets too hot or too cold.
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[0026] Referring fo FIG. 2, the control device 104, including certain internal components,
is shown in greater detail. The device 104 includes a processor 200, such as a central
processing unit (CPU), a microconiroller, a processing core, or similar. The processor 200
may include multiple cooperating processors. In some examples, the functionality
implemented by the processor 200 may be implemented by one or more specially
designed hardware and firmware components, such as a field-programmable gate array
(FPGA), an application-specific integrated circuit (ASIC) and the like. In some examples,
the processor 200 may be a special purpose processor which may be implemented via
dedicated logic cireuitry of an ASIC, an FPGA, or the like in order to enhance the
processing speed of the property determination operation discussed herein.

(0827 The processor 200 is interconnected with a non-transitory computer-readable
storage medium, such as a memory 204, The memory 204 may include a combination of
volatile memory (e.g., random access memory or RAM) and non-volatile memory (e.q.,
read only memory or ROM, electrically erasable programmable read only memory or
EEPROM, flash memory). The processor 200 and the memory 204 may comprise one or
more integrated circuits. Some or all of the memory 204 may be integrated with the
processor 200. The memory 204 stores computer-readable instructions for execution by
the processor 200. In particular, the memory 204 stores a conirol application 208 which,
when executed by the processor 200, configures the processor 200 {o perform variocus
functions discussed below in greater delail and reiated to the property determination
operation of the system 100. The application 208 may also be implemented as a suite of

distinct applications.
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[0828] The memory 204 may also store a repository 212 containing, for example, rules
for use in the property determination operation (e.g., related o the acoustic signals to be
emitted, for verifying consistency of computations, or the like), predefined parameters
(e.q., parameters of the pressure vessel 101, the fluid contained therein, including
manufacturing specifications, and the like), as well as previously computed target
properties. In other examples, the memory 204 and/or the repository 212 may also store
other rules and data pertaining to the property determination operation of the system 100,
[0629] The device 104 also includes a communications interface 2186 interconnected with
the processor 200. The communications interface 216 includes suitable hardware (e.g.,
transmitters, receivers, network interface controllers and the like) allowing the control
device 104 to communicate with other computing devices, and with the signal generator
108 and the sensors 112, The specific components of the communications interface 216
are selected based on the type of network or other links, including the communication
links 118 that the control device 104 is to communicate over.

(08301 In some examples, the device 104 may also inciude one or more input and/or
output devices {not shown), interconnected with the processor 200, The input devices
can inciude one or more butions, keypads, touch-sensitive display screens or the like for
receiving input from an operator, for exampile, {0 initiate the property determination
operation. The oufput devices can include one or more display screens, sound
generators, vibrators or the like for providing output or feedback o an operator, for
example (o cutput the determinad {arget properties of the pressure vessel 101,

[0631] The operation of the system 100, as implemented via execution of the application

208 by the processor 200 will now be described in greater detail, with reference to FIG.

10
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3. FIG. 3 illustrates a method 300 of determining properties of a pressure vessel, which
will be described in conjunction with its performance in the system 100, and in particular
by the device 104, with reference 1o the components illustrated in FIGS. 1 and 2. In other
examples, the mathod 300 may be performed by other suitable computing devices or in
other suitable systems.

[0632] The method 300 begins at block 305, for example, in response to an initiation
signal, such as an input at an input device of the device 104. For example, an operator
may activate a bution to initiate the method 300. In other examples, the method 300 may
be initiated automatically at predetermined intervals {e.g., on a schedule every 2 hours,
gvery 6 hours, once per day, once per week, or other suitable infervals). At block 305, the
device 104 is configured {o calibrate the system 100. For example, the device 104 may
ohtain predefined parameters of the pressure vessel 101 and a fluid contained therein,
as well as the defined spatial arrangement of the signal generator 108 and the sensors
142. Further, the device 104 may calibrate the readings from the sensors 112. For
gxample, the device 104 may obtain sensor data from the sensors 112 in the absence of
any induced signal by the signal generator to oblain a baseline of background noise
detected by the sensors 112.

[0833] Further, the device 104 may be configured {o calibrate the gain of the sensors 112
Specifically, the device 104 may calibrate the signal generator 108 and the sensors 112
based on test signals emitied by the signal generator 108 and test signal dala obtained
from the sensors 112, For example, the device 104 may compute initial speciral puise
parameters based on predefined parameters of the pressure vessel 101 and the fluid

contained therein. The predefined parameters may include expected approximate

11
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thicknesses of the wall 102 of the pressure vessel 101, the ideal speed of sound in the
fiuid, and other relevant parameters which may affect signal propagation in the pressure
veasel. The initial speciral puise parameters may thus define a frequency, duration and
amplitude of the test signals according to the predefined parameters and a desired gain
at the sensors 112. The computation of the initial speciral pulse parameters may reduce
the number of iterations required tc obtain sufficient signal gain at the sensors 112.
[6G34] The conirol device 104 may then control the signal generator 108 to emit test
signals according to the initial spectral pulse parameters and obtain test signal data from
the sensors 112. The device 104 may be configured to adjust the test signals to obtain
sufficiently clear sensor data at each of the sensors 112 in order to obtain meaningful
data. Thus, the control device 104 may adjust the strength of the test signais emitted by
the signal generator based on the test signal data and according to a target received
signal strength. For example, the device 104 may determine whether an average
amplitude of {est signal data exceeds a threshold amplitude, representing the target
received signal strength. Further, the device 104 may define the amplitude of the test
signal data based on the baseling data detected by the sensors 112, if the determination
is negative, the device 104 may control the signal generator 108 {o iteratively emitf test
signals {e.g., with increased amplitudes) to calibrate the system 100,

[08358]In some examples, af block 305, the control device 104 may additionally compare
the signal as delected at an integrated reference sensor of the signal generator 108 o
the input signal o verify that the oulput signal generally matches a desired oulput. The

control device 104 may adjust the signal cutput by the signal generator 108 based on the

12
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comparison to ensure that the signal cutput by the signal generator 108 has the desired
amplitude and other properties.

fO038] Al block 310, the device 104 controls the signal generator 108 to emit acoustic
signals into the pressure vessel 101, In particular, the control device 104 may select a
particular frequency and duration at which the signal generator 108 is to emit the acoustic
signals. The frequency and duration of the acoustic signals may be selecied according to
a predefined program (e.g., stored in the memory 204) or may be dynamically selected
based on the calibration results and previously emitied and detected acoustic signals. For
example, the frequency and duration may be selected based on one or more of. the
material of the pressure vessel 101, the diameter of the pressure vessel 101, the type of
fivid contained in the pressure vessel 101, the fluid temperature, the fluid pressure, and
support structures of the pressure vessel 101. For example, the device 104 may control
the frequency, duration, and power of the emitted acoustic signals {o optimize the signals
received at the sensors 112. The acoustic signals may be emitied at freguencies in the
range of 1 10 20,000 Hz. In some examples , the acoustic signals may be emitted at higher
frequencies.

[6037] The emitted acoustic signals may be emitted, for example, in pulses, tones, other
shapes, and at different frequencies. The acoustic signals may be, for exampls,
consecutive or alternating non-impulsive specira and shaped pulses, More generally, the
acoustic signals emitled are deterministic and repetitive {o allow for consistency in
determining the target properties based on the detected signals.

[0638]In particular, the acoustic signals may be emitted in pulses and at frequencies

optimized for detection and recognition at the sensors 112, Preferably, the acoustic

13
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signals emitted by the signal generator 108 are pericdic, with a period greater than the
expected transit time between two sensors 112 located at a predetermined distance along
the pressure vessel 101. Furthermore, the acoustic signals emitted by the signal
generator 108 may include an identifiable start, such as a sudden and significant change
in amplitude (e.g., measured by at least a threshold amplitude change).

[0638] Further, the periodic acoustic signal may preferably include at least two timescales:
a period with a duration 2T and a signal window with g duration 2¢, where T is greater
than 7. In such examples, the signal at time ¢, represented by s(¢) may be defined as

follows:

s{ty=f(Oiwhen—1 <t <7t
s(ty=0whent <t <T

[0640] Thus, the periodic acoustic signal may include time when no signal is sent in order
to clearly differentiate one pulse from the next. The function f(t) may define the acoustic
signal, beginning for example with a sudden and significant change in amplitude.

[0041] Such a signal may be described, in some examples, in terms of a Fourier series,
namely a collection of tones with appropriate amplitudes and phases that, when added
together, are indistinguishable from the desired signal. For example, the Fourier series
may be defined by Equation (1)

g = nrwt _ ant N
s{t) = ==+ Z (yy COS =+ b, sin—— (1)
2 1 1
=1
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[0042] In Equation (1), s(t) represents the signal, an and b represent nth coefficients in

the Fourier series, defined as follows by equations (2) and (3):

i nwt .
ay, :EF[ (o) ccwsTdE ()
-

by = 1f f{(t)si it At (3)
on = _zj sin {(3)

[8843] The constant -‘-;-‘3- approaches 0 as the desired signal is proportional {o the rate of

change of the source strength, thatis, s(t) « dm(t)/dt , where:
7 a nat b nmt

m(t) = ;;n:l—;i-z'-cus—-%- -i--mi-sin--f,—- (4)
[0844] The function m(t) defined in equation (4) may therefore define the modulation to
be applied {0 generate the waveform s(t). In a practical application, the summation may
not extend over an infinite number of terms, and may be truncated after N {erms.
Truncating the sum after N terms alters the appearance of the resulting waveform s(i), in
accordance with the Gibbs phenomenon. Application of weighting terms, such as Lanczos
smoothing, can be used to diminish these effects.
[08458] For example, the generation of a pressure impuise with a short rise-time requires
that mechanical components of the source possess relatively litle inartia. This constraint
can be relaxed when the methodology of detection is based on observing propagation
speeds of distinct tones. Frequencies and amplitudes of the Fourier series components
can be selected to control the interval between tonas as well as their amplitudes.

[0846] For example, the time sequence defined in equation (&) is equivalent to a time

series sampled at intervals of Ar seconds.
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[0847] The coefficients of equation (5) can be interpreted as a spectral

distribution with n as a non-dimensional frequency. The distribution has a global
maximum near N and A sets that value of the N coefficient at A™2. The (—1)™ multiplier

makes the series an allernating one, thereby assuring convergence for large values of
Npaxe 1he fundamental frequency is 9[—° Hertz, and the contributing fones are 0.5M /T Hertz

apart. The relative amplitudes of the coefficients are shown in FiG. 8A.

[0048]FIG. 8B depicts the time sequence of the acoustic signal. As can be seen, the time
sequence has well-defined impuises. Inclusion of sinﬁ}ffﬁ terms permits the generation

of more refined sequences.

[0048]FiG. 6C depicis the associated source strength (i.e., as defined in equation (4)).
The time scale of the impulse is greater, while the impuise interval remains unchanged.
[0G50] Advantageously, the selection of the shape and amplitude of the pulse allows for
better analysis of the received signal. In particular, the speed at which unsteady pressures
propagate in a fluid-filled pipe with elastic walls is a function of frequency. Some solutions
focus on higher order modes where mathematical formalism may be more chalienging
than for low order modes. In the present system, it is possible {o identify propagating
modes which are observed with enough sensors 112 to map out the spatial pattern across
a cross-section of the pressure vessel 101, More complex mode patterns may empioy
more sensors 112 {0 determine the mode patlern. For an average complexity mode

pattern, about five sensors 112 may be used. Further the data collected o assess the
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properties of the wall 102 may be obtained from the fundamental propagating mode (i.e.,
the water-hammer mode). Thus, as can be appreciated, the above exemplary acoustic
signals may be employed during the method 300 of determining properties of the pressure
vessel 101 to improve quality of analysis on the collected data.

[0051] Returning to FIG. 3, at block 315, the device 104 obtains sensor data from the
sensors 112. Specifically, the sensor data represents the acoustic signal emitied at block
310 as received by the sensors 112, after transmission through the pressure vessel 101,
The transmission through the pressure vessel 101 may include propagation through
various layers of walls (e.g., if the wall 102 comprises multiple layers), insulation, or the
like, as well as reflections off the interior of the wall 102 untii the sensor 112 is reached.
[6082] For example, referring to FIGS. 4A and 4B, an example plots 400 and 410
illustrating, respectively, example envelopes of signals emitted and detected in the
system 100, and time travel via cross-correlation. Specifically, envelope 402 represents
the signal emitted by the signai generator 108, envelope 404 represents the signal
detected by the first sensor 112-1, and envelope 406 represents the signal detected by
the second sensor 112-1. The line 412 represents the time travel cross-correlation of the
first sensor 112-1, while the line 414 represents the time fravel cross-correlation of the
second sensor 112-2.

[0883]As can be seen, the envelopes 404 and 406 are time-delayed from the signal
emitied by the signal generator 108 due {o the time to travel from source (i.e., the signal
generator 108) 1o receiver (i.e., the sensors 112). This is particularly clear in view of the

peak of the time travel cross-correlation to each of the sensors. Further, the envelopes
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404 and 406 include beats generated by reflections at various geometric components of
the pressure vesseal 101, such as elbows in a pipe.

[0884] Retuming to FIG. 3, at block 320, the control device 104 determines whether a
threshold number of iterations has been reached. The threshold number of iterations may
be fixed (e.g., 36, 42, or another number of iterations), or may be dynamically computed,
for example based on the guality of the sensor daia obtained. For example, if the control
device 104 detects too much noise, interference, low amplitude in a threshold portion of
the sensor data, the number of iterations may be dynamically increased.

[0685]1f, at block 320, the threshold number of iterations has not been reached, the
control device 104 returns to block 310 to emit a new set of acoustic signals. The signals
may be the same signals {e.qg., for repetition and consistency) or the control device 104
may control the signal generator to emit different signais (e.g., by changing the shape or
frequency of the signals). The control device 104 thus iterates through blocks 310 to emit
acoustic signals and block 315 to obtain sensor data corresponding to the acoustic
signals until the threshold number of iterations has been reached.

[0888]1f, at block 320, the threshold number of iterations has been reached, the control
device 104 proceeds to block 325, At block 325, the control device 104 computes target
properties of the pressure vesseal 101. The {arget properties may be properties of the wall
102, such as wall thickness, as well as locating any fauits or cracks in the wall 102, in
particular, the target properties are compuied based on the sensor data obtained at block
315,

[0657]For example, the thickness of the wall may be computed in accordance with

equation (6}
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& .
O = - (6)

fpcdl(D +28)
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|1+t
J  (R-E=9F

[0658]In particular, in eguation (1), ¢, represents the speed of sound in the fluid as
propagated in the pressure vessel 101, as detected based on propagation from the signal
generator 108 to the sensors 112. p, ¢;, and £ represent the density and the ideal speed
of sound of the fluid, and Young’s modulus of the wall 102, respectively {i.e., constants).
D and h represent the initial diameter and thickness of the wall 102 of the pressure vessel
101 (i.e., as instalied), and § and 9 represent the interior and exierior depths of erosion
of the wall 102. Thus, based on the acoustic signal emitted from the signal generator 108,
the signal received at the sensors 112 and the known parameters (e.g., stored and
retrigved from the memory 204) of the pressure vessel 101, the total erosion of the wall
may be computed. Further, in some examples, the exterior erosion of the wall may be
determined based on visual inspection or other methods, and thus may be used (o
compute the corresponding interior erosion of the wall 102.

[0659] In other examples, where, in addifion o the thickness of the wall, there is build up
on the interior of the wall, the total thickness, including the thickness of the wall and the

material buildup may be computed in accordance with equation (7):

N =

o

(7

[0060] In particular, in eguation (2), N represents transmission loss to tuberculation, D,
represents the hydraulic diameter of the passage (i.e., the diameter of the area through

which fluid may pass in consideration of material buildup), L represents the length of the
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segment being evaluated, B represents an experimentally derived absorption coefficient
and I, represents the interior circumference of the pressure vessel. Thus, based on the

acoustic signal emitted from the signai generator 108, the signal received at the sensors,
and the known parameters of the pressure vessel 101, the material buildup on the interior
of the wall may be computed.

[0G81 Further, the wall thickness is compuied by means of two or more parallel
computations. For example, the control device 104 may analyze the data received at the
first sensor 112-1 to compute a first estimated wall thickness. The confrol device 104 may
further analyze the data received at the second sensor 112-2 1o compute a second
gstimated wall thickness. The first and second estimated wall thicknesses may be
compared for consistency. For example, the memory 204 may store a threshold
percentage differential allowable between parallel computations of target properties.
[0062] In some examples, the fluid contained in the pressure vessel 101 may have gas.
Gas is more compressible than liquids, thus, even a small quantity of gas may significantly
affect sound propagation. Accordingly, in some examples, prior to computing the wall
thickness, the control device 104 may first obtain dissclved gas parameters from the
thermodilatohydrometer 120 and account for said parameters in computing the wall
thickness. Thus, the target properties computed at block 325 may be further based on the
dissolved gas parameters obtained from the thermodilaichydrometer 120

[6063] The control device 104 may alsc use the sensor data to detect faults or cracks in
the wall 102. Specifically, the acoustic signals emitted by the signal generator 108 will be
radially deflected by faults in the walls, and thus, can be detected by cross-correlating

signals received at the sensors 112,
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[0084] For example, referring to FIG. 5A and 5B, a schematic diagram of a fauli detection
computation is depicted. A fault 500 is depicted along a length 502 of a pressure vessel.
The fault 500 is located between sensors 504-1 and 504-2. For simplicity, the fault 500 is
shown as being directly in line between the sensors 504-1 and 504-2, and hence only
distances are only computed in the below example along the axis defined by the sensors
504-1 and 504-2. As will be appreciated by those of skill in the art, such computations are
readily translatable to three-dimensional distances based on triangulation of distances to
the sensors.

[0665] As depicted in 5A, the control device 104 may first delermine the time (1) taken for
a signal to traverse a known distance (L) between the two sensors 504 1o determing a
frequency dependent propagation speed (¢). Thus, as shown in FIG. 5B, when the
acoustic signal emitied by the signal generator is deflected by the fault 500, it takes a first
time (1) to traverse the distance {L,) to the first sensor 504-1 and a second time (r,) 1o
traverse the distance (L,) to the second sensor 504-2, and since L, + L, = L, the control
device 104 determines that the source of the deflected signal (i.e., the faull 500) isat L, =
0.5(c,{z; — 1, + L), where L, is computed relative 1o the location of the first sensor 504-
1.

[G0B6] Al block 330, the control device 104 is {o ouiput an indicalion of the target
properties computed at block 325. For example, the control device 104 may tabulate the
results and display the target properties on a display screen, send an email notification
or generate a report including the target properties, or the like. The conirol device 104
may further store the target properties, for example in the repository 212 in the memory

204 for fuiure processing.
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f0887]In some examples, the control device 104 may further compare the computed
target properties with threshold conditions. For example, the control device 104 may
obtain manufacturing specifications of wall thickness from the memory 204. if the wall
thickness computed at block 325 is outside of a threshold similarity {(&.g., based on a
percentage difference, predefined threshold tolerance or the like) relative to the
manufacturing specifications, then the control device 104 may initiale an error condition
sequence. For example, the conirol device 104 may generate one or more alerts,
notifications or the like to notify operators of a potential weakness in the pressure vessel,
Similarly, if any faulis are detecled, the control device 104 may generate one or more
alerts, nofifications or the like to notify operators of the potential leak in the pressure
vessel 101

[0868] Further, the conirol device 104 may compare the computed target properties with
previously stored computed target properties. If the presently computed target properties
are outside of a threshold similarity (e.qg., based on a percentage difference, predefined
threshold tolerance or the like) relative to the previously stored target properties, then the
control device 104 may fiag the presently stored target properties as a potential outlier,
and hence may delay iniliating an error condition sequence until further data is obtained.
[0069] A site experiment conducted in October through December 2019 demonstrated
the ulility and accuracy of the above-describad system on an in-service, insulated hot
water pipe. Sensors and two types of sound sources (sonar and shaker) were installed
on a length of pipe at the test site. After calibrating the system for background noise and
adjusting the gain on the sensors, the sonar was operated for several runs where pulses

of different frequency and duration were introduced into the pipe. This was followed by a
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similar set of tests using the shaker. After the tests were completed, a pipe coupon was
cut from the tested section and {ested destructively o validate the testing results.
[0070] The average computed dimensioning results, manufacturing specifications and

pipe coupon results are outlined in Table 1.

Table 1: Site Test Results

Outer Inner . Burst

) ; Thickness

Diameter | Diameter (mm) Prossure

{rmm) {mm} {MPa)
Manufacturer specifications 508 489.0 9.525 18.00
Sonar resuit location A 508 48986 §.220 18.40
Shaker result location A 508 4205 8.760 17.47
Pipe coupon location A 508 489.5 9.280 17.83
Sonar result location B 508 489.0 9.510 18.97
Pipe coupon focation B 508 489.0 9.530 18,00
Sonar resuit location C 508 4892 2.400 18.76
Pipe coupon focation © 508 483.3 9.354 17.65

[0071] Overall, the system demonstrated an accuracy of approximately +2% to +5% as
compared to destructive testing. Improved accuracy may he achieved using a compatible
thermodilatohydrometer {0 measure dissolved gas and temperature parameters during
tasting.

[0872]A leak or fault was also simulated using a modal hammer in lieu of a leak
Specifically, the taps from the modal hammer simulated the radial deflections caused by
a leak or fauit in the wall. The modal hammer also provided a precise time reference to
aliow propagation speeds to be determined. The leak was accurately detectable to within

0.7 pipe diameters. The results are outlined in Table 2.
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Table 2: Leak Simulation Resuils

Actual distance from simulated Computed distance from simulated
leak {(m) leak {(m)

Sensor 1 13.04 13.19

Sensor 2 63.91 63.74

Sensor 3 157.22 157.05

[0873]As described above, a system for non-invasive determination of properties of a
pressure vessel is provided. The system includes a signal generate to generate acoustic
signals, a plurality of sensors to detect the acoustic signal response as transmitted
through the pressure vessel, and a control device. The control device conirois the signal
generator {o infroduce the acoustiic signals in a controlled deterministic manner, at
specific frequencies and durations. The control device further obtains sensor data from
the sensors and uses the sensor data {0 determing the target properties, such as wall
thickness and the locations of faulis or leaks. The system ilerates through various
frequencies and performs paraliel computations to verify consistency. The present sysiem
thus provides accurate and non-invasive determination of properties of the pressure
vessel.

[0674] The scope of the claims should not be limited by the embodiments set forth in the
above examples but should be given the broadest interpretation consistent with the

description as a whole.
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