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PROCESS DIAGNOSTICS

BACKGROUND OF THE INVENTION

The present invention relates to
diagnostics for use in industrial processes, and in
some embodiments particularly, to systems and methods
for detecting fouling and corrosion in an industrial
process. |

Corrosion and fouling have been a
longstanding concern/ in many industries. In the
process industry, corrosion and‘ fouling cause wall
thinning and reduction of flow area, both of which
are detrimental to the performance of pipes,
conduits, cylinders, tanks, pressure vessels and the
like. Additionally, corrosion and fouling may‘cause
fixed equipment attached to the system to break down
and fail. Depending on the system, such failures can
be very costly.

Various technigues have been adopted to try:
to detect corrosion and/or fouling prior to equipment
failure.- One technique involves attaching a
specialized corrosion and/or fouling detection device
to the outside of the process structufe, directing an
ultrasonic signal transverse to the direction of flow
through the wall of the structure, and detecting the
reflected ultrasonic signal to measure changes in

‘wall thickness over time, which may be indicative of
plugging or fouling. Another technique involves
directing an wultrasonic signal into a wall of a
fluid-filled container. The ultrasonic signal
propagates from a transmitting transducer to a

receiving transducer. Analysis of the received waves
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determines the presence of corrosion on the inner
wall. A third technique involves introducing an
acoustic device into the fluid flow, which can be
either fixed in place or floating like debris in the
fluid, from which an acoustic signature of the pilpe
wall can be derived.

Additionally, a number of externally
mounted detection devices have been proposed for
detecting noise signature changes in fixed equipment.
It is known in the art that as process fluid flows
through any of the wvarious types of fixed equipment
(boilers, mixers, heat exchangers, valves, and the
like), a process noise signature 1is produced. As
plugging, fouling or corrosion occurs, the process
noise signature changes.

Unfortunately, conventional fouling and
corrosion detection devices and technigques require
specialized detection eguipment, which are separate
from existing monitoring and control equipment. Such
equipment can be expensive to add to an existing
monitoring and control system. There remains an on-
going need in the art for a system and method for
detecting fouling and/or corrosion of fixed equipment
that does not require specialized equipment.
Embodiments of the present invention provide
solutions to these and other problems, and offer
other advantages over the prior art.

SUMMARY OF THE INVENTION
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A diagnostic device for use in a industrial
process includes monitoring electronics or diagnostic
circuitry configured to diagnose or identify a
condition or other occurrence in the industrial
process. The system can be implemented 1in a process
device such as a flowmeter, and in one example an
acoustic flowmeter. A transducer can also be used and
a frequency response, such as resonant frequency, can
be observed. A method is also provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified block diagram of an
acoustic flowmeter with fouling and corrosion
detection functionality for detecting fouling of
fixed equipment within an industrial process
according to an embodiment of the presentlinvention.

FIG. 2 is a simplified block diagrém of the
monitoring electronics of the acoustic flowmeter of
FIG. 1.

FIGS. 3A and 3B illustrate simplified block
diagrams of fouling and corrosion detectors having an
acoustic signal generator according to an embodiment
of the present invention.

FIG.” 4A 1is a simplified front-view of a
vortex shedding plate for facilitating acoustic
measurement of low flow processes according to an
embodiment of the present invention.

FIG. 4B 1s a simplified perspective view of

a corrosion and fouling detection system including
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the vortex shedding plate of FIG. 4A according to an
embodiment of the preseht invention.

‘ FIGS. b5A and 5B illustrate wvariations of
the corrosion and fouling detector 1in a process:
including a heat exchanger according to an embodiment
of the present invention.

FIG. 6 1is a  simplified cross—sectidnal
diagram of a thermowell fitted with a transducer for
detecting ﬁouling and corrosion on an external
surface of the thermowell accofding té an embodiment
of the present invention.

FIG.“7A is a simplified block diagram of a
pneumatic . valve with  diagnostic funcfionality
acqording to an embodiment of the present inventioﬁt

FIG. 7B 1s a simplified block diagram of
the control circuitry for the-pneumatic valve of FIG.
7A.

FIG. 7C is a éimplified flow diagram of a
process for detecting valve failure with the system
of FIGS. 7A and 7B, according to an embodiment of the
present’ invention. '

FiG. 8 is a simplified flow diagram of a
process’ of performing process measurements and
diagnostics 1in a single device according toA an

embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
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In general, flowmeters are known in the
art, which utilize acoustic sensors to detect
spontaneous vortex creation and propagation in a
fluid flowing within a pipe. Acoustic sensors
positioned along the eXter%or pipe wall identify and
track such vortices based on acoustid patterns
generated by the vortices, and the flow Ehfough the
pipe can be calcﬁlated based on those patterns.
Conventionally, such acoustic detection systems
require a turbulent flow having a velocity of at
least three feet per second.

It is also known in the art that devices in
an industrial processes tend to generate process
noise. Typically, field devices are designed to
isolate sensors from the process noise or to filter
out tﬁe process noise in order to extract a desired
measurement from the measured acoustic data. | The
present invention makes use of the baékground or
process nolse to monitor the health of fixed
‘equipment or process devices (such as turbines,
pumps, rotors, Aﬁixers, and other rotating or
reciprocating equipment, heat exchangers, valves,
thermowells, piping, and the like). In general, as
such devices become fouled or corroded, their noise
contribution changes. More ’importantly,” when a
process'device begins to fail, subtle changes may be
detected in the process noise associated with the

failing device. Such process noise‘changes may begin



WO 2005/010522

audible range of human hearing, but are nevertheless
acoustically detectable.

In one aspect, +the present invention
utilizes typically . filtered background - noise to
monitor - processes for acoustic oxr pressure
variations,~ which may be indicative of fouling and
corrosion of the system. Where acoustic; flowmeters
have associated circuitry ‘which includes a
microprocessor, a firmware upgrade which includes
algofithms for processing background noise may be
sufficient to adapt an existing'acoustic flowmeter to
monitor fouling and corrosion. In new acoustic
flowmeter systems, circuitry and/or software is
provided to monitor and detect changes in backgropnd
noise which méy be indicative of fouling and
corrosion. |

FIG. 1 is a simplified block diagram of a
process diagnostic system 100 according to. an
embodiment -of the present invention. The diégnostic
system 100 'includes a pipe 102 with fixed equipment
104 coupled to the pipe 102. Fluid flow within the
pipe 102 is measured using an acoustic flowmeter 112,
which detects acoustic patterns generated by vortices
within the fluid flow using an acoustic detector 106,
which typically' includes three or more ~acoustic
sensors. As used herein, the term “acoustic” refers
to a repeating or non-repeating pressure signal or

fluctuation, which may or may not occur at a

PCT/US2004/022736
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frequency within an audible range, Dbut which is
nevertheless detectable.

The acoustic detector 106 is coupled to
monitoring electronics 108 via leads 110. The
monitoring electronics 108 are coupled to control
center 114 via communications link 116 (which may be
wired or wireless link). In géneral, the
communications link 116 may be standard cabling, such
as standard two, three, or four wire loops for
carrying standard field device communications via a
communications standard such as HART, FIELDBUS, orA
any other communication standard. In some
embodiments, = the diagnostic system is completely
powered with power received over a process control
loop such as 1link 16. . ‘

In general, the walls of the pipe 102 cause
the formation of ﬁortices within the fluid flowing in
the pipe 102. Acoustic detector 106 coupled to the
exterior of the pipe 102 deteéts acoustic patterns
generated by the vortices. Flow through the‘pipe 102
can be calculated from the . detected acoustic
patterns. During the process of identifying and
traéking vortices, the acoustic detector 106 monitois
acoustic signals within the flow. In general, the
process'ﬁoise is carried through both the physical
process structures and the fluid flow. Rather than
discarding information unrelated to the vortices, the

present invention processes the non-vortex related
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to which the measured information differs from the
baseline 1s wutilized in the present invention to
predict fouling and/or corrosion of process
equipment.

In general, the diagnostic function - is
accomplished by determining the acoustic  noise
signature produced by process fluid flowing through
fixed equipment which i1s operating normally. This
acoustic noise signature can be stored and used as a
baseline signature. Deviations from the baseline can
be wused to predict an extent of fouling and/or
corrosion of the fixed equipment.

The acoustic flowmeter 100 is attached to
the piping 102 adjacent to fixed equipment 104. The .
acoustic sensors of the flowmeter -100 are used to
sense both acoustic patterns generated by vortices in
fhe process flow and the acoustic noise signature
generated by the process fluid flowing through the
fixed equipment 104.

At installation, or at . other times
determined by the user, this acoustic noise signature
is sampled and stored as a reference. During
operation, a plugged . or fouled condition of the
target device or piping can be detected by noting
changes in the process noise. If a change in process
noise meets or exceeds a predetermined threshold, an
alarm or warning can be placed on the output signal.

The process noise signature can be
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statistical algorithms. In one embodiment, a Fast
Fourier Transform (FFT) is used to establish the
noise signature from measured acoustic signals.

In one embodiment, the electronics are co-
located in a single package. These.electronics input
and condition the acoustic sensor signal, as well as
identify individual vortices based on their acoustic
patterns. In addition, the electronics providé the
capability of storing set-up values in non-volatile
memory. At a minimum, the electronics 108 includes a

digital précessing capability.
In one embodiment, the monitoring
eiectronics 108 includes a microprocessor adapted to
condition acoustic = sensor signals including
extracting signals from a high noise environment,
célibrating and setting up the sensor and associated
monitoring functions, and generating output signals.
‘In addition, the monitorihg'electronics 108 dincludes
a digital computation capability with appropriatev
software adapted to transform noise signal
measurements via an FFT algorithm, and compaéat@r
functionality for comparing the noise signature
produced by the' FFT algorithm to a reference noise
signature (béseline signature). In an alternafive
embodiment, these functions are handled by individual

circuitry or software algorithms.
. In bne embodiment, the acoustic flowmeter

100 is positioned upstream from the fixed equipment.
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a reflected noise signature. If the signature
amplitude and/or frequency profile change more than a
predetermined amount for a given flow rate as
measured by the flowmeter 100, an alarm or warning
can be placed on the flowmeter output signal to alert
the control center 114.

The monitoring electronics 108 includes
input functionality for setting initial values via aﬁ
external device or via a local, integral operator
interface. In a preferred embodiment, the monitoring
electronics 108 Support~bi—directional communication
via a digital bus, such as HART, Foundation Field
Bus, CAN, or other digital media. In another
embodiment, the monitoring electronics 108 éupports
bi-directional communications via a wireless
protocol, such as wireless standard 802.11(b),
infrared signaling, simple text messaging via
cellular or wireless’ links,” and the like. This
communication capability can be utilized to set
initial values and to output various levels of alarm
criticality. 1In addition, acouétic sensor health can
be reported wvia the communication capability. For
this type of meter, electronics are typically not 4-
20 mA loop powered. However, loop power may be
feasible if the meter is operated in burst mode.

One example of a type of fixed equipment
that can be monitored according to embodiments of the

presént invention is rotary fixed equipment. It is

10
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rotating equipment changes shortly before full

failure occurs. For example, bearings that are about

to fail due +to fatiguing of the races emit a

characteristic squealing sound, which varies greatly
from the normal process signature. One example of

rotary fixed equipment is a pump and its attached
motor which rotate, thereby emitting a characteristic

noise signature. This typical noise signature is

sensed by. the acoustic sensors integral to the
flowmeter 100, and recorded by the flowmeter 100 ae‘a

reference noise signature during calibration,

commissioning, or on operator request. If problems

develop with the rotary equipment bearings, or if for
example, a pump vane breaks, the noise signature will

change markedly. By periodically monitoring the
background noise sidnature (such as by a request from
a control center 112 or wvia a local operator
interface, such as a keypad and display on the

transmitter housing), the acoustic flowmeter 100 can

detect the change in the noise signature, process the

noise signals through an algorithm (such as a Fast

Fourier Transform), compare the processed noise

signal with a stored signature, and generate an alarm
if they differ by more than a predetermined amount .

By comparing the signatures after the Fast Fourier

Transform has been applied, new frequency bands of

high amplitude’ can be readily identified.

In a catalyst cracker (sometimes referred

11
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coupled to a pipe segment 102, which is coupled to a
light fractions port on the cat cracker structure can
be used to measure light fraction flow and to monitor
the health of the cat cracker. When a change in the
noise pattern or a brief, high amplitude noise event
occurs (such as when a piece of ceramic breaks away
from the cat cracker structure), an alarm can be
placed on the ‘output signal of the acoustic
flowmeter. A plugged or fouled condition of the cat
cracker can be detected as a decrease in noise
amplitude that exceeds a predétermined variation from
the reference.

Thus, the present inventidn provides
advantages over prior art acoustic flowmeters, by
extending the capability of the flowmeter to detect
or predict fouling or plugging in fixed equipment or
piping. The flowmeter 100 is simple to use and
requires no additional devices or wiring Dbeyond the
gasic flowmeter. Moreover, the flowmeter 100 can
monitor both the target device and associated piping
for plugging and fouling'(or corrosion).

FIG. 2 illustrates an expanded block
diagram of process diagnostic system 206 according to
an embodiment of the present invention. The
diagnostic system 200 includes a pipe segment 202 and
fixed equipment 204 coupled to the pipe segment 202.
An acoustic detector 206 (which may -be comprised of a

plurality of acoustic. sensors) is coupled to an

12
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acoustic range of fixed eqguipment 204. In general,
the range within which an acoustic detector 206 can
monitor noise generated by a device, such as fixed
equipment 204, varies depending on the acoustic
conductivity of the process fluid, the sensitivity of
the sensors within the acoustic detector 206, and the
extent of the process noise. Thus, the detector 206
is positioned relative to the fixed equipment 204 in
sufficiently close proximity that the detector 206
receives acoustically detectable noise signals caused
by the fixed equipment 204. ‘

The acoustic detector 206 1is coupled to
monitoring electronics 208, which may or may not be
contained within the same housing as the ac&ustic
detector. The acoustic detector 206 and the
monitoring electronics 208 are coupled via leads 210.

Generally, the acoustic detector 206
monitors noise patterns generated by vortices within
the fluid flow, as well as process-related noise
through the wall of the pipe segment  202.
Measurement information is passed via leads 210 to a
data input 220 of the'monitoring electronics 208 and
written to input buffer 221. The signal extraction
and grooming block 222 retrieves the measurement
information 'from the buffer 221, and extracts flow
.information from the measurement information. The
signal extraction and grooming block 222 then

generates an output signal indicative of the flow.

13
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transmission to control‘center 214 via communications
link 216.

The measurement information is =read from
the buffer 221 by a transform block 223, which
processes the measurement information according to an
algorithmf In a preferred embodimept, the algorithm
is a Fast Fourier Transform. The transform block 223
processes the measurement information into an
acoustic signature representative of the process
noise. Thé acoustic signature is ©passed to a
comparator block 224, which compares the acoustic
signature with a reference signature from memory 228,
which was initialized during setup. In ‘one
embodiment, a neural network 230 interacts with the
comparator 224 to correlate the measured information
with baseline data stored in the memory 228. In this
manner, acoustic changes in background noise or in
noise associated with a specific device can be
isolated. The magnitude of the -change is. an
indication of the extent of fouling and/or corrosion
of the system or of a specific device.

Thus, an acoustic flowmeter can be adapted
to provide process monitoring and diagnostics, in
additioﬁ to flow measurements, without requiring a
unigque fouling/corrosion detector system. In other
words, field devices that include acoustic sensors
can be adapted to perform “two' functions (flow

measurement and process diagnostics), without

14
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the neural network 230 and the memory 228 may be
provided by the control center 214, thereby allowing
the microprocessor 224 to isolate the flow vortex
measurements from background noise and to return both
portions of the signal to the control center 214 for
procéssing against the baseline signal to determine
whether fouling and/or corrosion has occurred in the
system. This makes it possible to make a software
adjustment in the circuitry of the monitoring
electronics, without changing the circuit
arrangement. .
It should be understood by a worker skilled
in the art that the systems of FIGS. 1 and 2
passively monitor process noise generated by the
fluid flow. Additionally, it should.ﬁbe understood
that fixed' equipment (104/204) refers to physical
~elements of the system 100/200 which are fixed in
place (as opposed to portablé'sensors and the like).
Fixed equipment 104/204 may include pumps, catalystic
crackers, mixers, valves, heat exchangers, boilefs,
or any other device attached to industrial process.
The fixed equipment may also refer to vessels,
conduits, piping, and tanks, or any other structure
associated with the process.
FIGS. 3A 'and 3B illustrate simplified block
diagrams of a process diagnostic system 300 having an
active corrosion/fouling detection system. The

system 300 includes a pipe segment 302 containing a

15
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catalystic cracker, mixer and the like) is coupled to
the pipe segment 302. An acoustic detector 306 is
coupled to the pipe segment 302 near the fixed
equipment 304, for measuring a flow of process fluid
within the pipe segment 302. The acoustic detector
306 1s coupled to monitoring electronics 308 via
leads 310. The monitoring electronics 308 send and
receive information to and from control center 312
via communications link 314, which may be wired or
wireless.

A mechanical ‘pinging’ device or acoustic
impulse generator 316 (hereinafter referred to as
“acoustic generator 316”) 1is coupled to the pipe
segment 302 and adapted to generate an acoustic
signal 318. The pipe segment 302 is pinged or
otherwise excited, and acoustic sensors of the
acoustic detector 306 measure a'frequency response of
the pipe segment 302. Build up and corrosion aiong
the pipe wall can be detected based on the detected
change in resonant frequency.

Digital processing functionality of the
monitoring electronics 308 is used to determine the
resonant frequency and damping of the pipe section.
During the 1initial meter installation, a reference
resonant frequency and damping value is established
and stored by exciting the pipe section'and measuring
the frequency response. The present measured value

of the resonant frequency and damping can be compared

16
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change by more than a predetermined' amount, the
acoustic flowmeter 300 generates an alarm signal
indicative of possible fouling and/or corrosion of
the pipe section.
- In - addition to an acoustié impulse
generator 316, the acoustic generator 316 may be a
piezoelectric transducer element. In such an
embodiment, the resonant frequency can be obtained by
driving the acoustic transducer over a -frequency
range of interest. ‘Again, by wusing the acoustic
sensors of the acoustic detector 306 to measure the
frequency response, it is possible to determine a
resonant frequency and damping of the meter section.
It should be noted that the . acoustic
generator 316 need not' be permanently fixed to the
pipe section 302, such that adjacent pipe sections
can be tested simply by moving the acoustic generator
316 to the adjacent pipe section. For a critical
region of pipe sections, several acoustic generators
or transducers can be mounted such that each critical
section of piping ha§ an acoustic "~ generator or
transducer affixed to it. The acoustic flow meter
300 can be configured to excite each generator 316 at
a unique time, and determine the resonant frequency
and damping of the piping section associated with
. that generafor 316. If the resonant frequency
deviates by more than a <predetermined amount, the

acoustic flowmeter 300 generates an alarm or warning

17
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of possible corrosion or erosion damage in that pipe
section 302.

In a preferred embodiment, the flowmeter
300 includes an acoustic detector having three or
mére acoustic sensors adapted to listen for acoustic
patterns generated by vortices spawned within the
fluid flow. The flow is measured based on the time
it takes for a spawned vortex to pass the sensors.

In an alternative embodiment, the acoustic
generafor 316 transmits an acoustic signal into the
fluid flow toward the fixed equipment 304. A
reflected signal 320 representative of the wetted
surfaces of the fixed equipment 304 is reflected back
from the fixed equipmentf The acoustic detector 306
can detect both the " transmitted acoustic signal 318
and the reflected signal 320. Alternatively, the

detector 306 can measure only the reflected signal

320. In either case, the monitoring electronics 308
processes the detected signal (s) to determine
variations from a baseline measurement. The extent

of the variation is then indicative of fouling and/or
corrosion of the fixed equipment 304.

‘ In FIG. 3A, the acoustic signal generator
316 is positioned upstream from the fixed equipment
304 and from the acoustic detector 306. The acoustic
signal generator 316 may be located downstream of the
detector 306 or even within the same housing. In a

preferred embodiment, the signal generator 316 is

18
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to measure the frequency and phase of the transmitted
signal 318, as well as the frequency and phase shift
of the reflected portion of the signal (or of the
resonant frequency of the equipment).

In FIG.: 3B, the acoustic signal generator
316 (or excitation device) is positioned on an
opposite side of the fixed equipment 304 from the
acoustic detector 306. The acoustic signal generator
316 traﬂsmits an acoustic signal 318 through the
fixed equipment 304 ‘or excites the system into
resonance. The acoustic detector 306 either detects
the transmitted signal or measures the resonant
frequency of the system (as previm;sly discussed) .
The transmitted signal 318 is partially reflected (as
indicated by acoustic waves 320, - and i1is partially
transmitted through the fixed equipment 304. The
transmitted signal 322 travels through the process
fluid within the ©pipe 302 toward the acoustic
detector 306, which is adapted to measure fluid flow
within the pipe 302, and also to detect the
transmitted signal 322, which passes through the
fixed equipment 304.

As previously indicated, the transmitted
signal 322 1is measﬁred by 'tﬁe acoustic detectc;r 306
and compared by the monitoring electronics 308 to a
stored acoustic signature. In an alternative

embodiment, the raw measurement data i1s transmitted

to the control center 312, where the data 1is
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processed and compared to stored baseline
information.

In general, in an original installed state,
the fixed equipment 304 can be modeled as two
transfer functions: a reflection tranéfer function
and a transmission transfer function. Each transfer
function is unigque to the particular device,- and the
detected reflected or. transmitted waveform is a
characteristic signature of the device. Subséquently
measured waveforms may vary from the characteristic
signature (in phase, amplitude, frequency, and so on)
such that the measured reflection/transmission
reflects variations in the fixed equipment 304, which
may be éttributed to fouling or corrosion. Thus, the
detected acoustic signature méy provide a basis for
predicting corrosion or fouling conditions in the
system 300.

| The system for creating and detecting a
change 1in the subject pipe sectioné’ resonant
frequencies can consist of a means to excite the pipe
into &resonance for a very short period of time.
Pressure and/or acoustic devices capable of detecting
changes in resonant frequency can be used to detect
fouling based on such a change. In a preferred
embédiment, the “listening” device is a pressure
sensor or an acoustic flowmeter. The pinging or
acoustic signal generator is a pilezoelectric driven

mechanical oscillator that can be used to excite the
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delivering a mild impulse to the pipe. These devices
can be based on magnetic solenoid technology or a
piezoelectric driver wused in pulsed mode. The
resonance checks can include time, frequency, or code
multiplexed so as to allow multiple sections to be
evaluated by a single meter. Either the meter’s
primary or auxiliary electronics can be utilized to
perform the diagnostic functions;

Conventionally, acoustic flowmeters
provided reasonably accurate flow measurements at
rates at or above 3 feet per second. This limitation
is largely due to the fact that vortices generated at
the lower flow velocities are of iower energy. This
makes .their characteristic audio signal harder to
separate from background process noise.

FIG. 4A illustrates a front-view of a
shedding plate 400 for inducing vortices in the
process fluid according to an embodiment of the
present invention. The shedding plate 400 preferably
has a ring-shaped body 402 defining an opening 404.
Two obstructions 406 are disposed within the opening
404 to cause vortex creation in a fluid flow.’
Fastener openings 407 may be provided in the body 402
to provide fastening means for securing the plate 400
in a process. The two obstructions 406 may be
partial obstructions. In a second embodiment, the
two obstructions 406 may extend across the entire

opening (as shown in phantom). In a third
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inserting a shedding plate 400 into the fluid flow
upstream from the acoustic detector, the acoustic
detector may remain functional at low flow rates,
such as below 1 foot per second.

FIG. 4B shows a .simplified perspective view
of an acoustic detector assembly 408 having a
shedding plate 400 sandwiched between flange elements
412 and 414, which are coupled to pipe sections 410
and 416, respectively. Fasteners 418 secure the
shedding plate 400 and flange elements 412 and 414.
Acoustic detector 422, which is comprised of three
acqpstic sensors 420 arranged in line with fhe’
direction of flow, 1s disposed on an outside surface
of pipe section 416. The acoustic detector 420 is
coupled to electronics 424, which is adapted to
producé an output signal that is indicative of flow
and a diagnostic signal indicative of the health of
the system adjacent to the detector 422.

In this embodiment, the rate of flow is
detected based on the travel time of a detected
vortex as the vortex as 1t flows past each of the
sensors. The time differential and the known
distance between the sensors 420 provides a reéeliable
basis from which to calculate a flow rate, which is
accurate even at flow rates below 3 feet per second.

-By dintroducing small teeth or other small, vortex
generating geometries upstream of the audio sensors

inside the pipe section used for measurement, it is
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characteristic audio signals. This allows the
acoustic flowmeter technology to be extended to lower
flow rates down to near oné foot'per second;

FIGS. 5A and 5B illustrate two embodiments
of a heat exchanger system 500. In FIG. 5A, the heat
exchanger system 500 includes a heat exchanger 502,
which is coupled to a steam trap 504 on one end, and
a boiler 508 on the other end. A condensate holding
tank 506 is coupled between the steam trap 504 and
the boiler 508. Finally, an acoustic detector 510 is
coupled to the flow outlet end of the heat exchanger
502. » '

‘ In general, the boiler 508 heats liquid in
the system 500 to high temperature steam, which
travels through 'the piping and into the heat
exchanger 502. The heat exchanger 502 exchanges heat
with aﬁ adjacent process (not shown), causing the
steam to cool in the exchanger. The cooled steam
condenses into liquid form in a steam trap, flows
past the acoustic detector 510, and flows into the
condensate holding tank 506, from whicﬁ it is pumped
back into the boiler 508 for reheating. It should be
understood that the system 500 is simplified. A
number of elements common @ to industrial heat
exchanger systems have beén omitted for the sake of
clarity, such as valves to waste and for automatic or
manual blowdown, as well as for introduction of

“makeup” water.
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Both the boiler 508 and the heat exchanger
502 contribute process noise to the flow. The boiler
508 heats the water wusing Dburners, which wmay
contribute noise to the process. The steam itself,
as it flows through the pipes, may contribute noise,
and the heat exchanger 502, where the steam enters
the exchanger 502, contributes a reflected noise
signature. These acoustic signals can be detected by
the acoustic detector 510 to determine a
characteristic noise signature -of the system.
Typically, the exchanger 502 1is the most likely
element to experience fouling and/or corrosion, and
therefore will most often be the device on which the
acoustic detector 510 is focused; however, the
acoustic detector 510 is capable of monitoring more
than one device. i

An acoustic transducer 503 v(shown in
phantom) may be introduced between the heat exchanger
502 and downstream elements to establish an active
fouling and corrosion detector. In a preferred
embodiment, the acoustic transducer 503 is coupled to
the exchanger wall such that the transducer i1s in
close proximity to fhe process fluid. The transducer
503 may have coatings ahd/or isolation materials
between it and the process fluid for protection from
corrosion. The electronics in the acoustic detector
510 generates a signal containing one or more

frequencies to drive the transducer 503. Returned
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estimate process fluid properties, as well as the
overall health of the sending transducer 503. The

acoustic detector 510 listens for the generated

acoustic signal. This signal contains both fluid
property information and fouling/plugging
information. The electronics of the acoustic

detector 510 remove the ©process fluid property
information from the detected signal, leaving only
fouling/plugging information, which is then evaluated
by reducing it to an equivalent acoustic impedance
through the exchanger. If the acoustic impgdance
increases beyond a threshold wvalue, the acoustic
detector 510 will genefate an alarm signal to the
control center (shown in FIGS. 1-3B).
In this embodiment, the acoustic detector
510 includes electronics adapted to determine flow
velocity, to drive the acoustic transducer 503 (which
may be pilezoelectric transducer), to evaluate
returned signals, and to communicate an alarm
condition when plugging or fouling is detected.
| This type of active (transducer driven)
fouling and corrosion detection system can also
evaluate the process fluid for major property
changes. For some process, for example, an
occasional énomaly occurs where a slug of debris or a
layer of higher solids contént is temporarily present
in the process fluid. This anomaly, 1f allowed to

persist, can lead to rapid exchanger fouling. The
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major events of this nature and to provide the user
(or control center) with an alarm specific to the
detected event.

This type of device can be fabricated such
that groups of tubes in the exchanger 502 each
include a sending transducer A503. In a preferred
embodiment, these transducers are oriented such that
most of the acoustic energy is directed through the
target tube group. Each tube group is evaluated
during - . a different time slice. Since
fouling/plugging occurs slowly (over hours at least),
these time slices can be up to a few seconds without
loss of immediacy of the detection. By monitoring
jéroups‘ .of tubs, detection of area-specific
fouling/corrosion is readily accomplished.

‘ It should be understood that the acoustic
flowmeter with the  acoustic detector 510 can
determine the amplitude and frequency distribution of
the noise signals. As the‘ exchanger or reactor
plugs, process noise originating at the acoustic
transducer 503 at the other end of the exchanger from
the acoustic deteétor 510 is attenuated. By
detecting a degree of attenuation, the detector 510
can predict the extent of fouling or corrosion within
the exchanger ‘and associated piping. If plugging
exceeds a preset limit,‘ an alarm or warning is
generated and sent to, for example, a control system.

To improve  sensitivity, an additional
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The flowmeter’s acoustic detector 510 can utilize the
transducer signals to determine more precisely the
amount of process noise attenuation.

The transducer 503 can be provided with its
own electronics, and can be self-diagnosed by the
electronics. A portion of the transmitted signal
will be reflected from structures within the system.
The reflected signal can be used to ﬁdnitor the

strength of the transducer’s acoustical outpﬁt

signal. As the transducer 503 ages, degrades, or
breaks, this signal degrades or disappears. As this
happens, the electronics associated with the

transducer 503 can output a warning that it is

failing. If multiple transducers 503, are used, each
transducer 503 may include self-diagnostic
electronics.

This. embodiment provides a sensitive,
predictive method of determining the extent of
exchanger fouling as an optional diagnostic
capability of an acoustic flowmeter 510. The
invention allows for easy application and mounting
and does not require multiple pressure/volume
analysis to provide information on fouling and
plugging. Maintenance on the transducers 503 and
acoustic sensors of the acoustic detector 510 can be
performed when the exchanger 502 is serviced. One
particular advantage of this embodiment is that

coating and fouling of the exchanger 502 is detected
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pressure volume measurements. Moreover, for systems
that wutilize an acoustic transducer 503, process
fluid properties can be estimated based on the signal
attenuation. By utilizing existing acoustic
flowmeter technology, +the cost of implementing a
diagnostic system in this manner is low, and is
mainly related to small incremental hardware changes
to the original flow meter, such as an additional
board for noise processing.

FIG. 5B illustrates the exchanger system
500 with a temperature sensor 512 positioned between

"boiler 508 and acoustic detector 510. Additionally,
temperature sensor 514 is positibned between the
acoustic detector 510 and the exchanger 502, and a
temperature sensor 516 is positioned between the
exchanger and the condensate hold tank 506.

The temperature values can be monitored to
determine the degree that plugging/fouling of the
exchanger 502 has. occurred. The three temperature
sensois 512, 514, 516 provide a measurement of the
change in process fluid temperature due to passing
through the exchanger 502 (temp. sensors 514 and
516), as well as.the inlet temperature of the thermal
exchange media (temp. sensor 512). These temperature
sensor signals, combined with the flow rate, are used
to detect changes in exchanger efficiency, which can
be attriéuted to coating, fouling or plugging. For a

given set of wvalues for flow and a given thermal
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difference is measured across the exchanger (T2-T3)
and from the boiler 508 to the inlet of the exchanger
514 (T1-T2). Initial values are stored in a non-
volatile memory and are compared with subsequent
values over time. If measured values show a
temperature variation across the exchanger 502 that
is substantially changed from the. stored difference,
plugging or fouling may be inferred and an alarm can
be generated.

The heat transfer characteristics of a
clean, properly operating exchanger provide a basis
for estimating what the change in temperature drop
should be for any given measured temperature in the
system. Given consistent process fluid properties,
the device can provide a warning or alarm if the
measured values are significantly different from the
expected values.

The acoustic detector 510 can also listen
for acoustic signals, allowing for redundant checking
for exchanger fouling/plugging using acoustic
sensing. If process fluid properties vary widely for
a particular instailation, a fluid density sensor 518
may be included to correct for the effect of density
changes on the expected temperatufe drop across the
exchanger 502. In one embodiment, the acoustic
flowmeter 1is adapted to directly determine the
process fluid density, similar to a vortex meter.

Alternatively, a pressure difference across the

29



WO 2005/010522 PCT/US2004/022736

pressure, along with the temperature and flow through
the exchanger, can be used to estimate the fluid
density. For most ligquids, the fluid properties have
only small effects on the flow, as compared with
plugging/fouling, so the fluid density can often be
neglected. However, for gases, changes in fluid
properties can produce significant changes in the
temperature difference across the exchanger. These
changes in fluid properties must Dbe taken into
account when testing for significant changes in
" exchanger performance as ' an indication of
plugging/fouling. .
Electronics associated with the acoustic
detector 510 receive an acoustic detector signal 510,
condition the flow sensor signal, as well as
receiving and conditioning the temperature sensor
signals. The electronics provide the capability of
storing reference values in nonvolatile memory. At a
minimum, the electronics includes digital processing
capability, such that the presently sensed values of
flow, ‘'the inlet temperature, and the temperature
difference across the exchanger 504 can be compared
with reference wvalues. If degradation of exchanger
performance exceeds a predetermined limit, an alarm
or warning is generated that possible
plugging/fouling may occur.
As a redundant measure, the diagnostic

function can be verified by determining an acoustic
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from the process fluid flowing through the exchanger.
The flowmeters acoustic sensors are used both to
measure acoustic patterns generated by wvortices in
the fluid and to sense the acoustic noise signature
produced by the process fluid as it flows through the
éxchanger. At installation, or at other times
determined by a user, the flow noise is sampled and
stored as a reference. During operation, a plugged
or fouled condition of the exchanger or of related
piping can be detected by noting a change in noise
amplitude that exceeds a predetermined threshold.

The exchanger fouling detection system
provides a sensitive, predictive means for
determining the extent of exchanger fouling as an
optidnal diagnostic capability of a flow meter. The
flowmeter is simple and readily implemented, and
diagnostics are achieved by monitoring temperature
differences across the exchanger as a primary
indication of fouling/corrosion. The flowmeter and
sensors can be ser#iced‘ when the exchanger 1is
serviced. If multiple temperature sensors are used,
multiple differential measurements may be taken, and
the variations in the temperature measurements can be
utilized to more precisely detect area fouling within
the system. By using approp;iate flowmeter
technology or additional sensors, ©process fluid
properties can be estimated. Moreover, wetted

components can be standard sensors/transmitters, so
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that only the electronics associated with the
flowmeter are unique.

FIG. 6 is a simplified cross-sectional view
of a thermowell 600 according to an embodiment of the
present invention. Conventionally, a common failure
mode for temperature sensors, and especially for
thermowells, 1s coating or fouling of the outside
surface of the thermowell or the sensor. This
coating or fouling causes a change in the thermal
time constant of thé sensor, thereby %“detuning” the
control system. Badly coated temperature sensors can
cause problems 1in monitoring applications, where
temperate limits can be exceeded in the process, but
the reporting of the out of range temperature is
delayed by the increased time constant due to
coating.

The thermowell 600 includes a means for
detecting when coating or fouling has progressed to
an unacceptable thickness. The thérmowell 600
includes a cylindrical body 602 defining‘ a chamber
for securing a-temperature sensor 604. A temperature
sensor lead 606 extends from a transmitter (not
shown) through the chamber and into the temperature
sensor. Coating/foﬁling builds up on the outside.
surface 608 of the thermowell 602, causing the time
constant to change.

To detect unacceptable build up or fouling,

a piezoelectric 'transducer 610 1is fixed inside the
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transducer may be magnetic, electrostatic, or any
other +transducer type. The geometry of the
thermowell 600 is configured so that the transducer
610 can excite the thermowell 600 into resonance.
The excitation frequency of the transducer is wvaried
by accompanying electronics until a maximum amplitude
of the thermowell 600 displacement is determined and
stored. If the thermowell 600 is coated or fouled,
the coating adds mass to the thermowell 600, altering
its resonant frequency. If this change in resonant
frequency exceeds a predetermined limit, the
transmitter coupled to the thermowell 600 sends an
alarm or “caution” signal to the process operator in
charge of this measurement point (or generally to a
control center).

In corrosive process fluids that do not
coat or foul the thermowell 600, the mass of the
thermowell 600 will still change over time as the
corrosive process fluid attacks the thermowell 600.
As the corrosive process fluid pits or otherwise
corrodes (erodes) the surface of. the thermowell 600,
the mass of the thermowell 600 decreases, thereby
causing a change in the resonant frequency. The
preset or predetermined 1limit may be a deviation
(plus or minus) from a baseline.

FIG. 7A illustrates a simplified Dblock
diagram of a pneumatic actuator valve 700 having a

diagnostic function according to an embodiment of the
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responsible for loss of capacity in process plants is
valve malfunction, such as if a valve sticks, 1if a
valve is stuck, or if the stem has broken away from
the plug (in a plug-type valve). Another failure
mode involves cavitation of. the valve for a period of
time, such that the internal geometry of the wvalve is
severely eroded. Cavitation i1s a problem associated
with pressure changes across valves and pumps,
wherein small gas bubbles form and then violently
collapse as pressure and temperature conditions
affecting the process fluid change as the process
fluid passes through the device. The collapsing of
the bubbles can cause severe erosion to  the device,
even over a short period of time. It is difficult to
detect cavitation as 1t 1s occurring, except when
frequencies associated with éavitation rise above
twenty KiloHertz. Most cavitation can be detected by
a worker skilled in the art by 1listening to the
subject device or by audio sensors and specialized
electronics adapted to detect a change. Pressure
and/or acoustic sensors can be adapted to listen to
the process and to detect the patterns associated
with cavitation. The user can be notified if a
cavitation event is detected. Insipient cavitation
can be associated with changes in a device signature
in the frequency range of greater than 20 kHz. -By
making pressure -and/or acoustic sensors caﬁable of

measuring higher frequencies, incipient cavitation
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may produce a sound similar to marbles hitting each
other Additionally, the I/P or I/Positioner may also
fail, causing what appears to be a valve malfunction.
The wvalve 700 includes a housing 702
containing a pneumatically actuated control valve

704, a positioning element 706, a pneumatic actuator

708, and an on-line valve diagnostic device 710. In
general, the positioning element 706 (I/P  or
I/Positioner) positions the control valve 704. The

actuator 708 controls the positioning element.

The pneumatic actuator' valve 700 is mounted
to a pipe segment 712 having flange elements 714 on
each end, which mate with flange elements 716 on
adjacent piping 718. The valve 700 includes three
pressure sensors 720, 722, and 724. Pressure sensor
724 (corresponding to pressure Pl) 1s adapted to
measure a pneumatic actuator pressure. Pressure
sensors 720 and: 722 (corresponding to pressures P2
and P3, respectively) are positioned between the
control wvalve 704 and the adjacent pipe sections 712.
Generally, pressure Sensors 720 and 722 are
positioned in gaskets with pressure taps positioned
on either side of the control valve 704.

By measuring the upstream pressure (P2),
downstream pressure (P3) and pneumétic actuator
pressure (Pi), the diagnostic device 710 is able to
provide a diagnostic output if the valve

malfunctions. Specifically, the upstream pressure
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monitored to determine the wvalve operating point.
The pressure to the pneumatic actuator 1is also
monitored. In a properly (normally) operating valve,
if the actuation pressure (Pl) is changed, the valve
operating point (P2-P3) will also change. The
actuator pressure (Pl) may change as a result of the
control loop changing due to a process disturbance or
a need to run the process at a different operating
point.

The downstream pressure sensor 722 can be
selected to have a high bandwidth such that it can
sense acogstic frequehcies in the KiloHertz (KHz)
range. Alternatively, a pressure sensor 722 with an
additional acoustic sensor 726 (shown in phantom) are
connected to a tap provided for the pressure sensor
722. This acoustic sensor 726 provides. a high
frequency capability, which can be used to
predict/detect cavitation.

If the control signal to the wvalve 700 1is
made available to the diagnostic device 710, via
Foundation Fieldbus, HART, or by wiring the control
loop through the diagnostic device 710, the
diagnostic device 710 can monitor the control signals
for changes to cause a change in the actuation
pressure. If no change in actuation occurs, the
diagnostic device 710 can report a possible
malfunction of the positioning element 706.

FIG. 7B is simplified expanded view of the
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shown, a gage pressure (GP) sensor (P2) 720 measures
the process pressure via a pressure tap in a gasket
provided upstream of the control wvalve 704. A GP
sensor (P3) 722 measures the process pressure via a
pressuﬁe tap in a gasket provided downstream of the
control wvalve 704. A GP sensor (Pl) 724 measures a
valve actuator pressure. Each of the measured values
for actuator ©pressure, upstream and downstream
pressures are provided to the A/D converter 730,
which converts the raw analog data to a digital
output. The digital output is then delivered to the
microprocessor and memory (diagnostic logic)
circuitry 732, which processes the digital output
into a signal indicative of the health of the valve.
The signal is then provided to the output circuit
| 734, which transmits the diagnostic output.

FIG. 7C is a simplified flow diagram of the
operation of the pneumatic actuator valve 700
according to the embodiment of FIGS. 7A and 7B. Upon
startup, the diagnostic device initializes reference
values for the actuator valve pressure (P1l), the
upstream pressure (P2), the downstream pressure (P3)
and the wvalve control signal (Cl) (block 750). Once
the reference wvalues are initialized, the device
checks for a stuck or broken valve (blocks 752-7T774) .

The device tests the actuator valve
pressure (Pl) to see if the wvalue has changed by more

than two sigma (block 752). If the wvalue has not
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to retest the actuator wvalve pressure (Pl) every
couple of seconds until the value has chaﬁged. If
the value has changed, the device waits a second or
two to allow the pressure across the valve to
stabilize (step 754). Then, the device measures the
upstream and downstream pressures (P2 and P3,
respectively), and calculatés the pressure across the
valve (P2-P3) (step 756). If the valve operational
pressure changed {step 758), the device again
initializes the reference values for the actuator
valve pressure (Pl), the upstream pressure (P2), the
downstream pressure (P3) and the valve céntrol signal
(C1) (block 750). Once the reference wvalues are
initialized, the device checks for a stuck or broken
valve (blocks 752-774).

If the valve operational pressure has not
changed, the device tests the actuator pressure (P1)
to see if it remains changed by more thgn two sigma
(block 760). If not, the device re-initializes the
reference values for the actuator 'valve pressure
(Pl), the wupstream pressure (P2), the downstream
pressure (P3) and the valve control signal (Cl)
(block 750). Once the reference values are
initialized, the device checks for a stuck or broken
valve (blocks 752-774).

If the actuato; pressure (P1) remains
changed by an amount greater than two sigma of noise

(block 760), the device waits for the pressure across
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measures the upstream and downstream pressures (P2
and P3), and calculates the differential pressure
(P2-P3) (block 764). The device tests to see if the
valve operational pressure has changed (block 766).
If the operational pressure has changed, then the
pneumatic valve is probably sticking (block 768). If
the valve operational pressure has not changed (block
766), then the device checks if this is the fourth
retry or if +the actuator pressure (Pl) is at a
minimum or a maximum (block 770). If either
condition is true, then the valve is probably stuck
or broken (block 772). If the conditions are false,
then the dévice waits for a period of time to allow
the pressures to stabilize (in most instances a few
seconds is sufficﬁent) (block 774), and then retests
‘the actuator pressure (Pl) to see 1f it remains
éhanged by an amount greater than two sigma of noise
(step 760). '

The embodiment of FIGS. 7A-7C provide an
on-line method of determining if a valve is sticking,
stuck or if its stem 1is broken, and provide an on-
line method of predicting/determining if a valve is
cavitating. Since the system involves three simple
gasket plates with taps, the diagnostic valve system
is simple to mount and requires no valve body
modification or tapping (though tapping of the wvalve
body is another possible embodiment). The set-up is

straightforward, in part, because the diagnostic is
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and the pneumatic actuation pressure. The device can
be added onto existing systems, and can operate
without access to DCS, Valve I/P, or positioner
control data. Moreover, continuous operation is not
reguired, thereby allowing low power consumption. A
diagnostic check once every few seconds is more than
sufficient to verify i1f a wvalve has malfunctioned.
The device need not be powered by the control loop.
Independent power supplies are possible, and
communication can be via local, analog, HART, FFB,
Ethernet, or any other digital bus. The diagnostic
device 700 provides I/P and I/positioner malfunction
checks if the set point information is available to
the diagnostic device. Pressure 'sensors do not need
to be high performance, Dbut rather Jjust ‘highly
reliable. Finally, the diagnostic system 700 can be
utilized on all flanged valves from any manufacturer,
and can be ﬁsed on non-flanged valves if the wvalve
body is tapped for pressure ports.

In general, the present invention takes
advantage of changes in acoustic spectral content and
amplitude, which 1is characteristic of problems in
process flow equipment.l Both acoustic flowmeters and
pressure sensors can be adapted to detect this
spectral content and amplitude. This makes it
possible to  provide exchanger  plugging/fouling
diagnostics wusing pressure and/or acoustic sensing

capabilities, to provide cavitation detection
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capability, to provide acoustic flowmetering at low
flow ranges Dbelow 3 feet per second, to evaluate
fouling or plugging by actively exciting a pipe
segment and testing its resonant'frequency against a
reference.

FIG. 8 1is a simplified flow diagram of a
method for detecting fouling or corrosion in an
industrial process according to an embodiment of the
present invention. A noise signal is measured in the
process fluid of an industrial process (block 1000).
The diagnostic circuit separates acoustic patterns
associated with vortices from background hoise (block
1002) . The diagnostic device calculates a flow rate
based on the acoustic patterns and a process noise
signature based on background (p;ocess) noise (block
1004). As previously discussed, the background noise
signature 1is calculated using an algorithm such as a
Fast Fourier Transform.

The calculated process noise signature 1is
then compared with the stored reference value (block
1006), which corresponds to a process nolse signature
of the system in a known good state. An alarm signal
or indication is added onto the flow measurement
signal for transmission to a control center (block
1008), if the calculate noise signature deviates from
the stored reference by more than a predetermined

limit.
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Although the present invention has been
described with reference to preferred embodiments,
workers skilled 1in thé art will recognize that
changes may be made in form and detail without

departing from the spirit and scope of the invention.
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WHAT IS CLAIMED IS:

1. An acoustic flowmeter for measuring a flow rate of
a process fluid in a pipe sedtion in an industrial
process, the flowmeter comprising: .
an acoustic. sensing device configured to -
couple to the pipe section and adapted
to meaéﬁre a proceés noise;
monitoring  electronics coupled to the
acoustic sensing device and adapted to
isolate acoustic patterns generated by
vortices in the process fluid from the
measured process noise, the monitoring
electronics adapted to detect a change
in the measured process noise and to
generate an alarm signal based upon a
' detected change, the change being-
indicative of - a failure or
deterioration of equipment in  the
industrial process.
2. The acoustic flowmeter of claim 1 wherein
the monitoring electronics comprises:
a transformation block adapted to transform
| the measured procesé noise into a
process signature; and
a comparator adapted to compare the process
signature to a stored reference
signature to identify the change.
3. The acoustic flowmeter of claim "1 and

further comprising:
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an acoustic generator coupled to the pipe
section and adapted to generate an
acoustic signal within the - pipe
 section.
4. The acoustic flowmeter of claim 3 wherein
the acoustic generator is coupled to the monitoring
electronics, wherein the monitoring-  electronics are
adapted to initiate generation of an acoustic signal at
a particular frequéncy by the acoustic generator.
5. The acoustic flowmeter of «claim 1 and
further coﬁprising:
fixed equipment coupled to the pipe section,
the fixed equipment generating process
noise as the process fluid <flows
through the fixed equipment;
wherein the change is indicative of
co:rosioﬁ or fouling of the fixed
equipment.
6. - The acoustic flowmeter of claim 1 and
further comprising:
a non-volatile memory buffer adapted to
store the reference signature, the
reference signature comprising a
transformed process noise signal of
process  fluid flowing through  the
industrial process when components of
the industrial process are functioning

properly.
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7. The acoustic flowmeter of claim 1 wherein
the process noise comprises:

a signal composed of a plurality of
frequencies.

8. The acoustic flowmeter of claim 1 and
further comprising: '

‘a neural network adapted to monitor
comparisons between the measured
process noise and the stored reference
signature and to determine whether to
generate an alarm signal based on the
extent of deviation from the reference
signature. '

9. , The acoustic flowmeter of claim 1 and
further comprising: .
an external input  or local operator
| interface . for configuring | the
predetermined limit.
10. The écoustic ‘flowmeter of claim 1 wherein
the pipe section is configured to couple to a heat
exchanger. ' .
11. The acbustic flowmeter of claim 1 including’
an active transducer.
12. _ The acoustic flowmeter of claim 1 including
a temperature sensor.
13. The acoustic flowmeter of claim 1 including
a structure to introduce vortexes in the process fluid.
14. A diagnostic device for detecting fouling

and corrosion in process equipment comprising:
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process equipment;

at least one detector for measuring a
frequency response coupled to the pipe
section;

an fransducer coupled to the process element

B and adapted to excite - the process
element into resonance; and

a diagndstic circuit coupled to the at least
one detector and the transducer, the
diagnostic circuit adapted to trigger
the process element into resonance via
a command sent to the transducer and to
process the measured frequency résponse
frgm. the at least one detector, the
diagnostic circuit adapted to .compare
the measured frequency response to a
stored référence fréqueﬁcy response and
to produce a diagnostic signal
indicative of health -of the process
equipment based on a deviation of the
measured frequency response from the
stored frequency response.

15. The diagnoétic device éf_ claim 14 wherein

the deviation of the measured. frequency response 1is

indicative of a mass change of the process equipment.

16. The diagnostic device of claim 15 wherein
the mass chahge is a loss of mass indicative of

corrosion.
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17. The diagnostic device of claim 15 wherein
the mass change is a gain of mass indicative of build
up.
18. The diagnostic device of claim 14 wherein
the process‘equipment comprises:
a thermowell with a temperature sensor for
measuring a process temperature of a
process fluid.
19. The diagnostic device of claim 14 wherein
the process equipment comprises:
‘ a pipe section;
20. The diagnostic device of .claim 14 wherein
the process equipment cdmprises:
. ‘an obstruction extending into a fluid flow.
21. A method of monitoring health of fixed
equipment in an industrial process comprising:
measuring a noisé signal in.a process fluid
of the industrial process;
separating acoustic patterns associated with
vortices from process noise in the
measured noise signal;
caiculating a process value based on the
acoustic patterns and a noise signature
based on the process noise; |
comparing the noise signature to a stored
reference signature; and
adding an alarm dindication onto a fiow
measurement signél fof transmission to

a control center, if the noise
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signature deviates from the stored
reference signature by more than a
7 predetermined limit.
22. A diagﬁostié system adapted to | detect
fouling and corrosion of fixed equipment in én
industrial process, the diagnostic system comprising:

a sensing device configured to  measure a
process variable and ‘adapted to
passively or actively detect ' process
noise; and »

monitoring circuitry ‘coupled to® the sensing
device and adapted to identify a
frequency change in the process noise.

23. A method .of detecting corrosion or fouling
of process equipment in an industrial process
comprising:

exciting a mechanical device into resonance;

measuring é resonant frequency of the
device; and

generating an alarm signal indicative of
fouling or corrosion of the device
based upon the resonant frequency of

the device.

24. A device for diagnosing operation of a wvalve
in an industrial process comprising:
a first pressure sensor adapted to measure

on upstream or downstream pressure;
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a second pressure sensor adapted to measure
a pressure of pneumatic fluid used to
control valve position; and
diagnostic circuitry configured to diagnose
operation- of the valve based upon the
sensed pressufe. )
25. _ The device of claim 24 wherein the first
pressure sensor is adapted to sense acoustic

frequencies in the process fluid.
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