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(57) Abrege/Abstract:
A method and apparatus for measuring at least one parameter of a fluid flowing through an internal passage of an elongated body
IS provided. The Internal passage Is disposed between a first wall and a second wall, and the first wall and the second wall each
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(57) Abrege(suite)/Abstract(continued):
Include an interior surface and an exterior surface. The method includes the steps of providing an array of at least two ultrasonic

sensor units, operating the sensor units to transmit ultrasonic signals at one or more frequencies substantially coincident with at
least one frequency at which the transmitted ultrasonic signals resonate within the first wall, recelving the ultrasonic signals with the
sensor units, and processing the recelved ultrasonic signals to measure the at least one parameter of fluid flow within the internal
passage.
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(57) Abstract: A method and apparatus for
measuring at least one parameter of a fluid
flowing through an internal passage of an
elongated body is provided. The internal
passage is disposed between a first wall
and a second wall, and the first wall and
the second wall each include an interior

surface and an exterior surface. The method
includes the steps of providing an array of at
least two ultrasonic sensor units, operating
the sensor units to transmit ultrasonic signals
at one or more frequencies substantially
coincident with at least one frequency at
which the transmitted ultrasonic signals
resonate within the first wall, receiving the
ultrasonic signals with the sensor units, and
processing the received ultrasonic signals to
measure the at least one parameter of fluid

- h flow within the internal passage.
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APPARATUS AND METHOD FOR MEASURING A FLUID FLOW
PARAMETER WITHIN AN INTERNAL PASSAGE OF AN ELONGATED BODY

FIELD OF THE INVENTION

[0C01] The present invention pertains to the field of processing ultrasonic
signals, and more particularly to apparatus and methods for using ultrasonic signals to

measure one or more parameters of a fluid flowing within an intermal passage of an

elongated body.
BACKGROUND OF THE INVENTION

{0002] Flow meters utilizing ultrasonic transducers can be used to sense fluid
flow properties such as velocity, volumetric flow rate, etc. Cross correlation
ultrasonic flow meters (CCUF), for example, can measure the time required for
ultrasonic beams to transit across a flow path at two, axially displaced locations along
a pipe. Within this measurement principle, vanations 1n trans:t time arc assumed to
correlate with properties that convect with the flow, such as vortical structure,
inhomogeneities in flow composition, and temperature variations to name a few.
(0003] CCUFs utilize high frequency acoustic signals, 1.e. ultrasonics, to
measure much lower frequency, time varying properties of structures in the flow.
Like all other cross correlation based flow meters, the physical disturbances which

cause the transit time vaniations should retain some level of coherence over the

distance between the two sensors. CCUFs are typically much more robust to

vanations in fluid composition than the other vltrasonic-based flow measurement

approaches such as transit ime and Doppler based methods.
10004] Transit time, defined as the time required for an ultrasonic beam to
propagate a given distance, can be measured using a radially aligned ultrasonic

transmitter and receiver. For a homogenous flutd with a no transverse velocity

components flowing 1n an infinitely rigid tube, the transit time is given by the

following relation:

t=D/ A nix
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where 15 the transit time, D 1s the diameter of the pipe, and Ay 18 the speed of
sound propagating through the {luid.

[00035] In such a flow, a vanation 1n transit time 1s analogous to a variation m
sound speed of the fluid. In real fluids however, there are many mechanisms, which
could cause small variations in transit time which remain spatially coherent for
several pipe diameters. For single phase flows, variations 1 the transverse velocity
component will cause vanations 1n transit time. Variations in the thermophysical
properties of a flud such as temperature or composition will also cause vanations.
Many of these effects convect with the flow. Thus, intluence of transverse velocity of
the fluid associated with coherent vortical structures on the transit fime enables transit
timne based measurements to be suitable for cross correlation flow measurement for
tlows with uniform composition properties. The combination of sensitivity to
velocity field perturbation and to composition changes make transit fime measurement

well suited for both single and multiphase apphcations.

[0006] Despite CCUFs functiomng over a wide range of flow composition,

standard transit ime ultrasonic flow meters (TTUF) are more widely used. TTUFs
tend to requure relatively well behaved fluds (1.e. single phase fluids) and well-
dehined coupling between the transducer and the fluid itself. TTUFs rely on
transmitting and receiving ultrasonic signals that have some component of their
propagation 1 line with the tflow. While this requirement does not pose a significant
1ssue for in-line, wetted transducer TTUFs, it does pose a challenge for clamp-on
devices by introducing the ratio of sound speed mn the pipe to the fluid as an important
operating parameter. The influence of this parameter leads to rehiability and accuracy
problems with clamp-on TTUFs.

[Q007] Signal-to-noise ratio (1.¢., the ratio of a desired signal to a noise signal
contamnng no usetul information} 18 very often an 1ssue with flow meters that utilize
non-wetted ultrasonic sensors that send and receive signals through the walls of the
vessel (e.g., pipe) in which the fluid flow 1s passing. In addition, differences in
material properties between the pipe walls and the tluid tlow traveling therein can
create impedance mismatches that inhibiat signal propagation. Attenuated signals
undesirably decrease the signal-to-noise ratio, and likely also decrease the accuracy of
information available trom the signal. Consequently, 1t would be desirable to provide

a method for improving the strength and quality of a signal produced and recerved by

CC-0941PCT 2
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an ultrasonic sensor unit uttlized within a flow meter, and an apparatus operable to do

the same.

SUMMARY OF THE INVENTION

[0008] [t 1s, therefore, an object of the present invention to provide a method
for improving the strength and quality of a signal produced and received by an
ultrasonic sensor unit utihized within a flow meter, and an apparatus operable to do the
same.

Q009 According to the present mnvention, a method for measuring at least
one parameter of a thmd tlowing through an internal passage of an elongated body 1s
provided. The internal passage 1s disposed between a first wall and a second wall,
and the first wall and the second wall each include an interior surface and an exterior
surface. The method includes the steps of providing an array of at least two ultrasonic
sensor units, operating the sensor units to transmit ultrasonic signals at one or more

frequencies substantially coincident with at least one frequency at which the

transmitted ultrasonic signals resonate within the first wall, receiving the ultrasonic
signals with the sensor units, and processing the recetved ultrasomic signals to
measure the at least one parameter of flmd flow within the internal passage.

(0010] According to present invention, a method for sensing flow within an
internal passage of a pipe 1s provided. The internal passage 1s disposed between a
first wall of the pipe and a second wall of the pipe. The method includes the steps of
providing a flow meter having an array ot at least two ultrasonic sensor units,
operating the sensor units to transmit ultrasonic signals at one or more frequencies
substantially coincident with at least one frequency at which the transmitted ultrasonic
signals resonate within the first wall, and receiving the ultrasonic signals with the
SENsSor units.

[0011] In some embodiments of the present method, ultrasomc transmitters
within the sensor units are pulsed between an active period when ultrasonic signals
are transmitted and an 1nactive period when ultrasonic signals are not transmaitted.
The active periods each have a duration sufficient to enable the transmitted ultrasonic
signals resonating within the first wall to increase 1in amplitude an amount that readily
distinguishes the transmitted ultrasonic signals from signal noise.

[0012] In some embodiments, one or more of the sensor units further inchides

the ability to receive ultrasonic signals transmitted from the transmitter and reflected

CC-0941PCT | 3
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within the first wall. This can be accomplished by using a transmitter capable of
acting as a receiver, or by using an independent feedback ultrasonic receiver located
on the extenior surface of the first wall proximate the transmatter.
[0013] According to the present mvention, an apparatus for sensing flow
within an mternal passage of a pipe 1s provided. The 1ntemal passage of the pipe is
disposed between a first wall of the pipe and a second wall. The apparatus includes
an array ol at least two ultrasonic sensor units. Each sensor unit includes an
ultrasonic transmitter mountable on an exterior surface of the first wall and an
ultrasonic recerver mountable on an exterior surface of the second wall and
substantially aligned with the transmatter to recerve ultrasonic signals transmitted
therefrom. The apparatus further includes a processor adapted to operate the
ultrasonic transmutters to transmt ultrasonic signals at one or more frequencies
substantially comcident with at least on¢ {requency at which the transmitted ultrasonic
signals resonate within the first wall of the pipe, and adapted to recerve signals from
the ultrasonic recervers.
[0014] The foregoing and other objects, features and advantages of the present
ivention will become more apparent in light of the following detailed description of

exemplary embodiments thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[00135] The above and other objects, features and advantages of the invention
will become apparent from a consideration of the subsequent detailed description
presented in connection with accompanying drawings, in which:

[0016] FIG. 1 15 a block diagram of a flow meter having an array of ultrasonic
sensor units disposed axially along a pipe for measuring the volumetric flow of the
thuid tlowing 1n the pipe, in accordance with the present invention.

[0017] FI1G. 2 is a block diagram of an alternative embodiment of a sensing
device of a flow meter embodying the present invention similar to that shown in FIG.
1.

[0018] FI1G. 3 1s a cross-sectional view of a pipe having a turbulent pipe
tlowing having coherent structures therem, 1n accordance with the present invention.
[0019] FIG. 4 1s a frequency-amplitude graph showing transmitted spectra,

with high peaks in amplitude representing resonant conditions.

CC-0941PCT 4
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[0020] FI1G. 5 15 a frequency-amplitude graph showing reflected spectra, with
sharp valleys in amplitude representing resonant conditions.

[0021] F1G. 6 1s diagrammatic representation illustrating the application of a
signal monitoning techmique wherein a dither at a frequency of w 1s apphied to a

fundamental resonance frequency F,.

BEST MODE FOR CARRYING OUT THE INVENTION

[0022] Referring to FIG. 1, a flow meter, generally shown as 10, 1s provided
to measure the velocity and/or volumetnce flow rate of a single phase fluid 12 (e.g.,
gas, hquid or liguid/hquid mixture) and/or a multi-phase mixture 12 (e.g., process
flow) flowing through an elongated body having an internal passage such as a pipe
14. For ease of descnption, the term “pipe” will be used heremnafter in place of the
atoresaid “elongated body”. The present invention 18 not, however, limited to use
with circular cross-section pipes, however. The multi-phase mixture may be a two-
phase liquid/gas mixture, a solid/gas mixture or a solid/liquid mixture, gas entrained
hquid or a three-phase mixture.

[0023] The flow meter 10 embodiment shown in FIG. 1 includes a sensing
device 16 comprising an array of uitrasonic sensor umits 18-21. The array mcludes at
least two ultrasonic sensor units and may have as many as “N”’ number of ultrasonic
sensor units, where “IN” 15 an integer. Each sensor umit comprises a pair of ultrasonic
sensors 40, 42, one of which functions as a transmitter {I'x) 40 and the other as a
recerver (Rx)} 42. The sensor units 18-21 are spaced axially along the outer surface 22
of a pipe 14 having a process flow 12 propagating therein, at locations x;, X2 X3 XN,
respectively. The distances between sensor units should be known or determmable;
but do not necessanly have to be uniform. In the embodiment shown 1in FIG. 1, the
pair of sensors 40, 42 within each sensor unit 1s diametnically disposed on the pipe to
provide a through transmission configuration, such that the sensors transmit and
recelve an ultrasonic signal that propagates through the fluid substantially orthogonal
to the direction of the flow of the tluid within the pipe. The ultrasonic sensors 18-21
are clamped onto, or are otherwise attached to, the outer surface 22 of the pipe 14.
The embodiment shown in FIG. 1 diagrammatically shows transmitters 40 attached to
a first wall portion 23 of the pipe 14 and the receivers 42 diametrically disposed and

attached to a second wall portion 25 of the pipe 14. Externally attached sensor units

CC-0941PCT 5
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18-21 may be reterred to as "non-wetted”, as opposed to “wetted” sensor units whtch

are m direct contact with the process flow.

[0024] F1G. 2 1llustrates an alternative sensor arrangement wherein the
transmitter (Tx) 40 and recerver (Rx} 42 of each sensor unit 18-21 may be offset
ax1ally such that the ultrasonic signal from the transmitter sensor has an axial
component in its propagation direction, as shown in FIG, 2. Although diametrically
disposed sensors 40, 42 are preferred, the sensors 40, 42 may alternatively simply
oppose each other on the pipe. In addition, the sensor units 18-21 may be at different
radial location on the pipe compared to each other.

[0025] Refernng back to FIG. 1, each pair of ultrasonic sensors 40, 42 is
operable to measure a transit time (i.e., time of flight (TOF), or phase modulation) of
an ultrasonic signal propagating through the process flow 12 from the transmitting
sensor 40 to the receiving sensor 42. The transit ttime measurement or variation is
indicative of a coherent property that convects with the flow 12 within the pipe (e.g.,
vortical disturbances, inhomogenetties within the flow, temperature vanations,
bubbles, particles, pressure disturbances), which are indicative of the velocity of the
process flow 12. The ultrasonic sensors may operate at practically any frequency. It
has been found, however, that higher frequency sensors are more suitable for single
phase {luids and lower frequency sensors are more suitable for multiphase fluids. The
optimum f{requency of the ultrasonic sensor 1s therefore related to the size or type of
particie or substance propagating with the tlow 12, and is also related to resonant
frequencies of the pipe as will be discussed below. Examples of frequency used for a

flow meter embodying the present mmvention are 1 MHz and 5 MHz. The ultrasonic

sensors may provide a pulsed, chirped or continuous signal through the process flow
12. An example of a sensor 40, 42 that may be used 1s Model no. 113-241-591,
manufactured by Krautkramer.

[0026] The ultrasonic signals injected into the pipe 14 can, if tuned properly,
create a resonant response within one or both walls 23, 25 of the pipe 14. The
resonant response amplifies the ultrasonic signal as it passes through the first wall 23,
thereby increasing the ultrasonic signal entering the flow within the pipe 14.
Likewise, the ultrasonic signal entering the second wall 25 of the pipe 14 from the
flow 12 may also be amplified by the resonant response within the second wall 25,
thereby increasing the ultrasonic signal to be sensed by the receiver. As a result, the

signal-to-noise ratio of the sensor umt 1s improved.

CC-0941PCT 6
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[0027] The tuning ot the sensor units 18-21 to produce an ultrasonic
frequency operable to create a resonant response withan a pipe system can be done 1n
a variety of different ways; e.g., by imtially collecting empincal data from a stmilar
type pipe system or the actual pipe system 1tselt, or the tuning can be done in real-
time during use of the flow meter. For example, the drive frequency of the transmitter
can be slowly adjusted to maximize the through signal, and the relevant
frequency(ies) identified. The sensor units may be fine tuned by using a dithering
technique as 1s described below. FIG. 4 shows an amplitude — frequency plot of a
pipe system subjected excitation frequencies, where the high peaks mdicate resonant
conditions.

[0028] Once an ultrasonic frequency operable to create a resonant response
within the pipe (1.e., a fundamental resonance frequency) 1s selected, the signal
received by the receiver 42 of each sensor umt 18-21 can be penodically or
continuously monitored to evaluate whether the recerved signal intensity 1s optimal.
Changes 1n signal intensity can occur due to factors such as temperature mduced
frequency shifts in the pipe system, frequency changes within the driving electronics,
etc. One method for monttoring the resonant condition (1.€., tuning the mjected
frequency to the resonance condition), 1s to put a shight dither on the fundamental
resonance frequency (F,) as 1s illustrated in FIG. 6. A dither with a frequency of w
will induce an amplitude modulation of 2w at the recerved signal as the dither
traverses the peak of the resonance waveform. The recerving electronics can then
bandpass filter on the 2w signal and feed a correction signal to the transmitting
clectronics to optimize the 2w component. Dhthering represents an exemplary
technique for monitoring and optimizing the signat received by the receiver, but 1s not
the only such technique that can be used with the present invention. For example,

other techniques include introducing an oscillation to help optimaze the injected

frequency for maximum signal, which maximum signal helps correlate the received
signal from noise within the system.

10029] In an alternative embodiment, monitoring of the resonant condition can
be accomplished by sensing signal spectra reflected within the first wall of the pipe.
The monitoring can be performed by the transmitter acting as a receiver, or it can be
performed using an independent feedback recetver located proximate the transmitter
40 1n each sensor untt 18-21. In this embodiment, the feedback receiver monitors

signal spectra reflected within the first wall of the pipe. A processor 37 (see below) 1s

CC-0941PCT 7
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adapted to receive signais from the feedback ultrasonic recetver representative of the
ultrasonic signals retlected within the first wall, and 1dentify a mimimum retlected
signal indicative of the resonant condition. FIG. 5 shows a diagrammatic plot of
spectra reflected within the first wall. The deep valleys represent minimum reflected
signals mdicative of resonant conditions within the pipe, where the majornty of the
energy 15 transmitted through rather than retiected back. In this case, the preterred
operation pomnt of the sensor umt 18-21 would be the frequency associated with the
minimum {1.¢., deep valley). As indicated above, the performance of the sensor unit
can be monitored using techniques such as dithenng.

[0030] In addition to improving the performance of the sensor unit 13-21 by
finding and using a resonant condition, the present invention also includes mmproving

the performance of the sensor unit by determining a preferred transmitter pulse

duration for a sensor unit 18-21. The above-described resonant response builds in

intensity within the wall 23, 25 for a period of time, beginning when the fundamental

response frequency 1s first introduced mnto the pipe wall 23, 25. The resonant
response will reach a maximum intensity (1.e., the transmitted signal reaching a
‘maximum amplitude) after a period of time, at which point dampening within the pipe
system prevents any further increase i mtensity. The perntod of time from start to
maximum intensity represents a preferred pulse duration for the injected signal. Less
than the preferred pulse duration results in a less than optimum signal amplification,
and more than the preferred pulse duration results in no more than the optimum signal
ampiification. The preferred pulse duration will likely vary from system to system
due to factors such as pipe wall thickness, matenal, operating temperature, etc., and
can be determined by tunming the system prior to using 1t, or the tuning can be done n
real ime while the system 1s in use, or a combination of both.

[0031] An ultrasonic signal processor 37 fires the transmrtter sensors 40 1n
response to a fining signal 39 from a processor 24 and receives the ultrasonic output
signals Si(t) - Sn(t) trom the recerver sensors 42. The signal processor 37 processes
the data from each of the sensor umits 18-21 to provide an analog or digital output
signal T,(t) - Tn(t) indicative of the time of tlight or transit time of the ultrasonic
signal through the process flow 12. The signal processor 37 may also provide an
output signal indicative of the amplitude (or attenuation) of the ultrasonic signals.
One such signal processor 1s model number USPC 2100 manufactured by

Krautkramer Ultrasonic Systems. Measunng the amplitude of ultrasonic signal 1s

CC-0941PCT 3
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particularly useful and works well for measuring the velocity of a fluid that includes a
substance in the flow {e.g., multiphase flmid or slurry).

10032] The output signals (T,(t) - Tn(t)) of the ultrasonic signal processor 37
are provided to the processor 24, which processes the transit fime measurement data
to determine a parameter such as the volumetric flow rate of the process flow. The
transit time or time of fhight measurement 1s defined by the time it takes for an
ultrasonic signal to propagate from the transmitting sensor 40 to the respective
rece1ving sensor 42 through the pipe wall and the process flow 12. The effect of the
vortical disturbances {and/or other inhomogeneities within the fluid) on the transit
time of the ultrasonic signal 1s to delay or speed up the transit time. Therefore, each
sensing unit 18-21 provides a respective output signal T;(t) - Tn(t) indacative of the
variations in the transit time of the ultrasonic signals propagating orthogonal to the
direction of the process flow 12. The transit time measurement 18 dertved by
iterpreting the convecting coherent property and/or charactenstic within the process
piping using at least two sensor units 18, 19.

[0033] In one example, the flow meter 10 measures the volumetric flow rate
by determining the velocity of vortical disturbances 45 (¢.g., coherent structures such
as "turbulent eddies"”; see FIG. 2) propagating with the flow 12 using the array of
ultrasonic sensors 18-21. Coherent structures 45 are an inherent feature of turbulent
boundary layers present in all turbulent flows. The ultrasonic sensor units 18-21
measure the transmit time T,(t) - Tn(t) of the respective ultrasomic signals between
cach respective pair of sensors 40, 42, which varies due to the vortical disturbances as
these disturbances convect within the flow 12 through the pipe 14 in a known manner.
Therefore, the velocity of these vortical disturbances 1s related to the velocity of the
process flow 12 and hence the volumetric flow rate may be determined. The
volumetric tlow rate may be determined by multiplying the velocity of the process
flow 12 by the cross-sectional area of the pipe.

[0034] The overwhelmig majonty of industrial process flows 12 involve
turbulent flow. Turbulent fluctuations within the process flow 12 govern many of the
tlow properties of practical interest including the pressure drop, heat transfer, and
mixing. For engmeenng applications, considering only the time-averaged properties
of turbulent {lows 15 often sufficient for design purposes. For sonar based array
processing flow metering technelogy, understanding the time-averaged velocity

profile 1n turbulent flow 12 provides a means to interpret the relationship between

CC-0941PCT | 9
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speed at which coherent structures 45 convect and the volumetnically averaged flow
rate.

[0035] Turbulent pipe flows 12 are highly complex flows. Predicting the
details of any turbuient flow 1s problematic, although much is known regarding the
statistical properties of the flow. For instance, as indicated above, turbulent flows
contain self-generating, coherent vortical structures such as "turbulent eddies"” 45.
The maximum length scale of coherent structures 45 s set by the diameter of the pipe
14. These structures 45 remain coherent for several pipe diameters downstream,
eventually breaking down 1nto progressively smaller structures until the energy 1s
dissipated by viscous etiects.

[0036] FIG. 2 diagrammatically illustrates the relevant flow features of
turbulent pipe tlow 12 along with an axial array of ultrasonic sensor units 18-21, each
sensor unit having a transmitter unit 40 and a recelver unit 42. As shown, the time-

averaged axial velocity 1s a function of radial position, from zero at the wall to a

maximum at the centerline of the pipe. The flow 12 near the wall is characterized by
steep velocity gradients and transitions to relatively uniform core flow near the center
of the pipe 14. Vortical structures (e.g., “turbulent eddies™) are superimposed over
the ttme averaged velocity profile. These coherent structures contain temporally and
spatially random tluctuations with magnitudes typically less than ten percent (10%) of
the mean flow velocity and are carried along with the mean flow. Experimental
investigations have estabhished that turbulent eddies 45 generated within turbulent
boundary layers remain coherent for several pipe diameters and convect at roughly
eighty percent (830%) of maximum flow velocity (Schlichting, 1979).

[0037] The ultrasonic sensors provide transit fime-varying signals T;(t), T»({t),
Ta(t), Tnft) to the signal processor 24 to known Fast Fourier Transform (FFT) logics
30-33, respectively. The FFT logies 30-33 calculate the Fourner transform of the
time-based input signals T (t) - Tn(t) and provide complex frequency domain (or
Irequency based) signals T, Tho, Tz, Tyw indicative of the frequency content of
the mput signals. Techniques other than FFTs can be used to obtain the frequency
domain charactenstics of the signals Ti{t) — Tn(t). The frequency signals T ® — Tn®
are fed to an array processor 36, which provides a flow signal 40 indicative of the
volumetric flow rate of the process flow 12 and a velocity signal 42 indicative of the
velocity of the process flow.

[0038] One technique of determining the convection velocity of the vortical

CC-0941PCT 10
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disturbances within the process flow 12 involves characterizing the convective nidge
of the vortical disturbances using an array of unsteady ultrasonic sensors or other
beam forming techniques, similar to that shown in U.S. Patent Publication No. 2002/0095263

published July 18, 2002, entitled "Method and Apparatus for Determining the
Flow Velocity Within a Pipe",

[0039] The flow metering methodology uses the convection velocity of
coherent structure with turbulent pipe flows 12 to determine the volumetric flow rate.
The convection velocity of these turbulent eddies 45 is determined by applying array
processing techniques to determine the speed at which the eddies convect past the
axial ultrasonic sensor array distributed along the pipe 14, similar to that used in the

radar and sonar fields. U. S. Patent Application Publication No. US 2004/0199340,
published October 7, 2004,

discloscs an example of an acceptable array processing technique. The prior art
teaches many sensor array processing techniques, however, and the present invention
1s not restricted to any particular technique.

[0040] Whle the present invention describes a flow meter having an array of
ultrasonic meters {0 measure the velocity of the vortical disturbances within the flow
12, the present invention contemplates that the ultrasonic sensors 18-21 measures any
property and/or characteristic of the flow 12 that convects with the flow (e.g., vortical
disturbances, inhomogenieties within the flow, temperature variations, acoustic wave
variations propagating within the pipe, bubbles, particles, pressure disturbances).
(0041]] It should be understood that any of the features, characteristics,
alternatives or modifications described regarding a particular embodiment herein may
also be applied, used, or incorporated with any other embodiment described herein.
{0042} Although the invention has been described and illustrated with respect
to exemplary embodiments thereof, the foregoing and various other additions and
omissions may be made therein and thereto without departing from the spirit and
scope of the present invention. It is to be understood that the above-described
arrangements are only illustrative of the application of the principles of the present

mvention. Numecrous other modifications and alternative arrangements may be

devised by those skilled in the art without departing from the current teachings.
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WHAT IS CLAIMED IS:

1. A method for measuring at least one parameter of a fluid flowing through an internal
passage of an elongated body, which internal passage is disposed between a first
wall and a second wall, and the first wall and the second wall each include an

Interior surface and an exterior surface, the method comprising:

providing an array of at least two ultrasonic sensor units, each sensor unit

Including an ultrasonic transmitter mounted on the exterior surface of the first
wall and an ultrasonic receiver located on the exterior surface of the second
wall and substantially aligned with the transmitter;

wherein each sensor unit further includes a feedback ultrasonic receiver located
on the exterior surface of the first wall and each feedback receiver is
operable to receive ultrasonic signals transmitted from the transmitter and
reflected within the first wall;

operating the ultrasonic transmitters to transmit ultrasonic signals through the
first wall, at one or more frequencies substantially coincident with at least one
frequency at which the transmitted ultrasonic signals resonate within the first
wall, in a manner that increases a signal-to- noise ratio of the ultrasonic
signals by using resonance of the ultrasonic signals within the first wall to
Increase the amplitude of the ultrasonic signals traveling through the first wall,

and thereby increase the amplitude of the ultrasonic signals transmitted into
the Internal passage;

receiving the ultrasonic signals with the ultrasonic receivers; and

processing the received uitrasonic signals to measure the at least one parameter

of fluid flow within the internal passage.

2. The method of claim 1, wherein the transmitter operates as the feedback ultrasonic
receiver.

3. The method of claim 1, wherein the feedback ultrasonic receiver is independent of
the transmitter.

12
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4. A method for sensing flow within an internal passage of a pipe, which passage is
disposed between a first wall of the pipe and a second wall of the pipe, the method

comprising:

providing a flow meter having an array of at least two ultrasonic sensor units,
each sensor unit including an ultrasonic transmitter mounted on an exterior
surface of the first wall and an ultrasonic receiver located on an exterior
surface of the second wall and substantially aligned with the transmitter;

wherein each sensor unit further includes a feedback ultrasonic receiver located
on the exterior surface of the first wall, and each feedback receiver is
operable to receive ultrasonic signals transmitted from the transmitter and
reflected within the first wall;

operating the ultrasonic transmitters to transmit ultrasonic signais through the
first wall, at one or more frequencies substantially coincident with at least one
frequency at which the transmitted ultrasonic sighals resonate within the first
wall, in a manner that increases a signal-to-noise ratio of the ultrasonic
signals by using resonance of the ultrasonic signals within the first wall to
increase the amplitude of the ultrasonic signals traveling through the first wall,
and thereby increase the amplitude of the ultrasonic signals transmitted into
the internal passage; and

receiving the ultrasonic signals with the ultrasonic receivers..

5. The method of claim 4, wherein the transmitter operates as the feedback ultrasonic

recelver.

6. An apparatus for sensing flow within an internal passage of a pipe, which passage Is
disposed between a first wall of the pipe and a second wall of the pipe, the

apparatus comprising:

an array of at least two ultrasonic sensor units, each sensor unit including an
ultrasonic transmitter mounted on an exterior surface of the first wall and an

ultrasonic receiver located on an exterior surface of the second wall and

13
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substantially aligned with the transmitter to receive ultrasonic signals
transmitted therefrom; and

a processor adapted to operate the ultrasonic transmitters to transmit ultrasonic
signals through the first wall at one or more frequencies substantially
coincident with at least one frequency at which the transmitted ultrasonic
signals resonate within the first wall of the pipe, in a manner that increases a
signal-to-noise ratio of the ultrasonic signals by using resonance of the
ultrasonic signals within the first wall to increase the amplitude of the
ultrasonic signals traveling through the first wall, and thereby increase the
amplitude of the ultrasonic signals transmitted into the internal passage, and
adapted to receive signals from the ultrasonic receivers;

wherein each sensor unit further includes a feedback ultrasonic receiver located
on the exterior surface of the first wall, and each feedback receiver is

operable to receive ultrasonic signals transmitted from the transmitter and

reflected within the first wall.

/. The apparatus of claim 6, wherein the processor is adapted to receive signals from
the feedback ultrasonic receiver representative of the ultrasonic signals reflected

within the first wall, and identify a minimum reflected signal indicative of the resonant
condition.

14
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