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ABSTRACT OF THE DISCLOSURE
An ultrasonic flowmeter and method for measuring fluid flow are disclosed.
The invention combines isolating flow conditioner technology with ultrasonic
technology to determine flow velocity. The method and apparatus of the invention
does not require the use of integration techniques or the prior determination of
flow swirl or asymmetry to achieve accuracy. The performance of this novel
flowmeter exceeds the performance of current ultrasonic flowmeters by an order of

four to twelve times and offers significant savings in manufacturing and

maintenance costs. The disclosed flowmeter also has self-diagnostic capabilities.
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APPLICATION FOR PATENT

INVENTOR(S): JAMES E. GALLAGHER

TITLE: Method and Apparatus for Determining Flow Velocity in
a Channel

SPECIFICATION
BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to the field of ultrasonic flowmeters and, in particular,
to an ultrasonic flowmeter that combines flow conditioning technology with simple
and inexpensive ultrasonic technology to yield high accuracy. The method and
apparatus of the invention does not require the use of integration techniques or the
pridr determination of flow swirl or asymmetry to achieve accuracy. The invention

also allows implementation of various self-diagnostic features.

2. Description of the Prior Art

Referring now to Figure 1, flowmeters are generally classified as either
energy additive or energy extractive. Energy additive meters introduce energy into
the flowing stream to determine flowrate. Common examples of energy additive

meters are magnetic meters and ultrasonic meters. Energy extractive meters
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require energy from the flowing stream, usually in the form of pressure drop, to
determine the fluid's flowrate. Examples of energy extractive meters are PD
meters, turbine meters, vortex meters and head meters (orfice, pitot, ventur, etc.).

Further subclasses of flowmeters are based on determining 1f the meter 1s
discrete or inferential. Discrete meters determine the flowrate by continuously
separating a flow stream into discrete segments and counting them. Inferential
meters infer flowrate by measuring some dynamic property of the flowing stream.

Ultrasonic flowmeters are energy additive inferential flowmeters. They are
well known in the art and can be further subclassified as shown 1n Figure 2.
Ultrasonic flowmeters determine the velocity of the flowing stream from the
difference in transit time of acoustic pulses transmitted in the downstream and
upstream directions between acoustic transducers. These acoustic pulses are
transmitted along a chordal path, and a measure of the average chordal velocity 1s
determined from the measured transit times. The fluid can be gas or liquid.

Transit times depend on the mean velocity of the chordal path, the flow
profile and the turbulence structure of the flowing stream. The reliability of the
measured chordal velocity depends on the path length, the configuration and radial
position of the acoustic path, the transmitted acoustic pulse form, the electronic
timing and gating performance and the calculations involved in reducing the
measured parameters to the mean chordal velocity.

Acoustic transducers can be mounted in an invasive or non-invastve
manner. An invasive mount invades the channel's containment structure through an
aperture and allows the transducer to transmit acoustic pulses directly into the
flowing stream. Invasively mounted transducers are also referred to as "wetted"
transducers. A non-invasitve mount transmits the acoustic pulses through all or
part of the channel's containment structure. Transducers mounted 1n this fashion
are also referred to as "non-wetted" transducers.

The invasive mount 1s further classified as intrusive or non-intrusive.

Intrusive mounting means that all or part of a transducer intrudes into the flowing

Savant Measurement/988413
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stream. Non-intrusive mounting means that the transducer 1s recessed and does
not intrude into the flowing stream.

Acoustic paths may be arranged in a reflective, non-reflective or hybnd
geometry. A reflective path is arranged in a geometric manner to reflect one or
more times off the containment structure or reflective bodies installed inside the
channel. A non-reflective path is arranged in a geometric manner that does not
reflect off the containment structure or a reflective body inside the channel. A
hybrid is a design that employs both reflective and non-reflective paths. The
number of paths and their placement in the channel vary among state of the art
designs.

Ultrasonic flowmeters have been the center of attention within the natural
gas industry for the last decade. State of the art ultrasonic flowmeters employ one
of two commercially available integration methods to determine the average flow
velocity in a circular duct. A third integration method 1s under development by the
scientific community. Both commercial methods perform well in the laboratory
environment of "fully developed" pipe flow. However, in the industrial
environment, multiple piping configurations assembled in series generate complex
problems for flow-metering engineers. The challenge 1s to minimize the difference,
1.e. achieve "similarity," between the actual, field flow conditions and laboratory,
"fully developed" flow conditions. The correlating parameters which impact
similarity vary with meter type and design. Howeuver, it 1s generally accepted that
the level of sensitivity to time-averaged velocity profile, turbulence structure, and
bulk swirl is dependent on the metering technology and the specific design of that
meter.

The first integration method, known as Gaussian integration, 1s based on a
fixed number of paths whose locations and correction factors are based on the
numerical Gaussian method selected by the designer. Several Gaussian methods

are available from publications (Jacobi & Gauss, Pannell & Evans, etc.) or

disclosed in U.S. Patents such as U.S. Patents Nos. 3,564,912, 3,940,985, and

3 Express Mail No. EH955372417US
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4.317,178. The advantages of this approach are clear. No additional information
of the flow profile is required for calculating the average flowing velocity. The
correction factors are fixed in advance as a result of the number of paths and the
Gaussian method selected by the designer. Gaussian integration methods require at
least four paths to yield acceptable results. Based on available public research,
Gaussian integration methods have a bias uncertainty of up to 3% due to vanations
In piping configuration.

The second integration method, disclosed in U.S. Patent No.5,546,812,
determines the swirl and asymmetry of the flowing stream by transmitting acoustic
pulses along two or more paths having different degrees of sensitivity to swirl and
to symmetry. This method uses a conversion matrix to determine the correction
factors for the chordal velocities based on the measured swirl and asymmetry. The
recommended number of paths is five for the proprietary method. According to
available literature, this integration method has an additional bias uncertainty of up
to 1% due to variations in piping configuration.

The third integration method, now under development by the National
Institute of Standards and Technology (NIST) is an eleven-path arrangement. The
unit, termed the advanced ultrasonic flowmeter (AUFM), 1s based on computer

modeling of pipe flow fields and simulations of their corresponding ultrasonic

signatures. The sensor arrangement for the AUFM will have enhanced velocity
profile diagnostic capabilities for deviations from non-ideal pipe flows. A pattern
recognition system capable of classifying the approaching unknown tlow among
one of a number of typical flows contained in an onboard, electronic library will
interpret the acoustic signals. The flow library will be created using results from
computational fluid dynamics simulations. No bias uncertainty information 1s
currently available for this experimental integration technique.

All of the state of the art ultrasonic flowmeters suffer from the
disadvantage of high cost due to the requirement of at least four paths (up to

eleven paths in the AUFM). Each path requires a pair of transducers with
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associated mounting mechanisms and wiring. Thus current ultrasonic flowmeters
are costly and maintenance intensive. In addition, under real-world industral
conditions, current ultrasonic flowmeters suffer relatively high bias uncertainty

errors due to swirl and asymmetry effects. These disadvantages are overcome by

the present invention.

3. Summary of the Invention

The present invention combines simple ultrasonic technology with isolating
flow conditioner technology to determine the flow velocity in a channel. The
performance of this novel combination exceeds current state of the art ultrasonic
flowmeter performance by an order of four to twelve times and offers significant
savings in manufacturing costs. In addition, this novel device allows the creation
of a method for measuring the "real time" health of the flowmeter.

The isolating flow conditioner section of the present invention eliminates
swirl (defined as reducing swirl or radial velocity perpendicular to the direction of
flow to less than 2 degrees) and eliminates asymmetry (defined as less than 5%
difference in flow velocity between parallel chords on opposing sides of the flow
axis) upstream of the ultrasonic meter section. Acoustic pulses are then
transmitted along a chordal path within the conditioned flow and the chordal
velocity is determined from the measured transit times. A correction factor is then
applied to the “raw” chordal velocity to determine a highly accurate “corrected”
measure of chordal velocity. The correction factor can be a weighting factor as
further described below, or it can be a calibration factor based upon laboratory
testing of that particular flowmeter. A calibration factor may be applied in lieu of
the weighting factor or in addition to the weighting factor.

In designs that use a single-path ultrasonic flowmeter section, a weighting
factor based upon the geometry of the acoustic path and the turbulence level of the
flowing medium is used. Designs with an ultrasonic flowmeter section that has
more than one path can further refine the weighting factor based upon a relaxation

term, which is a measure of flow profile development. Use of weighting factors
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provides high accuracy without the necessity for laboratory testing and calibration
of individual flowmeters.

A further advantage of the present invention is that the combination of
isolating flow conditioner technology with ultrasonic flowmeter technology enables
a self-diagnostic capabilities for measuring the "real time" health of the flowmeter.
A one-path design provides a low-level capability for measuring flowmeter health,
while multi-path designs provide a high-level capability. In the industnal
environment, a flowmeter with such built-in diagnostic capabilities 1s referred to as
a "smart" flowmeter.

A further advantage of the present invention is that it can be used in a
variety of different channel cross-sections, including cylindrical, square,
rectangular, curved rectilinear or a U-shaped cross-sections, without any accuracy

degradation.

Brief Description of the Drawings
A better understanding of the present invention can be obtained when the

following detailed description of the preferred embodiment is considered in
conjunction with the following drawings, in which:

Figure 1 is a chart showing current classifications of flowmeters;

Figure 2 is a chart showing current classifications of ultrasonic flowmeters;

Figure 3 is a side view, not to scale, of an embodiment of the flowmeter
according to the present invention;

Figure 4 is a perspective view, not to scale, showing the installation of
alternative embodiments of the present invention in a pipe line;

Figure 5A is a schematic diagram showing the test section used in the
empirical tests of the flowmeter according to the present invention.

Figure 5B is a schematic diagram showing the "Baseline” piping
configuration used for empirical tests of the flowmeter according to the present

invention;
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- Figure 5C is a schematic diagram showing the "T" piping configuration
used for empirical tests of the flowmeter according to the present invention;
Figure 5D is a schematic diagram showing the "Elbow + T" piping
configuration used for empirical tests of the flowmeter according to the present
invention;

Figure 6A is a side and end view of the first acoustic path used in the test

section for the empirical tests of the flowmeter according to the present invention;

Figure 6B is a side and end view of the second acoustic path used in the
test section for the empirical tests of the flowmeter according to the present
invention;

Figure 6C is a side and end view of the third acoustic path used in the test

section for the empirical tests of the flowmeter according to the present invention,;

Figures 7A-C are graphs showing the magnitude of one-path flowmeter
error for vartous flow velocities.

Figures 8 A-C are graphs showing the magnitude of two-path flowmeter
error for various flow velocities.

Figures 9A-C are graphs showing the magnitude of three-path flowmeter

error for various flow velocities.

Description of the Preferred Embodiment

Referring now to Figures 3 and 4, the present invention combines an
isolating flow conditioner section 1 with an ultrasonic flowmeter section 2. The
isolating flow conditioner section 1 of the present invention eliminates swirl
(defined as reducing swirl or the ratio of radial velocity to axial velocity to less
than 2 degrees) and eliminates asymmetry (defined as less than 5% difference 1n
flow velocity between parallel chords on opposing sides of the flow centerline)

upstream of the ultrasonic meter section 2. In the preferred embodiment, the

isolating flow conditioner section 1 consists of an anti-swirl device 3 followed by a

profile device 4 as shown in Figures 3 and 4. However, the isolating flow
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conditioner section 1 could also consists of various combinations of other devices,
such as nozzles, contractions, anti-swirl devices, profile devices, and static mixers.
The important parameter for any combination is the elimination of swirl and the
achievement of axisymmetrical flow (both as defined above).

Acoustic pulses 5 are transmitted along chordal path(s) in an ultrasonic
flowmeter section 2 that is downstream of the isolating flow conditioner section 1.
As the measurements occur within conditioned flow, the “raw” chordal velocity
measurements determined from the measured transit times are fairly accurate even
without correction. However, the preferred embodiment improves accuracy even
further by applying correction factors to the “raw” chordal velocities to determine
corrected chordal velocities. The correction factors may be weighting factors (as
defined below), calibration factors based upon actual laboratory testing of the
specific flowmeter, or a combination of weighting factors and calibration factors.
Application of calibration factors is only required where ultra-high accuracy 1s
sought.

A fixed weighting factor based upon the geometry of the acoustic path(s)
and the turbulence level of the flow can be used with any ultrasonic flowmeter
section design. Designs with a multi-path ultrasonic flowmeter section that has at
least two paths with differing geometries can further refine the weighting factor
based upon a relaxation term, which is a measure of flow profile development.

The preferred embodiment of the present invention also incorporates self-
diagnostic capabilities for measuring the "real time" health of the flowmeter. One-
path and multi-path designs provides the following “low-level” self-diagnostic
capabilities:

1. Comparison of the digital archives of the flowmeter during dynamic
calibration to the "real time" operation to determine "key" anomalies;

2. Comparison of the operational digital archives of the flowmeter to

the "real time" operation to determine "key" anomalies;

Savant Measurement/988413
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3. Timing clock stability based upon bias error from equation of state's
predicted velocity of sound and the actual measured chordal velocity of sound,

4. Proper acoustic path lengths based upon bias error from equation of
state's predicted velocity of sound and the actual measured chordal velocity of
sound;

S. Proper programming associated with the calibration parameters
based upon bias error from equation of state's predicted velocity of sound and the
actual measured chordal velocity of sound; and

6. Analysis of fluid variations or particulate deposits on the
containment structure, the invasive transducer's face, or the mounting pockets
based upon analysis of acoustic pulse train strength or distortion and bias error
from equation of state's predicted velocity of sound and the actual measured
chordal velocity of sound.

A multi-path design provides the following additional “high-level” self-
diagnostic capabilities:

1. Enhanced timing clock stability analysis based upon range between
the various chordal velocity of sound measurements;

2. Enhanced mechanical path angle analysis based upon: (a) range
between raw chordal velocities in parallel path geometries; and/or (b) range
between corrected chordal velocities in parallel or non-parallel path geometries;

3. Enhanced acoustic path length analysis based upon: (a) range
between raw chordal velocities in parallel path geometries; (b) range between
corrected chordal velocities in parallel or non-parallel path geometries; and/or (c)
ratio between raw chordal velocities in non-parallel geometric paths;

4 Enhanced calibration parameters programming analysis based upon:
(a) range between raw chordal velocities in parallel path geometries; (b) range
between corrected chordal velocities in parallel or non-parallel path geometries; (¢)
ratio between raw chordal velocities in non-parallel geometric paths; and/or (d)

range between chordal velocity of sound measurements;

5220267.1
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5. Integration accuracy based upon: (a) range between raw chordal
velocities in parallel path geometries; (b) range between corrected chordal
velocities in parallel or non-parallel path geometries; and/or (c) ratio between raw
chordal velocities in non-parallel geometric paths;

6. Proper electronics performance based upon: (a) range between
corrected chordal velocities in parallel or non-parallel path geometries; and/or (b)
range between chordal velocity of sound measurements;

7. Proper acoustic probe performance based upon: (a) range between
corrected chordal velocities in parallel or non-parallel path geometries; and/or (b)
range between chordal velocity of sound measurements;

8. Stability of delta time delays for each acoustic probe based upon:
(a) range between raw chordal velocities in parallel path geometries; and/or (b)
range between corrected chordal velocities in parallel or non-parallel path
geometries;

9. Signature recognition software based upon: (a) range between raw
chordal velocities in parallel path geometries; and/or (b) range between corrected
chordal velocities in parallel or non-parallel path geometries; and

10.  Enhanced analysis of fluid variations or particulate deposits on the
containment structure, the invasive transducer's face or the mounting pocket based
upon: (a) range between raw chordal velocities in parallel path geometries; (b)
range between corrected chordal velocities in parallel or non-parallel path
geometries; and/or (c) ratio between raw chordal velocities in non-parallel
geometric paths.

All of these "real time" self-diagnostic health validations greatly improve
the confidence in the performance of the flowmeter.

In the preferred embodiment, each chordal path has associated values for
path angle, path length, weighting factor and calibration factor. Also in the
preferred embodiment, the following specifications are used as alarm points for the

self-diagnostic tests:
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10 Express Mail No. EH955372417US

. 0 AN . AV ¢ e . ‘Mm« . wmm . . . . : . s . - . o . . i e . . . .
! MR 2yt HAIRANRMAL A R e vi - T L 0 g o S T LN e S tgar 2ar e T s LR N M A AR THE A L G Ol 1 RN T H e e S A P (e U RIS 49 v e R s T A e 03l o T e ok v 52 b A 4t 0 S O e TG N LG e | A S AT st ¢ T e e e



CA 02307727 2000-05-01

1. Bias error from equation of state's predicted velocity of sound and
actual measured chordal velocity of sound should not vary by more than 0.25%;

2. Range between chordal velocities in parallel path geometry: (a)
"raw" chordal velocities between non-reflective chords in a parallel plane should

5 not differ by more than 5%; and (b) "raw" chordal velocities between reflective -
chords in parallel planes should not differ by more than 2.5%;

3. Range between chordal velocities in parallel or non-parallel
geometric paths: (a) corrected chordal velocities between non-reflective chords
should not differ by more than 5%; and (b) corrected chordal velocities between

10 reflective chords should not differ by more than 2.5%. Corrected chordal velocity
refers to chordal velocity computed by applying the path's weighting factor,
calibration factor, or weighting factor and calibration factor to the “raw” chordal

velocity measurement.

Referring now to Figure 4 the flowmeter of the present invention can be

15 built into a pipeline by assembling various discrete segments containing the
isolating flow conditioner devices and the ultrasonic measuring devices into the
pipeline. In another embodiment, all of the devices making up the flowmeter of the
present invention are integrated into a single flowmeter body that can be installed
into a pipeline as a single robust unit.

20 The flowmeters according to the present invention were tested by an
outside research laboratory. Experiments were conducted with natural gas. As
shown in Figure 5A, the experiments utilized a test section consisting of a 10D
isolating flow conditioner section 6, a 3D acoustic section 7, and a 5D exhaust
section 8 (where D is the pipe diameter). The isolating flow conditioner 9 could be

25 positioned anywhere within the 10D isolating flow conditioner section 6 and was
tested at 0D, 1D, 2D, 3D, 4D, and 5D upstream of the acoustic section 7.

The acoustic section had three paths as shown in Figures 6A-6C. The first
path (Path “A”), shown in Figure 6A, was a double reflection, mid-radius chord

that appears as an inverted triangle in end view perspective. The second path,

5220267.1
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shown in Figure 6B (Path “B”), was a double reflection, mid-radius chord that
appears as an upright triangle in end view perspective. The third path, shown 1n
Figure 6C (Path “C”), was a single reflection, centerline chord that appears as a
bisecting line in end view perspective. All three paths were active during the tests.
5 By analyzing each path separately and then in conjunction with other paths, each
flow test simultaneously provided empirical data on single-path meters, two-path
meters and three-path meters.
Three test loops were used, each designed to impart certain characteristics
to the test section gas flow. As shown in Figure 5B, the “Baseline” test loop
10 flowed natural gas through a 90D section of straight pipe into the test section.
This test loop provided fully-developed “laboratory” flow without swirl or
asymmetry to the test section. The “Tee” test loop, shown in Figure 5C, attached
the test section directly to a pipe tee and provided asymmetric flow to the test
section. The “Elbow + Tee” test loop, shown in Figure 5D, flowed natural gas
15 through an elbow and a pipe tee out of plane to provide asymmetric and swirling

flow to the test section.

Single Path Research

Using the above test loops, perturbation tests were conducted under the

20 following fluid dynamic conditions: (a) fully developed flow (Figure 7A); (b)
asymmetric, non-swirling flow (Figure 7B), and (c) asymmetric, swirling flow
(Figure 7C). Multiple test runs were made with the isolating flow conditioner
located at various positions upstream from the acoustic section. Each test run
spanned a range of flow velocities. For each flow velocity and 1solating flow

25 conditioner location, residual error (“€”) values were plotted for Paths “A”
(“Design ‘A’”) and “B” (“Design ‘B’”). Residual error 1s the difference between
predicted weighting factor (“Yp”) and empirical weighting factor (“Ym”) as a

percentage of empirical weighting factor.
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The predicted weighting factors were calculated according to the present
invention. Each weighting factor included a path geometry term, and a turbulence
term. For the single-path device, the relaxation term was constant due to the

inability to measure relaxation absent more than one path. Representative values

are shown in the table below:

Baseline Test Loop Elbow + Tee Test Loop
Path “A”/1IFC @ 3D Path “B”/IFC @ 1D
Path Geometry 0.8460 0.8460
Relaxation 0.1616 0.1616
Turbulence 0.0010 0.0037
Predicted (“Yp”) 1.0086 1.0113
Empirical (“Ym”) @ 67fps  1.0092 1.0086
Residual Error (“e”) -0.06% 0.27%

Note that in the case of Path “A” and Path “B”, the path geometry terms are

identical. This is because both paths are double reflection mid radius chords. A

differing path geometry would result in a different path geometry weighting factor.

The experiments demonstrated the validity of the novel concept. The
single-path device demonstrated a residual error of less than 0.5% with flow
velocities greater than 5 feet per second. Since the empirical weighting factor 1s
based upon actual flow rate of the test loop, this means that the predicted
weighting factors calculated according to the present invention produce measured
flowrates that were within 0.5% of the actual flowrates in both perturbed and
"laboratory" flow conditions. This performance, produced through the
combination of effective flow conditioning and the application of accurate
predicted weighting factors, is far better than current state of the art Gaussian
integration flowmeters and equals the performance of five-path proprietary
integration flowmeters while using only one fifth of the transducers and chordal
paths. This results in considerable savings in manufacturing and maintenance

COStSs.
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Multi-Path Research

Two-path and three-path performances were also analyzed based upon the
previously described test runs. Two-path results are shown in Figures 8A (fully
developed flow), 8B (asymmetric, non-swirling flow), and 8C (asymmetric,
swirling flow). Likewise, three-path results are shown in Figures 9A (fully
developed flow), 9B (asymmetric, non-swirling flow), and 9C (asymmetric,
swirling flow). In the two-path charts, for each flow velocity and 1solating flow
conditioner location, residual error values (“e”) were plotted for Design “A”
(combination of Path “A” and Path “C”) and Design “B” (combination of Path “B”
and Path “C”). In the three-path charts, each residual error value (“¢”) combines
Paths “A.” “B,” and “C.”

The predicted weighting factors were calculated according to the present
invention. Each weighting factor included a path geometry term, a turbulence term

and a relaxation term. Representative values are shown in the tables below:
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Path Geometry
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Residual Error (“e”)

Path Geometry
Relaxation
Turbulence

Predicted (“Yp”)
Empirical (“Ym”) @ 141ps
Residual Error (“e”)
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Two-Path
Baseline Test Loop
Design “A”/IFC @ 3D
Path “A” Path “C”
0.8460 1.8245
0.1633 -0.8671
0.0010 0.0010
1.0103 0.9584
1.0105 0.9591
-0.02% -0.07% Mean =-0.05%
Elbow + Tee Test Loop
Design “B”/1FC @ 1D
Path “B” Path “C”
0.8460 1.8245
0.1590 -0.8450
0.0037 0.0037
1.0087 0.9832
1.0089 0.9834
-0.02% -0.02% Mean =-0.02%
Three-Path
Tee Test Loop
IFC @ 3D
Path “A” Path “B” Path “C”
0.8460 0.8460 1.8245
0.1578 0.1582 -0.8389
0.0010 0.0010 0.0010
1.0048 1.0052 0.9866
1.0036 1.0063 0.9859
0.12% -0.11% 0.07% Mean = 0.03%

Note that in the above charts, the path turbulence terms are identical (0.0010 for
tests with IFC @ 3D and .0037 for tests with IFC @ 1D). This is because the path

5220267.1
Savant Measurement/988413

e ta g . ' . .. . .y . . .
A St A e 1 s v AR G § 1Y A T RN AT PN R G T L T P16 S A AT O D0, 17 Ak b [ 08 ry el Sl e e B W

15 Express Mail No. EH955372417US

Pttt gl - AR SRR
1 e PR G id v s DA TN 64 AT OMATE TN 1 T il el 0 LA vk 140407 et 0 L0t 44 4 2 A AV A b A | S (A =t I [ rin



10

15

20

25

5220267.1

4=V0 rkL oA SN D T PN MO N

CA 02307727 2000-05-01

turbulence term depends upon the distance of the path from the isolating flow
conditioner. Also note that unlike the single-path chart, the relaxation terms vary.
This is because the relaxation term depends upon the actual relaxation of the flow
as determined by the relationship between differing path velocity measurements. It
takes at least two different paths with differing path geometries to measure and
calculate a relaxation term. '

The experiments demonstrated the validity of the novel concept. The two-
path device demonstrated a residual error of less than 0.25% with flow velocities
greater than 5 feet per second. This means that the predicted weighting factors
calculated according to the present invention produce measured flowrates that are
within 25% of the actual flowrates in both perturbed and "laboratory" flow
conditions. This performance exceeds the performance of all current integration-
based ultrasonic flowmeters. Yet, this extraordinary performance is achieved using
less than half of the transducers and chordal paths with a related savings in
manufacturing and maintenance costs.

The three-path design performed even better and demonstrated a residual
error of less than 0.2% with flow velocities greater than 5 feet per second.

Although the present invention and its advantages have been described 1n
detail. it should be understood that various changes, substitutions and alterations
can be made herein without departing from the spirit and scope of the invention as

defined by the appended claims. Moreover, the scope of the present application 1s

not intended to be limited to the particular embodiments of the process, machine,
manufacture, composition of matter, means, methods and steps described in the
specification. As one of ordinary skill in the art will readily appreciate from the
disclosure of the present invention, processes, machines, manutacture,
compositions of matter, means, methods, or steps, presently existing or later to be
developed that perform substantially the same function or achieve substantially the
same result as the corresponding embodiments described herein may be utilized

according to the present invention. Accordingly, the appended claims are intended

Savant Measurement/988413

16 Express Mail No. EH955372417US

9274 R U IR MO ] 3 SRR WG it a5l s Y Y a3 i ”
Yot T LRI TR e S Ao AL DG SN 1O ot sl NSRStk \
3 - 4 i AU RO R T cINR T © T H A 200 R 1 TP R A = N B 1L Sl - WA SN S RS riGa et



CA 02307727 2000-05-01

to include within their scope such processes, machines, manufacture, compositions

of matter, means, methods, or steps.

5220267.1

Savant Measurement/988413
17 Express Mail No. EH955372417US

. Nl e vt . ¢
" ! K% @00 RSP 4 e M- AR U4 Tt e 2 T T N SRR RICHETH £ 3 L 4947 G R o A2 500 - e P a8 Sy s M o280 v
. TN R Tt v e RN WA RCT M



~] O w»n AW DN

CA 02307727 2000-05-01

CLAIMS

I claim:

1. A method for measuring the flow of fluid in a channel comprising:
(a) eliminating flow swirl;
(b) eliminating flow asymmetry;
(¢) measuring transit times of acoustic pulses along at least one chordal
path within said non-swirling, axisymmetric flow; and
(d) converting said transit times to a measurement of flow velocity

using at least one correction factor.

2. The method of claim 1 wherein said correction factor is a weighting factor

based upon the chordal path and flow turbulence.

3. The method of claim 1 wherein at least two chordal paths are used and said

correction factor is a weighting factors based upon chordal path, flow turbulence,

and flow relaxation.

4 The method of claim 2 or 3 wherein said correction factor additionally

includes a calibration factor based upon empirical laboratory testing.

5. The method of claim 1 wherein said correction factor is a calibration factor

based upon empirical laboratory testing.

5220267.1
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6. A method for analyzing the performance of an ultrasonic flowmeter
comprising;
(a) eliminating flow swirl,;

(b)  eliminating flow asymmetry;

(¢) measuring transit times of acoustic pulses along at least one chordal
path within said non-swirling, axisymmetric flow;,

(d)  using said measured transit times to perform at least one self-

diagnostic function.

7. The method of claim 6 wherein said self-diagnostic function evaluates
stability of a timing clock from the difference between a predicted velocity of

sound based upon an equation of state and measured velocity of sound.

8. The method of claim 6 wherein said self-diagnostic function evaluates
acoustic path lengths from the difference between a predicted velocity of sound

based upon an equation of state and measured velocity of sound.

0. The method of claim 6 wherein said self-diagnostic function evaluates fluid
variations from the difference between a predicted velocity of sound based upon an

equation of state and measured velocity of sound.

10. The method of claim 6 wherein said self-diagnostic function evaluates fluid

variations based upon an analysis of distortion or strength of said acoustic pulse.

11. The method of claim 6 wherein said self-diagnostic function evaluates
particulate deposits on the channel's containment structure, an acoustic transducer's
face, or an acoustic transducer's mounting pocket based upon an analysis of

distortion or strength of said acoustic pulse.

5220267.1
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12, The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates stability of a timing clock from the difference

between at least two chordal paths' velocity of sound measurements.

13 The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates at least one mechanical path angle from the

difference between at least two chordal paths' corrected velocities.

14 The method of claim 6 wherein at least two chordal paths of parallel
geometry are used and said self-diagnostic function evaluates at least one acoustic

path's length from the difference between at least two chordal paths' raw velocities.

15.  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates calibration parameter programming from the

difference between at least two chordal paths’ corrected velocities.

16,  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates calibration parameter programming from the

difference between at least two chordal paths' velocity of sound measurements.

17. The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates integration accuracy from the difference between

at least two chordal paths’ corrected velocities.

18.  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates electronics performance from the difference

between at least two chordal paths’ corrected velocities.
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19.  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates electronics performance from the difference

between at least two chordal paths' velocity of sound measurements.

20.  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates acoustic probe performance from the difference

between at least two chordal paths’ corrected velocities.

21.  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates acoustic probe performance from the difference

between at least two chordal paths' velocity of sound measurements.

22.  The method of claim 6 wherein at least two chordal paths of parallel
geometry are used and said self-diagnostic function evaluates delta time delay

stability from the difference between at least two chordal paths' raw velocities.

23.  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates delta time delay stability from the difference

between at least two chordal paths’ corrected velocities.

24. The method of claim 6 wherein at least two chordal paths of parallel
geometry are used and said self-diagnostic function evaluates device signature from

the difference between at least two chordal paths' raw velocities.

25.  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates device signature from the difterence between at

least two chordal paths’ corrected velocities.

5220267.1
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26. The method of claim 6 wherein at least two chordal paths are used and said

self-diagnostic function evaluates fluid variations from the difference between at

least two chordal paths’ corrected velocities.

27.  The method of claim 6 wherein at least two chordal paths of parallel
geometry are used and said self-diagnostic function evaluates particulate deposits
on the channel's containment structure, an acoustic transducer's face, or an acoustic
transducer's mounting pocket from the difference between at least two chordal

paths' raw velocities.

28.  The method of claim 6 wherein at least two chordal paths are used and said
self-diagnostic function evaluates particulate deposits on the channel's containment

structure, an acoustic transducer's face, or an acoustic transducer's mounting

pocket from the difference between at least two chordal paths’ corrected velocities.

29, A flowmeter for measuring the flow of fluid in a channel comprising:

(a) an 1solating flow conditioner adapted to be installed in said channel
for eliminating flow swirl and asymmetry;

(b) an ultrasonic measuring device installed in said channel downstream
from said conditioner wherein said ultrasonic measuring device has
at least one chordal path between acoustic transducers for
measuring transit times of acoustic pulses; and

(¢) a digital microprocessor capable of receiving output from said
ultrasonic measuring device and converting said output to a velocity

measurement by applying at least one correction factor.
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30. A flowmeter for measuring the flow of fluid in a channel comprising:

(a) a flowmeter body;

(b) an isolating flow conditioner supported within said flowmeter body
for eliminating flow swirl and asymmetry;

(c) an ultrasonic measuring device supported within said flowmeter
body downstream from said conditioner wherein said ultrasonic
measuring device has at least one chordal path between acoustic
transducers for measuring transit times of acoustic pulses; and

(d) a digital microprocessor capable of receiving output from said
ultrasonic measuring device and converting said output to a velocity

measurement by applying at least one correction factor.

31. The flowmeter of claim 29 or 30 wherein said correction factor is a

weighting factor based upon the chordal path and flow turbulence.

32.  The flowmeter of claim 29 or 30 wherein at least two chordal paths are
used and said correction factor is a weighting factors based upon chordal path,

flow turbulence, and flow relaxation.

33.  The method of claim 31 wherein said correction factor additionally includes

a calibration factor based upon empirical laboratory testing.

34.  The method of claim 32 wherein said correction factor additionally includes

a calibration factor based upon empirical laboratory testing.

35. The flowmeter of claim 29 or 30 wherein said correction factoris a

calibration factor based upon empirical laboratory testing.
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36. A flowmeter for measuring the flow of fluid in a channel comprising:

(a) an isolating flow conditioner for eliminating flow swirl and
asymmetry;

(b) an ultrasonic measuring device installed 1n said channel downstream
from said conditioner wherein said ultrasonic measuring device has
at least one chordal path between acoustic transducers for
measuring transit times of acoustic pulses;

(¢c) a digital microprocessor capable of receiving output from said
ultrasonic measuring device; and

(d) self-diagnostic software within said digital microprocessor for the

performance of at least one self-diagnostic function.

37. The flowmeter of claim 36 wherein said self-diagnostic function evaluates
stability of a timing clock from the difference between a predicted velocity of

sound based upon an equation of state and measured velocity of sound.

38. The flowmeter of claim 36 wherein said self-diagnostic function evaluates
acoustic path lengths from the difference between a predicted velocity of sound

based upon an equation of state and measured velocity of sound.

39. The flowmeter of claim 36 wherein said self-diagnostic function evaluates

fluid variations from the difference between a predicted velocity of sound based

upon an equation of state and measured velocity of sound.

40. The flowmeter of claim 36 wherein said self-diagnostic function evaluates
fluid variations based upon an analysis of distortion or strength of said acoustic

pulse.
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41 The flowmeter of claim 36 wherein said self-diagnostic function evaluates

particulate deposits on the channel's containment structure, an acoustic transducer's

face, or an acoustic transducer's mounting pocket based upon an analysis of

distortion or strength of said acoustic pulse.

42, The flowmeter of claim 36 wherein at least two chordal paths are used and

said self-diagnostic function evaluates stability of a timing clock from the difference

between at least two chordal paths' velocity of sound measurements.

43.  The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates at least one mechanical path angle from the

difference between at least two chordal paths' corrected velocities.

44,  The flowmeter of claim 36 wherein at least two chordal paths of parallel
geometry are used and said self-diagnostic function evaluates at least one acoustic

path's length from the difference between at least two chordal paths' raw velocities.

45.  The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates calibration parameter programming from the

difference between at least two chordal paths’ corrected velocities.

46.  The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates calibration parameter programming from the
difference between at least two chordal paths' velocity of sound measurements.
47, The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates integration accuracy from the difference

between at least two chordal paths’ corrected velocities.

Savant Measurement/988413

25 Express Mail No. EH955372417US

- AN A e e I e IV A Y o W R A N RS Y By e e .~.,u,wou-‘»@mm.w%"w::q“;“'ﬁu p“wmw Wﬂ'mwﬁr AALHIM A s hrl s D1 Whend s e s o . v e st Sere b AT S ey L el b B QRSB R —



CA 02307727 2000-05-01

48.  The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates electronics performance from the difference

between at least two chordal paths’ corrected velocities.

49.  The flowmeter of claim 36 wherein at least two chordal paths are used and

said self-diagnostic function evaluates electronics performance from the difference

between at least two chordal paths' velocity of sound measurements.

50. The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates acoustic probe performance from the

difference between at least two chordal paths’ corrected velocities.

51.  The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates acoustic probe performance from the

difference between at least two chordal paths' velocity of sound measurements.

52.  The flowmeter of claim 36 wherein at least two chordal paths of parallel
geometry are used and said self-diagnostic function evaluates delta time delay

stability from the difference between at least two chordal paths' raw velocities.

53. The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates delta time delay stability from the difference

between at least two chordal paths’ corrected velocities.

54.  The flowmeter of claim 36 wherein at least two chordal paths of parallel
geometry are used and said self-diagnostic function evaluates device signature from

the difference between at least two chordal paths' raw velocities.

5220267.1
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55. The flowmeter of claim 36 wherein at least two chordal paths are used and

said self-diagnostic function evaluates device signature from the difference between

at least two chordal paths’ corrected velocities.

56. The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates fluid variations from the difference between

at least two chordal paths’ corrected velocities.

57.  The flowmeter of claim 36 wherein at least two chordal paths of parallel
geometry are used and said self-diagnostic function evaluates particulate deposits
on the channel's containment structure, an acoustic transducer's face, or an acoustic

transducer's mounting pocket from the difference between at least two chordal

paths' raw velocities.

58. The flowmeter of claim 36 wherein at least two chordal paths are used and
said self-diagnostic function evaluates particulate deposits on the channel's
containment structure, an acoustic transducer's face, or an acoustic transducer's

mounting pocket from the difference between at least two chordal paths’ corrected

velocities.
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