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(57) Abstract: A system and method for ultrasonic flow
metering. In one embodiment, an ultrasonic flow meter-
ing system includes a plurality of ultrasonic flowmeters.
Each of the ultrasonic flowmeters includes a flow pro-
cessor. The flow processor is configured to maintain a
plurality of velocity bins, each of the bins corresponding
to a flow velocity range for the flowmeters. The flow
processor is also configured to maintain, within each of
the bins, a value indicative of past average velocity of
fluid flow through a given one of the flowmeters associ-
ated with a given one of the bins. The flow processor is
further configured to determine, responsive to one of the
flowmeters having failed, an estimated average fluid
flow velocity through the system based on the values
maintained within the bins.
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SYSTEM AND METHOD FOR METER SUBSTITUTION FOR
CO-LOCATED FLOWMETERS

BACKGROUND
[8001] After hydrocarbons have been removed from the ground, the fluid stream (e.g,,

crude ofl, natural gas, elc.} is transported from place-to-place via pipelines. | is desirable
to know with accuracy the amount of fluid flowing in the siream, and particuiar accuracy is
demanded when the fluid is changing hands, or “custody transfer.” Even where custody
transfer is not taking place, however, measurement accuracy is desirable, and in these
situations flowmeters may be used.
[8002] Ultrasonic flowmelers are one type of flowmeter that may be used {o measure the
amount of fluid flowing in a pipeline. In an ultrasonic flowmeter, ultrasonic signals are sent
back and forth across the fluid stream to be measured, and based on various
characteristics of the ultrasonic signals a measure of fiuid flow may be calculated.
Ultrasonic flowmeters providing improved flow measurement accuracy and fault immunity
are desirable,

SUMMARY
[6003] A system and method for ultrasonic flow metering when one of a plurality of co-
located ultrasonic flowmeters has failed is disclosed herein. in one embodiment, an
uitrasonic flow metering system includes a plurality of ultrasonic flowmeters. Each of the
uitrasonic flowmeters includes a flow processor. The flow processor is configured {o
maintain a plurality of velocity bins, each of the bins corresponding o a flow velocity
range for the flowmeters. The flow processor is also configured to maintain, within each of
the bins, a value indicative of past average velocity of fluid flow through a given oneg ¢f the
flowmetlers associated with a given one of the bins. The flow processor is iurther
configured to determing, responsive (o one of the flowmeters having failed, an estimated
average fluid flow velocity through the system based on the values maintained within the
bins.
{8004} In ancther embodiment, a method for flowmeter substitution includes dividing a
fluid flow velocity measurement range of a plurality of serially coupled ultrasonic

flowmneters into a plurality of velocily subranges. A plurality of bins is maintained by sach



WO 2013/166244 PCT/US2013/039206

of the flowmeters. Each of the bins corresponds to one of the velocily subranges. A value
indicative of average flow velocity through a given one of the flowmelers is mainlained
within each of the bins. Responsive lo failure of one of the flowmelers, an estimated
average flow velocily through the piurality of flowmelers is determined based on the
values maintained within the bins.
[B005] In a further embodiment, an ultrasonic flowmeter includes a passage for fluid
flow, a pair of ulirasonic transducers, and a flow processor. The pair of ulirasonic
transducers is configured to form a chordal path across the passage between the
fransducers. The flow processor is coupled {o the ulirasonic transducers, and configured
to measure the flow velocily of a fluid stream flowing through the passage based on
outputs of the transducers. The flow processor is also configured {o exchange measured
flow velocity values with a different flowmeter disposed to measure flow velocily of the
fluid stream. The flow processor is further configured o compute, in response o failure of
the different flowmeter, an estimated average flow velocity of the fluid stream based on
the flow velocity measured by the flow processor and a historical value of flow velocity for
the different flowmeter maintained by the flow processor.

BRIEF DESCRIPTION OF THE DRAWINGS
{8008} Figure 1 shows an ullrasonic flowmeter in accordance with  various
embodimeants;
{8007} Figure 2 shows a cross-sectional overhead view of an ultrasonic flowmeter in
accordance with various embodiments;
{8008} Figure 3 shows an end elevation view of an ullrasonic flowmeter in accordance
with various embodiments;
{86008} Figure 4 shows an arrangement of transducer pairs of an ultrasonic flowmeter in
accordance with various embodiments;
[6010] Figure 5 shows a flow melering sysiem including a pair of co-located ultrasonic
flowmeters configured for meter substitution in accordance with various embodiments;
[6011] Figure © shows a block g diagram of a flow metering system that includes co-
located ulirasonic flowmeters configured for meter substitution in accordance with various

embodiments; and
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[0012] Figure 7 shows a flow diagram for a method for meler substitution using co-
located ultrasonic flowmeters in gecordance with various embodiments.
NOTATION AND NOMENCLATURE
[8013] Certain terms are used throughout the following description and claims to refer to
particular system componenis. As one skilled in the arl will appreciate, companies may
refer 0 a component by different names. This document deoes not intend fo distinguish
between components that differ in name but not function. In the foliowing discussion and
in the claims, the terms “including” and “comprising” are used in an open-ended fashion,
and thus should be interpreted 1o mean “including, but not limited to... " In addition, the
term “couple” or “couples” is intended {0 mean either an indirect or a direct slectrical
connection. Thus, if a first device couples 1o a second device, that connection may be
through a direct electrical connection, or through an indirect electrical connection via other
devices and connections. Further, the term “software” includes any executable code
capable of running on a processor, regardless of the media used o store the software.
Thus, code stored in memaory {e.q., non-volatile memory), and sometimes referred o as
‘embedded firmware,” is included within the definition of software. The reciiation “based
on” is intended to mean “based atl least in part on.” Therefore, if X' is based on Y, X may
be based on Y and any number of other factors. The term “low rate” as used herein
refers {o the rate of volumeltric flow.
DETAILED DESCRIPTION

[8014] The following description is directed to varicus embodiments of the invention.
The drawing figures are not necessarily to scale. Cerlain features of the embodiments may
be shown exaggerated in scale or in somewhat schematic form and some delails of
conventional elements may not be shown in the inlerest of clanly and conciseness. The
disclosed embodiments should not be interpreled, or otherwise used, to limil the scope of
the disclosure, including the claims. In addition, one skilled in the arl will understand that
the following description has broad application, and the discussion of any embodiment is
meant only {0 be exemplary of that embodiment, and not intended o intimate that the
scope of the disclosure, including the claims, is limited {o thal embodiment. ltis to be fully
recognized that the different leachings of the embodiments discussed below may be

emploved separately or in any suitable combination o produce desired resuits. Further,
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the various embodiments were developed in the conlext of measuring hydrocarbon flows
{e.g., crude oil, natural gas), and the description follows from the developmental conlexd;
however, the systems and methods described are equally applicable 1o measurement of
any fluid flow (e.g., cryogenic substances, waler, etc.).

[60158] Figure 1 shows an ultrasonic flowmeter 100 in accordance with various
embodiments. The ulirasonic flowmeter 100 includes a meler body or spool piece 102
that defines a central passage or bore 104. The spool piece 102 is designed and
consiructed {o be coupled to a pipeling or other struciture (not shown) carryving fluids {(e.q.,
natural gas) such that the fluids flowing in the pipeline travel through the central bore 104,
While the fluids fravel through the ceniral bore 104, the ultrasonic flowmeter 100
measures the flow rale (hence, the fiuid may be referred (o as the measured fluid). The
spool piece 102 includes flanges 106 that facilitate coupling of the spool piece 102 o
another structure. in other embodiments, any suitable system for coupling the spool piece
102 1o a structure may be equivalently used {e.g., weld connections).

[8018] In order to measure fluid flow within the spool piece 102, the ultrasonic flowmeter
100 includes a plurality of transducer assemblies. In the view of Figure 1 five such
fransducers assembles 108, 110, 112, 116 and 120 are in full or partial view. The
fransducer assemblies are paired {e.g., transducer assemblies 108 and 1103}, as will be
further discussed below. Moreover, each transducer assembly eleclrically couples to
contral electronics 124, ilusiratively housed in an enclosure. More particularly, each
transducer assembly electrically couples 1o the control electronics 124 by way of a
respective cable 126 or equivalent signal conducting assembly.

80471 Figure 2 shows a cross-sectional overhead view of the ultrasonic lowmeter 100
taken substantially along ling 2-2 of Figure 1. Spool piece 102 has a predetermined size
and defines the central bore 104 through which the measured fluid flows. An Hlustrative
pair of transducers assemblies 112 and 114 is located along the length of spool piece
102. Transducers 112 and 114 are acoustic transceivers, and more particularly ultrasonic
ransceivers. The ultrasonic transducers 112, 114 both generate and receive acoustic
signals having frequencies above about 20 Kilohertz. The acousiic signals may be
generated and received by a piezoelectric element in each transducer. To generate an

ulirasonic signal, the piezoelectric element is stimulated electrically by way of a signal
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{e.g., a sinusoidal signal}, and the element responds by vibrating. The vibration of the
piezoelectric element generales the acoustic signal that travels through the measured
fluid to the corresponding transducer assembly of the pair. Similarly, upon being struck by
an acoustic signal, the receiving piezoelectric element vibrales and generates an
giectrical signal (e.g., a sinusoidal signal) that is delected, digitized, and analyzed by the
electronics associated with the flowmeter 100.

[6018] A path 200, also referred {0 as a "chord,” exists between illustrative transducer
assemblies 112 and 114 at an angle 8 10 a centerline 202. The length of chord 200 is the
dislance between the face of lransducer assembly 112 and the face of transducer
assembly 114, Points 204 and 206 define the locations where acoustic signals generated
by transducer assemblies 112 and 114 enter and leave fluid flowing through the spool
piece 102 {i.e, the enfrance to the spool piece bore). The position of transducer
assemblies 112 and 114 may be defined by the angle 8, by a first length L measured
belween the faces of the transducer assemblies 112 and 114, a second length X
corresponding o the axial distance belween points 204 and 206, and a third length °d”
corresponding o the pipe inside diameter. In most cases distances d, X and L are
precisely determined during flowmeter fabrication. A measured fluid, such as natural gas,
flows in a direction 208 with a velocity profile 210. Velocity vectors 212, 214, 216 and 218
flustraie that the gas velocity through spoo! piece 102 increases toward the centerline
202 of the spool piece 102.

[60198] Initiglly, downstream transducer assembly 112 generales an ultrasonic signal
that is incident upon, and thus detected by, upsiream transducer assembly 114, Some
time later, the upstream transducer assembly 114 generates a relurn ultrasonic signal
that is subseguently incident upon, and delected by, the downstream transducer
assembly 112, Thus, the transducer assemblies exchange or play "pitch and calch” with
ulirasonic signals 220 along chordal path 200. During operation, this seguence may occur
thousands of times per minute.

(80201 The transit time of an ultrasonic signal 220 between illustrative transducer
assemblies 112 and 114 depends in part upon whether the ultrasonic signal 220 is
traveling upstream or downstream with respect to the fluid flow. The fransit ime for an

ultrasonic signal traveling downstream (i.e., in the same direction as the fluid flow) is less



WO 2013/166244 PCT/US2013/039206

than the transit ime for an uitrasonic signal traveling upsiream (i.e., against the fluid flow).
The upstream and downsiream lransit times can be used {o calculate the average
velocity along the signal path, and the speed of sound in the measured fluid. Given the
cross-sectional measurements of the flowmeter 100 carrying the fluid, the average
velocity over the area of the central bore 104 may be used o find the volume of fluid
fHowing through the spool piece 102.

[6021] Ultrasonic flowmeters can have one or more chords. Figure 3 illusirates an end
elevation view of ultrasonic flowmeter 100, In particular, illustrative ultrasonic flowmeter
100 comprises four chordal paths A, B, C and D at varving levels within the spool piece
102. Each chordal path A-D corresponds (o a transducer pair behaving allemalely as a
fransmitter and receiver. Transducer assemblies 108 and 110 {only partially visible) make
up chordal path A. Transducer assemblies 112 and 114 {(only partially visible) make up
chordal path B. Transducer assemblies 116 and 118 {only partially visible) make up
chordal path C. Finally, transducer assemblies 120 and 122 {only partially visible) make up
chordal path D

[8022] A further aspect of the arrangement of the four pairs of ransducers is shown with
respect {o Figure 4, which shows an overhead view. Each transducer pair corresponds to
a single chordal path of Figure 3; however, the transducer assemblies are mounted at a
non-perpendicular angle o the center line 202, For example, a first pair of transducer
assemblies 108 and 110 is mounted al a non-perpendicuiar angle 8 {o centerline 202 of
spool piece 102. Ancther pair of transducer assemblies 112 and 114 is mounted so that
the chordal path loosely forms the shape of an "X" with respect to the chordal path of
transducer assemblies 108 and 110. Similarly, transducer assemblies 116 and 118 are
placed paraliel to transducer assemblies 108 and 110, bul at a different "level” or
elevation. Not explicily shown in Figure 4 is the fourth pair of transducer assemblies (i.e.,
transducer assemblies 120 and 122). Considering Figures 2, 3 and 4, the transducers
pairs may be arranged such that the upper two pairs of transducers corresponding to
chords A and B form an the shape of an "X, and the lower two pairs of transducers
corresponding to chords C and D also form the shape of an “X". The flow velocity of the
fluid may be determined at each chord A-D to obtain chordal flow velocities, and the

chordal flow velocilies are combined to determine an average flow velocity over the entire
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pipe. From the average flow velocity, the amount of fluid flowing in the spodl plece, and
thus the pipeline, may be determined.

[6023] Embodiments of the present disclosure couple a plurality of ultrasonic lowmelers
(e.g., instances 100A/B of the flowmeter 100) to provide enhanced flow measurement
accuracy. Figure 5 shows a flow metering system 500 including a pair of co-located
ultrasonic flowmeters 100 coupled in series. Other embodiments may include a different
number of coupled co-located flowmeters and/or a different number of total or per
fowmeter chordal paths. The electronics of the pair of flowmeters are communicatively
coupled using a communication link 502, which may be a lccal area network (LAN) or any
other apparatus for exchanging data between the flowmeters 100A/8. The electronics of
gach flowmeler 100 exchanges flow measurement values with the other flowmeter, and
computes a combined flow rale value based on flow measurements provided by both
flowmeters 100. By combining the pair of four path meters 100, the sysiem 500 forms an
eight path flowmeter that provides improved measurement accuracy over each individual
four path fliowmeter 100, In some embodiments, the ultrasonic fransducers of the two or
more flowmeters 100 may be disposed in a single spool piece and/or the control
glectronics 124 of the two or meters may be disposed in a single enclosure. In further
embodiments, the two or more flowmeters 100 may include different chordal
configurations, for example, different chord elevations, angles, elc. relalive o the flow
path that provide for improved measurement accuracy when the measurements of the
flowmeters 100 are combined.

[8024] Each flowmeter 100 of the system 500 is configured o accuralely estimate the
velocity of a fluid stream flowing through the system 500 when the other of the flowmeters
100 is non-operational or fails to provide a flow measurement (2.q., a fluid siream velocity
measurement). To provide accurale flow velocity eslimates when a co-localed flowmeter
100 fails, each flowmeter 100 records historical values of flow velocity for the flowmeters
100, and computes a system 500 flow velocity based on a substitute flow value derived
from the historical values in lieu of a measured flow velocily vaiue that is lacking due to a
failed flowmeter 100.

[6025] In embodiments of the flowmeler 100, the maximum velocity range of a fluid
stream through the sysiem 500 is partitioned into a number of conseculive non-



WO 2013/166244 PCT/US2013/039206

overiapping “bins, where a bin refers a subrange of possible flow velocities or storage
atlocated for recording information associaled with the subrange as described herein. For
gach flowmeter 100 of the system 500 a set of bins is maintained, and in each bin is
recorded a historical vaiue indicalive of the average flow velocity of the associaled
flowmeter 100 within the velocily range of the bin.

[80268] When a flowmeter 100 is operating properly, an average flow velocity value for
the flowmeter 100 is recorded in the corresponding bin. In some instances, a given
fowmeter 100 may be unable to combine a measured velocity value from another
flowmeter 100 with its own {e.g., because the value is corrupt or has not been received)
to compute average flow velocity through the system 500. In such instances, the given
flowmeter 100 may apply the historical flow velocity value (l.e., a substitution value)
retrieved from the appropriate bin in conjunclion with a measured flow velocity (e.g., of
the given flowmetler) to compute the average velocity of the fluid stream flowing through
the system 500. The appropriale bin may be selecled based on the measured flow
velocity of the given flowmeter 100. If the measured flow velocity falis belween the
velocities recorded in two adjacent bins, then interpolation may be applied to improve the
accuracy of the substitution value. Embodiments may apply linear interpolation,
potynomial interpolation, spline interpolation, or other interpolation methods.

[6027] Table 1 below shows an examplary arrangement of bins in the flowmeter 100A
that record average velocity values in feel per second (fps) for the flowmeter 100A and

the flowmeter 1008 co-located with the flowmeter 100A.
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Table 1 Average Velocity Bins

Bin No. | Bin Range | Meter Avg. Velocity | Co-located Meler
{fps) (fps) Avg. Velocity (fps)

1 0-20 5.1 515

2 20-40 24.00 23.95

3 40-60 54.00 h4.02

4 680-80 71.00 71.01

5 80-100 95.00 95.03

[86028] I the co-located flowmeter 100B fails, then the flowmaeter 100A genersles a
substitute value for average flow velocily of the flowmeter 100B based on the values
stored in the bins. For example, if the average flow velocity measured by the flowmeter
100A is in the range of 860-80 fps and flowmeter 1008 has failed, then flowmeter 1004
may compute an average flow velocity for the system 500 based on the value recorded in
bin 4 for the c-located flowmeter 1008 in conjunclion with the measured flow velocity for
the flowmeter 100A.

[6029] Some embodiments of the flowmeler 100 may compuie the substitule value as:

v {(MeaVel , — LBinVel YUBinVel, ~ LBinVel,)
o (UBinVel  —LBinVel )

}+L5MV43 (1)

where:

MeaVel, is the measured average velocity of flowmeter 1004,

LBinVel | and UBinVel, are the lower and upper of fwo adjacent bins for which the
measured average velocity of flowmeter 100A falls between the average velodities
recorded in the bins for flowmster 1004,

LBinVel, and UBinVel, are the lower and upper of two adjacent bins corresponding to
LBinVel, and UBinVel,

. that contain average velocities recorded for flowmeler
1008.
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[6030] For example, if the flowmeter 100A measured an average flow velocity of 62 fps
for a given measurement interval, and flowmeter 1008 has failed {e.g., failed to provide a
flow velocity value for the interval), then applving equation (1) and the recorded velocity
values of Table 1, the flowmeter 100A may compule a substitute velocily value for
flowmeter 1008 as:

| (62-54)(71.01-54.02)
(71— 54)

}54002 ~62.02.
The flowmeter 100A may compute the average flow velocity of the fluid stream through
the system 500 as the average of ¥, and the measured average flow velocily of

62+62.02

s

flowmeter 100A {e.g,, 1. Operations described above with regard to flowmeter

100A are applicable o all co-located flowmelers.

[6031] Some embodiments of the flowmeter 100 store proportion vaiues for co-located
flowmeters in the bins rather than or in addition o the average velocity values. A
proportion value may comprise a mulliplier that can be applied {0 a measured average
velocity to produce a substitute velocity value for a failed meter. Similar o interpolation of
velocity values described above, the proportion values can be interpolated {o produce a
more accurate multiplier when the measured velocity falls between two recorded
velocities. The substitute value for the failled meter can be combined with measured
velocity values {o compute the average velocity of the fluid stream through the sysiem
500.

[8032] Table 2 below shows an exemplary arrangement of bins that record average
velocity values for the flowmeter 100A and a proportion value for the flowmeter 1008 co-
located with the flowmeter 100A.
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Table 2 Average Velocity/Proportion Bins

Bin No. | Bin Range | Meter Avg. Velocity | Co-located Meler
{fps) {fps) Proportion
1 0-20 5.1 1.098
2 20-40 24.00 988
3 40-60 54.00 1.00037
4 80-80 71.00 1.00014
5 80-100 95.00 1.000316

[6033] Embodiments may apply the measured velocity of the flowmeter 100A and the

proportion value for the failed Howmeter 1008 {o compute the substitute value as:

{(MeaVel  — LRinVel, ?(L umva : LBinProp,) - LBinProp, (2)
\ (UBinVel |~ LBinVel ) j

!
/

V.. = MeaVel, {

where:
LBinProp, and UBinProp, are the lower and upper of two adjacent bins coresponding to
LBinVel  and UBinVel, that contain proportion values recorded for flowmeter

1008.

[8034] In some embodimenis of the ultrasonic flowmeter 100 that store proportion
values for co-localed flowmelers in the bins rather than or in addition to the average
velocity values, the proportion values represent the contribution of the flow velocity value
measured by a flowmeler {0 the average flow velocity of the fluid stream flowing through
the system 500. Such embodimenis ignore velocity values for failed flowmeters and apply
the proportion values to measured flow velocities of non-failed flowmeters o compute the
average velocity of the fluid stream through the system 500.

[6035] Table 3 below shows an exemplary arrangement of bins that record average
velocity values and proportion values for the flowmnster 100A,
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Table 3 Average Velocity/Proportion Bins

Bin No. | Bin Range | Meler Avg. Velocity Meter
(fps) {fps) Proportion
1 0-20 51 095
2 20-40 24.00 1.1262
3 40-60 54.00 999815
4 50-80 71.00 89993
5 80-100 95.00 95084

[60368] Embodiments may apply the measured velocity of the flowmeter 100A and the
proporiion value for the failed flowmeter 100A to compute the average velocity of the fluid

stream through the system 500 as:

( (MeaVel , ~ LBinVel YUBinProp, ~ LBinProp ) )

| (UBinVel  ~ LBinVel ) J

N

Ve = MeaVel, +LBinProp, {(3)

where:

LBinProp, and UBinFrop, are proportion values, corresponding to LBine!, and
UBinVel ,, recorded for flowmeter 100A,

[8037] Operations described above with regard {o a particular flowmeter 100 (e.g.,
flowmeter 100A) are applicable to all co-located flowmeters., Furthermore, while a8 a
matter of convenience the computations described above are with reference to a pair of
flowmeters 100 co-located and sharing flow measuremenis o improve measurement
accuracy, the computations can easily be extended fo include more than two co-located
flowmeters 100. Thus, embodiments of the present disclosure encompass meler
substitution for any number of co-located flowmeters 100,

[6038] Figure 6 shows a block a diagram of the flow metering svstem 500 that includes
co-located ultrasonic flowmeters 100A/8 in accordance with various embodiments. kach
of the flowmeters 100 includes a set of transducer pairs 602 {e.g., 108 and 110, 112 and
114, 116 and 118, 120 and 122) and electronics comprising a transducer controller 604, a

flow processor 806, and a communications transceiver 608, Some embodiments may also
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include one or more sensors 614 for measuring fluld atlributes. The transducer controller
804 is coupled o the transducer pairs 602, and controls generation of ultrasonic signals by
the transducer pairs 602 by, for example, generaling drive signals that induce oscillation in
the fransducers. In some embodiments, the transducer controliers 804 of the flowmeters
100A/8B synchronize the generation of ultrasonic signals via a synchronization signal 610.

{80381 The flow processor 606 is coupled to the transducer controller 804, and is
configured to process outpuis of the transducer pairs 602 1o generale measuremenis of
fluid flow within the spool piece 102, For a given chord, the chordal flow velocity v may be

given by

LZ i uo - Tdn
X T, T,

“p

Y

where:

L is the path length (i.e., face-to-face separation between upstream and downstream

fransducers),

X is the component of £ within the flowmeter bore in the direction of the flow, and

T, and 7, are the upstream and downstream transit times of sound energy through the

fluid.

{80487 The flow processor 606 combines the chordal flow velocities o determine an
average flow velocity for the fluid flowing through flowmeter 100, and computes the
volumetric flow rate through the flowmeter 100 as a product of the average flow velocity
for the lowmeter 100 and the cross-sectional area of the flowmeter 100.

{8041} Embodiments of the flow processor 606 are also configured to compute flow
through the spool piece 102 by combining flow measurements, such as fluid stream
velocity, provided by one flowmeter 100 with those provided by a different Hlowmaeter 100,
Thus, the flow processor 806 of each flowmeler 100 may be configured o produce
combined flow velocity values based on flow velocities generaled by all communicatively
coupled flowmeters 100. The combined flow velocities may be more accurate than the

flow velocities generated by any one of the flowmeters 100 individually.
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[6042] To generale g combined flow velocity, the flow processor 606 is configured to
periodically (e.q., a periodic flow compulation time interval - every 250 milliseconds (ms),
gvery second, elc.) process ullrasonic signals, and compule one or more initial flow
velocity values based on the outpuls of the transducer pairs 602 controlled by the
flowmeler (e.g., the flowmeter 100A). In some embodiments, values other than flow
velocity may be generated and exchanged {e.g., speed of sound along a chord, average
speed of sound, flow velocity along a chord, flow measurement guality, eic.). The flow
processor 606 makes the initial flow velocity values available for retrieval by other
flowmeters 100 in real-time (i.e., the time period (e.g., 250 ms) sel for generaling flow
values by the flowmeter 100 is unaffecied by the relrieval and associated operations).
[6043] The flow processor 606 verifies the initial flow velocity values received from the
other flowmeter 100. For example, the flow processor 606 may verify that an expiration
time value associated with the flow velocity values has not expired, that a provided flow
measurement quality value indicates valid measurements, thal message check
characters indicate valid data, elc. [ the verification indicates that the received flow
velocity values are valid, then the flow processor 606 combines the inifial flow velocity
values provided by the other flowmeter 100 with the initial flow velocity values computed
by the flow processor 606 to generate a combined flow velocity value. Some
embodiments may combine the initial flow velocity values by computing an average of the
initial flow velocity values generated by the flowmeters 100,

[86044] The flow processor 806 may store the combined flow velocity value and/or a flow
rate derived from the combined flow velocity value in memory, provide the value {o a
database, and/or generate signals representative of flow rate, flow volume, atc. based on
the combined flow value. For example, some embodiments of the flow processor 606
may generate an output signal having a frequency represeniative of a flow rate derived
from the combined flow value.

[80045] The flow processor 606 includes meter substitution logic 612, If the flow
processor 606 of the flowmeter 100A (or any flowmeter 100} is unable (o verify the initial
flow velocity values received from another flowmeter 100, then the flow processor 606

may compute a substitute value as described above, and compute a final flow velocity
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value for the system 500 based on the subslilule value and/or the initial flow velocily
value generated by one or more of the non-failed flowmeters 100.

[6048] The meter substilution logic 812 generates the previously described bins, and
initializes the bins to predelermined average velocity and/or proportion values. For
example, the meter substation logic 812 may initialize each bin o a median
velocity/proportion value appropriate for the velocity range supported by the bin.

{60471 During operation of the system 500, the meter substitution logic 612 updates the
initial bin values. When the flow processor 606 receives valid flow velocity values, the
meter substitution logic 812 updates the velocily and/or proportion values associated with
the bin corresponding o the received value. The updating may comprise replacing the
current bin value with a value based on only the received value, or with a value based on
both the received value and the current bin value or previous velocity values. For
example, some embodiments of the meter substitution logic 612 may replace the current
bin velocity value with a received velocily value, or compute a new proportion value
based on the received value {(bul not the current bin value) and replace the current bin
value with the new proportion value. Some embodiments of the meler substitution logic
612 update the bin value based on a moving average or another filter function. Thus,
such embodiments update the bin value based on a received flow value and the current
bin value or previously received velocity values.

[8848] The meter substitution logic 812 may perform the updating based on the validity
of received flow velocily values. Some embodiments may require that flow velocity values
recaived from all flowmeters 100 be valid to enable updaling of any bin. Some
embodiments may require that only the flow velocity value received from a flowmeters
100 corresponding o a bin be valid to enable updating.

(00497 Various components of the flowmeter 100 including at least some portions of
the flow processor 606 and meler substitution logic 612 can be implemented using a
processor, included in the flowmeter 100, The processor execules software
programming that causes the processor o perform the operations described herein. In
some embodiments, the meter substitution logic 612 includes a processor exscuting

software programming thal causes the processor o maintain the average flow
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velocity/proportion bins for each flowmeler of the sysiem 500, generale subslifution
values, and perform other operations described herein.

{60501 Suitable processors include, for example, general-purpose miCroprocessors,
digital signal processors, and microcontrollers. Processor architectures generally
include execution units {e.g., fixed poini, floating point, integer, elc.), storage {(e.g.,
registers, memaory, etc.), instruction decoding, peripherals {e.g., inferrupt controllers,
fimers, direct memory access controllers, elc.), inputioutput systems (e.g., serial ports,
parailel ports, etc.) and various other componenis and sub-systems. Software
instructions that cause a processor {o perform the operations disclosed herein can be
stored in a computer readable siorage medium internal or external o the fliowmeter 100
A computer readable storage medium comprises volatile storage such as random
access memaory, non-volatile storage (e.g., a hard drive, an optical storage device (2.4,
CD or DV, FLASH storage, read-only-memuory), or combinations thereof.

[8051] Some embodiments can implement portions of the ulfrasonic flowmeter 104,
including portions of the flow processor 6086 and the meter substitution logic 612, using
dedicated circuitry (e.q., dedicated circuitry implemented in an integrated circuit). Some
embodiments may use a combination of dedicated circuilry and a processor executing
suitable software. For example, some portions of flowmeter 100 may be implemented
using a processor or hardware circuitry. Selection of a hardware or processor/software
implementation of embodiments is a design choice based on a variely of faclors, such
as cost, time (o implement, and the abilily t© incorporate changed or additional
functionality in the future.

[8052] Figure 7 shows a flow diagram for a method 700 for meter substitution using co-
located ultrasonic flowmeters in accordance with various embodiments. Though depicted
sequentially as a matler of convenience, at least some of the actions shown can be
performed in a different order andfor performed in parallel. Additionally, some
embodiments may perform only some of the aclions shown. In some embodiments, the
operations of Figure 7, as well as other operations described herein, can be implementead
as instructions stored in a compuler readable medium and execuled by processors

included in the Bowmeters 100.
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[6053] In the method 700, a plurality of ultrasonic flowmeters 100 are co-located (e.g.,
serially connected or disposed in a single spool piece) and each flowmeter 100 is
generating flow values based on the ultrasonic transducer pairs 602 of all of the co-
located flowmeters 100, Each operation described with regard to the method 700 is
applicable to each co-located flowmeter 100. In block 702, the maximum flow velocily of
fowmeter 100 is subdivided in a plurality of subranges. As exempiified in Table 1, the
degree of velocity variation encompassed by each subrange may be equal across
subranges (20 fps in Table 1). In some embodiments, the subrange size may differ from
subrange o subrange.

[8054] In block 704, the flowmeter 100 aliocates storage space for information related to
gach subrange and sach co-located flowmeter 100 (i.e., creates a bin for each subrangs).
Each bin may be structured (o store a velocity value and/or a proportion value associated
with the corresponding velocity subrange and flowmeter 100, The flowmeter 100 assigns
initial values to the flow velocity variable(s) of each bin.

[8055] In block 706, the ultrasonic flowmeter 100 is generaling ultrasonic signals. The
signals traverse the interior of the spool piece 102, and are delected by an uitrasonic
fransducer. Electrical signals represeniative of the delecled ullrasonic signals are
provided to the flow processor 606, The flowmeter 100 computes, based on the ulrasonic
signals generated and detected by the transducer pairs 602 of the flowmeter 100, an
average flow velocity of the fluid stream flowing through the flow meter 100, The
flowmeter 100 also receives flow velocily values from each other co-located flowmeter
100. Each flow velocity value received from a given co-located flowmeler is computed
from the ultrasonic transducer measurements of the given co-located flowmneter.

[6058] In block 708, the flowmeter 100 updates the velocity values recorded in each bin
based on the received velocily values. in some embodiments, recorded velocily values
are updated for each properly operating {i.e., non-failed) flowmeter. For example, if no
flow velocily values are received from a given co-located flowmeler, or the received flow
values are deemed corrupt, then the velocily values for the given flowmeler are not
updated. For each non-failled flowmeter 100, the received flow velocity values are
gxamined, and the bin corresponding [o the velocity values is updated. Updating may

include replacing the current stored velocily value with the received value, or with a value
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based on the received value and any number of previously received values. In other
embodiments, a bin for a flowmeter 100 is valid only if the flow values received from a
plurality of co-localed flowmeters 100 are valid. For example, some such embodiments,
may compute the recorded velocity value based on received velocity values from a
plurality of flowmeters 100,

(80571 In block 710, the flowmeter 100 begins the computation of a system 500 flow
velocity based on the flow velocities measured by all of the co-located flowmeters 100, If
none of the co-located flowmeters are deemed to have failed for the current
measurement interval {e.g., all have provided a valid flow velocity value), then the
fowmeter 100 computes an average flow velocity for the system 500 based on the flow
velocity values provided by all of the co-locaied flowmelers in block 714,

[8058] U one of the codocated flowmeters is deemed to have failed for the current
measurement interval (e.g., a flowmeter failed to provide a valid flow velocity value), then,
in block 712, the flowmeter 100 delermines whether the velocity bins corresponding o the
failed flowmeter 100 have been updated since bin initialization. For example, the
flowmeter 100 may select one or more bins for the falled flowmeter 100 coresponding {o
the average flow velocity computed based on the ultrasonic fransducers of the non-failed
fowmeter 100, if the values stored in the selected bins are other than the initialization
values, then the flowmeler 100 may deem the bins updated.

{80581 I the selected bins of the falled flowmeter have been updaled since initialization,
then, in block 716, the flowmeter 100 computes an average flow velocily for the systemn
500. Some embodimenis compute a subslilute flow velocity value for the failed flowmeler
based on the vaiues {velocity/proportion values) siored in the selected bins. In such
embodiments, the flowmeter 100 computes average flow velocily for the system 500
based on the received velocity values for non-falled co-located flowmelers and the
substitute flow velocily value for the falled flowmeter. Some embodiments compuie the
average flow velocity for the system 500 based on the recorded proportion values for the
non-failed flowmeters 100,

[B060] The above discussion is meant o be illustrative of various exemplary
embodiments of the present invention. Numerous variagtions and modifications will

hecome apparent {o those skilled in the art once the above disclosure is fully appreciated.
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For example, while embodiments of the invention have been discussed with relation to a
pair of co-localed ultrasonic flowmeters, those skilled in the arl will understand that
smbodiments are applicable lo any number of co-localed flowmesters. Furthermore, while
embodiments have been discussed with regard to flowmeters having four chordal paths,
those skilled in the art will understand thal embodiments encompass fiowmeters having
any number of chordal paths, including co-located flowmeters each having a different
number of chordal paths. It is intended that the Tollowing claims be interpreted {o embrace

all such variations and modifications.
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CLAIMS
What is claimed is:
1. An ultrasonic flow metering system, comprising:

a plurality of ultrascnic flowmeters, each of the flowmeters comprising:
a flow processor configured {o:

maintain a plurality of velocity bins, each of the bins corresponding to
a flow velocily range for the flowmeters;

maintain, within each of the bins, a value indicative of past average
velocity of fluid flow through a given one of the flowmeters
associated with a given one of the bins;

determing, responsive {0 one of the flowmeters having failed, an
estimated average fluid flow velocity through the sysiem

hased on the values maintained within the bins.

2. The system of claim 1, wherein the flow processor is configured o
determine, responsive to tailure of the given one of the flowmeters, an estimated
average fluid flow velocity through the given one of the flowmeters based on
the values maintained in the bins; and
determine the estimated average fluid flow velocity through the system by
combining the estimated average fluid flow velocily through the given one of
the flowmeters and a measured average fluid flow velocity through a non-

failed one of the flowmeters.

3. The sysiem of claim 1, wherein the flow processor is configured {o slore as the
value an average of flow velocilies measured by the given one of the flowmelers that are

within the velocily range of the given one of the bins.

4, The sysiem of claim 1, wherein the flow processor is configured {o slore as the
value a proportional contribution of the average flow velocity of the given one of the

flowmeters to an average flow velocity of the flowmeters.
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5. The sysiem of claim 1, wherein the flow processor is configured {o slore as the
value a ratio of average flow velocity of the given one of the flowmelers {o average

velocity of a different one of the flowmeters.

6. The system of claim 3, wherein the flow processor is configured to update the

value based on none of the flowmelers being failed.

7. The system of claim 1, wherein the flow processor is configured to update the

value based on the given one of the flowmelers being non-failed.

8. The system of claim 1, wherein the flow processor is configured to:
siore an initialization value in each of the bins; and
determine the estimated average flow velocity based on the value maintained
within the given one of the bins only after the inilialization value stored in
the given one of the bins has been updated in accordance with a measured

flow velocity value.

9. The system of claim 1, wherein the flow processor is configured {o determine the
estimated average flow velocity by interpolating between the values stored in two of the
bins based on the average flow velocity of a non-ailed one of the flowmeters being

hetween the values recorded in the two of the bins.

10, The system of claim 1, wherein the flow processor is configured o determine flow

velocity through the flowmeters based on at ieast one of the flowmelers being non-failed.

1. A method for lowmelter substitution, comprising:
dividing a fluid flow velocity measurement range of a plurality of serially coupled
ultrasconic flowmeters into a plurality of velocity subranges;
maintaining, by each of the flowmeters, a plurality of bins, each of the bins

corresponding to one of the velocity subranges;
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mainiaining, within each of the bing, a value indicative of average flow velocity
through a given one of the flowmeters;

determining, responsive (o failure of oneg of the flowmelers, an estimated average
flow velccity through the plurality of flowmeters based on the values

maintained within the bins.

12.  The method of claim 11, further comprising:
determining, responsive o failure of the given one of the flowmeters, an estimated
average fluid flow velocity through the given one of the flowmeters based on
the values maintained in the bins; and
determining the estimated average fluid flow velocity through the flowmeters by
combining the estimated average fiuid flow velocity through the given one of
the flowmeters and a measured average fluid flow velocity through a non-

failed one of the flowmeters.

13, The method of claim 11, further comprising storing as the value, an average of flow
velocities measured by the given one of the flowmeters that are within the velocity range

of a corresponding one of the bins.

14, The method of claim 11, further comprising storing as the value a proportional
contribution of the average flow velocity of the given one of the flowmeters to an average

flow velocity of the flowmelers.

15, The method of claim 11, further comprising storing as the value a ratio of average
flow velocity of the given one of the flowmeters to average velocity of a different one of

the flowmeters.

16.  The method of claim 11, further comprising updating the value based on none of

the plurality of flowmeilers being failed.
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17.  The method of claim 11, further comprising updating the value based on the given

one of the flowmeters being non-failed.

18.  The method of claim 11, further comprising:
storing an initialization value in each of the bins; and
determining the estimaled average flow velocity based on the value maintained
within a given one of the bins only after the initialization value has bheen

changed responsive {0 a flow velocity measurement.

19.  The method of claim 11, further comprising determining the estimated average
flow velocity by inferpolating between the values sitored in two of the bins based on the
average flow velocity of a non-failed one of the flowmeters being belween the values

corresponding o the two of the bins.

20.  The method of claim 11, further comprising determining flow velocity through the

flowmeters based on at least one of the flowmeters being non-failed.

21, An ulirasonic flowmeter, comprising:
a passage for fluid flow;
a pair of ultrasonic transducers configured to form a chordal path across the
passage between the transducers; and
a flow processor coupled {o the ulfrasonic transducers, and configured to:
measure the flow velocity of a fluid siream flowing through the passage
based on cutputs of the transducers;
exchange measured flow velocily values with a different flowmeter disposed
o measure flow velocity of the fluid stream; and
compute, in response to faillure of the different flowmeler, an estimaied
average flow velocity of the fluid siream based on the flow velocity
measured by the flow processor and a historical value of flow

velocity for the different flowmeter maintained by the flow processaor.
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22,  The ultrasonic flowmeter of claim 21, wherein the flow processor is configured to:
maintain a plurality of velocity bins, each of the bins corresponding 1o a velocity
range for the fluid stream; and
maintain historical values of flow velocily in the binsg, wherein each historical value
is indicative of average velocity of the fluid sitream through one of the

ultrasonic flowmeter and the different flowmeler.

23, The ultrasonic flowmeler of claim 22, wherein the flow processor is configured to
determine, based on failure of the different flowmeter, an estimaied velocity of the fluid
stream flowing through the different flowmeter based on the historical values maintained

in the bins.

24,  The ultrasonic flowmster of claim 21, wherein the historical value comprises an
average of flow velocities measured by the different flowmeler that are within a

predetermined subrange of flow velocities measureable by the different flowmeter.

25, The ulfrasonic flowmeter of claim 21, wherein the historical value comprises a
proportional contribution of flow velocity measured by the flow processor to an average

flow velocity of the fluid stream.

26.  The ultrasonic flowmeter of claim 21, wherein the historical value comprises a ralio
of flow velocity measured by the flow processor {o flow velocity measured by the different

flowmeter,

27.  The ultrasonic flowmeter of claim 21, wherein the flow processor is configured to
update the historical value based on both of the ulirasonic flowmeter and the different

flowmeter being non-failed.

28.  The ultrasonic flowmeter of claim 21, wherein the flow processor is configured to

update the historical value based on the different flowmeler being non-failed.
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28. The ultrasonic flowmeter of claim 21, wherein the flow processor is configured to:
initialize the historical value; and
compule the estimated average flow velocily based on the historical value only
after the flow processor has updated the historical value responsive o the
different flowmeter providing a valid measured flow velocity to the flow
processor that is within a predetermined subrange of flow velocilies

corresponding {o the historical value.

30. The ultrasonic flowmster of claim 16, wherein the flow processor is configured to
determine the estimated average flow velocity by interpolating between different historical
values based on flow velocily measured by the flow processor being between historical

values {for average flow velocity.
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