Office de la Propriete Canadian CA 2826869 C 2016/06/21

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 826 869
Findustrie Canada Industry Canada 12 BREVET CANADIEN
CANADIAN PATENT
(13) C
(86) Date de depot PCT/PCT Filing Date: 2012/01/19 (51) Cl.Int./Int.Cl. GOTF 25/00 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2012/08/16 GO1F 1/66 (2006.01)
2 1s , (72) Inventeur/Inventor:
(45) Date de delivrance/lssue Date: 2016/06/21 STRAUB HENRY C. US
(85) Entree phase nationale/National Entry: 2013/03/08 L
(73) Proprietaire/Owner:
(86) N° demande PCT/PCT Application No.: US 2012/021825 DANIEL MEASUREMENT AND CONTROL, INC., US

(87) N° publication PCT/PCT Publication No.: 2012/108992 (74) Agent: DEETH WILLIAMS WALL LLP
(30) Priorité/Priority: 2011/02/11 (US13/025,223)

(54) Titre : DETERMINATION DE TEMPS DE RETARD POUR DES DEBITMETRES A ULTRASON
(54) Title: DETERMINING DELAY TIMES FOR ULTRASONIC FLOW METERS

111
e
S ot
m"' .
124
192 125
126
127
128
129
A B
(57) Abrege/Abstract:

A system and method for calibrating an ultrasonic flow meter. In one embodiment, a method includes disposing a fluid circulating
device within a flow meter. Fluid is circulated In the flow meter by operation of the fluid circulating device. An acoustic signal transit
time within the flow meter iIs measured during the circulating. Based on the measuring, a portion of the acoustic signal transit time
caused by latency induced by components of the flow meter Is determined.

B

.

'

e
ok [ [ f
RO . e s
. M "c'-'-.n:‘-:{\: .«me . m s
.
.

A7 /7]
o~

W .
‘ l an a dH http.:vvopic.ge.ca + Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC
OPIC - CIPO 191




w0 2012/108992 A3 ||| VLI 8L RO 0 N OO 00 R

CA 02826869 2013-08-08

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property

(43) International Publication Date

Organization
International Bureau

(10) International Publication Number

WO 2012/108992 A3

16 August 2012 (16.08.2012) WIPO | PCT
(51) International Patent Classification: (72) Inventor; and
GO1F 25/00 (2006.01) GOI1F 1/66 (2006.01) (75) Inventor/Applicant (for US only): STRAUB, Henry, C.
. 4119 R B Dr1 L T
(21) International Application Number: [72%8 ?I]J’S) ) Rocky Bend Drive, Sugar Land, Texas
PCT/US2012/021825 '
, e (74) Agents: WILSON, David, M. et al.; Conley Rose, P.C.,
(22) International Filing Date: PO Box 3267 Houston T 153376
19 January 2012 (19.01.2012) 0. Box 3267, Houston, Texas 77 7 (US).
ore . . (81) Designated States (unless otherwise indicated, for every
(25) Filing Language: English kind of national protection available). AE, AG, AL, AM,
(26) Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
o CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(30) Priority Data: DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
13/025,223 11 February 2011 (11.02.2011) Uus HR, HU, ID. IL, IN, IS, JP. KE, KG, KM, KN, KP, KR,
(71) Applicant (for all designated States except US): DANIEL KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MEASUREMENT AND CONTROL, INC. [US/US]; MG, VAR, NIN, DAW, MA, MX, M&, NA, NG, NI, NO, N&,
11100 Brittmoore Park Drive, Houston, Texas 77041 (US). OM, PE, PG, PH, PL, PL, QA, RO, RS, RU, RW, 5C, 51,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every

kind of regional protection available). ARIPO (BW, GH,

[Continued on next page]

(534) Title: DETERMINING DELAY TIMES FOR ULTRASONIC FLOW METERS

122

(57) Abstract: A system and method for calibrating an ultrasonic tlow meter.
In one embodiment, a method includes disposing a fluid circulating device

110

within a tlow meter. Fluid 1s circulated in the tlow meter by operation of the

111 119 flmd circulating device. An acoustic signal transit time within the flow meter
S g is measured during the circulating. Based on the measuring, a portion of the
; — acoustic signal transit time caused by latency induced by components of the
rou B o X flow meter is determined.
D 123
125 — >~ Y
126 — T 0 d
127 —|=7%
128—17"7 119 '
129~ 7> N, 180 I
/_Z/ / /1;’5////////////—//_/.
74 7 i
1

13
FIG. 1A

FIG. 1B



CA 02826869 2013-08-08

WO 2012/108992 A3 IO A0 00 A O OO R

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT,
LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS,
SE, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM,

GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

—  before the expiration of the time [imit for amending the

claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(88) Date of publication of the international search report:
4 October 2012



CA 02826869 2013-08-08
WO 2012/108992 PCT/US2012/021825

DETERMINING DELAY TIMES FOR ULTRASONIC FLOW METERS

BACKGROUND
[0001] Natural gas Is transported from place-to-place via pipelines. It is desirable to
know with accuracy the amount of gas flowing in the pipeline, and particular accuracy Iis

1

demanded when the fluid is changing hands, or “custody transfer.” Even where custody
transfer i1s not taking place, however, measurement accuracy is desirable, and in these
situations flow meters may be used.
[0002] Ultrasonic flow meters are one type of flow meter that may be used to measure
the amount of fluid flowing in a pipeline. Ultrasonic flow meters have sufficient accuracy to
be used in custody transfer. In an ultrasonic flow meter, acoustic signals are sent back
and forth across the fluid stream to be measured. Based on parameters of received
acoustic signals, the fluid flow velocity in the flow meter is determined. The volume of fluid
flowing the meter can be determined from determined flow velocities and the known cross-
sectional area of the flow meter.
[0003] The transit time of acoustic signals in an ultrasonic flow meter includes time
required for signals to travel through fluid flowing in the meter, time that the acoustic
signals spend within the transducers that produce and detect the signal, and time
required to process the signals. In order to accurately determine fluid flow velocity, and
thus to determine the value of the fluid, each of the aforementioned components of the
signal transit time must be accurately determined.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] For a detailed description of exemplary embodiments of the invention, reference
will now be made to the accompanying drawings in which:
[0005] Figure 1A shows an elevational cross-sectional view of an ultrasonic flow meter
In accordance with various embodiments;
[0006] Figure 1B shows an elevational end view or an ultrasonic flow meter including a
plurality of chordal paths in accordance with various embodiments;
[0007] Figure 1C shows, in schematic form, an top view of an ultrasonic flow meter in

accordance with various embodiments;



CA 02826869 2013-08-08
WO 2012/108992 PCT/US2012/021825

[0008] Figure 2 shows, In schematic form, cross-sectional view of an ultrasonic flow
meter assembly configured for dry calibration in accordance with various embodiments;
[0009] Figure 3 shows a block diagram of a system for performing dry calibration of an
ultrasonic meter in accordance with various embodiments; and
[0010] Figure 4 shows a flow diagram for a method for dry calibration of an ultrasonic
flow meter in accordance with various embodiments.

NOTATION AND NOMENCLATURE
[0011] Certain terms are used throughout the following description and claims to refer to
particular system components. As one skilled in the art will appreciate, companies may
refer to a component by different names. This document does not intend to distinguish
between components that differ in name but not function. In the following discussion and
in the claims, the terms “including” and “comprising” are used In an open-ended fashion,
and thus should be interpreted to mean “including, but not limited to... .” Also, the term
“couple” or “couples” is intended to mean either an indirect or direct connection. Thus, if
a first device or component couples to a second device or component, that connection
may be through a direct engagement between the two or through an indirect connection
via other intermediate devices, components, and/or connections.

DETAILED DESCRIPTION

[0012] The following discussion Is directed to various embodiments of the invention.
Although one or more of these embodiments may be preferred, the embodiments
disclosed should not be Iinterpreted, or otherwise used, to limit the scope of the
disclosure, including the claims. In addition, one skilled in the art will understand that the
following description has broad application, and the discussion of any embodiment Is
meant only to be exemplary of that embodiment, and not intended to intimate that the
scope of the disclosure, including the claims, Is limited to that embodiment.
[0013] Figures 1A and 1B show an embodiment of an ultrasonic flow meter 110
llustrating basic components and relationships. Meter body 111, suitable for placement
between sections of a pipeline, has a predetermined size and defines a central passage
through which a measured fluid (e.g., gas and/or liquid that is to be measured) flows. An
llustrative pair of transducers 112 and 113, and their respective housings 114 and 115,

are disposed along the length of the meter body 111. Transducers 112 and 113 are
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acoustic transceivers, and more particularly ultrasonic transceivers, meaning that they
both generate and receive acoustic energy having frequencies of above 20 kilohertz. The
acoustic energy may be generated and received by a piezoelectric element in each
transducer. To generate an acoustic signal, the piezoelectric element Is stimulated
electrically by way of a sinusoidal signal, and it responds by vibrating. The vibration of
the piezoelectric element generates the acoustic signal that travels through the measured
fluid to the corresponding transducer of the transducer pair. Similarly, upon being struck
by acoustic energy (i.e., the acoustic signal and other noise signals), the receiving
piezoelectric element vibrates and generates a sinusoidal electrical signal that Is
detected, digitized, and analyzed by electronics associated with the meter.

[0014] A path 117, sometimes referred to as a "chord,” exists between Illustrative

transducers 112 and 113 at an angle 0 to a centerline 120. The length of "chord”™ 117 Is
the distance between the face of transducer 112 and the face of transducer 113. Points
118 and 119 define the locations where acoustic signals generated by transducers 112
and 113 enter and leave fluid flowing through the meter body 111 (i.e., the entrance to the

meter body bore). The position of transducers 112 and 113 may be defined by the angle

0, by a first length L. measured between transducers 112 and 113, a second length X
corresponding to the axial distance between points 118 and 119, and a third length d

corresponding to the pipe inside diameter. In most cases distances d, X , and L are
precisely determined during meter fabrication. Further, transducers such as 112 and 113
are usually placed a specific distance from points 118 and 119, respectively, regardless of
meter size (l.e., meter body size). A measured fluid, such as natural gas, flows In a
direction 122 with a velocity profile 123. Velocity vectors 124-129 lillustrate that the fluid
velocity through meter body 111 increases toward the centerline 120.

[0015] Initially, the downstream transducer 112 generates an acoustic signal that
propagates across the fluid in the meter body 111, and is then incident upon and detected
by upstream transducer 113. A short time later (e.g., within a few milliseconds), the
upstream transducer 113 generates a return acoustic signal that propagates back across
the fluid In the meter body 111, and is then Incident upon and detected by the

downstream transducer 112. Thus, the transducers 112 and 113 play "pitch and catch”
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with signals 130 along chordal path 117. During operation, this sequence may occur
thousands of times per minute.

[0016] The transit time of the acoustic signal 130 (i.e., the time required for sound
energy to travel) between transducers 112 and 113 depends in part upon whether the
acoustic signal 130 is traveling upstream or downstream with respect to the fluid flow.
The transit time for an acoustic signal traveling downstream (i.e., in the same direction as
the fluid flow) Is less than its transit time when traveling upstream (i.e., against the fluid
flow). The upstream and downstream transit times for a chord can be used to calculate
the mean fluid flow velocity, and the average speed of sound for the chord In the
measured fluid.

[0017] Ultrasonic flow meters can have one or more acoustic signal paths. Figure 1B
llustrates an elevation view of one end of ultrasonic flow meter 110. As shown In Figure
1B, ultrasonic flow meter 110 actually comprises four chordal paths A, B, C and D at
varying levels within the meter body 111. Each chordal path A-D corresponds to a
transducer pair behaving alternately as a transmitter and receiver. Also shown Is meter
control electronics package 140, which Includes control electronics that acquire and
process the data from the four chordal paths A-D. Hidden from view in Figure 1B are the
four pairs of transducers that correspond to chordal paths A-D.

[0018] The arrangement of the four pairs of transducers may be more easily understood
by reference to Figure 1C. Four pairs of transducer ports are mounted on meter body
111. Each pair of transducer ports corresponds to a single chordal path of Figure 1B. A
first pair of transducer ports 114 and 115 comprises transducers 112 and 113 (Figure
1A). The transducers are mounted at a non-perpendicular angle 6 to centerline 120 of
the meter body 111. Another pair of transducer ports 134 and 135 (only partially in view)
and associated transducers is mounted so that its chordal path loosely forms the shape of
an "X" with respect to the chordal path of transducer ports 114 and 115. Similarly,
transducer ports 138 and 139 are placed parallel to transducer ports 134 and 135 but at a
different "level” (i.e., a different radial position in the pipe or meter body). Not explicitly
shown In Figure 1C Is a fourth pair of transducers and transducer ports. Taking Figures
1B and 1C together, the pairs of transducers are arranged such that the upper two pairs

of transducers corresponding to chords A and B form an the shape of an "X", and the
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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 velocities combined to determine a mean flow
velocity for the meter 110. The volumetric flow rate through the meter 110 is a product of
the mean flow velocity for the meter 110 and the cross-sectional area of the meter 110.
[0019] Typically, control electronics (e.g., control electronics package 140) cause the
transducers (e.g., 112, 113) to fire, receive the output of the transducers, compute the
mean flow velocity for each chord, compute the mean flow velocity for the meter, and
compute the volumetric flow rate through the meter. The volumetric flow rate and
possibly other measured and computed values, such as flow velocity and speed of sound,
are then output to additional devices, such as a flow computer, that are external to the
meter 110.

[0020] As mentioned above, each ultrasonic transducer 112, 113 typically includes a
piezoelectric crystal. The piezoelectric crystal i1s the active element that emits and
receives sound energy. The piezoelectric crystal comprises a piezoelectric material such
as lead zirconate titanate (PZT) and electrodes on the surface of the piezoelectric
material. The electrodes are typically a thin layer of a conductive material such as silver
or nickel. A voltage difference applied between the electrodes induces an electric field
within the piezoelectric material that causes it to change shape and emit sound energy.
sSound energy impinging on the piezoelectric material causes the piezoelectric material to
change shape and develop a voltage between the electrodes. The piezoelectric crystal is
typically encapsulated within an epoxy that holds the piezoelectric crystal In place,
protects the piezoelectric crystal, and provides a matching layer to improve the coupling

of sound energy between the piezoelectric crystal and fluid within the meter 110.

For a given chord, the chordal flow velocity v Is given by

L2 Tup _Tdn

2X T, T, (1)

Vv

and the chordal speed of sound ¢ Is given by
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L Tup+Tdn
2 Tup {, (2)

C

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

downstream transducers), X is the component of L within the meter bore in the
direction of the flow, and 7,,, and 1, are the upstream and downstream transit times of

sound energy through the fluid.

[0021] As shown in Equations (1) and (2), the chordal flow velocity and speed of sound
depend on the transit time of the signal 130 through the fluid. The transit times measured
by the meter electronics 140, however, include the transit time through the fluid plus some
additional time that is termed a delay time. This delay time should be subtracted from the
measured transit times to obtain accurate values for the chordal flow velocity and speed
of sound.

[0022] The delay time has two primary components: 1) the time the acoustic 130
spends within the transducers, and 2) the time corresponding to processing of the signal
130. Since the piezoelectric crystal of the transducer 112 is not in direct contact with the
fluid, the time it takes sound energy to travel from the transmitting piezoelectric crystal to
the fluid and the time it takes sound energy to travel from the fluid to the receiving
piezoelectric crystal contribute to the delay time.

[0023] For each chord, there can be two different delay times associated with the
transducers 112, 113 of that chord. The upstream delay time is the delay time when
acoustic signal 130 travels from the downstream to upstream transducer (e.g. transducer
112 to transducer 113) and the downstream delay time is the delay time when acoustic
signal 130 travels from the upstream to downstream transducer (e.g. transducer 113 to
transducer 112). Ideally, the upstream and downstream delay times would be identical,
however, minor differences Iin the components and construction of the upstream and
downstream transducers 112, 113 coupled with different electrical impedances in the
transmitting and receiving portions of the meter electronics 140 cause the upstream and

downstream delay times to be slightly different.
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[0024] To clarify the small difference in upstream and downstream delay times and its
effect on the chordal flow velocity, the upstream and downstream delay times can be
recast as an average delay time, which is the average of the upstream and downstream
delay times, and a delta delay time, which is the difference between the upstream and
downstream delay times. For the transducers 112, 113 used in some ultrasonic meters,
the average delay times are typically approximately 20 us while the absolute values of the
delta delay time are typically less than 0.05 ps demonstrating that the difference In
upstream and downstream delay times is typically at least 400 times less than the

upstream or downstream delay time. Equations (1) and (2) can be rewritten to include the

average delay time 7,,, and the delta delay time 7., yielding:

2 mo_mpm
L Tup Tdn U delta

2X (Tu}; ~ Tavg ) (Tdn; ~ Tavg )

Vv

(3)

and

£ £
Tup +7, — 22'm,g

(Tum - Tavg ) (Tdﬁ - Tavg )

L
c=3 (4)

mn nm . .
where /,, and /, arethe measured upstream and downstream transit times.

[0025] Embodiments of the present disclosure determine the average and delta delay
times of each transducer pair (e.g. transducers 112, 113). The delay times of a
transducer pair are preferably determined with the transducers installed in the ultrasonic
flow meter in which they are to be used. The procedure for determining delay times of a
transducer pair is typically referred to as “dry calibration.”

[0026] Dry calibration of a gas ultrasonic flow meter 110 involves sealing the ends of
(e.g., installing blind flanges on) the meter 110 so that the meter 110 can be pressurized
with a fluid of known composition, such as pure nitrogen. For calibration purposes,
pressure and temperature transducers are also Installed on the meter 110 so that
pressure and temperature of the fluid can be determined. After pressurizing the meter
110 with fluid, the system is allowed to stabilize to insure that there is no flow within the

meter 110 and that the meter 110 and fluid are in thermal equilibrium. After stabilization,
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the upstream and downstream transit times are measured simultaneously with the gas
temperature and pressure. From the known fluid temperature, pressure, and
composition, the speed of sound through the fluid can be computed from predetermined
theoretical or experimental values. An example of one method to compute speeds of
sound can be found iIn AGA Report No. 10, "Speed of Sound In Natural Gas and Other

Related Hydrocarbons.”

[0027] From the measured transit times 1, ?,; and 7, , the upstream and downstream

delay times 7, and 7, can be derived as

Tup — Tu}; o (5)

and

L
U an :Tdn c. (6)

where C_,. IS the calculated speed of sound. The average and delta delay times are
then given by

I F1
Tup T Ty Tup+Tdn I

. _ _
e 2 2 Ceale (7)

and

. _ m m
Cdelta = Tup ~Tan = Tup _Tdn - (8)

[0028] An error can be Iintroduced In the average delay times determined during dry
calibration for the multipath ultrasonic flow meter 110 due to temperature gradients in the
fluid. In the multipath meter 110, there are multiple chords that can be at different
elevations within the meter 110. For example, the meter 110, as shown in Figure 1B may
have four different chords, each at different elevation within the meter 110. During a dry
calibration with no flow within the meter 110, a temperature gradient tends to occur within
the fluid in which the fluid at the top of the meter 110 is hotter than the fluid at the bottom
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of the meter 110. The magnitude of the temperature gradient between the top and
bottom of the meter 110 tends to increase with increasing meter size and can exceed
0.5°F. A temperature gradient will cause each chord of the meter 110 to have a different
temperature and, therefore, a different speed of sound than the speed of sound
calculated for the fluid using a temperature measured at a single elevation inside the
meter 110 during dry calibration. This error in the calculated speed of sound will result in

an error in the average delay time when the calculated speed of sound is used In

Equation 7. The error A7, in average delay time is given by

Vg

L
Aravg — 02 Accalc (9)

calc

where Ac,_, is the error in the calculated speed of sound. Dry calibration may be

performed with nitrogen at a temperature of approximately 75°F and a pressure of

approximately 200 psig. For these conditions the speed of sound Is approximately 1160

ft/s and the change in speed of sound Ac,_ . for a small change in temperature AT is

4 ft h
Ac,.,.=|1.1 AT (10)
. s F/
Substituting Equation 10 into Equation 9 yields
4 A
At,,, =| 1.1 ft 2L AT (11)
\ SOF/ Cealc

[0029] The error introduced In the average delay time by a temperature gradient during

dry calibration will introduce errors in both the chordal flow velocities and speeds of sound

(see Equations 3 and 4). The error Av in chordal flow velocity due to the error in the

average delay time is given by

= Alag, (12)
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and the error Ac in the chordal speed of sound due to the error in the average delay time

IS given by

— =—AT 4, (13)

[0030] In addition to causing errors In the chordal flow velocity and speed of sound,
errors In the average delay times also cause an undesirable spread in the chordal speeds
of sound. When an ultrasonic flow meter 110 Is used to meter fluid in a pipeline, the
turbulence induced by fluid flow causes the fluid to be well mixed and insures that there
are no thermal gradients in the fluid. The error induced In the average delay time by a
thermal gradient present during dry calibration will cause an apparent spread in chordal
speeds of sound measured for a flowing fluid that has no thermal gradients. The
apparent spread in chordal speeds of sound can be found by combining Equations 11

and 13 to give

/ \ L2
Ac=|1.1 ft Cz AT (14)

\ SOF/ Ceale

For example, if the pipeline fluid being metered is methane with a speed of sound of
approximately 1400 ft/s, then the spread in chordal speeds of sound measured in the
pipeline due to a 0.5°F temperature gradient present during dry calibration Is
approximately 0.8 ft/s.

[0031] When a gas ultrasonic flow meter is used for a custody transfer measurement,
the contract between the buyer and seller often incorporates the standard AGA Report
No. 9, “"Measurement of Gas by Multipath Ultrasonic Meters” as part of the contract.
Section 5.1 of AGA Report No. 9 requires that all ultrasonic flow meters shall meet the
requirement that the maximum spread In chordal speeds of sounds is 1.5 ft/s. A 0.5°F
temperature gradient during dry calibration can result in a spread in chordal speeds of
sound that consumes over half of the spread in chordal speeds of sound allowed by AGA
Report No. 9. Any additional errors such as minor changes in the transaucer 112, 113
delay times due to temperature changes can cause the maximum allowable spread to be

much more easily exceeded.

10
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[0032] Embodiments of the present disclosure eliminate temperature gradients during
dry calibration of the ultrasonic meter 110 by introducing a small amount of circulation In
the fluild within the meter 110. The circulation may be induced by a fluid circulation or
agitation device, such as a small fan, that is placed within the meter body 111.
Embodiments separate the dry calibration procedure into two parts to make use of fluid
circulation during calibration. In one part, the delta delay times are determined without
circulation. In the second part, the average delay times are determined with fluid
circulation.

[0033] Circulating the fluid within the meter 110 while determining the average delay
times Iinsures that the temperature of the fluid Iis consistent throughout and that no
temperature gradients exist. This improves the accuracy of the determination of the
average delay time for each chord and therefore improves the accuracy of the computed
chordal flow velocities and speeds of sound when the meter 110 I1s used to measure
flowing fluid in a pipeline. Improving the accuracy of the measured chorgal flow velocity
ultimately results in an increased accuracy in the measured flow rate which is particularly
important if the meter 110 Is being used for a custody transfer measurement. Improving
the accuracy of the measured chordal speeds of sound tends to reduce the spread In
measured chordal speeds of sound which gives the operator of the meter 110 increased
confidence that the meter 110 is operating correctly.

[0034] Figure 2 shows an elevational cross-sectional view of an ultrasonic flow meter
assembly 200 configured for dry calibration in accordance with various embodiments.
The meter assembly 200 includes a flow meter 110, blind flanges 242, a temperature
sensor 246, and a fan 240. A blind flange 242 is fastened to each end of the meter body
111 of the meter 110 using fastening devices 244 (e.g., bolts and nuts, clamps, etc.). The
temperature sensor 246 is intfroduced into the meter 110 through a port in either the meter
body 111 or one of the blind flanges 242 to measure fluid temperature. The temperature
sensor 246 iIs positioned so that it does not obstruct any of the paths of sound energy
traveling between ultrasonic transducers (e.g. 112 and 113 Fig. 1A). A fluid line and
pressure gauge (not shown) are attached to a port 248 In either the meter body 111 or

one of the blind flanges 242. The fluid line allows fluid to be added and removed from the

11
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meter body 111 while the pressure gauge Is used to monitor fluid pressure within the
meter 110.

[0035] The fan 240, or other fluid circulation device, Is disposed within the meter body
111. In some embodiments, the fan 240 is disposed within the meter body 111 by
mounting the fan 240 to a blind flange 242 with magnets 241. The magnets 241 ensure
that the fan 240 stays in place while facilitating installation and removal. Separators (e.g.,
standoffs) 243 positioned between the fan 240 and magnet 241 position the fan 240 away
from the surface of the flange 242 and allow fluid to flow through the fan 240. An
electrical feed through 245 in a port in either the meter body 111 or one of the blind
flanges 242 allows electricity to be supplied to the fan 240 via wiring 247 .

[0036] The fan 240 is positioned within the meter body 111 at a location that provides
clearance for fluild to flow through the fan 240 while the fan 240 and associated
components (wiring 247, standoffs 243, etc.) do not Iinterfere with any of the paths
fraversed by sound energy traveling between the ultrasonic transducers. In some
embodiments, the fan 240 is fastened to the blind flange 242 using bolts or adhesives. In
other embodiments, the fan 240 is attached to the meter body 111 by magnets 241,
adhesives, or simply held in place by the force of gravity.

[0037] Various types of fans, where a fan is simply a device to induce fluid circulation,
are suitable for use with embodiments disclosed herein. The fan 240 may be configured
to operate using direct current (DC), rather than alternating current, to reduce the risk of
electric shock to an operator conducting the dry calibration. The fan 240 may be a DC
brushless fan of the type commonly used In computer and Iinstrument cases. The
diameter of the fan 240 is preferably between 10% and 35% of the internal diameter of
the meter body 111.

[0038] Little or no fluid flow should be present during the determination of delta delay
times. Therefore, embodiments employ a dry calibration procedure that separately
determines the average and delta delay times. After the fan 240, temperature probe 240,
fluid line, pressure gauge, and blind flanges 242 are installed, fluid iIs added to the meter
body 111 for use in the calibration. One suitable calibration fluid is nitrogen at 200 psig
but other calibration fluids and other pressures may also be used. To eliminate impurities

carried by the air that Is Initially present in the meter body 111, the calibration fluid can be

12
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purged and added to meter body 111 several times. Alternatively, air can be removed
from the meter body 111 with a vacuum pump before adding the calibration fluid to the
meter body 111. After the meter 110 Is pressurized with calibration fluid, the connection
to the fluid source is closed and the fluid within the meter body 111 is allowed to stabilize
for a period of time (e.qg., at least one hour) to insure that all residual flow caused by
adding the calibration fluid to the meter 110 has decayed away and that the fluid in is
thermal equilibrium within the meter 110. The transducers are activated, transit times are
measured for each chord, and delta delay times are determined using equation (8).
[0039] Following delta delay determination, the fan 240 is turned on and the calibration
fluid Is allowed to stablilize for a period of time (e.g., at least 10 minutes). Sound energy
transit times and fluid temperature and pressure are again measured. The speed of
sound Iis determined using suitable predetermined values such as found in AGA Report
No. 10, "Speed of Sound In Natural Gas and Other Related Hydrocarbons,” and the
average delay time is determined using Equation 7. The speed of fan 240 iIs such that
the absolute value of each chordal flow velocity is preferably between 0.5 and 2 ft/s. A
minimum speed IS needed to insure that the calibration fluid i1s well mixed and has no
thermal gradients. If the fluid speed is too high, suitable modifications to Equation 7 are
applied to account for a high flow velocity.

[0040] In an alternative embodiment, delta delay times are determined after average
delay times are determined. In such an embodiment, the fan 240 is turned on after filling
the meter with calibration fluid and the fluid is allowed to stabilize for a period of time (e.g.,
at least an hour) before determining average delay times. The fan 240 is then be turned
off and the calibration fluid is allowed to stabilize for a period of time (e.g., at least an
hour) before determining delta delay times.

[0041] Figure 3 shows a block diagram of a system 300 for performing dry calibration of
an ultrasonic meter in accordance with various embodiments. The system 300 includes
the flow meter assembly 200 and calibration control and processing system 302. The
calibration control and processing system 302 controls the operation of the various
components (e.g., transducers 112, 113) of the meter assembly 200, and causes the
meter assembly 200 to perform operations that generate calibration data. The calibration

control and processing system 302 processes the calibration data generated by the meter
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assembly 200 to produce chordal delay values. In some embodiments, the meter
electronics 140 may Include at least some portions of the calibration control and
processing system 302.

[0042] Some embodiments of the calibration control and processing system 302
generate signals that control one or more of the ultrasonic transducers (e.g., 112, 113)
and the fan 240 of the meter assembly 200. For example, signals generated by the
calibration control and processing system 302 may control the timing of transducer 112
sound signal generation, and may control activation/deactivation of the fan 240.
Additionally, the calibration control and processing system 302 may generate signals to
manage a fluid control system 308 (e.g., a valve or the like) that introduces fluid into the
meter 110 from a fluid source. Alternatively, the calibration and processing system 302
may prompt a user to manually introduce fluid into meter 110 from a fluid source.

[0043] The calibration control and processing system 302 may also receive signals
produced by the meter assembly 200 during calibration. For example, information
Indicative of fluid pressure and temperature may be received from the pressure sensor
310 and the temperature sensor 246, and information indicative of sound signal transit
time in the meter 110 may be received from the ultrasonic transducers 112. The received
iInformation may be processed by the delta delay computation logic 304 and the average
delay computation logic 300 to respectively generate delta and average delays as
explained herein.

[0044] Some embodiments of the calibration control and processing system 302 may
iInclude a computer to perform control and data processing functions. A computer
suitable for use in the calibration control and processing system 302 may be a desktop
computer, a notebook computer, a handheld computer, a tablet computer, or any other
computing device capable of the performing the control and processing functions
described herein. The delta delay computation logic 304 and the average delay
computation logic 306 can be implemented as software instructions stored in a computer
readable storage medium. When executed by a computer the instructions cause the
computer to perform the delta delay and average delay computations disclosed herein.
Other software programming included in the calibration control and processing system

302 may cause the computer to perform other of the various control functions and/or
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processing functions described herein. A computer readable storage medium suitable
for storage of software instructions comprises volatile storage such as random access
memory, non-volatile storage (e.g., a hard drive, an optical storage device (e.g., CD or
DVD), FLASH storage, or combinations thereof.

[0045] Figure 4 shows a flow diagram for a method for dry calibration of an ultrasonic
flow meter in accordance with various embodiments. Though depicted sequentially as a
matter of convenience, at least some of the actions shown can be performed In a
different order and/or performed in parallel. Additionally, some embodiments may
perform only some of the actions shown. In some embodiments, at least some of the
operations of Figure 4, as well as other operations described herein, can be
Implemented as instructions stored in a computer readable medium and executed by a
processor (e.g., a processor of a computer in the calibration control and processing
system 302).

[0046] In block 402, a fluid circulating device, such as the fan 240, is disposed In the
interior of a flow meter 110 to facilitate dry calibration. The fluid circulating device Is
positioned to avoid interfering with acoustic signals traversing the interior of the meter
110, and to allow fluid to flow through the fluid circulating device. More specifically, the
fluild circulating device Is disposed In a position outside of each chordal path. A
temperature sensor Is also positioned In the interior of the meter body 111.

[0047] In Dblock 404, the ends of the flow meter body 111 are sealed. In some
embodiments, blind flanges 242 are affixed to the ends of the meter body 111 to
effectuate sealing.

[0048] In block 400, calibration fluid is Introduced into the meter body 111. The
calibration fluid may be a gas, such as nitrogen, and the fluid may provided to the meter
body 111 at a predetermined pressure (e.g., 200 psig). Additionally, impurities initially
present in the meter body may be eliminated by purging and filling the meter body with
the calibration fluid several times.

[0049] In block 408, circulation induced by introduction of the calibration fluid into the
meter body 111 Is allowed to subside. In some embodiments, circulation is deemed to
have sufficiently subsided based on expiration of a predetermined time interval (e.g., one

hour).
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[0050] In block 410, the calibration and control system 302 activates the ultrasonic
transducers (e.g., 112, 113) of the meter 110 and, for each chord, measures upstream
and downstream sound travel times across the meter 110.

[0051] In block 412, the calibration and control system 302 computes upstream and
downstream delay times and a delta delay time value for each chord based on the
measured travel times.

[0052] In block 414, the fluid circulation is induced in the meter body 111 by activating
the fluid circulating device 240. By circulating the calibration fluid a uniform temperature
within the meter body 111 is achieved. Fluid circulation continues in block 416 to allow
the calibration fluid to stabilize. In some embodiments, the calibration fluid IS deemed
stabilized when circulation has been active for a predetermined period of time (e.g., 10
minutes).

[0053] In block 418, after the circulating fluid is stabilized, the calibration and control
system 302 activates the ultrasonic transducers (e.g., 112, 113) of the meter 110 and, for
each chord, measures upstream and downstream sound travel times across the meter
110. The temperature and pressure of the fluid in the meter 110 are also measured.
[0054] In block 420, the calibration and control system 302 computes the speed of
sound through the calibration fluid in the meter 110 based on the measured temperature
and pressure, and computes average delay time based on the measured sound travel
times and the computed speed of sound.

[0055] The above discussion i1s meant to be lllustrative of the principles and various
embodiments of the present invention. Numerous variations and modifications will
become apparent to those skilled in the art once the above disclosure is fully appreciated.
It is intended that the following claims be interpreted to embrace all such variations and

modifications.
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CLAIMS

What Is claimed is:
1. A method for calibrating an ultrasonic meter, comprising:
disposing a fluid circulating device within a flow meter;
circulating fluid in the flow meter by operation of the fluid circulating device;
measuring an acoustic signal transit time within the flow meter during the
circulating; and
determining, based on the measuring, a portion of the acoustic signal transit time

caused by latency induced by components of the flow meter.

2. The method of claim 1, wherein the circulating 1s performed over time period

determined to produce a uniform fiuid temperature within the flow meter.

3. The method of claim 1, further comprising measuring a temperature and a
pressure within the flow meter in conjunction with the measuring of the acoustic signal

transit time.

4. The method of claim 1, wherein the circulating provides a fluid velocity within the

flow meter of from .5 to 2 feet per second.

5. The method of claim 1, wherein the latency is an average of upstream and

downstream acoustic signal transit times less a sound transit time between transducers.

6. The method of claim 1, further comprising:
introducing fluid into the flow meter;
disabling the fluid circulating device;
measuring an acoustic signal transit time within the flow meter while the fluid
circulating device is disabled; and
determining, based on the measuring, a difference between upstream and

downstream acoustic signal transit times.
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7. The method of claim 1, further comprising attaching the fluid circulating device to a

blind flange that closes an end of the flow meter.

8. A system for calibrating an ultrasonic meter, comprising:

a flow meter having a sealed chamber;

an agitator disposed within the sealed chamber and configured to move fluid within
the flow meter: and

calibration logic configured to determine a portion of a measured acoustic signal
transit time caused by latency induced by the components of the flow
meter;

wherein the portion of the measured acoustic signal transit time Is determined
based the agitator moving fluid within the flow meter and thereby providing

a uniform fluid temperature within the flow meter.

9. The system of claim 8, wherein the meter further comprises a sealing member at

each end of the sealed chamber, and wherein the agitator is mounted to one of the

sealing members.

10.  The system of claim 8, wherein the agitator is mounted on spacers that position

the agitator to allow fluid flow through the agitator.

11.  The system of claim 8, further comprising a temperature sensor and a pressure

sensor configured to measure respectively, a temperature and a pressure of fluid within
the flow meter; wherein the calibration logic is configured to measure the temperature ana

pressure of the fluid in conjunction with the measuring the acoustic signal transit time.

12.  The system of claim 8, wherein the calibration logic determines the latency as an

average of upstream and downstream acoustic signal transit times less an acoustic signal

transit time between transducers.
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13. The system of claim 8, wherein the agitator is configured to move the fluid within

the flow meter at a velocity between .5 and 2 feet per second.

14.  The system of claim 8, wherein the agitator has a diameter of 10% to 35% of an

internal diameter of the flow meter.

15.  The system of claim 8, wherein the calibration logic is configured to:
measure an upstream acoustic signal transit time and a downstream acoustic
signal transit time within the flow meter while the agitator is disabled; and

determine a difference between the upstream and downstream acoustic signal

transit times.

16. The system of claim 8, wherein the agitator is disposed within the flow meter

outside of an acoustic signal path between transducers of the flow meter.

17.  The system of claim 8, wherein:
the flow meter comprises a flow meter body;
a blind flange seals an end of the flow meter body; ana
the agitator comprises an electric fan disposed within the flow meter body at a

position outside of a signal path between ultrasonic transducers of the flow

meter.

18.  The system of claim 17, further comprising stand-offs that separate the fan from a

surface supporting the fan within the flow meter body, the stand-offs configured to allow

fluid to flow through the fan.

19.  The system of claim 17, further comprising a magnet configured to attach the fan

to the surface on the interior of the flow meter.

20.  The system of claim 17, wherein the fan is affixed to the blind flange.
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21.  The system of claim 17, wherein the blind flange comprises a port through which

conductors provide electrical power to the fan.

22. The system of claim 17, wherein a diameter of the fan is 10% to 35% of an internal

diameter of the flow meter.

23. The system of claim 17, wherein the fan is configured to circulate fiuid within the

flow meter at a velocity between .5 and 2 feet per second.
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