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ULTRASONIC FLOW METERING WITH LAMINAR TO
TURBULENT TRANSITION FLOW CONTROL

BACKGROUND

[0001] Hydrocarbon fluids are transported from place-to-place via pipelines. It Is
desirable to know with accuracy the amount of fluid flowing in the pipeline, and particular
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, 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 computed. The volume of fluid flowing
through the meter can be determined from computed flow velocities and the known cross-
sectional area of the flow meter.

[0003] Accurate measurement of flow velocity al an ultrasonic flow meler reguires a
well geveioped fiow profile. Conventional ultrasonic flow metering systems provide such
a flow profile by positioning either a long stretch of straight pipe or a flow condgitioning

device upstream of the ultrasonic flow meter.

SUMMARY
[0004] Systems and methods for ultrasonic flow metering of viscous fluids are disclosed
herein. In one embodiment, an ultrasonic flow metering system includes an ultrasonic flow
meter, a flow conditioner, and a reducer. A pipe reducer IS an apparatus that transitions a
pipe from a larger bore diameter upstream to a smaller bore diameter downstream. The
ultrasonic flow meter includes a pair of ultrasonic transducers arranged to exchange
ultrasonic signals through a fluid stream flowing between the transducers. The flow

conditioner is disposed upstream of the ultrasonic flow meter. The reducer is disposed
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between the flow conditioner and the ultrasonic flow meter to reduce the cross-sectional
area of the fluid stream flowing from the flow conditioner to the ultrasonic flow meter.
[0005] In another embodiment, a method includes connecting a downstream end of a
reducer to an upstream end of an ultrasonic flow meter, and connecting an upstream end
of the reducer to a downstream end of a flow conditioner. The inner cross-sectional area
of the downstream end of the reducer i1s smaller than the inner cross-sectional area of the
upstream end of the reducer.

[0006] In a further embodiment, an ultrasonic flow metering system includes a flow
conditioner, a reducer, and an ultrasonic flow meter. The flow conditioner Is coupled to an
upstream end of the reducer, and the ultrasonic flow meter is coupled to a downstream
end of the reducer. The flow conditioner and the reducer condition a fluid stream flowing
through the ultrasonic flow meter such that the ultrasonic flow meter measures velocity of
the fluid stream with less than 0.2 percent error while the fluid stream has a Reynolds

number less than 5000.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] For a detailed description of exemplary embodiments of the invention, reference
will now be made to the accompanying drawings in which:
[0008] Figure 1 shows a plot of flow profiles illustrative of laminar, transitional, and
turbulent fluid flows;
[0009] Figure 2 shows a plot of exemplary percent error characteristic of laminar,
transitional, and turbulent fluid flows;
[0010] Figure 3 shows an ultrasonic metering system for metering of viscous fluids that
provides control of laminar to turbulent flow transition In accordance with principles
disclosed herein;
[0011] Figure 4 shows a cross-sectional overhead view of an ultrasonic flow meter In
accordance with principles disclosed herein;
[0012] Figure 5 shows an end elevation view of a four path ultrasonic flow meter in

accordance with principles disclosed herein;
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[0013] Figure 6 shows a plot of variation in error of volumetric flow rate measurement
versus Reynolds number for an ultrasonic flow metering system In accordance with
principles disclosed herein;

[0014] Figure 7 shows a plot of variation of computed and actual profile factor versus
Reynolds number for an ultrasonic flow metering system in accordance with principles
disclosed herein;

[0015] Figure 8 shows a plot comparing actual Reynolds number of fluid to Reynolds
number computed by an ultrasonic flow metering system in accordance with principles
disclosed herein;

[0016] Figure 9 shows a plot of error in computed Reynolds number versus actual
Reynolds number in accordance with principles disclosed herein;

[0017] Figure 10 shows a plot of actual kinematic viscosity of fluid and kinematic
viscosity computed by an ultrasonic flow metering system in accordance with principles
disclosed herein;

[0018] Figure 11 shows a plot of error in computed kinematic viscosity versus Reynolds
number in accordance with principles disclosed herein;

[0019] Figure 12 shows a block diagram of circuitry of an ultrasonic flow meter In
accordance with principles disclosed herein;

[0020] Figure 13 shows a block diagram for a flow processor of an ultrasonic flow meter
in accordance with principles disclosed herein; and

[0021] Figure 14 shows a flow diagram for a method for measuring viscous liquids using

an ultrasonic flow meter in accordance with principles disclosed herein.

NOTATION AND NOMENCLATURE
[0022] 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... .” In addition, the term “couple” or “couples” is intended to
mean either an indirect or a direct connection. Thus, If a first device couples to a second
device, that connection may be through a direct connection, or through an Iindirect
connection accomplished via other devices and connections. The recitation "based on” is

intended to mean “based at least in part on.” Therefore, if X is based on Y, X may be
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based on Y and any number of other factors. The term “fluid” includes liquids and
gases.

DETAILED DESCRIPTION
[0023] The following description Is directed to various exemplary embodiments of the
iInvention. The drawing figures are not necessarily to scale. Certain features of the
embodiments may be shown exaggerated in scale or in somewhat schematic form and
some detalls of conventional elements may not be shown in the Interest of clarity and
conciseness. The disclosed embodiments should not be interpreted, 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, Iincluding the claims, Is limited to that
embodiment. It is to be fully recognized that the different teachings of the embodiments
discussed below may be employed separately or in any suitable combination to produce
desired results. Further, the various embodiments were developed In the context of
measuring hydrocarbon flows (e.g., crude oil or refined products), and the description
follows from the developmental context; however, the systems and methods described
are equally applicable to measurement of any fluid flow.
[0024] A conventional ultrasonic liquid flow metering system may include a pipe
diameter reducer upstream of a flow conditioner that is upstream of a length (e.g., eight
pipe diameters) of straight pipe that provides fluid flow to the flow meter. Such a
conventional system Is sufficient for providing flow rate measurement with ultrasonic
flow meters for liquids Iin the turbulent flow regime. However, such systems are
iInadequate for measuring flow of non-turbulent flow regimes that are associated with
high viscosity fluids. Such systems, which utilize in-line flow conditioning devices, also
Introduce a pressure drop which increases significantly with viscosity of working fluids.
[0025] A flow is fermed "turbulent” for liquids with low viscosities flowing at moderate
speeds through a pipeline. Turbulent fiow has a unigue well defined velocity profile.
similarty, a flow is termed “laminar’ tor liguids with very high viscosity flowing at low
speeds. Laminar flow has a different velocity profile from turbulent flow. When the flow

velocily s increased from zero in a high viscous fluid, depending upon sysiem
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parameters, the flow regime changes from laminar o turbuleni. The change from
laminar 1o turbulent flow is not abrupt and occurs over a wide range of flow velocily. The
status of the tlow during this regime change i3 known as “fransitional” flow. Veiogity
profiies in the ransitionai region are typicaily nol well defined and may be unsiabia.

[0026] Figure 1 shows iHustrative transitional, laminar, ang transitional velocity profiies
N a pipe having circular cross section. Velocity profiles in pipes having non-circular
cross sections are similar to those shown. The different flow regimes can De

distinguished by a dimensioniess parameler calied Reynolds number { Re) defined as:

Re= 24 (1)

v

where:

U is the mean velocity across the pipe cross section;

d is the internal pipe diameler; and

v 18 the kinemalic viscosity of the fluid.

[0027] The flow is laminar when Reynolds number is below about 2300, turbulent
when Re is above aboui 5000, and fransitional when Reynolds number is between
2300 and 5000. Within the fransitional zone, the flow characleristics change rapidly
petween laminar and turbulent flows. Consequently, the velocity profiie of the flow
fluctuates rapidiy petween laminar and turbulent velocily profiles in what i1s known as
intermittent behavior. The time averaged transilional velocity profiie may assume a
shape dependent on the intermittency at a particular Reynolds number. The intermitient
nature of the transitional mean velocity profile makes it difficult to obtain a stable flow
measurement using a conventionally arranged hquid ultrasonic flow metering sysiem.
Under these conditions the flow rate measurement error curve 1S highly non-iinear.
Figure 2 shows a plot of exemplary percent error characteristic of laminar, transitional,
and turbulent fluid flows. The error Is uniform and linear within the preliminary turbulent
region and IS non-uniform and non-linear within laminar and transitional regions.

Therefore, as the Reynolds number decreases the percentage error in measured
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volumetric flow rates with conventional liquid ulfrasonic flow metering systems increases
bevond the allowable limit for custody transfer applications.

[0028] Embodiments of the present disciosure inciude a liguid uitrasonic flow metering
system that extends the linearity of liguid ultrasonic fiow measurement {0 fluids having
Reynolds numbers less than 1000. In contrast, with conventional ultrasonic systems
linearity Is limited to fluids having Reynolds number above about 5000. Thus,
embodiments may be applied to ultrasonic metering of viscous fluids such as heavy crude
oll or viscous refined products having relatively low Reynolds numbers

[0029] Figure 3 shows an ultrasonic flow metering system 30 for metering of viscous
fluids In accordance with principles disclosed herein. The system 30 provides improved
measurement of viscous fluid flow by controlling laminar to turbulent flow transition. The
system 30 includes an ultrasonic flow meter 100, a reducer 140, and a flow conditioner
126. The flow conditioner 126 is positioned upstream of the reducer 140, and the reducer
140 Is positioned upstream of the ultrasonic flow meter 100. The system 30 is coupled to
fluid flow via a straight pipe section 134 that may be at least three pipe diameters
(diameter of pipe section 134) in length (e.g., 3 to 5 pipe diameters), upstream of the flow
conditioner 126. The pipe section 134 may include a fully open isolation valve. Some
embodiments of the system 30 may further include an expander 142 upstream of pipe
section 134. The expander 142 adapts the pipe section 134 to a smaller diameter pipe
section 144 upstream of the expander 142. For example, where the pipe section 134 has
bore diameter D1, the expander 142 couples the pipe section 134 to pipe section 144
which has bore diameter D2, where D2<D1. In some embodiments, pipes 144 and 138
may have the same bore diameter (e.g., D2).

[0030] The ultrasonic flow meter 100 includes a meter body or spool piece 102 that
defines a central passage or bore. The upstream end of the spool piece 102 is coupled to
the reducer 140 such that the fluids flowing in the pipe 134 travel through the central bore.
While the fluids travel through the central bore, the ultrasonic flow meter 100 measures
the flow rate (hence, the fluid may be referred to as the measured fluid). The spool piece
102 includes flanges 106 that facilitate coupling of the spool piece 102 to the reducer 140,
the pipe 138, or other structures. Any suitable system for coupling the spool piece 102 to

a structure may be used (e.g., bolts, clamps, weld connections, etc.).
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[0031] In order to measure fluid flow within the spool piece 102, the ultrasonic flow
meter 100 includes a plurality of transducer assemblies. In the view of Figure 3, four such
transducers assemblies 108, 112, 116 and 120 are shown. The transducer assemblies
are paired (e.qg., transducer assembly 108 Is paired with a transducer on the opposite side
of the spool piece which is not shown in Figure 3), as will be further discussed below.
Moreover, each transducer assembly electrically couples to control electronics 124. More
particularly, each transducer assembly is electrically coupled to the control electronics
124 by way of a respective cable or equivalent signal conducting assembly.

[0032] Figure 4 shows a cross-sectional overhead view of the ultrasonic flow meter 100.
Spool piece 102 has a predetermined size and defines the central bore 104 through
which the measured fluid flows. An illustrative pair of transducers assemblies 112 and
114 1s located along the length of spool piece 102. Transducers 112 and 114 are acoustic
transceivers, and more particularly ultrasonic transceivers. The ultrasonic transducers
112, 114 both generate and receive acoustic signals having frequencies above about 20
kilohertz. The acoustic signals may be generated and received by a piezoelectric element
N each transducer. To generate an ultrasonic signal, the piezoelectric element Is
stimulated electrically by way of a signal (e.g., a sinusoidal signal), and the element
responds by vibrating. The vibration of the piezoelectric element generates 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 vibrates and generates an electrical signal (e.g., a sinusoidal signal) that Is
detected, digitized, and analyzed by the control electronics 124 associated with the flow
meter 101.

[0033] A path 200, also referred to as a "chord," exists between illustrative transducer
assemblies 112 and 114 at an angle & to a centerline 202. The length of chord 200 is the
distance between the face of transducer 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 entrance to the spool piece bore). The position of transducer
assemblies 112 and 114 may be defined by the angle &, by a first length L measured

between the faces of the transducer assemblies 112 and 114, a second length X
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corresponding to the axial distance between points 204 and 2006, and a third length d
corresponding to the spool piece inside diameter. In most cases, distances 4, X ,and L
are precisely determined during flow meter fabrication. A measured fluid, such as crude
oll (or a refined product), flows In a direction 208 with a velocity profile 210. Velocity
vectors 212, 214, 216 and 218 Iillustrate that the fluid velocity through spool piece 102
iIncreases toward the centerline 202 of the spool piece 102.

[0034] Initially, downstream transducer assembly 112 generates an ultrasonic signal
that Is Incident upon, and thus detected by, upstream transducer assembly 114.
sSometime later, the upstream transducer assembly 114 generates a return ultrasonic
signal that is subsequently incident upon, and detected by, the downstream transducer
assembly 112. Thus, the transducer assemblies exchange or play "pitch and catch” with
ultrasonic signals 220 along chordal path 200. During operation, this sequence may occur
thousands of times per minute.

[0035] 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 transit time for an
ultrasonic 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 can be used to calculate the average velocity along the
signal path, and the speed of sound in the measured fluid. Given the cross-sectional
measurements of the flow meter 100 carrying the fluid, the average velocity over the area
of the central bore 104 may be used to find the volume of fluid flowing through the spool
piece 102.

[0036] Ultrasonic flow meters can have one or more chords. For example, Figure 5
shows an end elevation view of the ultrasonic flow meter 100 showing four chordal paths
at varying elevations within the spool piece 102. Chordal path A is formed between
transducers 108 and 110. Chordal path B is formed between transducers 112 and 114.
Chordal path C is formed between transducers 116 and 118. Chordal path D is formed
between transducers 120 and 122. The flow velocity of the fluid may be determined at

each chord to obtain chordal flow velocities, and the chordal flow velocities combined to
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determine an average flow velocity over the entire pipe. From the average flow velocity,
the amount of fluid flowing Iin the spool piece, and thus the pipeline, may be determined.
[0037] Typically, the control electronics 124 causes the transducers (e.g., 112, 114) to
fire and receives output signals from the transducers. The control electronics 124 may
also compute the mean flow velocity for each chord, compute the mean flow velocity for
the meter, compute the volumetric flow rate through the meter, compute speed of sound
through the fluid, perform meter diagnostics, efc.

[0038] For a given chord, the chordal flow velocity v is given by:

B L2 Tup _Tdn

V=——— 2
2X T, T, 2)

and the chordal speed of sound ¢ is given by:

B L Tup +Tdn

C=— — 3
2 T, 1, (3)

where:

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

fransducers),

X is the component of L within the meter bore in the direction of the flow, and

/,, and 1, are the upstream and downstream transit times of sound energy through the

fluid.
[0039] The average flow velocity through the meter 101 is given by:

D
vavg — Z lel (4)
I=A

where:
w; IS a chordal weighting factor,
v; IS the measured chordal flow velocity, and

the summation 7 Is over all chords.
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[0040] Based on the measured velocities for each chord, the control electronics 124
may compute a profile factor value as a ratio of inner chordal velocities to outer chordal
velocities. For the four chords of the ultrasonic flow meter 100, the control electronics 124

may compute profile factor ( PF ) as:

Ve, +V,
V,+V,

PF = ()

where, 7 ,Is the velocity of chord A,
V . 1s the velocity of chord B,

V . 1s the velocity of chord C, and

and, V ,is the velocity of chord D.

[0041] Returning now to Figure 3, the flow conditioner 126 reduces swirl and large scale
turbulence, and improves the mean velocity profile of the fluid stream provided to the
ultrasonic meter 100. The flow conditioner 126 may be, for example, a tube bundle or a
perforated plate that conditions the fluid flow by directing the fluid stream through a series
of tubes or small apertures.

[0042] The reducer 140 is a concentric Venturi reducer having a reduction angle a in a
range of 8° to 16°. Some embodiments of the reducer 140 apply a reduction angle of 12°.
The reducer 140 may be coupled to the ultrasonic flow meter 100 using a ring type or
other flange fitting that provides a smooth inner wall transition from the reducer 140 to the
ultrasonic flow meter 100. The upstream flange 106 of the ultrasonic flow meter 100 and
the downstream flange 128 of the reducer 140 may align the inner wall surfaces of the
reducer 140 and the ultrasonic flow meter 100 to provide a specific alignment of the
flange bore to the meter bore. For example, the inner wall surfaces of the reducer 140
and the ultrasonic flow meter 100 may be misaligned by no more than £0.002 inches in
some embodiments. The reducer 140, in combination with the upstream flow conditioner
120, reduces the variation In fluid stream profile factor at the ultrasonic meter 100 during
transitional flow to values in a range of approximately 1.18 to 1.8.

[0043] To promote a smooth laminar to turbulent flow transition, the inner walls of the

reducer 140, and other components of the flow metering system 30 (e.g., the pipes 134,

10
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138, the ultrasonic flow meter 100, etc.) may be finished to reduce surface roughness and
friction with the fluid stream. For example, some embodiments of the reducer 140 and/or
other components may include inner wall surfaces finished by honing, polishing, or other
techniques to provide surface roughness heights ranging from about 16 to 64 micro
iInches or less (e.g., 16G to 64G on the S-22 surface roughness scale).

[0044] The flow conditioner 120 and the downstream reducer 140 combine to extend
the linearity of the ultrasonic flow meter 100 to accommodate measurement of fluid flows
having Reynolds numbers substantially lower than is possible with conventional ultrasonic
measurement systems. Figure 6 shows a plot of variation in error of volumetric flow rate
measurement (with respect to a standard) versus Reynolds number for an embodiment of
the ultrasonic flow metering system 30 In accordance with principles disclosed herein.
The standard may be provided via a prover, a master meter, etc. As shown in Figure 6,
the flow measurement system 30 can measure volumetric flow of fluids with better than
about 0.2% error for fluids having Reynolds numbers as low 500. In contrast,
conventional ultrasonic flow measurement systems are error limited to measurement of
fluids having Reynolds numbers above about 6000.

[0045] The control electronics 124 compute the volumetric flow rate, O, through the flow

meter 100 as a product of the average flow velocity, v __, for the flow meter 100 and the

avg ?
predetermined cross-sectional area of the flow meter 100. The control electronics 124

may apply corrections (o ihe voilumetnic flow rate, O, based on ithe computed

instantaneous profile facior, PF, ang meter faclor, MF, using up to 8ih order

polynomial curve as shown Delow in Equation (B).

MF =a,+a PF +a,PF° +a,PF° +a,PF" +a.PF’ +a PF°+a,PF' +a PF" (6)

PF is compuled as shown in bquation (5). MF is defined as the ratio of reference

volume of discharge to the volume discharge by the ultrasonic flow meter 100 within a

predetermined time period as:

11
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Qref
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(7)

QLusw

where, Q. Is the volume of a standard reference, and,

O, .., 1S the volume of the liquid ultrasonic flow meter, and

coefficients q, through q, are determined at factory calibration via curve fitting (e.g.,

least squares).

[0046] By positioning the reducer 140 downstream of the flow conditioner 126, the

velocity of the fluid stream flowing through the flow conditioner 126, and the pressure

drop across the flow conditioner 126 are reduced relative to conventional systems. Table

1 below shows that reduction in pressure drop provided by the system 30 varies from

79% to 89% for various pipe diameters.

Pipe 134 inner | Pipe 138 Inner | Reducer Percent reduction in pressure drop with

diameter diameter ratio respect to initial pressure drop
6.0650 4.0260 0.6638 80.6
10.0200 6.0650 0.6053 86.6
11.9380 7.8910 0.6685 80.0
15.0000 10.0200 0.6680 80.1
18.8140 11.9380 0.6345 83.8
22.6260 13.1250 0.5801 88.7
22.6260 15.0000 0.6630 80.7
25.0000 16.8740 0.6750 79.2
29.2500 18.8140 0.6432 82.9

Table 1 Pipe Sizes and Associated Pressure Drop Reduction Percentages

[0047] The flow metering system 30, via the control electronics 124, can measure the

Reynolds number and viscosity of the fluid flowing through the system 30. More

particularly, the control electronics 124 can measure the Reynolds number and viscosity

of the fluid during any of laminar, transitional, and turbulent regimes of the flow. The

12
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electronics 124 computes the Reynolds number and viscosity by correlating profile factor
and Reynolds number. Some embodiments compute Reynolds number as a polynomial

function of profile factor as shown in equation (3):

Re=c, +¢ PF +c,PF* +c,PF° +¢,PF* +c,PF° + ¢ PF° +c,PF’ +c,PF", (8)

where instantaneous profiie factor { PF ) is computed as shown in tguation (5}, and

coefficients ¢, through c, are determined at factory caiibration via curve fitting {e.g.,

least squares).

[0048] Figure 7 shows a plot of variation of profile factor versus Reynolds number for
the ultrasonic flow metering system 30 in accordance with principles disclosed herein.
More specifically, Figure 7 shows that embodiments of the ultrasonic flow metering
system 30 produce a profile factor ranging from about 1.18 to 1.8 for fluid flows having
Reynolds numbers between about 5500 and 500. The electronics 124 can compute
Reynolds number for fluids flowing through the system 30 with Reynolds numbers below
about 5500, which encompasses laminar, transitional, and pre-turbulent flow regimes.
[0049] Figure 8 shows a plot comparing actual Reynolds number of fluid flowing In the
system 30 to Reynolds number computed by the electronics 124 for the fluid In
accordance with principles disclosed herein. Figure 8 shows that actual Reynolds
numbers and Reynolds numbers computed by the electronics 124 in accordance with
equation (8) are very close In value for Reynolds numbers from 500 to 5500. Figure 9
shows that the error in computed Reynolds number with respect to actual Reynolds
number is less than 5% for Reynolds numbers between 500 and 5500.

[0050] The electronics 124 computes kinematic viscosity of the fluid based on the

computed Reynolds number. The electronics 124 may compute the viscosity as:

ud

Y (9)

U

where:
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U is the average velocity of the fluid flowing through the system 30 computed by the
electronics 124, using, for example, a Gaussian quadrature integration (equation (4));

d Is the diameter of the central bore 104; and

Re Is the Reynolds number of the fluid flowing through the system 30 computed by the
electronics 124 as per equation (8).

[0051] Figure 10 shows a plot of actual kinematic viscosity of fluild and viscosity
computed by the electronics 124 in accordance with equation (9) for Reynolds numbers
between 500 and 5500. As shown in Figure 11, the viscosity values computed by the
electronics 124 differ from the actual viscosity by less than 5% for Reynolds numbers
between 500 and 5500.

[0052] Figure 12 shows a block diagram of circuitry of the ultrasonic flow meter 100 In
accordance with principles disclosed herein. The circuitry includes transducer pairs 1202
and a flow processor 1204. The transducer pairs 1202 include the paired ultrasonic
transducers 108, 110, 112, 114, 116, 118, 120, and 122 as shown in Figure 5. Some
embodiments may Include a different number of ultrasonic transducers. The flow
processor 1204 may be included in the electronics 124. The flow processor 1204 includes
circuitry that computes the various flow parameters, such as velocity, Reynolds number,
etc., discussed herein.

[0053] The flow processor 1204 includes a velocity engine 12006, a volume engine 1208,
a flow profile engine 1212, a Reynolds number engine 1214, and a viscosity engine 1210.
The flow processor 1204 may control the timing of ultrasonic signal generation by the
transducer pairs 1202, and receive signals from the transducer pairs 1202 indicative of
reception of ultrasonic signals exchanged of by a pair of transducers. Based on the
propagation timing of the ultrasonic signals exchanged by the transducer pairs 1202, the
velocity engine 1206 computes a flow velocity for the fluid flowing through the chord
formed by each transducer pair as shown in equation (2), and computes an average flow
velocity as per equation (4). Based on the average flow velocity computed by the velocity
engine and the predetermined cross sectional area of the central bore 104, the volume
engine 1208 computes the volume of fluid flowing through the system 30.

[0054] The flow profile engine 1208 computes an instantaneous value of flow profile

factor for the fluid stream flowing through the ultrasonic flow meter 100. The flow profile
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engine 1208 may compute the flow profile factor value by applying the chorqgal flow
velocities computed by the velocity engine 1206 in conjunction with equation (5).

[0055] The Reynolds number engine 1214 computes a Reynolds number for the fluid
flowing through the system 30 (e.g., In transitional flow regime). The Reynolds number
may be computed as a function of instantaneous profile factor determined by the flow
profile engine 1212. The Reynolds number engine 1214 may compute the Reynolds
number as shown Iin equation (8). The viscosity engine 1210 computes the kinematic
viscosity of the fluid flowing in the system 30 (e.g., In transitional flow regime) based on
the Reynolds number provided by the Reynolds number engine 1214, the average flow
velocity determined by the velocity engine 1206, and the known diameter of the central
bore 104 as shown in equation (9).

[0056] The flow parameters computed by the flow processor 1204 may be provided to
other systems, and/or communicated to operators of the system 30. Such information,
e.g., the computed Reynolds numbers, may provide information regarding possible
transition between flow regimes and potential increase in measurement error.

[0057] Figure 13 shows a block diagram for the flow processor 1204 of the ultrasonic
flow meter 100 in accordance with principles disclosed herein. The flow processor 1204
Includes a processor 1302 coupled to storage 1304. The processor 1302 may be, for
example, a general-purpose microprocessor, digital signal processor, microcontroller, or
other device configured to execute Iinstructions for performing the flow analysis
operations disclosed herein. Processor architectures generally include execution units
(e.g., fixed point, floating point, integer, etc.), storage (e.g., registers, memory, etc.),
instruction decoding, peripherals (e.g., interrupt controllers, timers, direct memory
access controllers, etc.), input/output systems (e.q., serial ports, parallel ports, etc.) and
various other components and sub-systems.

[0058] The storage 1304 stores instructions that the processor 1302 executes to
perform the flow parameter computations disclosed herein. The storage 1304 is a non-
transitory computer-readable storage device. A computer-readable storage device may
Include 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, read-only-

memory), or combinations thereof. Processors execute software instructions. Software
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iInstructions alone are Iincapable of performing a function. Therefore, in the present
disclosure, any reference to a function performed by software instructions, or to
software instructions performing a function is simply a shorthand means for stating that
the function Is performed by a processor executing the instructions.

[0059] The storage 1304 includes a velocity module 1306, a volume module 1308, a
viscosity module 1310, a flow profile module 1312, and a Reynolds number module 1314
that include Instructions that when executed by the processor 1302 cause the processor
1302 to respectively perform the functions of the velocity engine 1206, the volume engine
1208, the viscosity engine 1210, the flow profile engine 1212, and the Reynolds number
engine 1214.

[0060] Figure 14 shows a flow diagram for a method 1400 for measuring viscous liquids
using an ultrasonic flow meter 100 in accordance with principles disclosed herein. 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 the method 1400, as well as other operations described
herein, can be implemented as instructions stored in computer readable storage device
1304 and executed by the processor 1302.

[0061] In block 1402, the downstream end of a conical reducer 140 is connected to the
upstream end of the ultrasonic meter 100. The reducer 140 includes an angle of reduction
INn a range of 8 degrees to 16 degrees between the upstream and downstream ends of
the reducer 140. The flanges coupling the reducer 140 and the ultrasonic flow meter 100
provide a smooth inner wall transition from the reducer 140 to the meter 100. The inner
surfaces of the flanges may be machined to provide a specific alignment of the flange
bore to the meter bore. For example, In some embodiments, misalignment of the inner
walls of the reducer 104 and the meter 100 may be no more than x0.002 inches. To
reduce friction between the inner walls and the fluid stream flowing through the system
30, and promote smooth laminar to turbulent flow transition, the inner walls of the reducer
140 may be polished to provide surface roughness heights in a range of about 10-64

micro-inches.
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[0062] In block 1404, the upstream end of a conical reducer 140 is connected to the
downstream end of a flow conditioner 126. The flow conditioner 126 may be, for example,
a tube bundle or a perforated plate. The upstream end of the reducer 140 has a greater
diameter than the downstream end of the reducer 140. The upstream end of the flow
conditioner 1206 may be connected to a pipe section 134 having a diameter equivalent to
that of the flow conditioner 126. The upstream end of the pipe section 134 may be
connected to an expander 142 that couples the pipe section 134 to a smaller diameter
pipe 144 upstream of the expander 142.

[0063] In block 14006, a fluid stream is flowing through the flow conditioner 126 to the
reducer 140, and from the reducer 140 to the ultrasonic flow meter 100. The flow
conditioner 126 and the downstream reducer 104 condition the fluid stream to allow the
ultrasonic flow meter 100 to accurately measure the flow of fluids over a range of
Reynolds number from about 500 to 5500 with no more than about 0.2% error.
Conventional ultrasonic flow metering systems are Incapable of accurate flow
measurement over such a range. To measure the flow of the fluid stream, the ultrasonic
meter 100 determines the velocity of fluid flow at each of a plurality of chords, and
computes an average flow velocity across the chords.

[0064] In block 1410, the ultrasonic flow meter 100 computes flow volume based on the
average flow velocity and the known cross sectional area of the center bore 104 of the
ultrasonic flow meter 100. The volumetric flow may be computed using correction based
on Instantaneous profile factor of the fluid stream and meter factor as shown in equations
(6) and (7).

[0065] In block 1412, the ultrasonic flow meter 100 computes Reynolds number and
kinematic viscosity of the fluid stream flowing through the meter 100. To compute the
Reynolds number, the ultrasonic flow meter 100 determines instantaneous profile factor
for the fluid stream, and computes the Reynolds number as a polynomial function of the
profile factor as shown in equation (8). Coefficients of the polynomial may be determined
for each meter 100 at the time of manufacture. The ultrasonic flow meter 100 computes
the kinematic viscosity of the fluid stream based on the computed Reynolds number as

shown In equation (9).
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[0066] The above discussion IS meant to be lllustrative of the principles and various
exemplary 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. An ultrasonic flow metering system, comprising:

-an ultrasonic flow meter comprising a pair of ultrasonic transducers arranged
to exchange ultrasonic signals through a fluid stream flowing between
the transducers;

a flow conditioner disposed upstream of the ultrasonic flow meter;

a reducer disposed between the flow conditioner and the ultrasonic flow meter
to reduce the cross-sectional area of the fluid stream flowing from the
flow conditioner to the ultrasonic flow meter;

an expander disposed upstream of the flow conditioner; and *

flow computation logic configured to compute volumetric flow througha the
ultrasonic flow meter using correction based on instantaneous profile
factor of the fluid stream and meter factor; wherein meter factor is a
ratio of a reference volume of discharge to a volume discharged by the
ultrasonic flow meter within a predetermined time period.

2. The system of claim 1, wherein the flow conditioner and the reducer condition
the fluid stream such that the ultrasonic flow meter measures velocity of the fluid
stream with less than 0.2 percent error, wherein the fluid stream has a Reynolds

number less than 1000.

3 The system of claim 1, wherein the flow conditioner and the reducer condition
the fluid stream such that the ultrasonic flow meter measures velocity of the fluid
stream with less than 0.2 percent error and the fluid stream has a Reynolds number

of no more than 500.

4. The system of claim 1, wherein the reducer is a concentric Venturi reducer
comprising an angle of reduction in a range of 8 degrees to 16 degrees.
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5. The system of claim 1, wherein the flow conditioner and the reducer condition
the fluid stream such that a profile factor of the fluid stream varies during transitional
flow of the fluid stream in a range of approximately 1.18 to 1.8.

6. The system of claim 1, wherein the flow conditioner and the reducer reduce
pressure loss in the system by over 75 percent relative to a flow metering system
comprising a flow conditioner having a diameter equivalent to that of the flow meter.

7. The system of claim 1, further comprising computation logic configured to
compute Reynolds number and viscosity of the fluid stream during transitional flow
based on instantaneous profile factor of the fluid stream.

8. The system of claim 7, wherein the computation logic is configured to
compute the Reynolds number and viscosity with less than 5 percent error; wherein
the fluid stream has a Reynolds number in a range of from 500 to 5500.

9. The system of claim 1, further comprising a connection of the reducer to the
ultrasonic flow meter comprising a surface roughness height of not more than 64

micro inches.

10. A method for ultrasonic metering, comprising:

connecting a downstream end of a reducer to an upstream end of an
ultrasonic flow meter,

connecting an upstream end of the reducer to a downstream end of a flow
conditioner,

connecting a downstream end of an expander to the flow conditioner via a
pipe section that Is at least three pipe diameters in length; and

computing volumetric flow through the ultrasonic flow meter using a correction
based on instantaneous profile factor of the fluid stream and meter
factor, wherein meter factor is a ratio of a reference volume of
discharge to a volume discharged by the ultrasonic flow meter within a
predetermined time period
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wherein an inner cross-sectional area of the downstream end of the reducer Is
smaller than an inner cross-sectional area of the upstream end of the
reducer.

11.  The method of claim 10, further comprising measuring average velocity of a
fluid stream flowing through the ultrasonic flow meter with no more than 0.2 percent
error; wherein the fluid stream has a Reynolds number as low as 500.

12.  The method of claim 10, wherein the reducer is a concentric Venturi reducer

comprising an angle of reduction in a range of 8 degrees to 16 degrees.

13.  The method of claim 10, further comprising reducing, via the flow conditioner
~ and reducer, pressure drop across the flow conditioner in a range of 79 percent to 89
percent relative to pressure drop in a system comprising a flow conditioner of
equivalent diameter to the ultrasonic meter.

14. The method of claim 10, further comprising computing Reynolds number and
viscosity of the fluid stream during transitional flow based on instantaneous profile
factor of the fluid stream.

15.  The method of claim 14, further comprising computing the Reynolds number
and viscosity with less than 5 percent error; wherein the fluid stream has a Reynolds

number in a range of from 500 to 5500.

16.  An ultrasonic flow metering system, comprising:

a flow conditioner;

a reducer,

an expander;

an ultrasonic flow meter; and

flow computation logic;, '

wherein the flow conditioner is coupled to an Upstream end of the reducer, the
' expander is coupled to an upstream end of the flow conditioner, and
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the ultrasonic flow meter is coupled to a downstream end of the
reducer, '
wherein the flow conditioner and the reducer condition a fluid stream flowing
through the ultrasonic flow meter such that the ultrasonic flow meter
measures velocity of the fluid stream with less than 0.2 percent error
and with the fluid stream having a Reynolds number less than 5000;
wherein the flow computation logic configured to compute volume of the fluid
stream based on a correction derived from instantaneous profile factor
- of the fluid stream and meter factor, wherein meter factor is a ratio of a
reference volume of discharge to a volume discharged by the

ultrasonic flow meter within a predetermined time period.

17. The system of claim 16, further comprising at least three pipe diameters of
straight pipe coupled to an upstream end of the flow conditioner.

18. The system of claim 16, wherein the fluid stream has a Reynolds number as
low as 500.

19.  The system of claim 16, wherein the reducer is a concentric Venturi reducer
comprising an angle of reduction in a range of 8 degrees to 16 degrees.

20. The system of claim 16, further comprising computation logic configured to
compute Reynolds number and viscosity of the fluid stream during transitional flow

based on instantaneous profile factor of the fluid stream.

21. The system of claim 20, wherein the computation logic is configured to
compute the Reynolds number and viscosity with less than 5 percent error; wherein
the fluid stream has a Reynolds number in a range of from 500 to 5500.

22. The system of claim 20, wherein computation logic is configured to compute
the Reynolds number based on an eighth order polynomial function of the
instantaneous profile factor of the fluid stream.
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23. The method of claim 10, further comprising conditioning the fluid stream, via
the flow conditioner and reducer, such that the profile factor varies during transitional
flow of the fluid stream in a range of approximately 1.18 to 1.8.

23



PCT/US2014/018264
1/9

CA 02902166 2015-08-21

WO 2014/134021

Y.‘l‘l‘b'blw l\ lﬂlﬂl\ -t l\ l\ .‘bl.\. - l\ l\ Y l\ l\ vabl\ - lblblww l\ 'blvl‘w - - - ﬂl‘l‘l‘. - N - W - - - - - 'llllulillla.‘.'. - - - - - l.‘.l.”ullnllllilill. lllll l\ l\ lﬂlﬂl\ -t l\ (g~ 0 o7 o 5 g g5 g o g g g g g g g g -\.n\.s\.‘l!-\. S,
3 -

o
5000

1ad ¥

4
- b i
h
m” . - oy o o e o e l.l.l.{....ﬂ..f...{..l.{.i.{.{.{.{.{.{.l.{-l.l. {.l.....l-l.l.{.l.....l-1%4..{.{.1.{-1...\\-\.1.l.L.l.l.L.l..tul.l.L-L.l.L......\..\.A\wl..|.\......\.\.\.\.\.\..\.\.\.\.\.\..\.\.\.\.\.\.\..\..\.Y..\.\V.\.Y.Y.Y.Y.Y.Y.YY.YV\\\‘\\\\\E\\.\W.
““ o 1. A f A ’
(- o “
: . R
g . /
i . ¢
i . : Q
Fes N : -
0 5 o
2 4 K :
\ . = \ ..-. \..
. - 4 v ' :
“ . A A " :
2 ”m ; :
: ' o
w. | 1 " 4
F .. A -..
7 i n X .
4 i ) i ¢ H
K i k2 \ o An“”wv .
N .-”
) i » : : “
- : : ! _ .
5 ¢ ~ 4 x ”
0 { = ; m
. . .-_ ' .
o N » ¢ 4 -
g . ¢ ; ¢
. . . - .
L. 3 1. “ : &% :
I " Y . .
iy ‘. - ’ ‘ ‘
. f % . Y]
# : A ‘
: 1 P F :
# . —— .w ol
. A “ “ 1
[ e
# 4 u ) @- n
’ (4 : I - A
: : % ®; | .
A . . :
‘ ‘: = ”
# . e, . -’ Q
; . m ! "
- " - .
4 i 4 PN i AOv
. 1 s .
4 A A,@ s S
A 4 - # ,
T - \u..in ’ n “ Py 'l r
. . "o’ #
.u. » n Qe ¥ T “ ’
h - e P "2 &J...r. J ‘ -
: P : ) . ’ #
( s » iRl i 4 x
" . f R Eas' . “ - “
“ y P Ae S 3 i ¥
. B ) . . 1 A
m. N vt “ n
o ’ p P y A .
i " | : 2 o 4 , :
; ep | S . R ) .
3 e ' R - - - e : 1 b
o 1.1.& ) - . = . { r
X o et X . J. pamesd i : { !
¥ o (L 't . 2 e e ¢ ¢ v A »
r . — w = ‘ 4.1‘.\_ : f .
r e \ 4 . ) g i £ )
“_. . N nv e w . * v'l. Wi M.. “ “.
4 & ! . ' - 8 T(P.)lﬂ. m 4 “ ;
; : o~ ﬂ% : ] s ¢ ! 5 0"
r Py ] 1 “ . 4 .
r s — m -: i " - ! L4 1 ¢ “ “ .
v. . r . ¥ e g / ‘e
fot > o 4 ® ¢ ¢ ’ .
\ , < . . : : 2
Y, Y.Fn ” R .5 . ¢ .
: (a2 oW s / ’ g
. Fﬂ& “ 4 /-
. ormt $ o £ / 2
Ty e 1 o ; 3
e | --- IW \v \
[ ad T - oy L
B et i
o= )
S .
Yoy

&

v

’
-
|
L}
-
‘\\\\\\‘\.ﬂ.ﬂ_‘\.‘ﬂ_‘\_‘ﬂ_‘\.—l o de &

ey . R | |
e O 3 RS w0 : &>
e, ;L.Hw * w N .. n m ” |
e %, ~ y m <>
+ @y > *. . . |
v = b Py = ey

£
¥

¥
w o |

>
=
o
r--}
L3

mams | P HIONE Veioo

.h_‘h-h‘-hhhhhhhhhhhhhh\\\\\\“l‘

« e a4 w e .« .
e e e e & - e .hhhh‘\\“\\\\l\\\\\\\\\
. e e e e e e e .. e e e e
. e e « e e e e « e e e

0
~0.5

v g ey e Fay g s s S, W o ap ﬁuw ﬁnm “ v
SRRy L] IRy S -

e



CA 02902166 2015-08-21

PCT/US2014/018264

WO 2014/134021

2/9

P g g T

s phreirel

\
\
[\
\
b
)
b
\

B e AR LR R R EE R E E R R E R R R R R R R R R R R R R R RN .
. .-3\?ﬁhﬁﬁﬁﬁﬁhﬁH\HHHHHHHHHH&&H&\? .

E\"hh\

-
- o

N

. .
'.c ‘ .

- :

L

. _'. :%\ N

‘.‘. > ' N

;a b N N \':. N

L ittt S N
ANAAERY P

. - .. .

' DRl ) h{ ’ y

h. N W :

. iy

| RN :

oty 2 SNy
TeaRwwwuuwwwwuwly

Y

i W"\h_x\ﬁ .

. - ..?‘

'l.\I -

v v uvuveveved

i
%\\"\\‘.\\‘\\‘

RN Ry vy

Al bk bk R EhRRERRRI

t....
EEE NN

LR R )
0

- S FREr eSS rEBE

Wy W W W, W Ly .

T A S . S S e e S e i e e e e e e e 2



CA 02902166 2015-08-21

PCT/US2014/018264

WO 2014/134021

3/9

A
M
v
:
-

%

th

ot 2 e e B e e e B

.-..
S .-...w.... = ‘.

W T, T T T T S S LN gy sy, sy, -

e s = s u s .
g st i, 2o, T . T e e e e e e T T

Sttt ittt

e’ J S 33 33T a T TSI YYYYYYY P XYY Y Y Yy YV rryyryyyyyyryyy
- . ) ) v - . . .
d > = ( ...a\.

. oan .

R . Q.*’.. ) no.f{tu.
QAJ ¥
. -‘. L. ..l.bln‘
'Y s

P AP ERP PP PEEE T
s At “xgy

Uy e ettt R N
T pe®. . ' tate

e e i
\Jo’ . 'I .
" -- .

A.A.Rh.b.h.h.’\:}

Sy iy Ay Dy By By iy e B

f
¢
f
/
f

\\\\\\\\\\‘\\s\ ’



CA 02902166 2015-08-21

PCT/US2014/018264

WO 2014/134021

4/9

100

,‘,._m

& oy bbbttt st s
e A4 . APl Sy

F‘\ﬁﬁ\“‘i@\\\\‘\.\\‘\‘@})& AR

ji* . “...‘ ..ii..“

A R L e, S

AA A AL S LTSNy SIS i

o, > 9 A A A A
LA Lt Y e e e et el e
gy Ty
”..\1.1.(?

vwans

< J——

; % ‘Lot A
e ) Kl ol
o . : .
\! ’ A » ot
St

- .
‘-‘..‘

-
-
L J

e’ . Ko bt bt i

kb bt b it o A

En e o w e o pE A EEIPAAL L LPLPLLL Pl PP D R

A Rk il L -

i’ R P e 3

5, rrrrrd

FI1G. S



PCT/US2014/018264
5/9

CA 02902166 2015-08-21

WO 2014/134021

)
1
1
{
{
q
)
q
q
)
4
A
n
\
L)
i
b
A
b
b
A
b
L)
BB, |
B
b
A
b
b
A
b
b
A
b
b
3
h)
b
b
A
b
b
A
b
N
N
N
N
N
N
N
N
N
N
N
L]
N
L]
%
-
]
L]
N
L]
L]
N
L]
L]
N
L]
L]
N
5500
)
q
q
)
q
q
)
L)
{
{
q
q
)
L)
4
™
q
q
)
q
b
‘ .
N
N
N
N
N
N
N
N
3
N
N
N
N
N
E
X
b
b
)
b
b
hE
A
]
b
b
hE
b
b
hE
b
b
hE
b
b
b
bl
4
4
b
hE
b
1
X,
‘ .
A
Y
b
‘ .
A
N
N
Y% -
A
LN
N
b
hE
b
A
b
A
)
hE
b
b
hE
b
b
|
|
A}
hE
b
b
hE
b
b
hE
b
b
hE
b
b
hE
A
h |
b
)
q
q
)
hE
b
b
hE
4
)
hE
b
b
hE

Tu rbuieﬁ}
Flow -

A T T T Ry R Ry A A L T T L R,

d F
| 3 :
m. < nnw. m :
L m Food mH”G
§ | £ 4 ey
o 0 etk S Bt e o e . - SRR e
| Ny b
- e LIRS

v

RS — AR I
"‘!ﬂiwvvw\ﬁﬂvvwﬁﬁﬁ-.‘ﬂ "

5000

'1111\\111111rﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
X

e s o o
. ‘L

e W\\\\ixxmm\\mﬂ-ﬂ-ﬂ v e e S

Transitional

. W
: O
A
A :
A
/ w.cm).o
i Lot f ’
‘ A ’
4 . X A r3
. T 83 . 4 )
_. Q R gy .“
| A “
‘ . ) .
4 y :
' 1 v
i 4
( .
, , L
{ - T o
{ ¢ -
. .
: <3 _ 7
¢ :
1 e
A i
;. 4 ONE
A

2000
2000

1 B
.‘ Lo RN ..‘...
. N Mmm&msxx&uw&&&&&m&‘. L

1500

L3 mfi‘rz ar
Flow

Ty gyl gl g B T T A i i, b e e 1, W, S, S, A A A A A A A S, S S g g .,
[y
\
. N L :
... .
. . .
.
'
. " .
. i '
. . e
.. o N .
DR Sy - 4\\\\\\\\\\\\\\\\\\\\\\\!HH!——, oo s s

1000

FI1G. 6

1 .

& «ﬂ N

}l\(‘ A ﬂ.ﬁ-ﬁ.‘ \t‘.‘.‘:&t&*% rvervwrrrreridvwrerrerrrrrwrwe' b e
P

wl.?wh.h. “ AP JUNPII, ), . S, . -~ N, > S AN SN A m . : .._ ‘ Tt \M\ A o e et MWM\\N\N\.\R\.\R\H.... ..“.t.H-........w.....................................”..m.H.HQ.
Nae 0 Lo, . 4“ e K = 7....“ 4 0 XY 2 N -
v SR o S v nu m...v e o o , g e - - -~ - —-

. . i A
=R Sares 10108 9§ ]

Hao

F1G. 7



% 100%

&N

R

Ty
: A o
Py
\

f'M”J£E£{3£§

v
"‘ -,
¢ ¢

f’
ﬁ C ety

5

.
Jg‘ﬁ £

PP PP EE LI JJJ;WMM PP S,
" T 4 M .

””””’2-'”””””’

?’I”I’I”I’

185

CA 02902166 2015-08-21

WO 2014/134021 PCT/US2014/018264
6/9

o

A aetual Ke . A
s zw‘i ey compited Ha

ﬂ.... o
Jk;dkk““kkklidlldlldlldl

|
;3‘$
'S

-l: ¢ 4
. . : - b . . . . . . . . .
A A e e, A S, S S B S B S B B Bl S A A A &J ol -d& o . e . . . . .

. . . -
S e, sk s, s e b sl e b b b .Ai".& - e ol s e e s S j-AAAAA‘AAAAA-‘i

v
2

.
b

. Mg g, gl gl sl e, sl e, s, s, s, sl

“\‘wmﬂﬂ,-_-¢¢A-3533533113\111

505 603 o004 605 O 06 0 97 0.08 009 0.1
s Flow Rate ¢ m; e )
FIG. 8 ”

‘ﬁf‘nﬁﬂﬂﬂﬂﬂﬂﬂﬂnﬂ!ttx. e T T e e e T T T T R WY

v \\n.ﬂ.‘\“\\“1\“-\_"}‘.‘1‘%-_—_*_‘-n-—!-!—l - bRt R RRRR \ MK\W,ﬂr".-'.-L-Q_‘— “hhh inie it B ey ‘ R N N N i vavia e R
‘ s ‘ . N .o :
. \ i o ® :

g 4

i’l”””””’ffﬁf’-’ff’” = g g g g _gn_ghe.

uuuuu

A ®

L

\
‘
\
\
‘
\
\
‘
\
\
‘
\
\
‘
\
\
‘
\
\
‘
\
\
‘
\
\
:
3
:
3
\

\‘\“\““‘ E___-__“-.hh\t\dk\\\\1111wﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ \\\\\\\\1&&& 3‘1\\\\\\\\

5555~~“\‘q““““‘_ - . . . s L t\\\\\t\\\\\\\\

1@30 ‘2560 2(}00 25@0 SGSG 3500 460@ 4"“@0 SGGG 5..:00

_ Re
FIG. 9



PCT/US2014/018264
7/9

CA 02902166 2015-08-21

WO 2014/134021

it* f‘v"’zl;

e

RY Y Y Y Y Y Y Y Yy Yy yyyyy .\\\.\\\\\\\\\\\\\\\.\\.\i\\\\\\\\.‘\\.‘\\i‘.‘\\\\\\\\\\\\\\\i.‘ BN N B G [ VY . o o g e g e g e g e g [ e e o o g . wpe o g g g g . S S S S S N T T e e e m s n e we e e - .. R -
w. w\ Y B M . o’ “ . “ )EEEEE.\.\.\.\.\.\.\.\.\.\.\.\.\.\.\.\ﬁ\.\.\.\.\.\.\.\.\.‘.\.\.‘\\!\\!\\\\\\\\1!11 !\..11I.I1l.1(l.1(11(11(11(111{{{{11.{.......‘ll.{.........{-l.....l-l.l.nﬁl.l.n?\usnﬁl.\.\l..\.\.\.\k.\\..\.\..__
{ . # . - .3
¢ Ly ’ . ¢ : v, ra A
4 rvwv: X o ; X!
4 L b £ A
S “ : 3
s “ : |
¢ T ¢ - X
0 i) 4 3 L
¢ ‘ : ’
._ », / ‘ :
. : : ¢
4 :
/ £ < .m ¢ L3 :
v ¥ > ¢
‘s - S t.l.\.“. — M t...-.“
. ¢ L .
= w m
[ a T
/ 1U$ L = . y
) L e L5 WWu .
e - ' 59 /
-m s ¥ P A
Ih.r\ - LR - \.. A 1 ' w ﬁ
s, L o . ;
.s‘.a--...zl».‘-...‘&{ o . .H
x.flm\ ok - ’ R
e £ : §
. v.l... . - — T -n -v.* .‘. .r \.
. n\a.\ﬂ. .i... . ) “ “ ' & i
by : :
SF LK A , ‘»’
. g v \ .
St ’ .Am “ 5
‘A .
(" A 4 w
. Lo .. .l.‘.
. v ¥
ll‘l
. .
¥
L
v
:

“ag
e
g
¢ e
e
v.c_fr)h. -
S A 2.
S e <3 1
. i . . ¢
&-ln.\n “ .. .\ ’
Fisce i i’ ' : -
Rt S e - 4 A
e ¥ < b n
kP p S ___._ A
A s 4 . v
- .ls ..(l : H. *..
H._.. -6.}.\ __1...“,“.- .\n tm_ w__”
LA : ¥ :
m * . > n “ m
G o |
o S P <3 g
- - }4 .
R we._ T . R
K A o F] 9 \« -
e _ms‘-.t W..._.lu : F
g - < m.k,..
; 1 e <J pociss
(AR A
¢ i 04
”.“_ g ’ AM
3! 7 .
¢ . B
m - o gl
e : A& ¥ m
“ s : “ “
A SR e Ly 4
‘ = 3 ’.
; o, <3 : :
“ dant .-.! “ “
s - r A
: ¢ : :
¢ . / A
‘ 7 a.._.«\m / A
"4 . : - rary
“ -l% . 0 m
“. .‘ﬂ ) .o - ! \
;- T R ARy BT A iy .(u. :
= .

.

e

- '
v '
A
-l..

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
1000 1500 2060 2500 3000 3500 4000 4500 5000 5500

F1G. 10

o NN S WD NV P W o R LR A AR 4 ARG WG B - B T A i e e R N T 2 WA Ry o A N NN 4 N R S e e s e e e T VR TV LU S R L SR, R FPH RN . R S 8 NS ot
i

P Nh A N A N R VR NV S WAL AL AR g A i AR i e e e A e B e T T A Y LR WA R A AR

. e s == :
. " . .
\\\\'\.\'\.‘i‘\:‘\.ﬂ.‘\‘\.\ﬂ.‘t\ﬂ.‘t‘t‘h‘t‘u‘h‘h“_“.‘i e e e i, o T T e e e B T T T e "'i rwwww

0

F1G

" « s e e s s
aaana hh‘\\\\\\\\\\‘T"\"\"‘
0

g,

8

SN T Muw\ .
§3183 %xm

2001 X o, 77

Re

11



CA 02902166 2015-08-21

WO 2014/134021 PCT/US2014/018264
8/9

| TRANSDUCER |

FI1G. 12

| FLOW
PROFILE
ENGINE

VELOCITY
ENGINE
1206

~ VOLUME
ENGINE
1208

[REVNOLDS }

NUMBER

: \
: |
‘ |
: |
| .
: N ;
: ‘W ''''''''''''''''' E

~VISCOSITY
! ENGINE
; 1210

..................

214 |

A el B 2 e

" STORAGE
i 3_04

P e e

| REYNOLDS | |
NUMBER | |
MODULE

TVISCOSITY | |
MODULE | |




CA 02902166 2015-08-21

WO 2014/134021 PCT/US2014/018264
9/9

-’-\‘l.\‘n.‘l.gssgLL;LL;&\\\\\\\‘-
- \n‘

N

FIG. 14 ¢ START

1400

‘ﬁ
"'rf

a’d’la’d

,\,R‘w\.R"y"wk\."‘k‘-.kk‘-.k&\.kk‘-.kk‘w\.\.%"q%\.kk‘-.k&‘-.k\.\.\,‘,'\,\,k\.\k\.\"\.\k\.\k\.\,& \.\.\,\,\.x'n.\.x'n.\.xx\x'n.\.xs.\.x'n.\.x\.\.xa.\.x'-----.-.-. L e A R A s A s T " "

- CONNECT DOWNSTREAM END
OF REDUCER TO ULTRASONIC
METER

1402

"
e

LIE I O o O aF o b ab b ab a  a a ab a a a a g g g

"‘J.’.’J.’II.’I’.’I’.’I’J‘I}J‘I-’II"

-
LY
.
.
LY
.
\

REDUCER TO FLOW ~1404

CONDITIONER

\_"N-\\’\.\'\’\’\.\’\’\\_\_‘_\_\.\\’\.\\’\_\_\_\_\_\_\_\_\_\_\_\_\_\_._._._-_._-_-_-_-_-_------‘-‘--- - - ---‘----“-“-“--sc---- @ h A A A A A A AA A A ETETTTTEERERE RN YR YN YN Y Y Y Y P YY Y

1

flllll.l’ld‘lfl'lllllllld‘l’lll!'
a_-
r .

'
'
'
'
1
1
1
1
1
‘-
‘-
1
1
1
1
1
1
1
“

-

NO MORE THAN 0.2% ERROR
FOR VISCOUS FLUID

1406

=
i
2>
)
-
Al
il
T
—
Q!
=z
<
11
[
O
o3
.....i
-<
=
-
L

""""""""'/‘
. »

,'\ﬁkKR&Hkkkkkkkkkkkkk\\\\\\&\\\\\\\\\\\\\\x\&&&%hh'“““““\"“““““““"‘““‘““""“\1\\\\\\\\****“V~““H5k“

. “.
...................... : ! SRR o ! ‘fil E i:];
'».-------;;;;;;;J;;......-..--.----;1&\\\\\\\\\\\\1\\\\\%%*sss\\\\w\\wHHHHH%H%%HKKKK\kk\\\\k\k\\\\kkk\\tx\t\ﬂﬂﬂﬂﬂﬂ‘“"‘ ;Jf .

C e

e’
-
.-

P
O
=
D
-
mni
M
5l
i
O
=3
<
O
P
cC
<
m

S "‘-"“‘l,sl‘h\,ﬁﬁkkkkkkkk\.kk\&“\.&“\.\\\.\,\,\.'\.\,\.\,!.\.'\.\.\'\.'-'-'.'.".".'.'.".".".".".".".".".".".".","_",",‘_‘,‘ wmwmmmwmae ddddde S EEERERERRET Y Y YN

COMPUTE REYNOLDS NUMBER |
AND VISCOSITY OF FLUID
DURING TRANSITIONAL FLOW

----.*--“--------‘A-..---hhh\\\\\\\\\\\\\\\\\\\\\\\\\\w#Hw&%KKRHKHHKHH\\\\\W\‘N\\\\\\\\\\\\\\\\””\“\“\"\‘"““"‘

1412

".l'J'.IJ'J'.I.fJIIJIIIIIIIIJIII’J‘J’J}J
l'd"d'd"d'd"l’f"l’f“’.ll‘lddlll’dddd.’
rg
.'.

L

‘A‘,-“------“‘ A.L-- ' RN nm__\

. ‘r‘- ‘ . "‘-:' .
N M
\ !
B )

4
N ~
. s

o
-

\\ ...... Rt
\\\\\\\wwww‘wwwﬁﬁﬁkkkkkkk\ T,



. -
f : 3

[ ) . 3

4 % -y

G Nausrded O

4

P
0 v

‘

vy

e

-f-'.)#'z"'/,"’.L '
Rt T
“’fla’ 5/




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - abstract drawing

