Office de la Proprieté Canadian CA 2619424 C 2011/12/20

:jnjeclgzcr:]t:;ge g;f?(lzlzctual ropery (11)(21) 2 61 9 424
Uln organisme An agency of (12) BREVET CANADIEN
d'Industrie Canada Industry Canada CANADIAN PATENT
(13) G
(22) Date de dépét/Filing Date: 2008/02/04 (51) CLInt./Int.Cl. GO7P 5/74(2006.01),
(41) Mise a la disp. pub./Open to Public Insp.: 2008/08/06 GOTF 1/34 (2000.01), GOTF 1/66 (2006.01),

GOTN 29/024 (2006.01), GO1P 5/24 (2006.01)
(45) Date de délivrance/lssue Date: 2011/12/20 _
(72) Inventeurs/Inventors:

(30) Priorité/Priority: 2007/02/06 (US60/888,426) PERRY, LESLIE W., US:
JOHANSEN, ESPEN S., US

(73) Proprietaire/Owner:
WEATHERFORD/LAMB, INC., US

(74) Agent: DEETH WILLIAMS WALL LLP

(54) Titre : ALGORITHME DE TRAITEMENT DE DEBIMETRES EN RESEAU AVEC UNE VASTE PORTEE DYNAMIQUE
54) Title: FLOWMETER ARRAY PROCESSING ALGORITHM WITH WIDE DYNAMIC RANGE

( - [
101 . 102 103
P,(t) P, (t) P.(t)
06| " 1we| % 108 ° e
~_ N " ?
! Y !
10
FFT LOGIC

—~ 112 b~ 112~ 112
P, (@) Po(®) P, (®)

r J t
CALCULATION LOGIC- . 114

LEAST SQUARES CURVE
FITTING AT TRIAL VALUES
VEsT |
' OR- CORRESPONDING |
TO MAX CURVATURE |
; S0 o |
11
FLUID RIDGELI(I::))EIIEI:TIFIER - 116 |
FARAMETER
PROCESSING r
UNIT
| |
!
OLTPUT 110

(57) Abréegée/Abstract:

Methods and apparatus enable sensing flow of a fluid inside a conduit with an array of pressure or strain sensors. Inputs for a curve
fit routine Include power correlation values at one of multiple trial velocities or speeds of sound and several steps on either side
utilizing data obtained from the sensors. The velocity at which a curve fit routine returns a max curvature result corresponds to an
estimate value that facilitates identification of a speed of sound in the fluid and/or a velocity of the flow. Furthermore, a directional
quality compensation factor may apply to outputs from the curve fit routine to additionally aid in determining the velocity of the flow.

S SNV ENEEN
O - 2.7 20 a0

J "..
KT
e
A

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




10

15

20

CA 02619424 2008-02-04

ABSTRACT OF THE DISCLOSURE

Methods and apparatus enable sensing flow of a fluid inside a conduit with
an array of pressure or strain sensors. Inputs for a curve fit routine include power
correlation values at one of multiple trial velocities or speeds of sound and several
steps on either side utilizing data obtained from the sensors. The velocity at which
a curve fit routine returns a max curvature result corresponds to an estimate value
that facilitates identification of a speed of sound in the fluid and/or a velocity of the
flow. Furthermore, a directional quality compensation factor may apply to outputs

from the curve fit routine to additionally aid in determining the velocity of the flow.
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FLOWMETER ARRAY PROCESSING ALGORITHM
WITH WIDE DYNAMIC RANGE

BACKGROUND OF THE INVENTION

Field of the Invention

Embodiments of the invention generally relate to flow sensing with an

array of pressure or strain sensors.

Description of the Related Art

A flowmeter consisting of an array of dynamic strain sensors mounted
on the exterior of a pipe employs an array processing algorithm applied to signals
from the sensors Iin order to estimate the velocity of pressure waves caused by
acoustics in a fluid or turbulent eddies traveling with the fluid passing through the
interior of the pipe. In application, time-series sensor signals are transformed to
the frequency domain and a velocity reading is calculated by determining the time
delay at which the coherence correlation of the sensors is maximized. Selecting a
frequency range that includes the majority of the energy created by the pressure
waves of interest but avoids spatial aliasing and rejects out-of-band noise can

iImprove performance of the flowmeter.

These frequency limits may correspond to a reduced range of flow rates
based on fluid density, such as 0.7 to 10.0 meters per second (m/s) if the expected
fluids are liquids (water/oil) or 3.0 to 50.0 m/s if the fluid is mostly gas. However,
this approach limits ability to achieve accurate performance over a wide dynamic
range of flow velocities using a fixed-length sensor array, and requiring no manual
adjustments as is desired. Further, a fixed frequency configuration may vyield
correct readings for only a very narrow range of flow rates or fail altogether in

challenging conditions, such as gas at low flow rates combined with high acoustic

noise levels caused by pumps or control valves, for example.
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Therefore, there exists a need for an improved flow meter and methods

of processing signhals from sensors of the meter to determine output values.

SUMMARY OF THE INVENTION

Embodiments of the invention generally relate to flow sensing with an
array of pressure or strain sensors coupled to a conduit in which a fluid is flowing.
Finding an approximate flow velocity of the fluid begins by dividing a range of
possible flow rates into coarse steps with, for example, each approximately 5%
higher than the previous one. For each step, a range of frequencies selected for
analysis avoids spatial aliasing and common-mode noise. An inverse cross
spectral density (CSD) matrix is probed at velocity intervals above and below the
coarse step value. In some embodiments, a second-order least-squares curve fit
algorithm applied to these points enables determination of the “curvature” of a
power correlation around each velocity step. The negative of a second-order

coefficient of the curve fit equation may represent the “curvature” value.

A “directional quality” metric may also be calculated for each coarse
velocity step by calculating power correlations for the positive and negative
directions. The difference of these values is divided by their sum, yielding a
number between -1 and 1. Values near zero denote poor quality, where the power
In both directions is nearly equal. The absolute value of this quality metric is
multiplied by the curvature value, and the velocity at which this product is highest
IS used as a starting guess in a progressive search routine. A similar approach

without the “directional quality” metric facilitates determination of a speed of sound
In the fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of the present

invention can be understood in detail, a more particular description of the

2
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invention, briefly summarized above, may be had by reference to embodiments,
some of which are illustrated In the appended drawings. It i1s to be noted,
however, that the appended drawings illustrate only typical embodiments of this
invention and are therefore not to be considered limiting of its scope, for the

Invention may admit to other equally effective embodiments.

Figure 1 is a flowmeter including an array of pressure sensors that are
coupled to a conduit and a processing unit that is configured to receive signals
from the pressure sensors and process the signals, according to embodiments of

the invention.

Figure 2 Is a k-w (wave number-frequency) plot graphically representing
data generated by the pressure sensors and from which a velocity of flow through

the conduit may be derived, according to embodiments of the invention.

Figure 3 Is another k-w plot graphically representing data generated by
the pressure sensors and from which a speed of sound in fluid inside the conduit

may be derived, according to embodiments of the invention.

Figure 4 1s a flow diagram illustrating methods of determining the

velocity and speed of sound according to embodiments of the invention.

Figure 5 is another flow diagram illustrating a process of determining an
Initial velocity (or speed of sound) estimate utilized in the methods depicted by

Figure 4, according to embodiments of the invention.

Figure 6 is a plot of products obtained by multiplying a respective
directional quality compensation factor times a max value of power curvature for

each velocity step evaluated according to the process depicted in Figure 5 versus

velocity.
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Figure 7 is a plot of power versus velocity, which is obtained by a total
scan of converted data from the sensors and a targeted scan of the converted
data around the velocity estimate picked by results plotted in Figure 6 to identify a

final velocity utilizing a peak of the targeted scan.
DETAILED DESCRIPTION

Embodiments of the invention relate to sensing flow of a fluid with an
array of pressure or strain sensors. For some embodiments, the sensing occurs
along a conduit carrying hydrocarbons from a producing well such that the sensors
may be disposed in a borehole or on production pipe after exiting the borehole.
Inputs for a curve fit routine include power correlation values at one of multiple trial
velocities or speeds of sound and several steps on either side utilizing data
obtained from the sensors. The curve fit routine with a max curvature corresponds
to an estimate value that facilitates identification of a speed of sound in the fluid
and/or a velocity of the flow. Furthermore, a directional quality compensation
factor may apply to outputs from the curve fit routine to additionally aid in

determining the velocity of the flow.

Figure 1 illustrates a flowmeter 100 that includes first, second and third
pressure sensors 101, 102, 103 located respectively at three locations x4, X2, X3
spaced along a conduit 104 such as tubing or a pipe. As described in U.S. Patent
No. 6,354,147, the pressure sensors 101, 102, 103 may include optical fiber
wrapped around an outer diameter of the conduit 104, piezoelectric (e.g.,
polyvinylidene fluoride), capacitive, or resistive measuring devices or other types
of optical or electrical strain gauges. The pressure sensors 101, 102, 103 provide
pressure time-varying signals Pi(t), P2(t), P3(t) on lines 106 to a fluid parameter
processing unit 108 of the flowmeter 100 for accomplishing functions, which may

be implemented in software (using a microprocessor or computer) and/or

firmware, or may be implemented using
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analog and/or digital hardware, having sufficient memory, interfaces, and capacity
to perform the functions described herein. In some embodiments, physical
computer readable storage medium of the processing unit 108 may contain

instructions for such functions.

The flowmeter 100 enables measuring one or both of two fundamental
parameters that directly relate to the flow properties of a fluid 105 and include (1)
the speed at which pressure waves propagate through the fluid 105, the speed of
sound (SoS), and (2) the convection velocity of the fluid 105. These values can be
determined by measuring dynamic pressures in the fluid using the pressure
sensors 101, 102, 103. Dynamic pressure measurements from the sensors 101,
102, 103 are then processed utilizing array processing techniques to extract at
least one of the speed of sound and the flow velocity. The flowmeter 100 may
consist of either (1) a single array of the sensors 101, 102, 103 that are equally
spaced or (2) two arrays with different spacing (i.e., one spacing for measuring the
speed of sound and another spacing for measuring vortical velocity). |f the speed-
of-sound sensor spacings are chosen to be an integer multiple of the vortical
velocity array spacing, then the two arrays may share sensors. In some
embodiments, each array may contain fewer or more than the first, second and
third sensors 101, 102, 103.

While the acoustic pressure disturbances move through the fluid 105 at
the speed of sound, the vortical pressure disturbances move with the fluid 105 at
the flowing velocity. In addition, the acoustic pressure disturbances propagate
through the flowmeter 100 in both directions assuming there are acoustic sources
on both sides of the flowmeter 100 or acoustic reflections, while the vortical
pressure disturbances propagate through the flowmeter 100 only in one direction,
which is the flowing direction. However, both the acoustic and vortical pressure
disturbances strain the wall of the conduit 104 independently and simultaneously

and so the signal measured by the sensors 101, 102, 103 contains a superposition
o
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of both these signals (and possibly others such as vibration). The amplitude of the
vortical signal may be much less than the acoustic signal, so there may be a need
to reduce the acoustic part of the overall signal such that the vortical part is
exposed. Processing of vortical and acoustic pressure signals may thus require

different treatment even though the same basic processing method is used for
both.

The processing unit 108 includes Fast Fourier Transform (FFT) logic
110 that initially receives the pressure time-varying signals P(t), Pa(t), P3(t) from
the pressure sensors 101, 102, 103. The FFT logic 108 calculates the Fourier
transform of blocks of data from the time-based input signals P4(t), Pa(t), Ps(t) of
individual ones of the sensors 101, 102, 103 and provides complex frequency
domain (or frequency based) signhals Pi(w), P2(w), P3(w) on lines 112 indicative of
the frequency content of the input signals. Because the vortical flow velocity is
derived from a lower frequency range than the speed-of-sound, larger block sizes
may be used for the vortical velocity, providing more resolution in that frequency
range. Instead of FFT's, any other technique for obtaining the frequency domain
characteristics of the pressure time-varying signals P4(t), P2(t), P3(t) may be used.
For example, a cross-spectral density (CSD) and power spectral density may be

used to form a frequency domain transfer function or frequency response or ratios.

For the flow velocity processing, differencing adjacent ones of the
sensors 101, 102, 103 can subtract common-mode noise and reduce the number
of signals, N, by one. Once transformed into the frequency domain, a CSD
function Is applied resulting in a complex N x N matrix for each frequency bin
produced by the transform, where N is the number of the sensors 101, 102, 103 in
the array minus one. Each N x N matrix is then inverted. As explained further
herein, probing this set of inverted matrices occurs using the processing unit 108

to produce curvatures corresponding to trial velocities in a first pass of the matrix

with calculation logic 114. The processing unit 108 further may fine tune a result
6
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based on the curvatures during subsequent passes at increasingly finer resolution
with ridge identifier logic 116. An output 118 of the processing unit 108 may
communicate the result (e.g., the velocity and/or the speed of sound) to a user via,
for example, a display or printout. Further, the output 118 may generate a signal

or control a device based on the result.

Figures 2 and 3 illustrate three dimensional k-w plots employed to
visualize the contents of the inverse CSD matrix. Figure 2 depicts a ridge of
increased power around flow velocity line 200 corresponding to a velocity of the
flow while Figure 3 shows ridges of increased power around sound velocity lines
300, 302 associated with the speed of sound. These Figures 2 and 3 depict plots
of the power correlation of the inverse CSD matrix as a function of frequency w
and wave number k (phase shift) with relative power of certain contour lines
identified only in Figure 2 for illustration purposes. Slopes of the lines 200, 300,

302 reveal respective velocities (V) according to the following equation:

ook

Output from a Capon algorithm scan of the inverse CSD matrix shows
velocity versus power by sampling power correlations through a range of
velocities. Several other array processing algorithms exist (e.g. cross correlation
Beam scan, MUSIC, ESPRIT, etc) and may be implemented with embodiments
described herein instead of the Capon. Evaluation of locations on the plots in
Figures 2 and 3 that yield maximum power correlation values with the Capon
search alone and without any initial estimates identifies the lines 200, 300, 302
under only some conditions but tends to fail or become unreliable in other

applications in which the flowmeter 100 may be utilized. In some cases, a first

pass of the Capon algorithm (see, Figure 7) alone over a wide dynamic range

-
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(e.g., two orders of magnitude) may produce multiple peaks obscuring a true peak.
Further, low frequency noise and speed of sound velocities may additionally

prevent distinguishing a relatively weaker vortical ridge having a peak that is not

associated with the maximum power correlation.

Therefore, Figure 4 illustrates sensing methods performed with the
processing unit 108 for determining speed of sound and flow velocity that improve
ability to identify the lines 200, 300, 302. As with prior approaches, signal entry
step 400 involves receiving input data from the pressure sensors 101, 102, 103 so
that initial processing step 402 can convert, with the FFT logic 110, the data to
frequency domain blocks of data and subsequently apply and thereafter invert a
CSD function. In both velocity and speed of sound estimation steps 406, 407,
calculation logic 114 then probes matrices produced in the initial processing step
402 using, for example, the Capon method to measure the power correlation of the
signals at time shifts associated with an identified velocity or speed of sound. In
other words, the time shift as related to flow velocity refers to the fact that a
particular power phenomena received at the third sensor 103 from the fluid 105 is
received later in time at the second sensor 102 as the fluid 105 flows from the third
sensor 103 to the second sensor 102. For some embodiments, the velocity
estimation step 406 processes a first subset of vectors corresponding to the
velocity while a second subset of sensor data related to the speed-of-sound is
passed to the speed of sound estimation step 407. Inputs for a curve fit routine
(see, Figure 5) include power correlation values at one of multiple trial velocities or
speeds of sound and several steps on either side utilizing data obtained from the
sensors 101, 102, 103. The velocity at which the curve fit routine returns a
maximum curvature result corresponds to an estimate value of a speed of sound

(S0SgsT) in the fluid and/or a velocity of the flow (VesT).

For the velocity estimation step 406, multiplying results of the curve fit

routine for each trial velocity by a respective directional quality compensation
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factor (Quia) calculated at each trial value helps to avoid misidentification of noise
appearing symmetrically in both positive and negative directions instead of the
vortical ridge since the vortical ridge extends in only one direction. Referring to
Figure 2, differences in power along the flow velocity line 200 with respect to a
positive and directionally opposite dashed line 204 indicates that the power along
the flow velocity line 200 is not attributed to symmetrical noise. As symmetry in
power between positive and negative directions decreases, the compensation
factor or an absolute value of the factor approaches one, while the compensation
factor goes to zero with increasing symmetry. Therefore, the product of the
directional quality compensation factor and the power curvature for each trial value
adjusts the results of the curve fit routine prior to determining the velocity estimate

corresponding to this product. For some embodiments, a ratio of the difference

and the sum of a first power correlation function P(V, ) for a given velocity trial

and a second power correlation function P(-V, ,) for an opposite velocity negative

of the given velocity trial defines the directional quality compensation factor as

follows:

P (I/rrial ) o P ("thz’al )_
P (Vtrial ) + P (_I/trial )

Qtr:’al —

When a velocity quality metric such as the directional quality
compensation factor falls below values of approximately 0.4 at the velocity
estimate, any flow velocity calculation resuits may lack sufficient confidence levels.
The software in the processing unit 108 may thus include a low-quality cutoff
setting. With this cutoff, a reported value of zero or error at the output 118 may

occur If the velocity quality metric is below a configured limit.

To ensure quality in the results for speed of sound, a speed of sound

quality metric may yield a similar range of values as the directional quality
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compensation factor. Values for speed of sound quality (Qcun) approach one for

high values of curvature when

(‘:1 ‘ o N "%
Qr:m% N . X €

where c is a coefficient in a least squares equation described further herein. The
speed of sound quality metric includes an arbitrary value of fifty which is near the
lower limit for the “acceptable” range of curvature values. A low quality cutoff for
reporting purposes may be around 0.3 or about 0.25 at the speed of sound

estimate.

Once the curvature in power as a function of each of the velocity trials
reveals the approximate location of a power peak that corresponds to the flow
velocity estimate or speed of sound estimate, a conventional array processing
algornthm may evaluate with the ridge identifier logic 116 power correlation values
associated with velocities or speeds around the velocity estimate or the speed of
sound estimate in refining velocity and speed of sound steps 408, 409. In some
embodiments, the power correlation of the frequency to wave number domain is
evaluated via Capon routines at a finer resolution relative to increments between
trial velocities and over a range of £20% relative to the estimates. If a new-found
power peak from this subsequent scan differs by more than half the increment
size, then the set of frequencies used is adjusted to coincide with the new-found
peak. The velocity having the highest power result is used as the center for the
next pass of power correlations at an even finer resolution. For example, this
refinement process may repeat three times, with the velocity increment size
reduced by a factor of eight for each repetition. At the end of this refinement,

velocity and speed of sound output steps 410, 411 select a final velocity and

speed of sound associated with maximums of the power correlation value from a
10
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last scan. The output 118 then indicates the final velocity and/or speed of sound

to the user or another device.

Figure 5 shows a process of determining the velocity (which may be the
vortical flow or the speed of sound) estimate utilized in the estimation steps 406,
407. Multiple trial velocities (Vias) selected in a first pass step 500 identifies
selected velocities at increments of, for example, 5% through an entire range of
possible velocities. The frequency range dynamically reflects changing velocity
conditions. For an array with sensor spacing Ax, the spatial aliasing frequency
(spatial Nyquist) for velocity is given by: '

V
I e

The frequency range set in a frequency selection step 502 corresponds to a
fraction of this Nyquist frequency to avoid aliasing and common-mode signals. In
some embodiments, these fractional amounts may identify minimum and
maximum frequencies for all power correlations associated with each respective

Viial picked for the vortical flow with

fmm — O3f~»,‘ and fma\ = 0.7 f"r

The frequency range explored by the power correlations for the speed of

sound may also vary to adapt for each of the Vyias. Range of acoustic frequencies

measured depends on the sensor array dimensions and the speed of sound in the
fluid as follows:

ﬂ‘maxm_“[<'><l‘:“> min:‘SYOS= 1
A KxN

fv = [, =.083f, and

inax

11
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SoS
1 =51y,

min

A =2xAx= f =

where K is a factor such as 4 or 5 that determines the largest measurable
wavelength, L Is the aperture length between most upstream and most
downstream sensor (as shown, the third sensor 103 and the first sensor 101) with
N being the number of sensors (as shown, three), and the factor two in the
expression being a Nyquist based factor. The frequency selection step 502 thus
may set appropriate limits in terms of the spatial Nyquist frequency for the sensor
spacing and Viia In speed of sound determinations as with the flow velocity

determinations.

Once the frequency range is set for a first Vi, Initial power correlation
step 504 measures the magnitude of the power corresponding to the first Viia
within the frequency limits. The initial power correlation step 504 involves
sampling and summing spaced frequency bins between the fnin and fnax for the
first Vyia. Graphically, Figure 2 shows a solid dotted line 206 representing the first

Viial. Some of the dots may symbolize these bins along the slope for the first Vyial.

Next, additional power correlations step 506 samples and sums the
same set of frequency bins, in some embodiments, as utilized in the initial power
correlation step 504 at several (e.g., about 7 to 9) velocity increments (Vtiai+n, Vial-
n) on either side of the first Viia. This technique may be referred to as “dithering”
or “jittering” the velocity of each Viia. For some embodiments, selection of the
velocity increments equally spaces all velocity increments from one another. The
velocity increments may span a range suitable to detect sharp falloffs on either
side of a peak, such as 90% to 110% of each Vyi,. Since this increment range is
identified as a percentage of the Vi, the effects from power correlation ridge
width differences at lower versus higher flow velocities tends to be equalized,

ylelding similar curvature values at all velocities. With respect to Figure 2,

12
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maintaining the same frequencies and hence adjusting wave number produces
slopes and frequency bins such as represented by first and second open dotted
lines 208, 210 that may correspond respectively to one of the Vyia+n and one of the
Vtrial-n-

Curvature step 508 fits results from the initial power correlation step 504
and the additional power correlations step 506 to a curve based on power
correlation values measured at the first Viia and each of the Viiasn, Viialn
associated with the first Vyia. Inputs from all Viias selected In the first pass step
500 thereby result in generation of multiple independent curves at the curvature
step 508 with a corresponding curve for each Vyi,. For some embodiments, a

second-order least-squares curve fit routine, such as
y=a+b*x+c*x’,

where y represents power Inputs and x corresponds to velocity inputs, enables
calculating curvature values, which correspond to respective ones of the trial
velocities. In some embodiments, each least squares curve fit is calculated using
“‘normalized” (x,y) coordinates instead of what would be the “true” coordinates.
Using the “true” coordinates may yield curvature values that are higher at low
velocities than at high velocities. Referring back to Figure 1, the calculation logic
114 determines a negative of this “curvature” of power functions evaluated around
each corresponding trial velocity by, for example, defining the “c” coefficient of the

curve fit routine as a curvature value.

An end step 510 recognizes when all the multiple trial velocities
identified and selected In the first pass step 500 have been interrogated and hence
all curves generated In the curvature step 508. A ridge peak velocity for speed of

sound or vortical flow occurs close to the largest negative curvature value which is

associated with one of the trial velocities. From the curves, estimation output step

13
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512 thus picks one (or two, i.e., positive and negative, in the case of speed of
sound) of the trial velocities with a max curvature or curvature value, as may be
identified by the negative of the “c” coefficient. As previously discussed, the
curvature values may be multiplied by the directional quality compensation factor
prior to picking the trial velocities with a maximum calculated value. Regardless,

picked Viias) €stablish the velocity estimate or the speed of sound estimate.

For some embodiments, a prior final velocity from a previous
measurement in time utilized for a current estimate enables truncation of the
methods described herein once an initial measurement i1s taken as discussed
heretofore. For example, the prior final velocity may provide the current estimate
unless a quality metric returns below a threshold. In some embodiments, the prior
final velocity may enable establishing a relatively narrower range of velocities

scanned in the first pass step 500 than searched in the previous measurement.

For visualization, the curve associated with the first Vi, represented by
the solid dotted line 206 in Figure 2 produces a relatively low curvature compared
to that of the flow velocity line 200 as there is no significant pattern among
differences in power between any of the dotted lines 206, 208, 210. The
directional quality metric further reduces any curvature present as calculated for
the first Vyia represented by the solid dotted line 206 due to substantial
symmetrical noise also present oppositely in the positive direction. Even when
conventional power correlation scanning alone may fail to identify or accurately
iIdentify velocities, max curvature based analysis of trial velocities enables a less

obscured and more accurate determination of vortical velocity or speed of sound.

Figure 6 shows an estimation curve 600 that plots products obtained by
multiplying a respective directional quality compensation factor times a max value
of power curvature for each velocity step evaluated according to the process

depicted in Figure 5 versus velocity. A low value product point 604 lacks one or

14
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both of unidirectionality or a high curvature value similar to the first Viia
represented by the solid dotted line 206 in Figure 2. By contrast, a high value
product point 602 derives from a high curvature value, similar to one taken at flow
velocity line 200, which is not negated by the directional quality compensation

factor being indicative of high symmetry.

Figure 7 illustrates a plot of power versus velocity showing a total scan
curve 700 which is obtained by searching converted data from pressure sensors
and a targeted scan curve 702 of the converted data around a velocity estimate
picked by results plotted in Figure 6 to identify a final velocity 704 at a peak
centered at 103 feet per second. The total scan curve 700 includes multiple peaks
with the peak of the final velocity not being a maximum peak thereby obscuring
results taken from the total scan curve 700 alone. However, identification of the
peak of the final velocity appears clear and distinct in Figure 6 even though

Figures 6 and 7 are plots taken based on the same fluid flow.

For reference, the estimation curve 600 in Figure 6 corresponds to data
evaluated in the calculation logic 114 in Figure 1 and utilized in the velocity
estimation step 406 In Figure 4 as derived from the process in Figure 5. The
estimation curve 600 replaces the total scan curve 700 that is not required and is
only shown for illustration purposes. Further, the targeted scan curve 702
represents data used in the refining velocity step 408 in Figure 4 and examined in

the ridge identifier logic 116 in Figure 1.

While the foregoing is directed to embodiments of the present invention,
other and further embodiments of the invention may be devised without departing

from the basic scope thereof, and the scope thereof is determined by the claims
that follow.

15
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What is claimed is:

1. A sensing system for measuring a flow velocity of a fluid in a conduit,
comprising:

an array of at least two pressure sensors spaced along the conduit to
output signals indicative of dynamic pressure variations of the fluid; and

a signal processor configured to process the signals by probing trial
velocities, wherein the probing includes calculating power curvatures associated
with power correlations of the signals determined around the trial velocities and
selecting one of the trial velocities corresponding to a maximum curvature value
from the power curvatures as a measurement for the flow velocity,
wherein the signal processor further applies a respective directional quality metric

to adjust power curvature values from each of the power curvatures.

2. The sensing system of claim 1, wherein the probing further comprises, for
each of the trial velocities, selecting minimum and maximum frequencies that

remain constant for all of the power correlations used to derive one of the

curvatures.

3. The sensing system of clam 1, wherein the probing further comprises
calculating the curvatures by fitting data from the power correlations to a least

squares polynomial.

4. The sensing system of claim 3, wherein the polynomial is defined as

6, Y

y=a+b*x+c*x*% wherein “y’ represents a power input, “x” corresponds to a
velocity input, and “a”, “b” and “c” are coefficients, with the maximum curvature

value being a negative of a greatest “c” coefficient.

16
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5. The sensing system of claim 1, wherein the signal processor further applies
the respective directional quality metric based on symmetry of power in negative
and positive directions prior to selecting one of the trial velocities corresponding to

the maximum curvature value.

6. The sensing system of claim 1, wherein the signal processor is configured
to further process the signals by scanning final velocity power correlations within a
percentage of the measurement for the flow velocity and at a finer resolution than
the probing such that a ridge identified in the scanning corresponds to a final value

of the flow velocity.

/. The sensing system of claim 1, wherein the signal processor is further
configured to probe trial speeds of sound by calculating curvatures associated with
power correlations of the signals determined around the trial speeds of sound and
selecting a positive and a negative one of the trial speeds of sound corresponding
to a respective maximum curvature value from the curvatures associated with a

positive direction and from the curvatures associated with a negative direction.

8. A sensing system for measuring a parameter of a fluid in a conduit,
comprising:

an array of at least two pressure sensors spaced along the conduit to
output signals indicative of dynamic pressure variations of the fluid; and

a signal processor configured to process the signals by probing trial
velocities, wherein the probing includes calculating power curvatures associated
with power correlations of the signals determined around the trial velocities and
selecting one of the trial velocities corresponding to a maximum curvature value
from the power curvatures as a measurement for the parameter, wherein the

signal processor further applies a quality metric to adjust power curvature values

from each of the power curvatures.
17
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9. The sensing system of claim 8, further comprising an output to

communicate the measurement for the parameter.

10.  The sensing system of claim 9, wherein the signal processor only provides
the measurement for the parameter to the output if a result from the quality metric

IS above a threshold value.

11. The sensing system of claim 8, further comprising a display configured to
show at least one of a speed of sound in the fluid and a flow velocity of the fluid as

determined based on the measurement for the parameter.

12. A sensing system for measuring a parameter of a fluid in a conduit,
comprising.
an array of at least two pressure sensors spaced along the conduit for
outputting signals indicative of dynamic pressure variations of the fluid; and
a signal processor configured to process the signals by performing a
method of probing the signals at first and second trial velocities that includes:
measuring first power correlations corresponding to the first trial
velocity and first incremental velocities on either side of the
first trial velocity to produce first data of the first power
correlations;
measuring second power correlations corresponding to the second
trial velocity and second incremental velocities on either side
of the second trial velocity to produce second data of the
second power correlations;

calculating first and second curvatures for the first and second data,

respectively:;
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applying a quality metnc to adjust curvature values from the first and
second curvatures;

selecting which one of the first and second trial velocities
corresponds to a greater of the first and second curvatures
based on the adjusted curvature values and represents an
estimate value for the parameter; and

outputting the estimate value.

13.  The sensing system of claim 12, wherein the parameter is at least one of a

flow velocity of the fluid and a speed of sound in the fluid.

14.  The sensing system of claim 12, wherein calculating each of the curvatures

occurs by fitting a respective one of the data to a least squares polynomial.

15. A method of measuring a parameter of a fluid in a conduit, comprising:

sensing at spaced locations along the conduit dynamic pressure variations
of the fluid to provide signals indicative of the pressure variations;

processing the signals by probing trial velocities, wherein the probing
includes calculating power curvatures associated with power correlations of the
signals determined around the trial velocities and selecting one of the trial
velocities corresponding to a maximum curvature value from the power curvatures
as a measurement for the parameter, wherein the processing further includes

applying a quality metric to adjust power curvature values from each of the power

curvatures: and

outputting the measurement for the parameter to a display.

16. The method of claim 15, wherein outputting the measurement for the

parameter provides an estimate for further processing of the signals.

19
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17.  The method of claim 15, further comprising outputting a flow velocity of the

fluid to the display based on the measurement for the parameter.

18. The method of claim 15, further comprising outputting a speed of sound in

the fluid to the display based on the measurement for the parameter.
19.  The method of claim 15, further comprising selecting, for each of the trial

velocities, minimum and maximum frequencies that remain constant for all of the

power correlations used to derive one of the curvatures.
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