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(7) ABSTRACT

Various methods are described for measuring parameters of
a stratified flow using at least one spatial array of sensors
disposed at different axial locations along the pipe. Each of
the sensors provides a signal indicative of unsteady pressure
created by coherent structures convecting with the flow. In
one aspect, a signal processor determines, from the signals,
convection velocities of coherent structures having different
length scales. The signal processor then compares the con-
vection velocities to determine a level of stratification of the
flow. The level of stratification may be used as part of a
calibration procedure to determine the volumetric flow rate
of the flow. In another aspect, the level of stratification of the
flow is determined by comparing locally measured velocities
at the top and bottom of the pipe. The ratio of the velocities
near the top and bottom of the pipe correlates to the level of
stratification of the flow. Additional sensor arrays may
provide a velocity profile for the flow. In another aspect,
each of the sensors in the array includes a pair of sensor
half-portions disposed on opposing lateral surfaces of the
pipe, and the signal processor determines a nominal velocity
of the flow within the pipe using the signals.

13

T 122

26 24 -
R G

1/0 Display :

21_/_‘$ L/'21 l
PN }—20

“36|

Logic |

Signal Processor |

l
|
I
I
' Flow
|
|
l
|
|

Processing Unit

P |
PO P P o0 [PN(D)




US 2005/0246111 A1

Patent Application Publication Nov. 3, 2005 Sheet 1 of 13

AN |
Gl Ny mx Gl ¢x Gl Iy

VA

LN L _\\\\;\h\»\\ LLLLLLL L

EENEREEE

0zl 1 O__OO__O __
AV gl _ P!

G LS ] OQ_ ¢ 1% __NI/ —
ARGt @@0 _ﬂ_mrn n ze|
MRWAST= @ﬂ LSS

\\\\:\»\\\\_\_\ LVl L\m\\\ IOV
ON—\\ i S A s - \

MNd] == W W 16)'d
T T e T T

yun buisssoouy

_ 10532014 |pubig

6 _//
_ 21607

_
_
_
|
_
Moy _
_
|
_
_

lg¢
I
oz—1

| 12 _—1¢

_ Ao|dsi( 0/

L - —J) L __
S S

¢l



Patent Application Publication Nov. 3, 2005 Sheet 2 of 13 US 2005/0246111 A1

14
\ X X X3 XN
[ I L Lg 1 I =
122 ﬁjzp:)s
==Ne: o
Ps 0P I P
[ 1 1 1 [ 1 ]
FIG. 2
NonDim Dispersion
16 inch Water Line
2
1.8
1.6
1.4
™ 1.2 .
\; 1-—‘—%=0=¢=r r——y — ¢ ¢ Series]
=08 y= —0.0125x + 1.0359 — Linear
> (Series1)
0.6
0.4
0.2
O : 1 I 1 I

(@]
-
N
w
~
(@)}

FD/U
FIG. 11



Patent Application Publication Nov. 3, 2005 Sheet 3 of 13 US 2005/0246111 A1

R PR R R B ]
PP, |P,0 |Ps) Jp) ]
Data Acquisition ~/|I‘I 26
L ] * L I
1 y __/|——1 28
|

Py(w) [Py(w) [P5(w) [Py(w) |

Data Accumulator
—L_130

i

I
Array Processor I
I
I

~~— Convective
- Ridge

I

|

I

I

I
Convective Ridge ,_\L1 34

Identifier |
Velocity :

|

Analyzer —136 :

G

Flow Moch Volume
Rate Flow
Rate

FIG. 3



Patent Application Publication Nov. 3, 2005 Sheet 4 of 13 US 2005/0246111 A1

J
|
e l\l\\\\\\l i
- 5
B N _@(é)-m i
X g8 N
22F .
S\
SEZ N
g5 27N
> O C N
€S N -
OE §
Sk
=%
= |_t. .
=1
o Ky
=

uondung uonpziwndp

== =\

¥ ~

(m) Aouanbauy



US 2005/0246111 A1

Patent Application Publication Nov. 3, 2005 Sheet 5 of 13

G 9Id

13qQUINUSADM

Gl

Hy

144

Y
Kousnbal 4

S'1=a/1

‘99':0=n/a3 " 4

£99°0=4/1
‘S'1=N/0a4

¢y 0=0a/1

‘ocz=n/as 4



Patent Application Publication Nov. 3, 2005 Sheet 6 of 13 US 2005/0246111 A1

60
[ Initialize U; }/62
i

Determine AF, as:

Fmox=2.33*U1/D \64

1

| Identify convective ridge over AF, 66

Determine nominal velocity U, |
using slope of convective ridge 68

[ Identify portions of convective ridge over AR, |~ 76

!

Determine slope of each
portion of convective ridge

!

Determine nominal velocity for |
each portion of convective ridge 80

!

| Normalize the nominal convection velocities |~—g2

!

Plot normalized convection velocities as a |84
function of their respective non-—dimensionalized
mid—point frequencies to create dispersion plot

v

[Determine best—fit linear function for plot |~ 80

!

Determine level of dispersion using
slope of best—fit linear function | —88

™78

End

FIG. 6



Patent Application Publication Nov. 3, 2005 Sheet 7 of 13 US 2005/0246111 A1

30 inch Hydro Transport @ 12 ft/sec

2
1.8
1.6
o 1.4
2 19 + Series1
E’ 1 — Linear
>0.8 (Series?1)
>
0.6 y = 0.1904x + 0.6369
0.4
0.2
O Y T T Y
0 1 2 3 4 5
FD/U
FIG. 7
27 inch Hydro Transport
@15 fps
1.8 i
1.6 e
~ 1.4 L
~ i
2 - + Series]
> 1 . o & o — LlneCIr
2 L 2
2 0.8 v > (Series1)
§
0.6 y = 0.0776x + 0.8321
0.4
0.2
0 " j



Patent Application Publication Nov. 3, 2005 Sheet 8 of 13 US 2005/0246111 A1

10 inch Pulp Slurry Feb04

-
.
-
B Series2
— Linear
(Series2)
3
NonDim Dispersion
4 inch Hydro @ 25 fps
2
1.8
1.6
~ 1.4
Tp]
= 1.2 + Series
oL 1 v »—|{| — Linear
=038 (Series1)
= 0.6
y = —0.0033x + 1.0051
0.4
0.2
O T T T T
0 0.5 1 1.5 2 2.5

FD/U

FIG. 10



Patent Application Publication Nov. 3, 2005 Sheet 9 of 13 US 2005/0246111 A1

24 in Tailings — 8 ft/sec

Ve

LQ .

— ¢ Series1
— )

K — Lmegr
> (Series1)
>

y = 0.1814x + 0.7448
0.4

0.2

0 1 2 3 4 5
F/u
FIG. 12

24 in Tailings Line

: FD/U 0.66-2.33
16000

14000

12000 1

10000
-—- MagMeter
8000 — SONARtrac

)

6000
4000
2000

Flow Rate(GPM

0 Y Y Y T Y T
2/6/2004 2/6/2004 2/6/2004 2/6/2004 2/6/2004 2/6/2004 2/6/2004 2/6/2004
9:36 1048 1200 1312 1424 1536 1648  18:00

Time

FIG. 13



Patent Application Publication Nov. 3,2005 Sheet 10 of 13 US 2005/0246111 A1
100
X X2 X3 XN
l | I |
Signal Processor 19
PrO Pa0] P3(O] +-- [Pu()
” 15 15 15 1
) [ /206" [206 -266"u/j/206
AN NN } \‘It\\:\:\f\\\\\ AN \\'\'\)\\\7
A |
13 122 \\\ _\] $[ |I A !
) ~ 7 AN° AP~
/ /ﬁ : {
1] i [
JENEE
DNNNANN NN \"x\ g\ NN AN
AT
15 15 15
Py(t) P,(t)] Ps(t)
Signal Processor 19
FIG. 14




Patent Application Publication Nov. 3, 2005 Sheet 11 of 13 US 2005/0246111 A1

Increased
Stratification
TOp Arroy -] ”—b
] [ ~210
— /I
Center —f-————————- ;
—_— !
Increased
] Strotificotion/
Bottom Array — ‘
HEEEREEEEE
1.0
Normalized Velocity
FIG. 16

100




Patent Application Publication Nov. 3, 2005 Sheet 12 of 13 US 2005/0246111 A1

100

15206 195206 19206 9206 _17

ol SO NI N
Array 1 F:':T'_: :::::::)::::lf'g::::::: fr_,,/ -1
Array 2 L L O ] I L7 -1
r=fe=5—==1 == ———f==t--—- ==~ .
Arroy 3 lL_r_l;I____d__. ______ I;l _____ [~ ___JI __11"
r— -7 I | e | -1 i
wey o {1 IO [0 4
i e == ity ==F-——~F="1 _
Array 5 :____l:_]_____':__ _____ |____] _____ L1l T -
(O [ | A | O - 1" -~
Array 6 __:'_______L——]_. _____ - L] | 11
AV A e i s Vs e A e B
[ I cee TS-11
X X2 X3 XN
FIG. 18
Top Array 1 — ¢
Array 2 —] ¢
Array 3 — ¢
Array 4 — ¢
Array & —j ¢
Arragy 6 — ¢
Bottom Array 7 — ¢
TP T T T TT]
1.0

Normalized Velocity

FIG. 19



Patent Application Publication Nov. 3,2005 Sheet 13 of 13 US 2005/0246111 A1

SO0 M S h

\
—l\\\\\\\\\\\l—
—I\\\\\Q\\\\\}f

N

O

R




US 2005/0246111 Al

METHOD AND APPARATUS FOR MEASURING
PARAMETERS OF A STRATIFIED FLOW

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Patent Application No. 60/522,164, (CiDRA
Docket No. CC-0732) filed Mar. 10, 2004, which is incor-
porated by reference herein in its entirety.

TECHNICAL FIELD

[0002] This invention relates to a method and apparatus
for measuring parameters such as velocity, level of stratifi-
cation, and volumetric flow rate of a stratified flow within a

pipe.
BACKGROUND

[0003] Many industrial fluid flow processes involve the
transportation of a high mass fraction of high density, solid
materials through a pipe. For example, a process known as
hydrotransport is used in many industries to move solids
from one point to another. In this process, water is added to
the solids and the resulting mixture is pumped through
typically large diameter pipes.

[0004] Operation of a hydrotransport line typically
involves some degree of stratification, where flow velocity
near the bottom of the pipe is less than flow velocity near the
top of the pipe. The level of stratification in this flow (i.e.,
the degree of skew in the velocity profile from the top of the
pipe to the bottom of the pipe) is dependent on numerous
material and process parameters, such as flow rate, density,
pipe size, particle size, and the like. If the level of stratifi-
cation extends to the point where deposition velocity is
reached, the solids begin to settle to the bottom of the pipe,
and if the condition is undetected and persists, complete
blockage of the pipe can occur, resulting in high costs
associated with process downtime, clearing of the blockage,
and repair of damaged equipment.

[0005] To reduce the chance of costly blockage formation,
current practice is to operate the pipeline at a flow velocity
significantly above the critical deposition velocity. However,
this technique has two significant drawbacks due to operat-
ing at higher velocities: it causes higher energy usage due to
higher friction losses, and it causes higher pipe wear due to
abrasion between the solids and the pipe inner surface. This
technique may also be undesirable to due high water con-
sumption. A reliable means of measuring parameters such as
velocity, level of stratification, and volumetric flow rate of a
stratified flow would enable operating the pipeline at a lower
velocity, resulting in energy savings and lower pipe wear.

[0006] Various technologies exist for measuring physical
parameters of an industrial flow process. Such physical
parameters may include, for example, volumetric flow rate,
composition, consistency, density, and mass flow rate. While
existing technologies may be well-suited for aggressive,
large diameter flows, these technologies may be unsuitable
for stratified flows, which can adversely affect accuracy in
measuring physical parameters of the flow.

[0007] Several non-commercial techniques for determin-
ing the onset of solids deposition in slurry pipelines are
described in recent literature. For example, one technique
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uses a commercial clamp-on ultrasonic flow meter, in Dop-
pler mode, with coded transmissions and cross-correlation
detection. The detection point for the meter is set at a certain
pipe level, e.g., 10% above the pipe invert (i.e., the pipe
bottom for horizontal pipes). Cross-correlation of a time-
gated ultrasonic return signal enables detection of reflected
signals only from the set point. A decrease in coherence
between transmitted and received signals indicates unsteady
flow conditions due to solids deposition.

[0008] Another existing non-commercial technique mea-
sures the apparent electrical resistivity of the slurry near the
pipe invert, with a change in resistivity indicating the
formation of a solids bed. This technique was deemed to be
not very successful due to poor repeatablility and other
problems.

[0009] Another non-commercial technique utilizes self-
heating thermal probes mounted in the slurry. A moving
slurry removes temperature from the probes, while a sta-
tionary solids bed around the probe causes heat to build up.
Thus a temperature rise is indicative of solids deposition.
While this technique is promising, it is an invasive technique
requiring the thermal probes to be placed in the pipe. Such
invasive techniques have drawbacks in that they require the
process to be stopped to allow for installation and mainte-
nance of the probes.

[0010] Another technique involves the installation of a
short pipe with slightly larger inside diameter, where a
stationary solids bed is allowed to form and is maintained as
a control while the main pipeline is operated with no solids
bed. The control solids bed is then monitored by one or more
of the techniques described above. An increase in the height
of the control bed then indicates the likely formation of a
sliding bed in the main pipeline, which is a precursor of a
stationary bed and eventual blockage. When the control
solids bed height increases beyond a certain limit, the flow
rate may be increased to avoid solids deposition.

[0011] Thus, there remains a need for a method and
apparatus for measuring parameters such as velocity, level of
stratification, and volumetric flow rate of a stratified flow.

SUMMARY OF THE INVENTION

[0012] The above-described and other needs are met by an
apparatus and method of the present invention, wherein a
spatial array of sensors is disposed at different axial loca-
tions along the pipe. Each of the sensors provides a signal
indicative of unsteady pressure created by coherent struc-
tures convecting with the flow. A signal processor deter-
mines, from the signals, convection velocities of coherent
structures having different length scales. The signal proces-
sor then compares the convection velocities to determine a
level of stratification of the flow. In one embodiment, the
signal processor compares the convection velocities by
constructing a plot of the convection velocities as a function
of the length scales, and determining a slope of a best-fit line
through the plot. The slope of the line indicates the level of
stratification of the flow.

[0013] In one embodiment, the slope is used as part of a
calibration procedure to determine the volumetric flow rate
of the flow. For example, the calibration may include deter-
mining a frequency range over which a convective ridge is
analyzed in determining a volumetric flow rate of the flow.
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[0014] Inone embodiment, constructing a plot of convec-
tion velocity of the coherent structures as a function of
frequency includes: constructing from the signals at least a
portion of a k-w plot; identifying a convective ridge in the
k-m plot over a first frequency range; determining a first
slope of the convective ridge, the first slope being indicative
of the nominal velocity of the flow; identifying a plurality of
portions of the convective ridge over a plurality of second
frequency ranges, each second frequency range being
smaller than the first frequency range and having a respec-
tive midpoint; determining a second slope for each of the
portions of the convective ridge, each second slope being
indicative of a nominal convection velocity of coherent
structures having a range of length scales corresponding to
an associated second frequency range; normalizing the
nominal convection velocities of coherent structures using
the nominal velocity of the flow to provide normalized
convection velocities; and plotting each normalized convec-
tion velocity as a function of the respective midpoint non-
dimensionalized by the nominal velocity of the flow and the
diameter of the pipe to provide the plot. In this embodiment,
the first frequency range may be adjusted based on the slope.
For example, a non-dimensional length scale that is least
sensitive to stratification is used to determine the mid-point
of the first frequency range, where the non-dimensional
length scale that is least sensitive to stratification is deter-
mined by comparing a plurality of dispersion plots for
different levels of stratification and identifying the pivot
point of the dispersion plots from one dispersion plot to
another.

[0015] In another aspect of the invention, first and second
spatial arrays each have at least two sensors disposed at
different axial locations along the pipe. Each of the sensors
in the first array provides a first signal indicative of unsteady
pressure created by coherent structures convecting with a
portion of the flow passing through an upper portion of the
pipe, and each of the sensors in the second array provides a
second signal indicative of unsteady pressure created by
coherent structures convecting with a portion of the flow
passing through a lower portion of the pipe. A first velocity
of the flow in the upper portion of the pipe is determined
using the first signals, and a second velocity of the flow in
the lower portion of the pipe is determined using the second
signals. The first and second velocities are compared to
determine the parameter of the flow. The parameter of the
flow may include at least one of: level of stratification of the
flow and volumetric flow rate of the flow. The micropro-
cessor may normalize the first and second velocities before
comparing the first and second velocities. The first spatial
array may be aligned axially along a top of the pipe and the
second spatial array may be aligned axially along a bottom
of the pipe.

[0016] In one embodiment, at least one additional spatial
array is aligned axially along the pipe and positioned
between the first and second spatial arrays. Each of the
sensors in the at least one additional array provides a third
signal indicative of unsteady pressure created by coherent
structures convecting with a portion of the flow proximate
the sensor. For each additional spatial array, the signal
processor determines a third velocity of the flow near the
additional spatial array using the third signals. The signal
processor compares the first, second, and third velocities to
determine the parameter of the flow.
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[0017] In yet another aspect of the invention, an apparatus
for measuring a parameter of a flow passing through a pipe
comprises a spatial array of sensors disposed at different
axial locations along the pipe, where each of the sensors
includes a pair of sensor half-portions disposed on opposing
lateral surfaces of the pipe. Each pair of sensor half-portions
provides a pressure signal indicative of unsteady pressure
created by coherent structures convecting with the flow
within the pipe at a corresponding axial location of the pipe.
Assignal processor determines a nominal velocity of the flow
within the pipe using the signals.

[0018] In one embodiment, each sensor half-portion is
formed by a piezoelectric film material. Each sensor half-
portion may be coupled to a steel strap that extends around
and clamps onto the outer surface of the pipe.

[0019] In various aspects and embodiments described
herein, the at least two pressure sensors may be selected
from a group consisting of: piezoelectric, piezoresistive,
strain gauge, strain-based sensor, PVDE, optical sensors,
ported ac pressure sensors, accelerometers, velocity sensors,
and displacement sensors. In various aspects and embodi-
ments described herein, the sensors may be disposed on an
outer surface of the pipe and do not contact the fluid.

[0020] The foregoing and other objects, and features of the
present invention will become more apparent in light of the
following detailed description of exemplary embodiments
thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Referring now to the drawing wherein like items
are numbered alike in the various Figures:

[0022] FIG. 1 is schematic diagram of an apparatus for
determining at least one parameter associated with a strati-
fied fluid flowing in a pipe.

[0023] FIG. 2 is a cross-sectional schematic view of
non-stratified, turbulent, Newtonian flow through a pipe.

[0024] FIG. 3 is a block diagram of a flow logic used in
the apparatus of the present invention.

[0025] FIG. 4 is a k-o plot of data processed from an
apparatus embodying the present invention that illustrates
slope of the convective ridge, and a plot of the optimization
function of the convective ridge.

[0026] FIG. 5 is a k-o plot of data processed from an
apparatus embodying the present invention that illustrates a
non-linear ridge in the k- plot, as may be found with
dispersive flow.

[0027] FIG. 6 is a flow chart depicting a method of
quantifying the level of stratification.

[0028] FIG. 7 depicts an example of a dispersion plot for
a 30 inch hydrotransport line with a nominal velocity of 12
ft/sec created using the method of the present invention.

[0029] FIG. 8 depicts an example of a dispersion plot for
a 27 inch hydrotransport line with a nominal velocity of 15
ft/sec created using the method of the present invention.

[0030] FIG. 9 depicts an example of a dispersion plot for
a 10 inch, 1% consistency pulp-in-water suspension flowing
at a nominal volumetric flow rate of 10 ft/sec created using
the method of the present invention.
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[0031] FIG. 10 depicts an example of a dispersion plot for
a mixture of bitumen, sand, water, and air at 25 ft/sec in a
4 inch diameter pipe created using the method of the present
invention.

[0032] FIG. 11 depicts an example of a dispersion plot for
a 16 inch pipe flowing water at a nominal flow velocity of
10 ft/sec created using the method of the present invention.

[0033] FIG. 12 depicts an example of a dispersion plot for
a 24 inch tailings line operating at 8 ft/sec created using the
method of the present invention.

[0034] FIG. 13 is a plot depicting a flow rate determined
by the method of the present invention demonstrated com-
pared with a flow rate determined by an in-line magnetic
flow meter.

[0035] FIG. 14 depicts a longitudinal cross-section of an
alternative embodiment of the present invention.

[0036] FIG. 15 depicts a transverse (radial) cross-section
of the embodiment of FIG. 14.

[0037] FIG. 16 depicts a plot of the normalized velocity
for the top and bottom arrays in the embodiment of FIG. 14.

[0038] FIG. 17 depicts a transverse (radial) cross-section
of the embodiment of FIG. 14 including additional arrays of
Sensors.

[0039] FIG. 18 depicts a side elevation view of the
embodiment of FIG. 14 including additional arrays of
Sensors.

[0040] FIG. 19 depicts a plot of normalized velocity
sensed by each array of FIGS. 17 and 18.

[0041] FIG. 20 depicts a transverse (radial) cross-section
of another alternative embodiment of the present invention.

[0042] FIG. 21 depicts a side elevation view of the
alternative embodiment of FIG. 20.

DETAILED DESCRIPTION

[0043] As described in commonly-owned U.S. Pat. No.
6,609,069 to Gysling, entitled “Method and Apparatus for
Determining the Flow Velocity Within a Pipe”, and U.S.
patent application Ser. No. 10/007,736, filed on Nov. 11,
2001, which are incorporated herein by reference in their
entirety, unsteady pressures along a pipe caused by coherent
structures (e.g., turbulent eddies and vortical disturbances)
that convect with a fluid flowing in the pipe, contain useful
information regarding parameters of the fluid. The present
invention provides various means for using this information
to measure parameters of a stratified flow, such as, for
example, velocity, level/degree of stratification, and volu-
metric flow rate.

[0044] Referring to FIG. 1, an apparatus 10 for measuring
at least one parameter associated with a flow 13 flowing
within a duct, conduit or other form of pipe 14, is shown.
The parameter of the flow 13 may include, for example, at
least one of: velocity of the flow 13, volumetric flow rate of
the flow 13, and level of stratification of the flow 13. In FIG.
1, the flow 13 is depicted as being stratified, where a velocity
profile 122 of the flow 13 is skewed from the top of the pipe
14 to the bottom of the pipe 14, as may be found in industrial
fluid flow processes involving the transportation of a high
mass fraction of high density, solid materials through a pipe
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where the larger particles travel more slowly at the bottom
of the pipe. For example, the flow 13 may be part of a
hydrotransport process.

[0045] Referring to FIG. 2, the flow 13 is again shown
passing through pipe 14. However, in FIG. 2, the flow 13 is
depicted as a non-stratified, Newtonian flow operating in the
turbulent regime at Reynolds numbers above about 100,000.
The flow 13 of FIG. 2, has a velocity profile 122 that is
uniformly developed from the top of the pipe 14 to the
bottom of the pipe 14. Furthermore, the coherent structures
120 in the non-stratified, turbulent, Newtonian flow 13 of
FIG. 2 exhibit very little dispersion. In other words, the
speed of convection of the coherent structures 120 is not
strongly dependent on the physical size of the structures 120.
As used herein, dispersion describes the dependence of
convection velocity with wavelength, or equivalently, with
temporal frequency. Flows for which all wavelengths con-
vect at a constant velocity are termed “non-dispersive”. For
turbulent, Newtonian flow, there is typically not a significant
amount of dispersion over a wide range of wavelength to
diameter ratios.

[0046] Sonar-based flow measurement devices, such as,
for example, the device described in aforementioned U.S.
Pat. No. 6,609,069 to Gysling, have advantageously applied
the non-dispersive characteristic of turbulent, Newtonian
flow in accurately determining flow rates. For stratified
flows such as those depicted in FIG. 1, however, some
degree of dispersion is exhibited. In other words, the coher-
ent structures 120 convect at velocities that depend on their
size, with larger length scale coherent structures 120 tending
to travel slower than smaller length scale structures 120. As
a result, some of the underlying assumptions associated with
prior sonar-based flow measurement devices, namely that
the speed of convection of the coherent structures 120 is not
strongly dependent on the physical size of the structures 120,
are affected by the presence of stratification.

[0047] The apparatus 10 of FIG. 1 accurately measures
parameters such as velocity, level of stratification, and
volumetric flow rate of a stratified flow 13. The apparatus 10
includes a spatial array 11 of at least two sensors 15 disposed
at different axial locations X, . . . Xy along the pipe 14. Each
of the sensors 15 provides a pressure signal P(t) indicative
of unsteady pressure created by coherent structures convect-
ing with the flow 13 within the pipe 14 at a corresponding
axial location x; . . . Xy of the pipe 14. The pressure
generated by the convective pressure disturbances (e.g.,
eddies 120) may be measured through strained-based sen-
sors 15 and/or pressure sensors 15. The sensors 15 provide
analog pressure time-varying signals P,(t), P,(t), Py(t) . . .
Pr(1) to a signal processor 19, which determines the param-
eter of the flow 13 using pressure signals from the sensors
15, and outputs the parameter as a signal 21.

[0048] While the apparatus 10 is shown as including four
sensors 15, it is contemplated that the array 11 of sensors 15
includes two or more sensors 15, each providing a pressure
signal P(t) indicative of unsteady pressure within the pipe 14
at a corresponding axial location X of the pipe 14. For
example, the apparatus may include 2, 3,4, 5,6, 7,8, 9, 10,
11,12,13,14,15,16,17,18, 19, 20, 21, 22, 23, or 24 sensors
15. Generally, the accuracy of the measurement improves as
the number of sensors 15 in the array 11 increases. The
degree of accuracy provided by the greater number of
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sensors 15 is offset by the increase in complexity and time
for computing the desired output parameter of the flow.
Therefore, the number of sensors 15 used is dependent at
least on the degree of accuracy desired and the desire update
rate of the output parameter provided by the apparatus 10.

[0049] The signals P,(t) . . . P(t) provided by the sensors
15 in the array 11 are processed by the signal processor 19,
which may be part of a larger processing unit 20. For
example, the signal processor 19 may be a microprocessor
and the processing unit 20 may be a personal computer or
other general purpose computer. It is contemplated that the
signal processor 19 may be any one or more analog or digital
signal processing devices for executing programmed
instructions, such as one or more microprocessors or appli-
cation specific integrated circuits (ASICS), and may include
memory for storing programmed instructions, set points,
parameters, and for buffering or otherwise storing data.

[0050] The signal processor 19 may output the one or
more parameters 21 to a display 24 or another input/output
(I/0) device 26. The I/O device 26 may also accepts user
input parameters. The I/O device 26, display 24, and signal
processor 19 unit may be mounted in a common housing,
which may be attached to the array 11 by a flexible cable,
wireless connection, or the like. The flexible cable may also
be used to provide operating power from the processing unit
20 to the array 11 if necessary.

[0051] To determine the one or more parameters 21 of the
flow 13, the signal processor 19 applies the data from the
sensors 15 to flow logic 36 executed by signal processor 19.
Referring to FIG. 3, an example of flow logic 36 is shown.
Some or all of the functions within the flow logic 36 may be
implemented in software (using a microprocessor or com-
puter) and/or firmware, or may be implemented using analog
and/or digital hardware, having sufficient memory, inter-
faces, and capacity to perform the functions described
herein.

[0052] The flow logic 36 includes a data acquisition unit
126 (e.g., A/D converter) that converts the analog signals
P,(1) . . . P(t) to respective digital signals and provides the
digital signals P,(t) . . . Py(t) to FFT logic 128. The FFT
logic 128 calculates the Fourier transform of the digitized
time-based input signals P,(t) . . . Py(t) and provides
complex frequency domain (or frequency based) signals
P,(w), Po(w), Ps(w), . . . Py(w) indicative of the frequency
content of the input signals. Instead of FFT’s, any other
technique for obtaining the frequency domain characteristics
of the signals P,(t)-Px(t), may be used. For example, the
cross-spectral density and the power spectral density may be
used to form a frequency domain transfer functions (or
frequency response or ratios) discussed hereinafter.

[0053] One technique of determining the convection
velocity of the coherent structures (e.g., turbulent eddies)
120 within the flow 13 is by characterizing a convective
ridge of the resulting unsteady pressures using an array of
sensors or other beam forming techniques, similar to that
described in U.S. patent application Ser. No. 09/729,994,
filed Dec. 4, 2000, now U.S. Pat. No. 6,609,069, which is
incorporated herein by reference.

[0054] A data accumulator 130 accumulates the frequency
signals P,(w)-Py(w) over a sampling interval, and provides
the data to an array processor 132, which performs a
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spatial-temporal (two-dimensional) transform of the sensor
data, from the xt domain to the k-w domain, and then
calculates the power in the k-w plane, as represented by a
k-o plot.

[0055] The array processor 132 uses standard so-called
beam forming, array processing, or adaptive array-process-
ing algorithms, i.e. algorithms for processing the sensor
signals using various delays and weighting to create suitable
phase relationships between the signals provided by the
different sensors, thereby creating phased antenna array
functionality. In other words, the beam forming or array
processing algorithms transform the time domain signals
from the sensor array into their spatial and temporal fre-
quency components, i.e. into a set of wave numbers given by
k=2m/) where A is the wavelength of a spectral component,
and corresponding angular frequencies given by w=2mv.

[0056] The prior art teaches many algorithms of use in
spatially and temporally decomposing a signal from a
phased array of sensors, and the present invention is not
restricted to any particular algorithm. One particular adap-
tive array processing algorithm is the Capon method/algo-
rithm. While the Capon method is described as one method,
the present invention contemplates the use of other adaptive
array processing algorithms, such as MUSIC algorithm. The
present invention recognizes that such techniques can be
used to determine flow rate, i.e. that the signals caused by a
stochastic parameter convecting with a flow are time sta-
tionary and have a coherence length long enough that it is
practical to locate sensors 15 apart from each other and yet
still be within the coherence length.

[0057] Convective characteristics or parameters have a
dispersion relationship that can be approximated by the
straight-line equation,

k=w/u,

[0058] where u is the convection velocity (flow
velocity). Aplot of k-w pairs obtained from a spectral
analysis of sensor samples associated with convec-
tive parameters portrayed so that the energy of the
disturbance spectrally corresponding to pairings that
might be described as a substantially straight ridge,
a ridge that in turbulent boundary layer theory is
called a convective ridge. As will be described
hereinafter, as the flow becomes increasingly disper-
sive, the convective ridge becomes increasingly non-
linear. What is being sensed are not discrete events of
coherent structures 120, but rather a continuum of
possibly overlapping events forming a temporally
stationary, essentially white process over the fre-
quency range of interest. In other words, the con-
vective coherent structures 120 are distributed over a
range of length scales and hence temporal frequen-
cies.

[0059] To calculate the power in the k-w plane, as repre-
sented by a k-w plot (see FIG. 4) of either the signals, the
array processor 132 determines the wavelength and so the
(spatial) wavenumber k, and also the (temporal) frequency
and so the angular frequency w, of various of the spectral
components of the stochastic parameter. There are numerous
algorithms available in the public domain to perform the
spatial/temporal decomposition of arrays of sensors 15.

[0060] The present embodiment may use temporal and
spatial filtering to precondition the signals to effectively
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filter out the common mode characteristics Pcommon mode
and other long wavelength (compared to the sensor spacing)
characteristics in the pipe 14 by differencing adjacent sen-
sors 15 and retain a substantial portion of the stochastic
parameter associated with the flow field and any other short
wavelength (compared to the sensor spacing) low frequency
stochastic parameters.

[0061] In the case of suitable coherent structures 120
being present, the power in the k-o plane shown in a k-w
plot of FIG. 4 shows a convective ridge 124. The convective
ridge represents the concentration of a stochastic parameter
that convects with the flow and is a mathematical manifes-
tation of the relationship between the spatial variations and
temporal variations described above. Such a plot will indi-
cate a tendency for k-m pairs to appear more or less along a
line 124 with some slope, the slope indicating the flow
velocity.

[0062] Once the power in the k-m plane is determined, a
convective ridge identifier 134 uses one or another feature
extraction method to determine the location and orientation
(slope) of any convective ridge 124 present in the k- plane.
In one embodiment, a so-called slant stacking method is
used, a method in which the accumulated frequency of k-w
pairs in the k-w plot along different rays emanating from the
origin are compared, each different ray being associated with
a different trial convection velocity (in that the slope of a ray
is assumed to be the flow velocity or correlated to the flow
velocity in a known way). The convective ridge identifier
134 provides information about the different trial convection
velocities, information referred to generally as convective
ridge information.

[0063] The analyzer 136 examines the convective ridge
information including the convective ridge orientation
(slope). Assuming the straight-line dispersion relation given
by k=w/u, the analyzer 136 determines the flow velocity
and/or volumetric flow, which are output as parameters 21.
The volumetric flow is determined by multiplying the cross-
sectional area of the inside of the pipe with the velocity of
the process flow.

[0064] As previously noted, for turbulent, Newtonian flu-
ids, there is typically not a significant amount of dispersion
over a wide range of wavelength to diameter ratios. As a
result, the convective ridge 124 in the k-w plot is substan-
tially straight over a wide frequency range and, accordingly,
there is a wide frequency range for which the straight-line
dispersion relation given by k=w/u provides accurate flow
velocity measurements.

[0065] For stratified flows, however, some degree of dis-
persion exists such that coherent structures 120 convect at
velocities which depend on their size. As a result of increas-
ing levels of dispersion, the convective ridge 124 in the k-
plot becomes increasingly non-linear. For example, FIG. 5
depicts a k-m plot having a non-linear ridge 124, which is
shown having an exaggerated curvature for purposes of
description. Thus, unlike the non-dispersive flows, deter-
mining the flow rate of a dispersive mixture by tracking the
speed at which coherent structures 120 convect requires a
methodology that accounts for the presence of significant
dispersion.

[0066] Referring to FIGS. 3, 5, and 6, a method can be
described for quantifying the level of stratification, as well
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as to measure the volumetric flow rate, in stratified flows.
The method, generally indicated in FIG. 6 at 60, begins with
block 62, where a velocity U, of the flow 13 is initialized.
Initially, the velocity U, may be selected, for example, based
on operating experience, expected velocities, and the like.

[0067] Next, in block 64, maximum and minimum fre-
quencies (F,,,, and F_; ) defining a first frequency range
AF are determined using the velocity U, the pipe diameter
D, and maximum and minimum non-dimensional length
scales FD/U. As will be discussed hereinafter, the maximum
and minimum non-dimensional length scales may be deter-
mined using a calibration routine wherein the maximum and
minimum non-dimensional length scales are selected to
define a range centered on a non-dimensional length scale
that is least sensitive to stratification. In the example shown
in FIG. 5, a maximum non-dimensional length scale of
FD/U=2.33 and a minimum non-dimensional length scale of
FD/U=0.66 are used. Thus, for this example:

F o, =2.33%U,/D
Fin=0.66*U,/D

[0068] 1t will be appreciated, however, that different non-
dimensional length scales may be used, depending on the
results of the calibration routine.

[0069] The method continues at block 66, where the
convective ridge identifier 134 identifies a convective ridge
124 in the k-w plot as a straight line 123 (FIG. 5) over the
first frequency range AF,. In block 66, the convective ridge
identifier 134 determines the slope of the straight line
representation of the first convective ridge (e.g., the slope of
line 123), and, using this slope, the analyzer 136 determines
a nominal velocity U, (block 68). Recalling that FD/U is the
inverse of A/D, where A is wavelength, the non-dimensional
length scale of FD/U ranging from 0.66 to 2.33 corresponds
to 1/D’s (for A=1) of 1.5 to 0.43. Note that the nominal
velocity U, is centered on coherent structures with length
scales of 0.667 diameters in length.

[0070] After the nominal velocity U, is calculated over the
frequency range AF, in block 68, the nominal velocity U, is
compared to the velocity U, in block 70 and, if the two
velocities are equal (or approximately equal within an
appropriate range), then the nominal velocity U, is provided
as the nominal velocity U of the flow 13 (block 72), which
may be used to determine volumetric flow rate of the flow
13.

[0071] If, however, the velocities U, and U, are not equal
(or not within the appropriate range) in block 70, U, is set
equal to U, (block 74) and the process returns to block 64
where the maximum and minimum frequencies (F_.. and
F,.;,) defining the first frequency range AF, are determined
using the new velocity U,. This iterative process continues

until U,=U, at block 70.

[0072] After the nominal velocity U of the flow 13 is
determined (block 72), average convection velocities are
then calculated over a plurality of relatively small frequency
ranges AF,. In method 60, this is accomplished by identi-
fying a plurality of portions 125 (FIG. 5) of the convective
ridge 124 over a plurality of second frequency ranges AF,
(block 76), where each second frequency range AF, is
smaller than the first frequency range AF, and has a unique
midpoint frequency, as shown at 127 in FIG. 5. The con-
vective ridge identifier 134 then determines a slope of each
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portion 125 of the convective ridge 124 as a best fit line
forced to fit through the origin and the portion of the
convective ridge (block 78). Using the slope of each portion
125, the analyzer 136 determines a nominal convection
velocity of coherent structures having a range of length
scales corresponding to the associated second frequency
range AF, (block 80). Next, in block 82, the analyzer 136
normalizes these nominal convection velocities using the
nominal velocity U, and then plots each normalized con-
vection velocity as a function of the respective midpoint
frequency 127 (non-dimensionalized by the nominal veloc-
ity U and the diameter D of the pipe) to create a dispersion
plot (block 84).

[0073] The functional dependency of the velocity versus
frequency is captured by a linear fit (block 86). For non-
dispersive flows, the linear fit would have a slope of 0.0 and
a y-intercept of 1.0. Any variation to this can be attributed
to dispersion. For flows with dispersion, the slope of the
linear fit serves as a quantifiable measure of the stratification
(block 88).

[0074] FIG. 7 depicts an example of a dispersion plot for
a 30 inch hydrotransport line with a nominal velocity U of
12 ft/sec. created using the method of the present invention.
For the example given in FIG. 7, the dispersion metric, i.c.,
the slope of the dispersion plot, is 19%, which indicates a
significant amount of dispersion. The convection velocity,
determined as described above for wavelengths of one
diameter is 0.8 of the velocity of the wavelength with a
length of 0.667 diameters (i.e., FD/U=1.5). Structures with
wavelengths centered around % diameters (i.e., FD/U=4) are
shown to be convecting roughly 1.4 times the convection
velocity of wavelengths centered around 0.667 diameters.

[0075] The dispersion plot can also be used as part of a
calibration procedure to accurately determine the volumetric
flow rate in the presence of stratification. For example, the
range of non-dimensional length scales of FD/U used in
determining the nominal flow velocity U may be selected as
that range which is least sensitive to stratification. This may
be accomplished, for example, by creating two or more
dispersion plots, each at a different level of stratification. For
example, in the hydrotransport of solids, dispersion plots
may be created for different concentrations of solids. It has
been determined that, as the slope of the linear fit of the
dispersion plot increases from one level of stratification to
another, the point about which the linear fit pivots provides
a good approximation of the non-dimensional length scale
FD/U that is least sensitive to stratification. Thus, the
non-dimensional length scale FD/U that is least sensitive to
stratification can be approximated by comparing the disper-
sion plots for different levels of stratification and identifying
the pivot point of the linear fit of the dispersion plot from one
dispersion plot to another. The non-dimensional length scale
FD/U associated with the pivot point can be used as the
mid-point for the range of non-dimensional length scales of
FD/U used in method 60 of FIG. 6 for determining the
nominal flow velocity U and the dispersion plot.

[0076] FIGS. 7-12 depict various examples of dispersion
plots created using the method of the present invention. In
each of these examples, a spatial wave number (i.c., FD/U)
range of 0.66 to 2.33 with a center wave number of 1.5 was
used. FIG. 8 shows an example of a hydrotransport of
bitumen, sand, water, and air. In this case, the flow isin a 27
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inch pipe, traveling at a nominal flow rate of 15 ft/sec. Here
the slope of the dispersion plot is calculated to be 0.078 (i.e.,
a dispersion parameter of 7.8%).

[0077] FIG. 9 shows a dispersion plot for a 10 inch, 1%
consistency pulp-in-water suspension flowing at a nominal
volumetric flow rate of 10 ft/sec. The resulting linear curve
fit equation, shown in FIG. 9, has a slope of —0.023, which
can be classified as non-dispersive flow.

[0078] FIG. 10 shows a dispersion plot for a mixture of
bitumen, sand, water, and air at 25 ft/sec in a 4 inch diameter
pipe. The resulting linear curve fit equation, shown in FIG.
10, has a slope of -0.003, which can be classified as
non-dispersive flow.

[0079] FIG. 11 shows a dispersion plot for a 16 inch pipe
flowing water at a nominal flow velocity of 10 ft/sec. The
resulting linear curve fit equation, shown in FIG. 11, has a
slope of —0.013, which can be classified as non-dispersive
flow.

[0080] FIG. 12 shows the dispersion characteristics for a
24 inch tailings line operating at 8 ft/sec. As shown, the
tailings line is exhibiting a dispersion metric of about 18%.
Using a spatial wave number (i.e. FD/U) range of 0.66 to
2.33 with a center wave number of 1.5, the velocity deter-
mined by the method of the present invention demonstrated
good agreement with an in-line magnetic flow meter, as
demonstrated in FIG. 13. Centering the frequency range on
structure with a length scale of %5 the pipe diameter seems
reasonable and consistent with conceptual model. Although
accurate reference data from other stratified flows is cur-
rently not available, the similar dispersion characteristics
suggest that using this, or similar, non-dimensional length
scales should be a reasonable approach for interpreting the
volumetric flow rates other stratified flows using sonar-
based flow measurement.

[0081] Comparison of the examples provided in FIGS.
7-12 reveals that the slope of the dispersion curve tracks, at
least qualitatively, the level of stratification present. The
slope approaches zero for well-mixed slurries and Newto-
nian fluids and increases with decreasing flow rates, consis-
tent with stratification increasing with decreasing flow rates.

[0082] FIG. 14 depicts a longitudinal cross-section of an
apparatus 100 for determining the level of stratification of
the flow 13 in accordance with an alternative embodiment of
the present invention, and FIG. 15 depicts a transverse
(radial) cross-section of the apparatus 100. In this embodi-
ment, the apparatus 100 determines the level of stratification
of the flow 13 and a volumetric flow rate of the flow 13 by
comparing locally measured velocities at the top and bottom
of the pipe 14. The apparatus 100 includes a first spatial
array 11 of at least two sensors 15 disposed at different axial
locations X, . . . Xy along the top of the pipe 14. Each of the
sensors 15 provides a pressure signal P(t) indicative of
unsteady pressure created by coherent structures 120 con-
vecting with a portion of the flow 13 near the top of the pipe
14. The apparatus further includes a second spatial array 11'
of at least two sensors 15 disposed at the different axial
locations X; . . . X, along the bottom of the pipe 14. Each of
the sensors 15 in the second spatial array 11' provides a
pressure signal P(t)' indicative of unsteady pressure created
by coherent structures 120 convecting with a portion of the
flow 13 near the bottom of the pipe 14.
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[0083] The sensors 15 from each array 11 and 11' provide
analog pressure time-varying signals P,(t), P,(t), P5(t) . . .
Pr(1) to one or more signal processors 19 to determine flow
velocity of each array. The signal processor 19 applies the
pressure signals from the sensors 15 in the array 11 to flow
logic 36 executed by the signal processor 19 to determine the
velocity of the flow 13 near the top of the pipe 14. The signal
processor 19 applies the pressure signals from the sensors 15
in the array 11' to flow logic 36 executed by the signal
processor 19 to determine the velocity of the flow 13 near
the bottom of the pipe 14. The flow logic 36 applies a sonar
array-processing algorithm as described above with respect
to FIGS. 3 and 4 to determine the velocities.

[0084] In the embodiment shown, each of the sensors 15
is formed by a strip of piezoelectric material such as, for
example, the polymer, polarized fluoropolymer, PVDE,
which measures the strain induced within the pipe 14 due to
the coherent structures convecting with the flow 13. The
sensors 15 can be formed from PVDF films, co-polymer
films, or flexible PZT sensors, similar to that described in
“Piezo Film Sensors technical Manual” provided by Mea-
surement Specialties, Inc. of Fairfield, N.J., which is incor-
porated herein by reference. The strips of piezoelectric film
material forming the sensors 15 along each axial location x,
... Xy of the pipe 14 may be adhered to the surface of a steel
strap 206 (e.g., a hose clamp) that extends around and
clamps onto the outer surface of the pipe 14. As discussed
hereinafter, other types of sensors 15 and other methods of
attaching the sensors 15 to the pipe 14 may be used.

[0085] In the embodiment shown, the sensors 15 extend
over an arcuate outer surface of the pipe 14 defined by the
angle 0, which is centered on a vertical line 203. For
example, the each of the sensors 15 may extend about ¥4 of
the circumference of the pipe 14. Because the sensors 15 do
not extend across the side surfaces of the pipe 14, and
because the sensors 15 tend to sense local disturbances
within the flow 13, the sensors 15 sense coherent structures
120 convecting with a portion of the flow 13 near the top or
bottom of the pipe 14. Accordingly, as the size of the sensors
15 are decreased (i.e., as the angle 6 is decreased), the
unsteady pressures sensed by the by the sensors 15 more
accurately indicate the nominal flow velocity of the portion
of the flow 13 near the top or bottom of the pipe 14.
However, the degree of accuracy provided by decreasing the
size of the sensors is offset by the decrease in signal strength
provided by the sensors 15. Therefore, the size of the sensors
15 (i.e., the angle 6 used) is dependent at least on the degree
of accuracy desired and the strength of the signals P,(t),
P.(1), P5(1) . . . Pn(t) required by the signal processor 19.

[0086] While the apparatus 100 is shown as including four
sensors 15 in each array 11 and 11/, it is contemplated that
each array 11 and 11' may include two or more sensors 15,
with each sensor 15 providing a pressure signal P(t) indica-
tive of unsteady pressure within the pipe 14 at a correspond-
ing axial location X of the pipe 14. For example, the
apparatus may include 2, 3, 4,5, 6,7, 8§, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 sensors 15.
Generally, the accuracy of the measurement improves as the
number of sensors 15 in the arrays 11 and 11' increases. The
degree of accuracy provided by the greater number of
sensors 15 is offset by the increase in complexity and time
for computing the desired output parameter of the flow.
Therefore, the number of sensors 15 used is dependent at
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least on the degree of accuracy desired and the desire update
rate of the output parameter provided by the apparatus 100.

[0087] FIG. 16 depicts a plot of the normalized velocity
for the top and bottom arrays 11 and 11'. The ratio of the
velocities near the top and bottom of the pipe 14 correlates
to the level of stratification of the flow 13. Under conditions
where there is no stratification, flow near the top and bottom
of the pipe (and the coherent structures convecting with the
flow) will travel at approximately the same velocity. As the
level of stratification increases, the top array 11 will measure
a higher normalized velocity and the bottom array 11' will
measure a lower normalized velocity. Thus, by comparing
the velocities near the top and bottom of the pipe 14, the
level of stratification of the flow 13 can be determined.

[0088] The velocities near the top and bottom of the pipe
14 can also be used to estimate the nominal velocity of the
flow 13, which, in turn, may be used to determine the
volumetric flow rate of the flow 13. For example, nominal
velocity may be determined using an average of the two
velocities or some other ratio of the two velocities, wherein
the ratio is dependent on the level of stratification (or
difference between the two velocities). In another example,
as shown in FIG. 16, the velocities near the top and bottom
of the pipe may be plot as a function of the distance between
the top and bottom arrays. In this example, the distance
between the top and bottom arrays is approximately equal to
the pipe diameter, and each increment on the X-axis repre-
sents some portion of this distance. The velocities at the top
and bottom of the pipe define a straight line 210, which has
a slope that changes with the level of stratification. Using
this straight line, the velocities at different distances between
the top and bottom of the pipe can be estimated, and the
velocity at the appropriate pipe location can be used as the
nominal velocity. In the example shown, velocity at the
center of the pipe (mid-way between the top and bottom
arrays) is estimated.

[0089] FIG. 17 depicts a transverse (radial) cross-section
of the apparatus 100 of FIG. 15, further including at least
one additional spatial array 11" of sensors 15 aligned axially
along the pipe 14 and being positioned between the first and
second spatial arrays 11 and 11'. FIG. 18 depicts a side
elevation view of this embodiment. The sensors 15 in each
additional array 11" provide analog pressure time-varying
signals P(), P,(1), P5(t) . . . Py(t) to one or more signal
processors 19, which determines flow velocity of the fluid
proximate each additional array 11". Optionally, each array
11" may comprise a pair of sensors 15 disposed on the pipe
at a corresponding level between the top and bottom arrays
11 and 11', as indicated at 215,216, and 217. These optional
sensors 15 are shown in phantom in FIG. 17. For each array,
the signals output from the pair of sensors 15 at correspond-
ing axial locations X; . . . . Xy are combined (e.g., summed)
as a single input to the signal processor 19 to eliminate
portions of the signal caused by horizontal bending modes of
the pipe 14.

[0090] FIG. 19 depicts a plot of the normalized velocity
for each array 11, 11', and 11". As in the example of FIG. 16,
the ratio of the velocities near the top and bottom of the pipe
14 correlates to the level of stratification of the flow 13. The
additional arrays 11" allow a velocity profile to be con-
structed, with the number of data points in the profile being
equal to the number of arrays 11, 11' and 11". Comparing the
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velocity profiles of FIG. 16 and FIG. 19, it can be seen that
the additional arrays 11" used to create the profile of FIG.
19 allow for a more accurate representation of the velocities
at different locations in the pipe 14 than the straight line
approximation of FIG. 16.

[0091] As can be seen in the velocity profile of FIG. 19,
the extreme top and bottom velocity readings (the velocity
readings at arrays 1 and 7, respectively) tend to be the most
diverse, with the reading at the transverse sides of the pipe
14 (the reading at array 4) providing a nominal velocity for
the entire profile. Accordingly, it can be seen that for
measuring nominal velocity in stratified flow using an array
of sensors, it may be advantageous to sense unsteady pres-
sures along the transverse sides of the pipe, such that the
areas of extreme diversity in velocity (i.e., the top and
bottom of the pipe) are ignored. For example, the center-
most array (array 4) may be used to determine the nominal
velocity of the flow 13, or the center-most arrays (e.g., arrays
3, 4, and 5) can be used to determine the nominal velocity
of the flow. The present invention also contemplates that any
array offset from the center horizontal array (i.e., array 4),
such as arrays 3 and 5 or combinations of other arrays (e.g.,
arrays 2 & 3 or arrays 5 & 6) may be used to determine the
nominal or average velocity of the process flow 13. The
determination of which array or set of arrays to determine
the nominal velocity is dependent on the level of stratifica-
tion.

[0092] FIG. 20 depicts a transverse (radial) cross-section
of an apparatus 200 for determining the level of stratification
of the flow 13 in accordance with another alternative
embodiment of the present invention, and FIG. 21 depicts a
side elevation view of the alternative embodiment of FIG.
20. In this embodiment, the apparatus 10 includes a spatial
array 11 of at least two sensors 15 disposed at different axial
locations X, . . . Xy along the pipe 14. Each of the sensors 15
includes a pair of sensor half-portions 202 disposed on
opposing lateral surfaces of the pipe 14. Each pair of sensor
half-portions 202 provides a pressure signal P(t) indicative
of unsteady pressure created by coherent structures 120
(FIG. 1) convecting with the flow 13 within the pipe 14 at
a corresponding axial location X, . . . Xy of the pipe 14. The
sensors 15 provide analog pressure time-varying signals
P,(1), Po(D), P5(D) . . . P(V) to a signal processor 19, which
determines the parameter of the flow 13 using pressure
signals from the sensors 15, and outputs the parameter as a
signal 21. The signals provided by corresponding sensor
half-pairs 202 in each sensor 15 may be combined (e.g.,
summed) as a single input to the signal processor 19, thus
eliminating portions of the signal caused by horizontal
bending modes of the pipe 14.

[0093] Inthe present embodiment, the sensor half-portions
202 are advantageously placed on the lateral side surfaces of
the pipe 14. The sensor half-portions 202 extend over an
arcuate outer surface of the pipe 14 defined by the angle 6,
which is centered on a horizontal line 204. For example, the
each of the sensors 15 may extend about % of the circum-
ference of the pipe 14. Because the sensor half-portions 202
do not extend across the top and bottom surfaces of the pipe
14, and because the sensor half-portions 202 tend to sense
local disturbances within the flow 13, the extreme regions of
the velocity profile are ignored. Accordingly, as the length of
the sensor half-portions 202 is decreased (i.e., as the angle
0 is decreased), the unsteady pressures sensed by the sensor
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half-portions 202 provide a more localized velocity mea-
surement and in some instances a more accurate indication
of the nominal flow velocity for stratified flow. However, the
degree of accuracy provided by decreasing the size of the
sensor half-portions 202 is offset by the decrease in signal
strength provided by the sensor half portions 202. Therefore,
the size of the sensor half-portions 202 (i.e., the angle ©
used) is dependent at least on the degree of accuracy desired
and the strength of the signals P;(t), P,(t), P5(t) . . . P (D)
required by the signal processor 19.

[0094] While the sensor portions 202 are centered about
the horizontal plane of the pipe, it may be advantageous to
dispose the sensor portions 202 above or below the hori-
zontal center of the pipe depending on the expected level of
stratification.

[0095] While the apparatus 10 is shown as including four
sensors 15, it is contemplated that the array 11 of sensors 15
includes two or more sensors 15, each providing a pressure
signal P(t) indicative of unsteady pressure within the pipe 14
at a corresponding axial location X of the pipe 14. For
example, the apparatus may include 2, 3,4, 5,6, 7,8, 9, 10,
11,12,13,14,15,16,17,18, 19, 20, 21, 22, 23, or 24 sensors
15. Generally, the accuracy of the measurement improves as
the number of sensors in the array increases. The degree of
accuracy provided by the greater number of sensors is offset
by the increase in complexity and time for computing the
desired output parameter of the flow. Therefore, the number
of sensors used is dependent at least on the degree of
accuracy desired and the desired update rate of the output
parameter provided by the apparatus 10.

[0096] The signals P,(t) . .. Py(t) provided by the sensors
15 in the array 11 are processed by the signal processor 19,
which may be part of a larger processing unit 20. For
example, the signal processor 19 may be a microprocessor
and the processing unit 20 may be a personal computer or
other general purpose computer. It is contemplated that the
signal processor 19 may be any one or more analog or digital
signal processing devices for executing programmed
instructions, such as one or more microprocessors or appli-
cation specific integrated circuits (ASICS), and may include
memory for storing programmed instructions, set points,
parameters, and for buffering or otherwise storing data.

[0097] To determine the one or more parameters 21 of the
flow 13, the signal processor 19 applies the data from the
sensors 15 to flow logic 36 executed by signal processor 19.
The flow logic 36 applies a sonar array-processing algorithm
as described above with respect to FIGS. 3 and 4 to
determine the velocities. Some or all of the functions within
the flow logic 36 may be implemented in software (using a
microprocessor or computer) and/or firmware, or may be
implemented using analog and/or digital hardware, having
sufficient memory, interfaces, and capacity to perform the
functions described herein.

[0098] In the embodiment shown, each of the sensor
half-portions 202 is formed by a piezoelectric material such
as, for example, the polymer, polarized fluoropolymer,
PVDE, which measures the strain induced within the pipe 14
due to the coherent structures convecting with the flow 13.
The sensor half-portions 202 can be formed from PVDF
films, co-polymer films, or flexible PZT sensors, similar to
that described in “Piezo Film Sensors technical Manual”
provided by Measurement Specialties, Inc. of Fairfield, N.J.,
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which is incorporated herein by reference. The PVDF mate-
rial forming each sensor half-portion 202 may be adhered to
the surface of a steel strap 206 (e.g., a hose clamp) that
extends around and clamps onto the outer surface of the pipe
14. It is also contemplated that other methods of attaching
the sensor half-portions 202 to the pipe 14 may be used. For
example, the sensor half-portions 202 may be adhered
directly to the pipe 14. As discussed hereinafter, other types
of sensors 15 and other methods of attaching the sensors 15
to the pipe 14 may be used.

[0099] As previously noted, as the size of the sensor
half-portions 202 is decreased (i.c., as the angle 8 is
decreased), the unsteady pressures sensed by the by the
sensor half-portions 202 more accurately indicate the nomi-
nal flow velocity for stratified flow. However, the degree of
accuracy provided by decreasing the size of the sensor
half-portions 202 is offset by the decrease in signal strength
provided by the sensor half portions 202. Moreover, as the
flow 13 becomes less stratified, it is advantageous to
increase the size of sensors 15 in order to sense a larger
portion of the flow 13. Combining the teachings of FIGS.
14-21, yet another embodiment of the present invention can
be described wherein the size of the sensor half-portions 202
is increased or decreased depending on the level of strati-
fication of the flow 13. This embodiment employs a sensor
arrangement similar to that shown in FIGS. 17 and 18,
wherein a plurality of sensors 15 are disposed around the
perimeter of the pipe 14 at each axial location X; . . . Xy of
the pipe 14 (including the optional sensors 15 shown in FIG.
17). For example, the sensors 15 along each axial location x,
. .. Xy of the pipe 14 may comprise strips of piezoelectric
film material adhered to the surface of a steel strap 206 (e.g.,
a hose clamp) that extends around and clamps onto the outer
surface of the pipe 14. As discussed hereinafter, other types
of sensors 15 and other methods of attaching the sensors 15
to the pipe 14 may be used.

[0100] In this embodiment, the sensors 15 arrays 11 and
11" are used as previously described with reference to FIGS.
14-19. That is, the signal processor 19 applies the pressure
signals from the sensors 15 in the array 11 to flow logic 36
executed by the signal processor 19 to determine the veloc-
ity of the flow 13 near the top of the pipe 14, and the signal
processor 19 applies the pressure signals from the sensors 15
in the array 11' to flow logic 36 executed by the signal
processor 19 to determine the velocity of the flow 13 near
the bottom of the pipe 14. The signal processor 19 then
compares the velocities near the top and bottom of the pipe
14 to determine the level of stratification of the flow 13.

[0101] Also in this embodiment, as shown in FIGS. 17
and 18, for each axial location x; . . . . Xy of the pipe 14 (e.g.,
for each strap 206), the sensors 15 positioned on one side of
the pipe (e.g., the sensors 15 to the left of vertical line 203)
represent one sensor half-portion, and the sensors 15 posi-
tioned on the opposite side of the pipe (e.g. the sensors 15
to the right of vertical line 203) represent the other sensor
half portion. For each axial location X, . . . Xy, the output
signals from each of the sensors 15 forming the sensor half
portions are combined (e.g., summed) and processed to
determine the nominal velocity of the flow 13 as described
with reference to FIGS. 20 and 21.

[0102] Inresponse to the determined level of stratification,
the signal processor 19 can adjust the size of the sensor
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half-portions by selecting the number of sensors 15 in each
sensor half portion. For example, if a the level of stratifi-
cation is high (e.g., there is a large spread between the
velocities at the top and bottom of the pipe 14), the signal
processor 19 may process only the signals from one pair of
sensors 15. (e.g., the center-most sensors 15 located at line
216 of FIG. 17) for each axial location X; . . . Xy to
determine the nominal velocity of the flow 13. If the level of
stratification decreases (e.g., there is a reduction in the
spread between the velocities at the top and bottom of the
pipe 14), the signal processor 19 may combine the signals
from an increased number of sensors 15 at each axial
location X; . . . Xy (e.g., the sensors 15 located at lines 215,
216, and 217 of FIG. 17) to determine the nominal velocity
of the flow 13. Furthermore, if there is no stratification
detected, the signal processor may combine the signals from
all of the sensors 15 at each axial location X; . . . Xy to
determine the nominal velocity of the flow 13.

[0103] As discussed hereinbefore referring to FIGS.
17-19, the present invention also contemplates that any array
offset from the center horizontal array (i.e., array 4), such as
arrays 3 and 5 or combinations of other arrays (e.g., arrays
2 & 3 or arrays 5 & 6) may be used to determine the nominal
or average velocity of the process flow 13. The determina-
tion of which array or set of arrays to determine the nominal
velocity is dependent on the level of stratification. It is
further contemplated that the selected arrays to determine
the nominal velocity and volumetric flow of the process fluid
may be dynamic selected in response to the measured level
of stratification.

[0104] In any of the embodiments described herein, the
sensors 15 may include electrical strain gages, optical fibers
and/or gratings, ported sensors, ultrasonic sensors, among
others as described herein, and may be attached to the pipe
by adhesive, glue, epoxy, tape or other suitable attachment
means to ensure suitable contact between the sensor and the
pipe 14. The sensors 15 may alternatively be removable or
permanently attached via known mechanical techniques
such as mechanical fastener, spring loaded, clamped, clam
shell arrangement, strapping or other equivalents. Alterna-
tively, strain gages, including optical fibers and/or gratings,
may be embedded in a composite pipe 14. If desired, for
certain applications, gratings may be detached from (or
strain or acoustically isolated from) the pipe 14 if desired. It
is also contemplated that any other strain sensing technique
may be used to measure the variations in strain in the pipe
14, such as highly sensitive piezoelectric, electronic or
electric, strain gages attached to or embedded in the pipe 14.

[0105] In various embodiments of the present invention, a
piezo-electronic pressure transducer may be used as one or
more of the pressure sensors and it may measure the
unsteady (or dynamic or ac) pressure variations inside the
pipe 14 by measuring the pressure levels inside the pipe. In
one embodiment of the present invention, the sensors 14
comprise pressure sensors manufactured by PCB Piezotron-
ics of Depew, N.Y. For example, in one pressure sensor there
are integrated circuit piezoelectric voltage mode-type sen-
sors that feature built-in microelectronic amplifiers, and
convert the high-impedance charge into a low-impedance
voltage output. Specifically, a Model 106B manufactured by
PCB Piezotronics is used which is a high sensitivity, accel-
eration compensated integrated circuit piezoelectric quartz
pressure sensor suitable for measuring low pressure acoustic
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phenomena in hydraulic and pneumatic systems. It has the
unique capability to measure small pressure changes of less
than 0.001 psi under high static conditions. The 106B has a
300 mV/psi sensitivity and a resolution of 91 dB (0.0001
psi).

[0106] The sensors 15 may incorporate a built-in MOS-
FET microelectronic amplifier to convert the high-imped-
ance charge output into a low-impedance voltage signal. The
sensors 15 may be powered from a constant-current source
and can operate over long coaxial or ribbon cable without
signal degradation. The low-impedance voltage signal is not
affected by triboelectric cable noise or insulation resistance-
degrading contaminants. Power to operate integrated circuit
piezoelectric sensors generally takes the form of a low-cost,
24 to 27 VDC, 2 to 20 mA constant-current supply.

[0107] Most piezoelectric pressure sensors are constructed
with either compression mode quartz crystals preloaded in a
rigid housing, or unconstrained tourmaline crystals. These
designs give the sensors microsecond response times and
resonant frequencies in the hundreds of kHz, with minimal
overshoot or ringing. Small diaphragm diameters ensure
spatial resolution of narrow shock waves.

[0108] The output characteristic of piezoelectric pressure
sensor systems is that of an AC-coupled system, where
repetitive signals decay until there is an equal area above and
below the original base line. As magnitude levels of the
monitored event fluctuate, the output remains stabilized
around the base line with the positive and negative areas of
the curve remaining equal.

[0109] Furthermore it is contemplated that each of the
sensors 15 may include a piezoelectric sensor that provides
a piezoelectric material to measure the unsteady pressures of
the flow 13. The piezoelectric material, such as the polymer,
polarized fluoropolymer, PVDF, measures the strain induced
within the process pipe 14 due to unsteady pressure varia-
tions within the flow 13. Strain within the pipe 14 is
transduced to an output voltage or current by the attached
piezoelectric sensors 15.

[0110] The PVDF material forming each piezoelectric
sensor 15 may be adhered to the outer surface of a steel strap
that extends around and clamps onto the outer surface of the
pipe 14. The piezoelectric sensing element is typically
conformal to allow complete or nearly complete circumfer-
ential measurement of induced strain. The sensors can be
formed from PVDF films, co-polymer films, or flexible PZT
sensors, similar to that described in “Piezo Film Sensors
technical Manual” provided by Measurement Specialties,
Inc. of Fairfield, N.J., which is incorporated herein by
reference. The advantages of this technique are the follow-
ing:

[0111] 1. Non-intrusive flow rate measurements

[0112] 2. Low cost

[0113] 3. Measurement technique requires no excita-
tion source. Ambient flow noise is used as a source.

[0114] 4. Flexible piezoelectric sensors can be
mounted in a variety of configurations to enhance
signal detection schemes. These configurations
include a) co-located sensors, b) segmented sensors
with opposing polarity configurations, ¢) wide sen-
sors to enhance acoustic signal detection and mini-
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mize vortical noise detection, d) tailored sensor
geometries to minimize sensitivity to pipe modes, ¢)
differencing of sensors to eliminate acoustic noise
from vortical signals.

[0115] 5. Higher Temperatures (140C) (co-polymers)

[0116] The present invention can be embodied in the form
of computer-implemented processes and apparatuses for
practicing those processes. The present invention can also be
embodied in the form of computer program code containing
instructions embodied in tangible media, such as floppy
diskettes, CD-ROMSs, hard drives, or any other computer-
readable storage medium, wherein, when the computer
program code is loaded into and executed by a computer, the
computer becomes an apparatus for practicing the invention.
The present invention can also be embodied in the form of
computer program code, for example, whether stored in a
storage medium, loaded into and/or executed by a computer,
or transmitted over some transmission medium, such as over
electrical wiring or cabling, through fiber optics, or via
electromagnetic radiation, wherein, when the computer pro-
gram code is loaded into and executed by a computer, the
computer becomes an apparatus for practicing the invention.
When implemented on a general-purpose microprocessor,
the computer program code segments configure the micro-
processor to create specific logic circuits.

[0117] Tt should be understood that any of the features,
characteristics, alternatives or modifications described
regarding a particular embodiment herein may also be
applied, used, or incorporated with any other embodiment
described herein. In addition, it is contemplated that, while
the embodiments described herein are useful for flow having
dispersive properties (e.g., stratified flow), the embodiments
described herein can also be used for homogeneous flow
with no dispersive properties.

[0118] Although the invention has been described and
illustrated with respect to exemplary embodiments thereof,
the foregoing and various other additions and omissions may
be made therein and thereto without departing from the spirit
and scope of the present invention.

What is claimed is:
1. An apparatus for measuring a parameter of a flow
passing through a pipe, the apparatus comprising:

a spatial array of sensors disposed at different axial
locations along the pipe, each of the sensors providing
a signal indicative of unsteady pressure created by
coherent structures convecting with the flow; and

a signal processor configured to:

determine, from the signals, convection velocities of
coherent structures having different length scales,
and

compare the convection velocities to determine a level

of stratification of the flow.
2. The apparatus of claim 1, wherein, in comparing the
convection velocities, the signal processor is configured to:

construct a plot of the convection velocities as a function
of the length scales, and

determine a slope of a best-fit line through the plot, the
slope of the line indicating the level of stratification of
the flow.
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3. The apparatus of claim 2, wherein the plot is normal-
ized by a nominal velocity of the flow and a diameter of the
pipe.

4. The apparatus of claim 2, wherein the slope is used to
calibrate the signal processor to determine the volumetric
flow rate of the flow.

5. The apparatus of claim 4, wherein the signal processor
is configured to:

construct from the signals at least a portion of a k-w plot;
and

determine a frequency range over which the signal pro-

cessor analyzes a convective ridge in the k-w plot for
determining the volumetric flow rate.

6. The apparatus of claim 2, wherein, in constructing the

plot of convection velocity of the coherent structures as a

function of frequency, the signal processor is configured to:

construct from the signals at least a portion of a k-w plot;

identify a convective ridge in the k- plot over a first
frequency range;

determine a first slope of the convective ridge, the first
slope being indicative of a nominal velocity of the flow;

identify a plurality of portions of the convective ridge
over a plurality of second frequency ranges, each
second frequency range being smaller than the first
frequency range and having a respective midpoint;

determine a second slope for each of the portions of the
convective ridge, each second slope being indicative of
a nominal convection velocity of coherent structures
having a range of length scales corresponding to an
associated second frequency range;

normalize the nominal convection velocities of coherent
structures using the nominal velocity of the flow to
provide normalized convection velocities; and

plot each normalized convection velocity as a function of
the respective midpoint non-dimensionalized by the
nominal velocity of the flow and the diameter of the
pipe to provide the plot.

7. The apparatus of claim 6, wherein the first frequency
range is adjusted based on the slope.

8. The apparatus of claim 6, wherein a non-dimensional
length scale that is least sensitive to stratification is used to
determine the mid-point of the first frequency range, the
non-dimensional length scale that is least sensitive to strati-
fication being determined by comparing a plurality of dis-
persion plots for different levels of stratification and iden-
tifying the pivot point of the dispersion plots from one
dispersion plot to another.

9. An apparatus for measuring a parameter of a flow
passing through a pipe, the apparatus comprising:

a first spatial array of at least two sensors disposed at
different axial locations along the pipe, each of the
sensors in the first array providing a first signal indica-
tive of unsteady pressure created by coherent structures
convecting with a portion of the flow passing through
an upper portion of the pipe;

a second spatial array of at least two sensors disposed at
different axial locations along the pipe, each of the
sensors in the second array providing a second signal
indicative of unsteady pressure created by coherent
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structures convecting with a portion of the flow passing
through a lower portion of the pipe; and

at least one signal processor configured to:

determine a first velocity of the flow passing through
the upper portion of the pipe using the first signals,

determine a second velocity of the flow passing through
the lower portion of the pipe using the second
signals, and

compare the first and second velocities to determine the
parameter of the flow.

10. The apparatus of claim 9, wherein the parameter of the
flow includes at least one of: level of stratification of the
flow and volumetric flow rate of the flow.

11. The apparatus of claim 9, wherein the microprocessor
normalizes the first and second velocities before comparing
the first and second velocities.

12. The apparatus of claim 9, wherein the first spatial
array is aligned axially along a top of the pipe and the second
spatial array is aligned axially along a bottom of the pipe.

13. The apparatus of claim 9, further comprising:

at least one additional spatial array of at least two sensors
disposed at different axial locations along the pipe, each
of the sensors in the at least one additional array
providing a third signal indicative of unsteady pressure
created by coherent structures convecting with a por-
tion of the flow proximate the sensor, the at least one
additional spatial array being aligned axially along the
pipe and being positioned between the first and second
spatial arrays; and

wherein, for each additional spatial array, the at least one
signal processor is further configured to:

determine a third velocity of the flow near the additional
spatial array using the third signals, and

compare the first, second, and third velocities to deter-

mine the parameter of the flow.

14. The apparatus of claim 13, wherein the comparison of
the first, second, and third velocities provides a velocity
profile of the flow passing through the pipe.

15. The apparatus of claim 13, wherein the parameter of
the flow includes at least one of: level of stratification of the
flow and volumetric flow rate of the flow.

16. The apparatus of claim 13, wherein the microproces-
sor normalizes the first, second, and third velocities before
comparing the first, second, and third velocities.

17. The apparatus of claim 9, wherein the parameter of the
flow includes a level of stratification of the flow and
wherein, in response to the level of stratification of the flow,
the microprocessor selects a number of sensors for use in
determining a mean velocity of the flow.

18. An apparatus for measuring a parameter of a flow
passing through a pipe, the apparatus comprising:

a spatial array of sensors disposed at different axial
locations along the pipe, each of the sensors comprising
a pair of sensor half-portions disposed on opposing
lateral surfaces of the pipe, wherein each pair of sensor
half-portions provides a pressure signal indicative of
unsteady pressure created by coherent structures con-
vecting with the flow within the pipe at a corresponding
axial location of the pipe; and
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a signal processor configured to determine a nominal
velocity of the flow within the pipe using the signals.
19. A method for measuring a parameter of a flow passing
through a pipe using a spatial array of sensors disposed at
different axial locations along the pipe, each of the sensors
providing a signal indicative of unsteady pressure created by
coherent structures convecting with the flow, the method
comprising:

determining, from the signals, convection velocities of
coherent structures having different length scales, and

comparing the convection velocities to determine a level
of stratification of the flow.
20. The method of claim 19, wherein comparing the
convection velocities includes:

constructing a plot of the convection velocities as a
function of the length scales, and

determining a slope of a best-fit line through the plot, the
slope of the line indicating the level of stratification of
the flow.

21. The method of claim 20, wherein the plot is normal-
ized by a nominal velocity of the flow and a diameter of the
pipe.

22. The method of claim 20, further comprising:

constructing from the signals at least a portion of a k-w

plot; and

using the slope, determining a frequency range over

which the signal processor analyzes a convective ridge

in the k-w plot for determining the volumetric flow rate.

23. The method of claim 20, wherein constructing the plot

of convection velocity of the coherent structures as a func-
tion of frequency comprises:

constructing from the signals at least a portion of a k-
plot;
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identifying a convective ridge in the k-m plot over a first
frequency range;

determining a first slope of the convective ridge, the first
slope being indicative of a nominal velocity of the flow;

identifying a plurality of portions of the convective ridge
over a plurality of second frequency ranges, each
second frequency range being smaller than the first
frequency range and having a respective midpoint;

determining a second slope for each of the portions of the
convective ridge, each second slope being indicative of
a nominal convection velocity of coherent structures
having a range of length scales corresponding to an
associated second frequency range;

normalizing the nominal convection velocities of coher-
ent structures using the nominal velocity of the flow to
provide normalized convection velocities; and

plotting each normalized convection velocity as a func-
tion of the respective midpoint non-dimensionalized by
the nominal velocity of the flow and the diameter of the
pipe to provide the plot.

24. The method of claim 23, wherein the first frequency
range is adjusted based on the slope.

25. The method of claim 24, wherein a non-dimensional
length scale that is least sensitive to stratification is used to
determine the mid-point of the first frequency range, the
non-dimensional length scale that is least sensitive to strati-
fication being determined by comparing a plurality of dis-
persion plots for different levels of stratification and iden-
tifying the pivot point of the dispersion plots from one
dispersion plot to another.



