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Various methods are described for measuring parameters of 
a strati?ed ?oW 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 ?oW. 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 Strati?cation of the 
?oW. The level of Strati?cation may be used as part of a 
calibration procedure to determine the volumetric ?oW rate 
of the ?oW. In another aspect, the level of Strati?cation of the 
How 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 
Strati?cation of the ?oW. Additional sensor arrays may 
provide a velocity pro?le for the ?oW. 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 How Within the pipe using the signals. 
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METHOD AND APPARATUS FOR MEASURING 
PARAMETERS OF A STRATIFIED FLOW 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

[0001] The present application claims the bene?t of US. 
Provisional Patent Application No. 60/522,164, (CiDRA 
Docket No. CC-0732) ?led 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 strati? 
cation, and volumetric ?oW rate of a strati?ed ?oW Within a 
pipe. 

BACKGROUND 

[0003] Many industrial ?uid ?oW 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 strati?cation, Where ?oW velocity 
near the bottom of the pipe is less than ?oW velocity near the 
top of the pipe. The level of strati?cation in this How (i.e., 
the degree of skeW in the velocity pro?le from the top of the 
pipe to the bottom of the pipe) is dependent on numerous 
material and process parameters, such as How rate, density, 
pipe siZe, particle siZe, and the like. If the level of strati? 
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 How velocity 
signi?cantly above the critical deposition velocity. HoWever, 
this technique has tWo signi?cant 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 strati?cation, and volumetric ?oW rate of a 
strati?ed How 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 ?oW process. Such physical 
parameters may include, for eXample, volumetric ?oW rate, 
composition, consistency, density, and mass ?oW rate. While 
eXisting technologies may be Well-suited for aggressive, 
large diameter ?oWs, these technologies may be unsuitable 
for strati?ed ?oWs, Which can adversely affect accuracy in 
measuring physical parameters of the ?oW. 

[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 ?oW 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 re?ected 
signals only from the set point. A decrease in coherence 
betWeen transmitted and received signals indicates unsteady 
?oW 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 How 
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 
strati?cation, and volumetric ?oW rate of a strati?ed ?oW. 

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 ?oW. 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 strati?cation of the ?oW. 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-?t line 
through the plot. The slope of the line indicates the level of 
strati?cation of the ?oW. 

[0013] In one embodiment, the slope is used as part of a 
calibration procedure to determine the volumetric ?oW rate 
of the ?oW. For eXample, the calibration may include deter 
mining a frequency range over Which a convective ridge is 
analyZed in determining a volumetric ?oW rate of the ?oW. 
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[0014] In one 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-u) plot; identifying a convective ridge in the 
k-u) plot over a ?rst frequency range; determining a ?rst 
slope of the convective ridge, the ?rst slope being indicative 
of the nominal velocity of the ?oW; identifying a plurality of 
portions of the convective ridge over a plurality of second 
frequency ranges, each second frequency range being 
smaller than the ?rst 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 How 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 How and the 
diameter of the pipe to provide the plot. In this embodiment, 
the ?rst frequency range may be adjusted based on the slope. 
For example, a non-dimensional length scale that is least 
sensitive to strati?cation is used to determine the mid-point 
of the ?rst frequency range, Where the non-dimensional 
length scale that is least sensitive to strati?cation is deter 
mined by comparing a plurality of dispersion plots for 
different levels of strati?cation and identifying the pivot 
point of the dispersion plots from one dispersion plot to 
another. 

[0015] In another aspect of the invention, ?rst and second 
spatial arrays each have at least tWo sensors disposed at 
different axial locations along the pipe. Each of the sensors 
in the ?rst array provides a ?rst signal indicative of unsteady 
pressure created by coherent structures convecting With a 
portion of the How 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 How 
passing through a loWer portion of the pipe. A ?rst velocity 
of the How in the upper portion of the pipe is determined 
using the ?rst signals, and a second velocity of the How in 
the loWer portion of the pipe is determined using the second 
signals. The ?rst and second velocities are compared to 
determine the parameter of the ?oW. The parameter of the 
How may include at least one of: level of strati?cation of the 
How and volumetric ?oW rate of the ?oW. The micropro 
cessor may normaliZe the ?rst and second velocities before 
comparing the ?rst and second velocities. The ?rst 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 ?rst 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 How proximate 
the sensor. For each additional spatial array, the signal 
processor determines a third velocity of the How near the 
additional spatial array using the third signals. The signal 
processor compares the ?rst, second, and third velocities to 
determine the parameter of the ?oW. 
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[0017] In yet another aspect of the invention, an apparatus 
for measuring a parameter of a How 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 How 
Within the pipe at a corresponding axial location of the pipe. 
Asignal processor determines a nominal velocity of the How 
Within the pipe using the signals. 

[0018] In one embodiment, each sensor half-portion is 
formed by a pieZoelectric ?lm 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, PVDF, 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 ?uid. 

[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 
?ed ?uid ?oWing in a pipe. 

[0023] FIG. 2 is a cross-sectional schematic vieW of 
non-strati?ed, turbulent, NeWtonian ?oW through a pipe. 

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

[0025] FIG. 4 is a k-u) 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-u) plot of data processed from an 
apparatus embodying the present invention that illustrates a 
non-linear ridge in the k-u) plot, as may be found With 
dispersive ?oW. 

[0027] FIG. 6 is a How chart depicting a method of 
quantifying the level of strati?cation. 

[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 ?oWing 
at a nominal volumetric ?oW 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 ?owing Water at a nominal ?oW 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 ?oW rate determined 
by the method of the present invention demonstrated com 
pared With a ?oW rate determined by an in-line magnetic 
?oW 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 US. Pat. No. 
6,609,069 to Gysling, entitled “Method and Apparatus for 
Determining the FloW Velocity Within a Pipe”, and US. 
patent application Ser. No. 10/007,736, ?led 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 ?uid ?oWing in the pipe, contain useful 
information regarding parameters of the ?uid. The present 
invention provides various means for using this information 
to measure parameters of a strati?ed ?oW, such as, for 
example, velocity, level/degree of strati?cation, and volu 
metric ?oW rate. 

[0044] Referring to FIG. 1, an apparatus 10 for measuring 
at least one parameter associated With a ?oW 13 ?oWing 
Within a duct, conduit or other form of pipe 14, is shoWn. 
The parameter of the ?oW 13 may include, for example, at 
least one of: velocity of the ?oW 13, volumetric ?oW rate of 
the ?oW 13, and level of strati?cation of the ?oW 13. In FIG. 
1, the ?oW 13 is depicted as being strati?ed, Where a velocity 
pro?le 122 of the ?oW 13 is skeWed from the top of the pipe 
14 to the bottom of the pipe 14, as may be found in industrial 
?uid ?oW processes involving the transportation of a high 
mass fraction of high density, solid materials through a pipe 

Nov. 3, 2005 

Where the larger particles travel more sloWly at the bottom 
of the pipe. For example, the ?oW 13 may be part of a 
hydrotransport process. 

[0045] Referring to FIG. 2, the ?oW 13 is again shoWn 
passing through pipe 14. HoWever, in FIG. 2, the ?oW 13 is 
depicted as a non-strati?ed, NeWtonian ?oW operating in the 
turbulent regime at Reynolds numbers above about 100,000. 
The ?oW 13 of FIG. 2, has a velocity pro?le 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-strati?ed, turbulent, NeWtonian ?oW 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 ?oW, there is typically not a signi?cant 
amount of dispersion over a Wide range of Wavelength to 
diameter ratios. 

[0046] Sonar-based ?oW measurement devices, such as, 
for example, the device described in aforementioned US. 
Pat. No. 6,609,069 to Gysling, have advantageously applied 
the non-dispersive characteristic of turbulent, NeWtonian 
?oW in accurately determining ?oW rates. For strati?ed 
?oWs 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 ?oW 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 strati?cation. 

[0047] The apparatus 10 of FIG. 1 accurately measures 
parameters such as velocity, level of strati?cation, and 
volumetric ?oW rate of a strati?ed ?oW 13. The apparatus 10 
includes a spatial array 11 of at least tWo sensors 15 disposed 
at different axial locations x1 . . . xN 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 ?oW 13 Within the pipe 14 at a corresponding 
axial location x1 . . . xN 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 P1(t), P2(t), P3(t) . . . 
PN(t) to a signal processor 19, Which determines the param 
eter of the ?oW 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 ?oW. 
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 P1(t) . . . PN(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 speci?c 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/O) device 26. The U0 device 26 may also accepts user 
input parameters. The U0 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 ?exible cable, 
Wireless connection, or the like. The ?exible 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 How logic 36 executed by signal processor 19. 
Referring to FIG. 3, an example of How logic 36 is shoWn. 
Some or all of the functions Within the How logic 36 may be 
implemented in softWare (using a microprocessor or com 
puter) and/or ?rmWare, or may be implemented using analog 
and/or digital hardWare, having suf?cient memory, inter 
faces, and capacity to perform the functions described 
herein. 

[0052] The How logic 36 includes a data acquisition unit 
126 (e.g., A/D converter) that converts the analog signals 
P1(t) . . . PN(t) to respective digital signals and provides the 
digital signals P1(t) . . . PN(t) to FFT logic 128. The FFT 
logic 128 calculates the Fourier transform of the digitiZed 
time-based input signals P1(t) . . . PN(t) and provides 
complex frequency domain (or frequency based) signals 
P1(u)), P2(u)), P3(u)), . . . PN(u)) 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 P1(t)-PN(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 How 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 US. patent application Ser. No. 09/729,994, 
?led Dec. 4, 2000, noW U.S. Pat. No. 6,609,069, Which is 
incorporated herein by reference. 

[0054] Adata accumulator 130 accumulates the frequency 
signals P1(u))-PN(u)) 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-u) domain, and then 
calculates the poWer in the k-u) plane, as represented by a 
k-u) 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=2T|:/}\, Where 7» is the Wavelength of a spectral component, 
and corresponding angular frequencies given by uu=2s11v. 

[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 ?oW rate, ie that the signals caused by a 
stochastic parameter convecting With a How 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, 

[0058] Where u is the convection velocity (?oW 
velocity). Aplot of k-u) 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 How 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-u) plane, as repre 
sented by a k-u) 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 ?ltering to precondition the signals to effectively 
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?lter 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 How ?eld 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-u) plane shoWn in a k-u) 
plot of FIG. 4 shoWs a convective ridge 124. The convective 
ridge represents the concentration of a stochastic parameter 
that convects With the How 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-u) pairs to appear more or less along a 
line 124 With some slope, the slope indicating the How 
velocity. 

[0062] Once the poWer in the k-u) plane is determined, a 
convective ridge identi?er 134 uses one or another feature 
extraction method to determine the location and orientation 
(slope) of any convective ridge 124 present in the k-u) plane. 
In one embodiment, a so-called slant stacking method is 
used, a method in Which the accumulated frequency of k-u) 
pairs in the k-u) 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 How velocity or correlated to the How 
velocity in a knoWn Way). The convective ridge identi?er 
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=u)/u, the analyZer 136 determines the How velocity 
and/or volumetric ?oW, Which are output as parameters 21. 
The volumetric How is determined by multiplying the cross 
sectional area of the inside of the pipe With the velocity of 
the process ?oW. 

[0064] As previously noted, for turbulent, NeWtonian ?u 
ids, there is typically not a signi?cant amount of dispersion 
over a Wide range of Wavelength to diameter ratios. As a 
result, the convective ridge 124 in the k-u) 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=u)/u provides accurate ?oW 
velocity measurements. 

[0065] For strati?ed ?oWs, 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-u) 
plot becomes increasingly non-linear. For example, FIG. 5 
depicts a k-u) plot having a non-linear ridge 124, Which is 
shoWn having an exaggerated curvature for purposes of 
description. Thus, unlike the non-dispersive ?oWs, deter 
mining the ?oW rate of a dispersive mixture by tracking the 
speed at Which coherent structures 120 convect requires a 
methodology that accounts for the presence of signi?cant 
dispersion. 

[0066] Referring to FIGS. 3, 5, and 6, a method can be 
described for quantifying the level of strati?cation, as Well 
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as to measure the volumetric ?oW rate, in strati?ed ?oWs. 
The method, generally indicated in FIG. 6 at 60, begins With 
block 62, Where a velocity U1 of the How 13 is initialiZed. 
Initially, the velocity U1 may be selected, for example, based 
on operating experience, expected velocities, and the like. 

[0067] Next, in block 64, maximum and minimum fre 
quencies (FrnaX and Fmin) de?ning a ?rst frequency range 
AF1 are determined using the velocity U1, 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 
de?ne a range centered on a non-dimensional length scale 
that is least sensitive to strati?cation. 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: 

[0068] It 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 identi?er 134 identi?es a convective ridge 
124 in the k-u) plot as a straight line 123 (FIG. 5) over the 
?rst frequency range AFl. In block 66, the convective ridge 
identi?er 134 determines the slope of the straight line 
representation of the ?rst convective ridge (e.g., the slope of 
line 123), and, using this slope, the analyZer 136 determines 
a nominal velocity U2 (block 68). Recalling that FD/U is the 
inverse of MD, Where 7» is Wavelength, the non-dimensional 
length scale of FD/U ranging from 0.66 to 2.33 corresponds 
to 1/D’s (for 7»=1) of 1.5 to 0.43. Note that the nominal 
velocity U2 is centered on coherent structures With length 
scales of 0.667 diameters in length. 

[0070] After the nominal velocity U2 is calculated over the 
frequency range AFl in block 68, the nominal velocity U2 is 
compared to the velocity U1 in block 70 and, if the tWo 
velocities are equal (or approximately equal Within an 
appropriate range), then the nominal velocity U2 is provided 
as the nominal velocity U of the How 13 (block 72), Which 
may be used to determine volumetric ?oW rate of the How 
13. 

[0071] If, hoWever, the velocities U1 and U2 are not equal 
(or not Within the appropriate range) in block 70, U1 is set 
equal to U2 (block 74) and the process returns to block 64 
Where the maximum and minimum frequencies (FrnaX and 
Fmin) de?ning the ?rst frequency range AFl are determined 
using the neW velocity U1. This iterative process continues 
until U1=U2 at block 70. 

[0072] After the nominal velocity U of the How 13 is 
determined (block 72), average convection velocities are 
then calculated over a plurality of relatively small frequency 
ranges AFZ. 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 AF2 
(block 76), Where each second frequency range AF2 is 
smaller than the ?rst frequency range AF, and has a unique 
midpoint frequency, as shoWn at 127 in FIG. 5. The con 
vective ridge identi?er 134 then determines a slope of each 
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portion 125 of the convective ridge 124 as a best ?t line 
forced to ?t 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 AF2 (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 ?t (block 86). For non 
dispersive ?oWs, the linear ?t Would have a slope of 0.0 and 
a y-intercept of 1.0. Any variation to this can be attributed 
to dispersion. For ?oWs With dispersion, the slope of the 
linear ?t serves as a quanti?able measure of the strati?cation 

(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.e., 
the slope of the dispersion plot, is 19%, Which indicates a 
signi?cant 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 1A 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 
?oW rate in the presence of strati?cation. For example, the 
range of non-dimensional length scales of FD/U used in 
determining the nominal ?oW velocity U may be selected as 
that range Which is least sensitive to strati?cation. This may 
be accomplished, for example, by creating tWo or more 
dispersion plots, each at a different level of strati?cation. 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 ?t of the 
dispersion plot increases from one level of strati?cation to 
another, the point about Which the linear ?t pivots provides 
a good approximation of the non-dimensional length scale 
FD/U that is least sensitive to strati?cation. Thus, the 
non-dimensional length scale FD/U that is least sensitive to 
strati?cation can be approximated by comparing the disper 
sion plots for different levels of strati?cation and identifying 
the pivot point of the linear ?t 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 ?oW 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.e., 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 How is in a 27 
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inch pipe, traveling at a nominal ?oW 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 ?oWing at a nominal 
volumetric ?oW rate of 10 ft/sec. The resulting linear curve 
?t equation, shoWn in FIG. 9, has a slope of —0.023, Which 
can be classi?ed as non-dispersive ?oW. 

[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 ?t equation, shoWn in FIG. 
10, has a slope of —0.003, Which can be classi?ed as 
non-dispersive ?oW. 

[0079] FIG. 11 shoWs a dispersion plot for a 16 inch pipe 
?oWing Water at a nominal ?oW velocity of 10 ft/sec. The 
resulting linear curve ?t equation, shoWn in FIG. 11, has a 
slope of —0.013, Which can be classi?ed as non-dispersive 
?oW. 

[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 ?oW meter, as 
demonstrated in FIG. 13. Centering the frequency range on 
structure With a length scale of Z/3 the pipe diameter seems 
reasonable and consistent With conceptual model. Although 
accurate reference data from other strati?ed ?oWs 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 ?oW rates other strati?ed ?oWs using sonar 
based ?oW 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 strati?cation present. The 
slope approaches Zero for Well-mixed slurries and NeWto 
nian ?uids and increases With decreasing ?oW rates, consis 
tent With strati?cation increasing With decreasing ?oW rates. 

[0082] FIG. 14 depicts a longitudinal cross-section of an 
apparatus 100 for determining the level of strati?cation of 
the How 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 strati?cation 
of the How 13 and a volumetric ?oW rate of the How 13 by 
comparing locally measured velocities at the top and bottom 
of the pipe 14. The apparatus 100 includes a ?rst spatial 
array 11 of at least tWo sensors 15 disposed at different axial 
locations x1 . . . xN 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 How 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 x1 . . . xN 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 
How 13 near the bottom of the pipe 14. 














