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Apparatus For Measuring Velocity And Flow Rate Of A Fluid Having A Non-
Negligible Axial Mach Number Using An Array Of Sensors

Cross-Reference To Related Patent Applications

This application claims the benefit of U.S. Provisional Patent Application No.
60/476,460 (Cidra’s Docket No. CC-0625) filed June 5, 2003, and U.S. Provisional Patent
Application No. 60/479,744 (Cidra’s Docket No. CC-0632) filed June 18, 2003, both of

which are incorporated by reference herein in their entirety.

Technical Field
This invention relates to an apparatus for measuring parameters of a fluid passing
within a pipe, and more particularly to an apparatus for measuring velocity and flow rate of

a fluid having a non-negligible axial Mach number using an array of sensors.

Background

An industrial fluid system typically includes the flow of fluid through tubes, pipes,
ducts, or other conduits (hereinafter, “pipes™) as well as through fluid control devices such
as pumps, valves; orifices, heat exchangers, and the like. Fluid systems are found in many
different industries such as the oil and gas industry, refining, food and beverage industry,
chemical and petrochemical industry, pulp and paper industry, power generation,
pharmaceutical industry, and water and wastewater treatment. The fluid within the fluid
system may be a single phase fluid (e.g., gas, liquid or liquid/liquid mixture) and/or a multi-
phase mixture (e.g. paper and pulp slurries or other solid/liquid mixtures). The multi-phase
mixture may be a two-phase liquid/gas mixture, a solid/gas mixture or a solid/liquid
mixture, gas entrained liquid or a three-phase mixture.

Operation of a fluid system often requires that various parameters of the fluid be
monitored. The parameters may be used as feedback for quality control or may be used to
detect problems or needed maintenance in the system. These parameters may include
velocity and volumetric flow rate of the fluid, among others.

The ability to measure velocity and flow rate of a fluid within a pipe is an important
aspect of any system or strategy design to optimize the performance of a fluid system,
particularly in a fluid system based on saturated vapor/liquid mixtures. The industry

recognizes this, and has been developing a wide variety of technologies to perform this
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measurement. These include probe based devices, sampling devices, venturis and ultrasonic
devices. While these technologies may be effective, they are not without their drawbacks.
For example, typical meters are invasive. That is, they are installed such that they are in
contact with the fluid in the fluid system. As a result, installation or maintenance of the

meter often requires at least a portion of the fluid system to be isolated.

Summary of the Invention

Objects of the present invention include providing a system for measuring the speed
of sound propagating through a fluid flowing in pipes in industrial processes and other
related processes, for example, having a non-negligible axial Mach numbér to determine the
volumetric flow rate of the fluid.

In one aspect of the present invention, an apparatus for measuring at least one
parameter of a fluid having a non-negligible axial Mach number passing through a pipe is
provided. A spatial array includes at least two pressure sensors, disposed at different axial
locations along the pipe. Each of the pressure sensors measures an unsteady pressure within
the pipe at a corresponding axial location. Each of the sensors also provides a pressure
signal in response to a first one-dimensional acoustic wave propagating in a first axial
direction and a second one-dimensional acoustic wave propagating in a second axial
direction within the pipe, the first axial direction being opposite the second axial direction.
A signal processor, which is responsive to the pressure signals, provides a first acoustic

signal indicative of the speed of sound of the first acoustic wave and a second acoustic

signal indicative of the second acoustic wave.

In one embodiment, an apparatus measures at least one parameter of a fluid having a

non-negligible axial Mach number passing through a pipe. The apparatus comprises a

~ spatial array of at least two pressure sensors and a signal processor. The pressure sensors

are disposed at different axial locations along the pipe, and each measures an unsteady
pressure within the pipe at a corresponding axial location. Each of the pressure sensors
provides a pressure signal in response to a first one-dimensional acoustic wave propagating
in a first axial direction and a second one-dimensional acoustic wave propagating in a
second axial direction within the pipe, the first axial direction being opposite the second
axial direction. The signal processor provides a velocity signal indicative of the velocity of
the fluid in response to a difference between a speed of the first acoustic wave and a speed

_2.
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of the second acoustic wave. The signal processor may determine the volumetric flow rate
of the fluid using the velocity signal. The signal processor may also determine a speed at
which sound propagates through the fluid using a ratio of the speed of the first acoustic
wave and the speed of the second acoustic wave.

In another aspect of the present invention, a method for measuring at least one
parameter of a fluid having a non-negligible axial Mach number passing through a pipe is
provided. The method includes measuring unsteady pressures within the pipe at at least two
predetermined axial measurement locations along the pipe to provide a pressure signal in
res;gonse to a first one-dimensional acoustic wave propagating in a first axial direction and a
second one-dimensional acoustic wave propagating in a second axial direction within the
pipe, the first axial direction being opposite the second axial direction. The method then
determines a first acoustic signal indicative of the speed of sound of the first acoustic wave;
and a second acoustic signal indicative of the second acoustic wave.

In one embodimént, a method for measuring the volumetric flow rate of ‘a fluid
having a non-negligible axial Mach number passing through a pipe comprises: measuring
unsteady pressures within the pipe at at least two predetermined axial measurement
locations along the pipe to provide a pressure signal in response to a first one-dimensional
acoustic wave propagating in a first axial direction and a second one-dimensional acoustic
wave propagating in a second axial direction within the pipe, the first axial direction being
opposite the second axial direction; and determining a velocity of the fluid in response to a
difference between a speed of the first acoustic wave and a speed of the second acoustic
wave. The method may further comprise determining a flow rate of the fluid in reéponse to
the velocity of the fluid, and may further comprise determining a speed at which sound
propagates through the fluid using a ratio of the speed of the first acoustic wave and the
speed of the second acoustic wave.

The foregoing and other objects, features and advantages of the present invention
will become more apparent in light of the following detailed description of exemplary

embodiments thereof.
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Brief Description of the Drawings

Fig. 1 is a block diagram of a flow meter for measuring the speed of sound
propagating with and against the direction of flow of a fluid within a pipe, in accordance
with the present invention.

Fig. 2 is a kw plot of data processed from an array of pressure sensors use to
measure the speed of sound propagating through a gas flowing in a pipe, in accordance with
the present invention.

Fig. 3 is a side elevational view of a plurality of pressure sensors, having PVDF,
clamped to the outer surface of the pipe, in accordance with the present invention.

Fig. 4 is plot of data showing the measured speed of sound and the volumetric flow
rate outputs from an apparatus embodying the present invention.

Fig. 5 is a kw plot of data processed from an array of pressure sensors use to

. measure the speed of sound propagating through a saturated vapor/liquid mixture flowing in

a pipe, in accordance with the present invention.

Detailed Description

Systems that utilize, emit or process single phase and multi-phase fluids (or
mixtures) having non-negligible axial Mach numbers, such as liquid, gas, liquid/gas,
liquid/solid, solid/gas, etc., are found in many industrial processes. Referring to Fig. 1, the
present invention provides an apparatus 10 for measuring the velocity and flow rate of such
a fluid 12 passing through a pipe 14 by measuring the speed of propagation of an acoustic
wave of the fluid in the direction of the fluid flow (ow) and the speed of propagation of an
acoustic wave through the fluid against the direction of the fluid flow (ox) using an array of ,
pressure sensors 15, 16, 17, and 18. As used herein, the term “fluid” includes any single
phase fluid or multi-phase fluid or mixture. Also, as used herein, the term “pipe” includes
any conduit for the flow of fluid. The measurement of the volumetric flow rate of the fluid
is therefore based on the differential speed of sound. The accuracy of the velocity and
volumetric flow rate measurements scales with the inverse of the axial Mach number (Ma).
As will be appreciated, the present invention is well suited for velocity and volumetric flow
rate measurements of gas and steam.

Acoustic wéves are known to propagate through the fluid contained in a pipe. If the
temporal frequency of an acoustic wave is below a so called cut-on frequency, propagation

-4
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of the acoustic wave through the pipe will occur along the longitudinal axis of the pipe only
as one-dimensional pressure waves. That is, there will be no radial variation to the acoustic
pressure. For circular pipes, this cut-on frequency is given as a function of the speed of

sound of the fluid at rest (SOS) and pipe inside diameter (D):

1.84
=S50S 1
fcut—on ﬂD ( )

For example, a 6-inch ANSI schedule 40 pipe filled with air near ambient conditions has a
cut-on frequency of approximately 1400 Hz. For a similar pipe containing water, the cut-on
frequency is approximately 6000 Hz. The cut-on frequency for air in an 8-inch pipe for

example is around 1000 Hz, meaning that any acoustic wave below 1000 Hz will propagate

_ through the fluid in the pipe only as a one-dimensional plane wave.

The propagation' speed of a one-dimensional acoustic wave will appear to travel
faster or slower relative to a stationary observer (i.e. the pipe wall) depending on whether
the acoustic wave propagation direction is in the same direction of the bulk flow or in the
opposite direction of the bulk flow, respectively. The amount of increase or decrease of the
apparent acoustic propagation speed or velo'city is equal or nearly equal to the velocity of
the bulk flow. If the fluid in the pipe is not flowing, the propagation speed of the acoustic
wave will appear the same in both directions. ,

The present invention takes advantage of these two properties of acoustic field
inside a pipe to measure the fluid velocity and, in turn, the volumetric flow rate of the fluid
in the pipe. Knowing that acoustic waves below the cut-on frequency will propagate only in
the longitudinal direction of the pipe at the speed of sound plus (or minus) the flow velocity
when propagating in the same (or opposite) direction of the flow, the volumetric flow rate
of the fluid can be determined by separately measuring the speed of propagation in the
direction of the bulk flow and in the direction opposite the bulk flow and using the
difference of the two measurements to determine the flow velocity. In addition, the speed
of sound of the fluid, and thus certain fluid properties, can be determined by averaging the
two measurements, as will be described in greater detail hereinafter. ‘

The axial Mach number (Mx) is a non-dimensional number defined as the ratio of

the mean fluid flow velocity (Vimix) over the speed of sound of the fluid at rest (SOS):
-5-
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Mx=Vpix/SOS 2
The measurement method of the present invention is practical for Mach numbers greater
than zero (non-negligible) since the uncertainty in the bulk flow velocity measurement is
proportional to 1/Mx. In most gas/vapor flows Mx > 0.02, which is sufficient to measure
the flow rate with good certainty, and in fact Mx is typically between 0.1 and 0.2.

The acoustic propagation speeds og and ¢y are determined using the array of sensors
15-18, which are attached to the pipe (preferably, but not required to be, a non-intrusive
and/or clamp-on design) and array processing algorithms, as will be described in greater
detail hereinafter. One feature of the array processing algorithm of the present invention is
that the speed of propagation is measured independently in both longitudinal directions of
the pipe. The flow velocity is then equal to one-half the difference of the two results (or -
and og), as will be described in greater detail hereinafter.

This method of measuring the flow velocity and volumetric flow rate is not
dependent on the source of the acoustic wave, and the frequencies of interest are generally
below 2 kHz. The only requirement is that there are waves propagatiﬁg in both directions
through the sensor array. In any industrial application, acoustic waves propagating through
the pipe will naturally occur at the frequency range of interest due to various sound sources,
i.e. pumps, compressors, turbines, expanders, valves, orifice plates, the flow itself, etc. In
contrast, other existing methods such as ultrasonic, for example, require a separate source to
generate sound at ultrasonic frequencies in the 1 MHz range.

The present method of determining the volumetric flow rate of the fluid 12 within
pipe 14 relies on the interaction of the bulk fluid flow with the acoustic pressure field. The
interaction results in sound waves propagating with the bulk flow traveling at the speed of
sound of the fluid 12 (SOS) plus the mean fluid flow velocity (Vmix) and, conversely,

sound waves traveling against the bulk flow propagating at the SOS minus Vmix. That is,

agr = SOS + Vs (3)
aL = SOS' Vmix (4)
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where g = velocity of a right traveling acoustic wave relative to a stationary observer (i.e.
the pipe 14), and og = velocity of a left traveling acoustic wave apparent to a stationary

observer. Combining these two equations yields an equation for the mean velocity:
Viix = (& - 01)/2 ()

Combining these two equations also yields an equation for the speed of sound of the fluid:
SOS = (ar + or)/2 (6)

Therefore, by measuring the propagation velocity of acoustic waves in both directions
relative to the stationary pipe (oz and ay), the mean flow velocity can be determined. The
volumetric flow through the pipe may then be calculated by multiplying the mean flow
velocity by the cross-sectional area of the pipe 14. In addition, by measuring og and og, the
speed of sound of the fluid can be determined. Using the speed of sound of the fluid,
certain properties of the fluid (e.g., percent composition) can be determined.

The practicality of using this method to determine the mean fluid flow velocity is
predicated on the ability to resolve the sound speed in both directions with sufficient
accuracy to determine the volumetric flow. The relative uncertainty in mixture flow
velocity is proportional to the relative uncertainty in sound speed divided by the axial Mach
number. Thus, the method becomes unfeasible as the axial Mach number approaches zero.
For most liquid based flow applications, the axial Mach numbers are quite small. The speed
of sound in most liquids is upwards of 4000 ft/sec and mixture flow velocities tend to be
limited to ~10 ft/sec, resulting in axial Mach numbers on the order of ~0.0025. For a+/-
10% accuracy in flow rate (+/- 1ft/sec), the sound speed of the upstream and downstream
propagating waves would need to be resolved to +/- 0.5/4000 or 1 part in 8,000. This is not
the case, however, for many gas and steam applications where flow velocity are higher and
sound speeds lower, resulting flows that often have axial Mach numbers of 0.1 or greater.
For saturated vapor/liquid flows, to resolve the flow rate to 10% accuracy (or +/- 7 fi/sec),
one would have to resolve the sound speed to +/- 3.5 ft/sec, or 3.5/700 or 1 part in 200.

Referring to Fig. 1, the apparatus 10 for measuring the velocity and volumetric flow
rate of a single or multi-phase fluid 12 passing through a pipe 14 is shown. As discussed

-7 -
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above, the apparatus 10 measures the velocity and flow rate of the fluid 12 passing through
pipe 14 by measuring the speed of propagation of an acoustic wave through the fluid 12 in
the direction of the fluid flow (og) and the speed of propagation of an acoustic wave
through the fluid 12 against the direction of the fluid flow (o) using an array of pressure
sensors 15-18. The measurement of the velocity of the fluid 12 is therefore based on the
differential speed of sound, and the measurement of the volumetric flow rate of the fluid 12
is, in turn, based on the measured velocity. As one example, the apparatus 10 will be
discussed in the context of a steam delivery system, but one will appreciate that the
apparatus 10 can be applied to any number of other applications.

As described hereinbefore, the‘apparatus 10 is configured and programmed to
measure and process the detected unsteady pressures P;(t) — Py(t) created by one-

dimensional acoustic waves propagating through the fluid 12 to determine parameters of the

Aluid 12..As shown in Fig. 1, the flow meter 10-has an array of at least two acoustic

pressure sensors (e.g., 15,16) located at two locations x1, X axially along the pipe 14. One
will appreciate that the sensor array may include more than two pressure sensors as depicted
by pressure sensors 17 and 18 at locations X3, X.

The pressure generated by the one-dimensional acoustic waves may be measured
through holes in the pipe 14 ported to external pressure sensors 15 - 18 or by other
techniques discussed hereinafter. The pressure sensors 15 - 18 provide pressure time-
varying signals Pi(t),Pa(t),P3(t),Pn(t) on lines 20,21,22,23 to a signal processing unit 30 to
known Fast Fourier Transform (FFT) logics 26,27,28,29, respectively. The FFT logics 26 -
29 calculate the Fourier transform of the time-based input signals Py(t) - Pn(t) and provide
complex frequency domain (or frequency based) signals Pi(®),P2(0),P3(0),Pn(0) 6n lines
32,33,34,35 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 Py(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.

The frequency signals P;(w) - Pn(®) are fed to Calculation Logic 38, which provides
a signal to line 40 indicative of the speed of sound of the fluid 12, amiy (where anix = SOS), a
signal to line 42 indicative of the mean velocity of the fluid 12, Vi, and a signal to line 44

indicative of the volumetric flow rate of the fluid 12. If the Mach number Mx is not
-8-
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negligible and is desired, the calculation-logic 38 may also provide a signal Mx to line 46
indicative of the Mach number Mx.

More specifically, for planar one-dimensional acoustic waves in a homogenous
mixture, it is known that the acoustic pressure field P(x,t) at a location x along pipe 14,
where the wavelength A of the acoustic Vwaves to be measured is long compared to the
diameter d of the pipe 14 (i.e., A/d>>1), may be expressed as a superposition of a right

traveling wave and a left traveling wave, as follows:

P(x,t)=(Ae—ier +Be +z’k,x}imt (7)
where A,B are the frequency-based complex amplitudes of the right and left traveling
waves, respectlvely, X is the pressure measurement locatlon along the p1pe 14, o is

frequency (in rad/sec where co—2nf), and kykj are wave numbers for the right and left

traveling waves, respectively, which are defined as:

k = o |1 and k; = d ! (3)
Qi 1+Mx Arnix 1_‘]M—x

where anix is the speed of sound of the fluid 12 (mixture) in the pipe 14, o is frequency (in

rad/sec), and My is the axial Mach number of the flow of the fluid 12 within the pipe 14:

M. =mx )

mix

where Vi is the velocity of the fluid 12. For non-homogenous mixtures, the axial Mach
number represents the average velocity of the fluid 12 and the low frequency acoustic field
description remains substantially unaltered.

The data from the array of sensors 15-18 may be processed in any domain, including
the frequency/spatial domain, the temporal/spatial domain, the temporal/wave-number

domain or the Wave—number/frequeﬁcy (k-w) domain. As such, any known array processing

-9.
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technique in any of these or other related. domains may be used if desired, similar to the
techniques used in the fields of SONAR and RADAR.

One such technique of determining the speed of sound propagating through the fluid
12 is using array processing techniques to define acoustic ridges 61 and 62 in the k-w plane
as shown in Fig. 2. This technique is similar to that described in U.S. Patent No. 6,587,798
filed November 28, 2001, titled “Method and System for Determining The Speed of Sound
in a Fluid Within a Conduit”, which is incorporated herein by reference.

In response to receiving the time-based pressure signals P1(t) - Pn(t) from the
pressure sensors 15-18, the signal processor 24 performs a Fast Fourier Transform (FFT) of
the time-based pressure signals Pi(t) - Pn(t) to convert the pressure signals into the
frequency domain. The pbwer of the frequency-domain pressure signals are then
determined and defined in the k- plane by using array processing algorithms (such as
Capon and Music algerithms). ‘The acoustic ridges-in the k-w plane; as shown in thesk=w
plot of Fig. 2, are then determined.

The device 10 of the present invention uses known array processing techniques, in
particular the Minimum Variance, Distortionless Response (MVDR, or Capon technique),
to identify pressure fluctuations, which convect with the materials flowing in a conduit and
accurately ascertain the velocity, and thus the flow rate, of said material. These processing
techniques utilize the covariance between multiple sensors 15-18 at a plurality of
frequencies to identify signals that behave according to a given assumed model.

To calculate the power in the k-o plane, as represented by a k-o plot (see Fig. 2) of
the pressure signals, the processor 58 determines the wavelength and so the (spatial)
wavenumber k, and also the (temporal) frequency and so the angular frequency w, of
various spectral components of the acoustic waves created passively or actively within the
pipe 14. There are numerous algorithms available in the public domain to perform the
spatial/temporal decomposition of arrays of sensor units 15-18.

In the case of suitable acoustic pressures being present, the power in the k-w plane
shown in the k-w plot of Fig. 2 so determined will exhibit structures that are called acoustic
ridges, as indicated at 61 and 62. Such a plot will indicate a tendency for k- pairs to
appear more or less along a line with some slope, the slope indicating the speed of sound
traveling in both directions, as is described in more detail below. The power in the k-0

plane so determined is then provided to an acoustic ridge identifier in processor 30, which
-10 -
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uses one or another feature extraction method to determine the location and orientation
(slope) of any acoustic ridge present in the k-o plane.

Because sound propagates in both directions through the pipe 14, the acoustic power
is located along two acoustic ridges, a first ridge (61) for the sound traveling with the flow
at a speed of amix +Vmix, and a second ridge (62) for the sound traveling against the flow at a
speed of amix — Vinix. In the example provided herein, the slope of the first acoustic ridge 61
is equal to the velocity og of the right traveling acoustic wave, and the slope of the second
acoustic ridge 62 is equal to the velocity oy, of the left traveling acoustic wave. The dashed
lines show the best-fit two-variable maximization of the power with the two variables being
sound speed and flow velocity. In Fig. 2, the right-side ridge 61 represents the acoustic
wave traveling in the same direction as the fluid 12 flow and therefore its slope is steeper
than the left-side ridge 62 that represents the acoustic wave traveling in the opposite
direction of the fluid 12-flow: This indicates-that the acoustic wave traveling in the same
direction of the fluid 12 flow is traveling faster than the acoustic wave traveling in the
opposite direction of the fluid 12 flow relative to the stationary pressure sensors 15-18.

The calculation logic 38 determines the velocities o4, and o, by determining the
slope of the acoustic ridges 61 and 62. Using these velocities, the calculation logic 38 then

calculates the mean velocity of the fluid 12:
Vinix = (0 - 04)/2 (10)

The calculation logic 38 can then calculate the volumetric flow rate of the fluid 12 by
multiplying the mean flow velocity Vmix by the cross-sectional area of the pipe 14.
In addition to calculating velocity and volumetric flow of the fluid 12, calculation

logic 38 may also calculate the speed of sound (SOS) of the fluid 12:
SOS = (ar + 01.)/2 (11)

As described in U.S. Patent Application No. XX/XXX, XXX (CiDra Docket No. CC-0714)
filed January 27, 2004, which is incorporated herein by reference, the speed of sound of the
fluid 12 may be used to determine various properties of the fluid 12 such as, for example,

gas volume fraction of the fluid 12.
-11 -
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The array processing unit 23 uses standard so-called beam forming, array
processing, or adaptive array-processing 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 frequency
components, i.e. into a set of wave numbers given by k=2w/A where A is the wavelength of a
spectral component, and correspondiﬁg angular frequencies given by w=2rv.

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 adaptive array processing algorithm is
the Capon method/algorithm. While the Capon method is described as one method, the
present-inventiot contemplates the use of other adaptive array processing alg'o'\rith"rnsy,"éuch
as MUSIC algorithm.

Also, some or all of the functions within the signal processor 30 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.

Acoustic pressure sensors 15 - 18 sense acoustic pressure signals that, as measured,
are lower frequency (and longer wavelength) signals than those used for ultrasonic flow
meters of the prior art, and thus the current invention is more tolerant to inhomogeneities in
the flow, such as time and space domain inhomogeneities within the flow.

In addition, the present invention may incorporaté the compliance of the pipe 14 to
determine the effective speed of sound of a vapor/liquid mixture (fluid) 12 flowing through
the pipe 14. The acoustic pressure signals Py(t) - Px(t) are generated within the vapor/liquid
mixture of the pipe 14 by a variety of non-discrete sources such as remote Machinery, mills,
pumps, valves, elbows, as well as the vapor/liquid mixture flow itself. Itis this last source,
the vapor/liquid mixture 12 flowing within the pipe 14, which is a generic source of
acoustic noise that assures a minimum level of acoustics for any vapor/liquid mixture piping
systems for which the present invention takes unique advantage. The flow generated
acoustics increase with mean flow velocity and the overall noise levels (acoustic pressure

levels) are a function of the generating mechanism and the damping mechanism. As such,
.12 -
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no external discrete noise source is required within the present invention and thus may
operate using passive listening. While the flow meter 10 passively listens to the mixture
flow 12, the present invention contemplates adding an acoustic source to inject a desired
acoustic wave into the fluid 12 to be measured, such as by compressing, vibrating and/or
tapping the pipe 14, to name a few examples.

For certain types of pressure sensors 15-18, e.g., pipe strain sensors, accelerometers,
velocity sensors or displacement sensors, discussed hereinafter, it may be desirable for the
pipe 14 to exhibit a certain amount of pipe compliance.

Alternatively, to minimize any error effects (and the need for the corresponding
calibration) caused by pipe compliance, the axial test section 50 of the pipe 14 along where
the sensors 15 - 18 are located may be made as rigid as possible. To achieve the desired

rigidity, the thickness of the wall of the test section 50 may be made to have a

~ predetermined thickness, or the test section 50'may ‘be madé of-a very rigid material, e.g.,

steel, titanium, Kevlar®, ceramic, or other material with a high modulus. Kevlaris a
registered trademark of Dupont, Wilmington, Delaware.

Tt is within the scope of the present that the pressure sensor spacing may be known
or arbitrary and that as few as two sensors are required if certain information is known
about the acoustic properties of the fluid piping system. The pressure sensors 15-18 are
spaced sufficiently such that the entire length of the array (aperture) is at least a significant
fraction of the measured wavelength of the acoustic waves being measured. As will be
described in greater detail, the acoustic wavelength to be measured is a function of at least
the size and mass of the droplets, and the viscosity of the vapor. The greater the size and
mass of the droplets and/or the less viscous the vapor, the greater the spacing of the sensors
is needed. Conversely, the smaller the size and mass of the droplets and/or the more
viscous the vapor, the shorter the spacing of the sensors is needed.

For relatively well-mixed vapor / liquid mixtures in which the liquid phase exists as
small droplets within a continuous gas phase, the flow can be termed mist flow. Assuming
that the droplets of the vapor/liquid mixture are small enough and the acoustic frequencies
and the frequencies of perturbations associated with the acoustics are low enough for the
droplets of liquid to exhibit negligible slip (both steady and unsteady), the sound speed can
be assumed to be substantially non-dispersive (that is constant with frequency) and the
yolumetric phase fraction of the mixture could be determined through the Wood equation:

-13 -
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N .
Puic = Z P.p; (12)
i=1
1 L3
= d 13
pmixatfu'x ;plalz ( )
N
¢ =1 (14)

i=1

For one-dimensional waves propagating within a vacuum backed pipe (or a pipe

immersed in large volume of low impedénce fluid such as air at atmospheric conditions) ,

- the compliance introduced by the pipe ( in this case:a circular pipe of modulus E, radius R

and wall thickness t) reduces the measured sound speed from the infinite dimensional sound

speed. The effect of the pipe is given by the following relationship:

. 2
: S -—+0 where o=k (15)
PnixCmeasured Pruix € mix Et

The frequency of the speed of sound that is detected for a particular mixture sets the
wavelength of interest. The wavelength is the inverse of the frequency, and therefore, the
higher the frequency, the shorter the wavelength and vice versa. The wavelength, therefore,
defines the aperture (AXaperture) Of the array (See Fig. 1). As described hereinbefore, the
aperture should be at least a significant fraction of the length of the wavelength of the speed
of sound of interest. For example, a vapor/liquid mixture having droplets of approximately
30 um has a central frequency (fy/;) of approximately 30 Hz, which corresponds to an
aperture of approximately 20 ft. Similarly, a vapor/liquid mixture having droplets of
approximately 3 um has a central frequency (fi;) of approximately 3 KHz, which
corresponds to an aperture of approximately 1 ft. Consequently, the size of the liquid
droplet defines the length of the aperture of the flow meter. In other words, the larger the
size of the droplet, the longer the aperture needed to measure the speed of sound to

determine specific parameters of the mixture. Similarly, the smaller the size of the droplet,

-14 -
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the shorter the aperture needed to-measure the speed of sound to determine specific
parameters of the mixture.

The pressure sensors 15-18 described herein may be any type of pressure sensor,
capable of measuring the unsteady (or ac or dynamic ) pressures within a pipe 14, such as
piezoelectric, optical, capacitive, resistive (e.g., Wheatstone bridge), accelerometers (or
geophones), velocity measuring devices, displacement measuring devices, etc. If optical
pressure sensors are used, the sensors 15-18 may be Bragg grating based pressure sensors,
such as that described in US Patent Application, Serial No. 08/925,598, entitled * High
Sensitivity Fiber Optic Pressure Sensor For Use In Harsh Environments”, filed Sept. 8,
1997, now U.S. Patent 6,016,702, and in US Patent Application, Serial No. 10/224,821,
entitled “ Non-Intrusive Fiber Optic Pressure Sensor for Measuring Unsteady Pressures
within a Pipe”, which are incorporated herein by reference. Alternatively, the sensors 15-18
may be electrical or optical strain’ gages dttached to or-embedded in the outer or innet wall
of the pipe which measure pipe wall strain, including microphones, hydrophones, or any
other sensor capable of measuring the unsteady pressures within the pipe 14. In an
embodiment of the present invention that utilizes fiber optics as the pressure sensors 15-18,
they may be connected individually or may be multiplexed along one or more optical fibers
using wavelength division multiplexing (WDM), time division multiplexing (TDM), or any
other optical multiplexing techniques. .

For any of the embodiments described herein, the pressure sensors 15-18, including
electrical strain gages, optical fibers and/or gratings among others as described herein, 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 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. Alternatively, the strain gages, including optical fibers and/or gratings, may be
embedded in a composite pipe 14. If desired, for certain applications, the gratings may be
detached from (or strain or acoustically isolated from) the pipe 14 if desired.

. It is also within the scope of the present invention 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.

-15-
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In certain embodiments of the present invention, a piezo-electronic pressure
transducer may be used as one or more of the pressure sensors 15-18 and it may measure
the unsteady (or dynamic or ac) pressure variations inside the pipe 14 by measuring the
pressure levels inside of the pipe. In an embodiment of the present invention, the sensors 14
comprise pressure sensors manufactured by PCB Piezotronics of Depew, New York. In one
pressure sensor there are integrated circuit piezoelectric voltage mode-type sensors 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, acceleration compensated integrated circuit
piezoelectric quartz pressure sensor suitable for measuring low pressure acoustic
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).

The pressure sensors 15-18 may incorporate a built-in MOSFET microelectronic
amplifier to convert the high-impedance charge output into a low-impedance voltage signal.
The sensors 15-18 may be is 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.

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.

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.

Furthermore the present invention contemplates that each of the pressure sensors 15-
18 may include a piezoelectric sensor 104 —107 that provides a piezoelectric material to
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measure the unsteady pressures of the fluid 12 as shown in Fig. 3. The piezoelectric
material, such as the polymer, polarized fluoropolymer, polyvinylidene fluoride (PVDF),
measures the strain induced within the process pipe 14 due to unsteady pressure variations
within the fluid 12. Strain within the pipe 14 is transduced to an output voltage or current
by the attached piezoelectric sensors 104-107.

The PVDF material forming‘ each piezoelectric sensor 104-107 may be adhered to
the outer surface of a steel strap 112 that extends around and clamps onto the outer surface
:)f the pipé 14. The piezoelectric sensing element is typically conformal to allow complete
or nearly complete circumferential measurement of induced strain. The sensors 104-107
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, New Jersey, which is incorporated herein by reference. The advantages of
this‘technique- are the following:

1. Non-intrusive flow rate measurements

2. Low cost

3. Measurement technique requires no excitation source. Ambient flow noise is
used as a source.

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

5. Higher Temperatures (140C) (co-polymers)

Examples

The method of flow measurement described herein was demonstrated on a 6-inch
schedule 40 steel pipe flowing air at near atmospheric pressure. The Mach number range
was 0.07 to 0.16. A six-sensor PVDF mono-band was used to measure the acoustic field in
the pipe, similar to that described in U.S. Provisional Patent Application, Serial No.
60/451,685 filed March 4, 2003 (Cidra’s Docket No. CC-0599), which in incorporated
herein by reference. A reference measurement was made with an orifice plate that had a
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relatively high uncertainty estimated at 5-10%. The results of one series of tests are shown
in Fig,. 4.

A typical k-0 plot of the data is as shown in Fig. 2. Note that the slope of the
acoustic ridge 61 with positive wavenumber is greater than the slope of the acoustic ridge
62 with negative wavenumber indicating that the apparent speed in the direction of the flow
is faster than in the direction opposite of the flow. Specifically, the slope of the acoustic
ridge 61, which is indicative of the speed of sound in the direction of the flow, is 1305
ft/sec, while the slope of the acoustic ridge 62, which is indicative of the speed of sound
against Ithe direction of the flow, is 941ft/sec. Therefore, the speed of sound of the acoustic
wave propagating through the fluid (if the liquid was not flowing) is 1123 ft/sec. The
velocity of the flow (Vi) is therefore 182 fi/s ([1305 ft/sec — 941ft/sec]/2).

Further, Fig. 5 illustrates the ability of the present invention to determine the
velocity of a fluid moving:in a pipe. ‘Fig: 5 comprises plots of data from an actual test run
of a flow meter in accordance with the invention as described herein above. Figure 5 shows
a wavenumber-frequency plot (k-w plot) of unsteady pressure data collected with a
flowmeter comprising a 4-sensor axial array in an atmospheric pressure ldop flowing air ata
velocity of approximately 40 ft/sec. The contours represent the relative signal power at all
combinations of frequency and wavenumber. The highest power “ridges” represent the
acoustic wave with slope of the ridges 61 and 62 being equal to the propagation speed.
Note that the acoustic ridges 61 and 62 “wrap” to the opposite side of the plot at the spatial
Nyquist wavenumber equal to 3.14 in this case (i.e. the acoustic ridge that slopes up and to
the right starting at the bottom of the plot, the right-side ridge 61, wraps to the left side of
the plot at approximately 550 Hz and continues sloping up and to the left). As previously
noted, he right-side ridge 61 represents the acoustic wave traveling in the same direction as
the bulk flow and therefore its slope is steeper than the left-side ridge 62 that reﬁresents the
acoustic wave traveling in the opposite direction of the bulk flow. This indicates that the
acoustic wave traveling in the same direction of the flow is traveling faster than the acoustic
wave traveling in the opposite direction of the bulk flow relative to the stationary sensors
15-18 located on the p'ipe 14.

The present invention provides an apparatus and method to measure velocity and
volumetric flow rate of single phase and/or multiphase fluids having non-negligible axial

Mach numbers used, emitted and/or processed in an industrial fluid flow process, such as,
-18-
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for example, in chemical, pharmaceutical, paper/pulp, petroleum and power generation
industries. The knowledge or determination of the velocity and volumetric flow rate of a
fluid system may be used to provide feedback of the flow process to improve quality control
of the flow process or to detect problems or needed maintenance.

While the present invention is capable of measuring liquid droplets suspended in a
vapor, one will appreciate that other multi-phase mixtures or flows may be measured using
an array of sensors, such as solid particles suspended in a fluid. It is further recognized the
effects of dispersion on large droplets of liquid would be similar to large solid particles
dispersed in a fluid (e.g., gas or air), and thus similar considerations when measuring the
air-to-particle ratio and particle size should be addressed.

It 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.

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.
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Claims

What is claimed is:

L. An apparatus for measuring at least one parameter of a fluid having a non-negligible
axial Mach number passing through a pipe, the apparatus comprising:

a spatial array of at least two pressure sensors disposed at different axial locations
along the pipe, and each measuring an unsteady pressure within the pipe at a corresponding
axial location, each of the pressure sensors providing a pressure signal in response to a first
one-dimensional acoustic wave propagating in a first axial direction and a second one-
dimensional acoustic wave propagating in a second axial direction within the pipe, the first
axial direction being opposite the second axial direction; and

a signal processor, responsive to the pressure signals, which provides a first acoustic

. -signal indicative of a speed-of the first-acoustic wave and a second acoustic signal indicative

of a speed of the second acoustic wave.

2. The apparatus of claim 1 wherein the signal processor, responsive to the first
acoustic signal and the second acoustic signal, provides a velocity signal indicative of a

velocity olf the fluid passing through the pipe.

3. The apparatus of claim 2 wherein the signal processor, responsive to the velocity

signal, provides a rate signal indicative of a flow rate of the fluid passing through the pipe.

4. The apparatus of claim 2 wherein the signal processor determines the velocity of the
fluid using a difference between the speed of the first acoustic wave and the speed of the

second acoustic wave.

5. The apparatus of claim 1 wherein the signal processor comprises logic that

calculates a speed at which sound propagates through the fluid passing through the pipe.

6. The apparatus of claim 5 wherein the signal processor determines the speed at which
sound propagates through the fluid using a ratio of the speed of the first acoustic wave and
the speed of the second acoustic wave.
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7. The apparatus of claim 1 wherein the signal processor comprises logic that calculates a

frequency based signal for each of the pressure signals.

8. The apparatus of claim 1 wherein at least one of the pressure sensors measures strain

on the pipe.

9. The apparatus of claim 1, further comprising:
at least one acoustic source for injecting the first and second one-dimensional

acoustic waves into the fluid. \

10. A method for measuring at least one parameter of a fluid having a non-negligible
axial Mach number passing throiigh a-pipe, the:methiod: comprising:

measuring unsteady pressures within the pipe at at least two predetermined axial
measurement locations along the pipe to provide a pressure signal in response to a first one-
dimensional acoustic wave propagating in a first axial direction and a second one-
dimensional acoustic wave propagating in a second axial direction within the pipe, the first
axial direction being opposite the second axial direction;

determining a first acoustic signal indicative of the speed of the first acoustic wave;
and

determining a second acoustic signal indicative of the speed of the second acoustic

wave.

11.  The method of claim 10 further including:
determining a velocity signal indicative of a velocity of the fluid passing through the

pipe in response to the first acoustic signal and the second acoustic signal.
12.  The method of claim 11 further including:

determining a rate signal indicative of a flow rate of the fluid passing through the

pipe in response to the first acoustic signal and the second acoustic signal.
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13.  The method of claim 11, wherein the signal processor determines the velocity of the
fluid using a difference between the speed of the first acoustic wave and the speed of the

second acoustic wave.

14.  The method of claim 10, further comprising:
calculating a speed at which sound propagates through the fluid using a ratio of the

speed of the first acoustic wave and the speed of the second acoustic wave.

15.  The method of claim 10 wherein determining the first and second acoustic signals

includes determining a frequency based signal for each of the pressure signals.

16.  The method of claim 10 wherein measuring unsteady pressures includes measuring

strain on-the pipe.

17.  The method of claim 10, further comprising:

injecting the first and second one-dimensional acoustic waves into the fluid.

18.  An apparatus for measuring at least one parameter of a fluid having a non-negligible
axial Mach number passing through a ﬁipe, the apparatus cdmprising:

a spatial array of at least two pressure sensors, disposed at different axial locations
along the pipe, and each measuring an unsteady pressure within the pipe at a corresponding
axial location, each of the pressure sensors providing a pressure signal in response to a first
one-dimensional acoustic wave propagating in a first axial direction and a second one-
dimensional acoustic wave propagating in a second axial direction within the pipe, the first
axial direction being opposite the second axial direction; and

a signal processor, responsive to the pressure signals, which provides a velocity
signal in response to a difference between a speed of the first acoustic wave and a speed of

the second acoustic wave.

19.  The apparatus of claim 18 wherein the signal processor, responsive to the velocity

signal, provides a rate signal indicative of a flow rate of the fluid passing through the pipe.
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20.  The apparatus of claim 18 wherein the signal processor determines a speed at which
sound propagates through the fluid using a ratio of the speed of the first acoustic wave and

the speed of the second acoustic wave.

21. A method for measuring the volumetric flow rate of a fluid having a non-negligible
axial Mach number passing through a pipe, the method comprising:

measuring unsteady pressures within the pipe at at least two predetermined axial
measurement locations along the pipe to provide a pressure signal in response to a first one-
dimensional acoustic wave propagating in a first axial direction and a second one-
dimensional acoustic wave propagating in a second axial direction within the pipe, the first
axial direction being opposite the second axial direction; and

determining a velocity of the fluid in response to a difference between a speed of the

first acoustic wave and a speed of the second acoustic wave.

22.  The method of claim 21 further comprising:

determining a flow rate of the fluid in response to the velocity of the fluid.

23.  The method of claim 21, further comprising:
determining a speed at which sound propagates through the fluid using a ratio of the

speed of the first acoustic wave and the speed of the second acoustic wave.

24.  An apparatus for measuring at least one parameter of a fluid having a non-negligible
axial Mach number passing through a pipe, the apparatus comprising:

a means for providing a pressure\signal in response to a first one-dimensional
acoustic wave propagating in a first axial direction and a second one-dimensional acoustic
wave propagating in a second axial direction within the pipe, the first axial direction being
opposite the second axial direction; and

a means for providing a velocity signal in response to a difference between a speed

of the first acoustic wave and a speed of the second acoustic wave.

25.  The apparatus of claim 24 wherein the means for providing the velocity signal
further provides a rate signal indicative of a flow rate of the fluid passing through the pipe.
-23 -
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