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(57) ABSTRACT 

A apparatus 10,110,170 is provided that measures the speed 
of sound and/or vortical disturbances propagating in a single 
phase ?uid ?oW and/or multiphase mixture to determine 
parameters, such as mixture quality, particle siZe, vapor/ 
mass ratio, liquid/vapor ratio, mass ?oW rate, enthalpy and 
volumetric ?oW rate of the How in a pipe, by measuring 
acoustic and/or dynamic pressures. The apparatus includes a 
spatial array of unsteady pressure sensors 15-18 placed at 
predetermined axial locations xl-xN disposed axially along 
the pipe 14. The pressure sensors 15-18 provide acoustic 
pressure signals P1(t)-PN(t) to a signal processing unit 30 
Which determines the speed of sound arniX propagating 
through of the process How 12 ?oWing in the pipe 14. The 
pressure sensors are piezoelectric ?lm sensors that are 

mounted or clamped onto the outer surface of the pipe at the 
respective axial location. 
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APPARATUS HAVING AN ARRAY OF 
PIEZOELECTRIC FILM SENSORS FOR 

MEASURING PARAMETERS OF A PROCESS 
FLOW WITHIN A PIPE 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/425,436 (Cidra Docket No. 
CC-0538), ?led Nov. 12, 2002; and US. Provisional Appli 
cation No. 60/426,724 (Cidra Docket No. CC-0554), ?led 
Nov. 15, 2002, all of Which are incorporated herein by 
reference in their entirety. 

TECHNICAL FIELD 

[0002] This invention relates to an apparatus for measur 
ing the parameters of a single phase and/or multiphase ?oW, 
and more particularly to an apparatus having an array of 
pieZoelectric ?lm sensors clamped or mounted onto a pro 
cess ?oW pipe for measuring the speed of sound and/or 
vortical disturbances propagating in a single phase and/or 
multiphase How to determine parameters, such as mixture 
quality, particle siZe, vapor/mass ratio, liquid/vapor ratio, 
mass ?oW rate, enthalpy and volumetric ?oW rate of the How 
in the pipe, for example, by measuring acoustic and/or 
dynamic pressures. 

BACKGROUND ART 

[0003] Numerous technologies have been implemented to 
measure volumetric and mass ?oW rates of ?uids in indus 
trial processes. Some of the more common approaches are 
based upon ultrasonic time of ?ight and/or Doppler effects, 
Coriolis effects, rotating Wheels, electromagnetic induction, 
and pressure differentials. Each of these techniques has 
certain draWbacks. For example, invasive techniques that 
rely on insertion of a probe into the ?oW, or geometry 
changes in the pipe, may be disruptive to the process and 
prone to clogging. Other methods such as ultrasonics may be 
susceptible to air or strati?ed ?oW. Meters that use rotating 
Wheels or moving parts are subject to reliability issues. 
Coriolis meters are limited When pipe diameters become 
large due to the increase in force required to vibrate the pipe. 

[0004] One such process ?uid is a saturated vapor/liquid 
?uid mixture (e.g., steam). It Would be advantageous to be 
able to measure the vapor quality of this ?uid mixture. Vapor 
quality of a saturated vapor/liquid mixture is de?ned as ratio 
of the mass of the vapor phase to the total mass of the 
mixture. Saturated mixtures exist at temperatures and pres 
sures at Which liquid and vapor phases coexist. The tem 
peratures and pressures at Which the liquid and vapor phases 
coexist lie under the “vapor bubble” on a phase diagram. The 
collection of points knoWn as the saturated liquid line and 
the collections of points knoWn as the saturated vapor line 
de?ne the vapor bubble. These tWo lines connect at, What is 
termed, the critical point. Saturated mixtures exist only 
under the vapor bubble. For pressures and temperatures 
outside of the vapor bubble, the ?uid exists as a single phase 
and the properties of that ?uid, such as density, enthalpy, 
internal energy, etc., are uniquely de?ned by the pressure 
and temperature. For common ?uids, such as Water, these 
properties are tabulated as functions of pressure and tem 
peratures and are available through a variety of references 
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including a Website hosted by NIST (ref: http://Web 
book.nist.gov/chemistr/?uid/). 
[0005] For ?uids at pressures and temperatures that lie 
Within the vapor bubble, the ?uids represent mixtures of the 
liquid and vapor phase. Although the properties of both the 
vapor and liquid phases are Well de?ned (and tabulated for 
knoWn substances), the properties of the mixture are no 
longer uniquely de?ned as functions of pressure and tem 
perature. In order to de?ne the averaged properties of a 
saturated mixture, the ratio of the vapor and liquid compo 
nents of the mixture must be de?ned. The quality of the 
mixture, in addition to the pressure and temperature, must be 
de?ned to uniquely determine the properties of the mixture. 

[0006] Measuring the average properties of a single or 
multi-phase process How is important in many industrial 
application since it is the mass averaged properties of the 
Working ?uid that enter directly into monitoring the ther 
modynamic performance of many processes. For example, it 
is the difference in the ?ux of enthalpy of the steam mixture 
?oWing into and exiting from a turbine that determines the 
maximum mechanical Work that can be extracted from the 
Working ?uid, and thus is critical to determining component 
ef?ciency. HoWever, if the steam entering or exiting the 
turbine Were saturated, pressure and temperature measure 
ment Would not suf?cient to determine the speci?c enthalpy, 
but rather, a measure of the quality of the steam Would be 
required to uniquely de?ne the thermodynamic properties of 
the saturated steam mixture. 

[0007] Note that once the quality and pressure (or tem 
perature) of a saturated mixture is de?ned, the thermody 
namic properties of the mixture are de?ned through mixing 
laWs provided the properties of the liquid and vapor sates are 
knoWn. For example, measuring speed of sound enables one 
to determine quality, Which in turn enables one to calculate 
enthalpy, density, and other properties of the mixture. In 
addition to measuring the speci?c enthalpy, a measurement 
of the total mass is also, in general, required to determine the 
?ux of enthalpy. 

[0008] There are many other situations Where knoWing the 
quality of a saturated mixture is bene?cial. For example, in 
a steam poWer plant, the quality of the steam Within the 
steam turbine affects blade life. Generally it is desired to 
operate so the quality is as high as possible throughout the 
turbine to minimiZe liquid Water drops that Will erode the 
metal blades. Knowing the quality at the turbine inlet and 
exhaust (or at the exhaust only if the inlet is super-heated) 
provides a means to monitor the quality throughout the 
turbine. Also, to monitor plant performance so that it can be 
operated at optimum conditions and to identify degradation 
effects, the steam turbine thermal performance must be 
knoWn. This requires the ?uid enthalpy at the inlet and 
exhaust of each turbine to be knoWn. If the ?uid at either or 
both locations is saturated, pressure and temperature mea 
surements alone Will not be enough to determine the 
enthalpy. HoWever if an additional measurement of quality 
is made the enthalpy is then de?ned. In addition, there may 
be other applications in refrigeration cycles. 

[0009] The ability to measure the How rate and composi 
tion of the saturated vapor/liquid mixtures Within the con 
duits is an important aspect of any system or strategy design 
to optimiZe the performance of a system based on saturated 
vapor/liquid mixtures. The industry recogniZes this, and has 
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been developing a Wide variety of technologies to perform 
this measurement. These include probe based devices, sam 
pling devices, venturis and ultrasonic devices 

[0010] This invention provides an apparatus and method 
to measure homogeneous and/or non-homogeneous ?uids 
used in industrial systems having various Working ?uids to 
determine various parameters of the process ?uid, such as 
the volumetric ?oW of the ?uid, the consistency or compo 
sition of the ?uid, the density of the ?uid, the Mach number 
of the ?uid, the siZe of particle ?oWing through the ?uid, the 
air/mass ratio of the ?uid and/or the percentage of entrained 
air/gas Within a liquid or slurry. 

[0011] Here a novel approach to ?oW measurements is 
proposed Which utiliZes a non-intrusive, externally mounted 
sensing element that requires no moving parts and is highly 
reliable. This approach is based upon signal correlation 
and/or array processing techniques of unsteady pressure 
measurements induced in an array of externally mounted 
sensors. The pieZo-?lm sensors clamped onto the outer 
surface of a pipe provides circumferential averaging of the 
unsteady pressures Within the pipe and provide an inexpen 
sive solution to accurately measuring the unsteady pres 
sures. The pieZo-?lm also have the advantage of being able 
to Wrap around a substantial portion of the outer circumfer 
ence of the pipe to provide circumferential averaging of the 
unsteady pressures With the pipe. 

SUMMARY OF THE INVENTION 

[0012] Objects of the present invention include an appa 
ratus having an array of pieZoelectric ?lm sensors mounted 
or clamped axially spaced to the outer surface of the pipe for 
measuring the unsteady pressures of a single and multi 
phase process ?oWs Within a pipe to determine at least one 
parameter of the process ?oW. 

[0013] According to the present invention, an apparatus 
for measuring at least one parameter of a process ?oW 
?oWing Within a pipe. The apparatus includes at least tWo 
pressure sensors disposed on the outer surface of the pipe at 
different axial locations along the pipe. Each of the pressure 
sensors provides a respective pressure signal indicative of a 
pressure disturbance Within the pipe at a corresponding axial 
position. Each of the pressure sensors includes a pieZoelec 
tric ?lm sensor. A signal processor, responsive to said 
pressure signals, provides a signal indicative of at least one 
parameter of the process ?oW ?oWing Within the pipe. 

[0014] 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. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1a schematic illustration of an apparatus 
having an array of pieZoelectric ?lm sensors clamped onto 
the outer surface a pipe, in accordance With the present 
invention. 

[0016] FIG. 1b is a schematic illustration of an apparatus 
having an array of pieZoelectric ?lm sensors mounted on the 
outer surface of a pipe, in accordance With the present 
invention. 

[0017] FIG. 2 is a cross-sectional vieW of a pipe and array 
of sensors shoWing the turbulent structures Within the pipe, 
in accordance With the present invention. 
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[0018] FIG. 3 is a cross-sectional vieW of a pieZoelectric 
?lm sensor in accordance With the present invention. 

[0019] FIG. 4 is a top plan vieW of a pieZoelectric ?lm 
sensor in accordance With the present invention. 

[0020] FIG. 5 is a cross-sectional vieW of a portion of the 
pieZoelectric ?lm sensor and clamp, in accordance With the 
present invention. 

[0021] FIG. 6 is a cross-sectional vieW of a portion of the 
pieZoelectric ?lm sensor and clamp, in accordance With the 
present invention. 

[0022] FIG. 7 is a cross-sectional vieW of a portion of the 
pieZoelectric ?lm sensor and clamp, in accordance With the 
present invention. 

[0023] FIG. 8 is a side elevational vieW of a portion of the 
pieZoelectric ?lm sensor and clamp shoWing a step in the 
attachment of the clamp to the pipe, in accordance With the 
present invention. 

[0024] FIG. 9 is a side elevational vieW of a portion of the 
pieZoelectric ?lm sensor and clamp, in accordance With the 
present invention. 

[0025] FIG. 10 is a perspective vieW of a plurality of 
pieZoelectric ?lm sensors clamped to a pipe having covers 
disposed thereover, in accordance With the present inven 
tion. 

[0026] FIG. 11 is a cross sectional end vieW of a pieZo 
electric ?lm sensor clamped to a pipe, in accordance With the 
present invention. 

[0027] FIG. 12 is a block diagram of a probe for measur 
ing the speed of sound propagating through a process ?oW 
?oWing Within a pipe, in accordance With the present inven 
tion. 

[0028] FIG. 13 is a plot shoWing the standard deviation of 
sound speed versus frequency for various arrays of process 
?oW parameter measurement system, in accordance With the 
present invention. 

[0029] FIG. 14 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 ?oW 
ing in a pipe, in accordance With the present invention. 

[0030] FIG. 15 is a block diagram of an apparatus for 
measuring the vortical ?eld of a process ?oW Within a pipe, 
in accordance With the present invention. 

[0031] FIG. 16 is a kw 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, in accordance With the 
present invention. 

[0032] FIG. 17 is a functional ?oW diagram of an appa 
ratus embodying the present invention. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

[0033] Referring to FIG. 1a, an apparatus, generally 
shoWn as 10, is provided to sense and determine speci?c 
characteristics or parameters of a single phase ?uid 12 (e.g., 
gas and liquid) and/or a multi-phase mixture 12 (e.g., 
process ?oW) ?oWing through a pipe. The multi-phase 
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mixture may be a tWo-phase liquid/vapor mixture, a solid/ 
vapor mixture or a solid/liquid mixture, gas entrained liquid 
or even a three-phase mixture. As Will be described in 
greater detail, the apparatus measures the speed of sound 
propagating through the ?uid or multiphase mixture ?oW to 
determine any one of a plurality of parameters of the ?oW, 
such as the steam quality or “Wetness”, vapor/mass ratio, 
liquid/solid ratio, the volumetric ?oW rate, the mass ?oW 
rate, the siZe of the suspended particles, density, gas volume 
fraction, and the enthalpy of the ?oW. Additionally, the 
apparatus 10 is capable of measuring the unsteady pressure 
disturbances (e.g., vortical effects, density changes) of the 
?oW passing through the pipe to determine the velocity of 
the ?oW, and hence the volumetric ?oW rate of the ?oW. 

[0034] FIG. 1a illustrates a schematic draWing of the 
apparatus 10 that includes a sensing device 16 comprising an 
array of pressure sensors (or transducers) 18-21 spaced 
axially along the outer surface 22 of a pipe 14, having a 
process ?oW propagating therein. The pressure sensors mea 
sure the unsteady pressures produced by acoustical and/or 
vortical disturbances Within the pipe, Which are indicative of 
a parameter of the single phase ?uid or multiphase mixture 
12. The output signals (Pl-P4) of the pressure sensors 18-21 
are provided to a processing unit 24, Which processes the 
pressure measurement data and determines at least one 
parameter of the ?oW. Such as, the characteristics and 
parameters determined may include the volumetric ?oW of 
the ?oW, the consistency or composition of the ?oW, the 
density of the mixture, the Mach number of the ?oW, the size 
of particle ?oWing through the mixture, the air/mass ratio of 
the mixture and/or the percentage of entrained air or gas 
Within the mixture. 

[0035] In an embodiment of the present invention shoWn 
in FIG. 1a, the apparatus 10 has four pressure sensors 18-21 
disposed axially along the pipe 14 for measuring the 
unsteady pressure Pl-P4 of the ?uid or mixture 12 ?oWing 
therethrough. The apparatus 10 has the ability to measure the 
volumetric ?oW rate and other ?oW parameters using one or 
both of the folloWing techniques described herein beloW: 

[0036] 1) Determining the speed of sound of acoustical 
disturbances or sound Waves propagating through the ?oW 
12 using the array of pressure sensors 18-21, and/or 

[0037] 2) Determining the velocity of vortical distur 
bances or “eddies” propagating through the ?oW 12 using 
the array of pressure sensors 18-21. 

[0038] Generally, the ?rst technique measures unsteady 
pressures created by acoustical disturbances propagating 
through the ?oW 12 to determine the speed of sound (SOS) 
propagating through the ?oW. Knowing the pressure and/or 
temperature of the ?oW and the speed of sound of the 
acoustical disturbances, the processing unit 24 can deter 
mine the mass ?oW rate, the consistency of the mixture (i.e., 
the mass/air ratio, the mass/liquid ratio, the liquid/air ratio), 
the volumetric ?oW rate, the density of the mixture, the 
enthalpy of the mixture, the Mach number of the mixture, 
the siZe of the particles Within a mixture, and other param 
eters, Which Will be described in greater detail hereinafter. 

[0039] The apparatus in FIG. 1a also contemplates pro 
viding one or more acoustic sources 27 to enable the 
measurement of the speed of sound propagating through the 
?oW for instances of acoustically quiet ?oW. The acoustic 
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sources may be disposed at the input end of output end of the 
probe, or at both ends as shoWn. One should appreciate that 
in most instances the acoustics sources are not necessary and 
the apparatus passively detects the acoustic ridge provided 
in the ?oW 12. 

[0040] The second technique measures the velocities asso 
ciated With unsteady ?oW ?elds and/or pressure disturbances 
created by vortical disturbances or “eddies”118 to determine 
the velocity of the ?oW 12. The pressure sensors 18-21 
measure the unsteady pressures Pl-P4 created by the vortical 
disturbances as these disturbances convect Within the ?oW 
12 through the pipe 14 in a knoWn manner, as shoWn in FIG. 
2. Therefore, the velocity of these vortical disturbances is 
related to the velocity of the mixture and hence the volu 
metric ?oW rate may be determined, as Will be described in 
greater detail hereinafter. 

[0041] In one embodiment of the present invention as 
shoWn in FIGS. 1a, 1b and 2, each of the pressure sensors 
18-21 may include a pieZoelectric ?lm sensor 30 as shoWn 
in FIGS. 3 and 4 to measure the unsteady pressures of the 
mixture 12 using either technique described hereinbefore. 

[0042] As best shoWn in FIGS. 3 and 4, the pieZoelectric 
?lm sensors 30 include a pieZoelectric material or ?lm 32 to 
generate an electrical signal proportional to the degree that 
the material is mechanically deformed or stressed. The 
pieZoelectric sensing element is typically conformed to 
alloW complete or nearly complete circumferential measure 
ment of induced strain to provide a circumferential-averaged 
pressure signal. The sensors can be formed from PVDF 
?lms, co-polymer ?lms, or ?exible PZT sensors, similar to 
that described in “PieZo Film Sensors Technical Manual” 
provided by Measurement Specialties, Inc., Which is incor 
porated herein by reference. ApieZoelectric ?lm sensor that 
may be used for the present invention is part number 
1-1002405-0, LDT4-028K, manufactured by Measurement 
Specialties, Inc. 

[0043] Piezoelectric ?lm (“pieZo?lm”), like pieZoelectric 
material, is a dynamic material that develops an electrical 
charge proportional to a change in mechanical stress. Con 
sequently, the pieZoelectric material measures the strain 
induced Within the pipe 14 due to unsteady pressure varia 
tions (e.g., vortical and/or acoustical) Within the process 
mixture 12. Strain Within the pipe is transduced to an output 
voltage or current by the attached pieZoelectric sensor. The 
pieZoelectrical material or ?lm may be formed of a polymer, 
such as polariZed ?uoropolymer, polyvinylidene ?uoride 
(PVDF). 
[0044] FIGS. 3 and 4 illustrate a pieZoelectric ?lm sensor 
(similar to the sensor 18 of FIG. 1a), Wherein the pieZo 
electric ?lm 32 is disposed betWeen and pair of conductive 
coatings 34,35, such as silver ink. The pieZoelectric ?lm 32 
and conductive coatings 34,35 are coated onto a protective 
sheet 36 (e.g., mylar) With a protective coating 38 disposed 
on the opposing side of the upper conductive coating. Apair 
of conductors 40,42 is attached to a respective conductive 
coating 34,35. 
[0045] The thickness of the pieZoelectric ?lm 32 may be 
in the range of 8 um to approximately 110 um. The thickness 
is dependent on the degree of sensitivity desired or needed 
to measure the unsteady pressures Within the pipe 14. The 
sensitivity of the sensor 30 increases as the thickness of the 
pieZoelectric ?lm increases. 




















