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(57) Abstract: Apparatus (10) and methods for making simultaneous measurements ot composition (water-cut), fluid flow, and sound
attenuation in a multiphase fluid flowing (15) through a pipe (12) in real-time, using the same apparatus (10) are described. Additionally,
the apparatus (10) provides real-time pipe wall thickness monitoring for observing pipe corrosion or internal deposition. Knowledge of
wall thickness is necessary to correct for water-cut (oil-water composition) automatically by adjusting the liquid path length internal
to the pipe (spool). The use of short duration frequency chirp excitation signals (24) enables the apparatus to provide information that
can be used to extract multiple levels of information from the same measurement in multiphase fluids including the presence of a
significant quantity of gas (~ 60% gas volume fraction) in different flow regimes. Besides measuring steady flow, this device is useful
for measurements during fast changing flows, such as for a rod-pumped well. Measurements up to about 1000 times a second can
reliably be made.
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SIMULTANEQUS REAL-TIME MEASUREMENT OF COMPOSITION, FLOW,
ATTENUATION, DENSITY, AND PIPE-WALLTHICKNESS IN MULTIPHASE
FLUIDS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  The present application claims the benefit of United States Provisional
Patent Application Number 82/473,800 for “Simultanecus Real-Time Measurement
Gt Composition, Flow, Attenuation, Density, And Pipe-Wall Thickness in Multiphase
Fluids” which was filed on March 20, 2017, the entire content of which application is
hereby specifically incorporated by refersnce herein for all that i discioses and
teaches.

STATEMENT REGARDING FEDERAL RIGHTS
{0002}  This invention was made with govermment support under Contract No. DE-
ACS2-0BNAZE396 awarded by the U.8. Department of Energy. The government has
certain rights in the invention.

BACKGROUND
00037 Production testing has been an integral part of off producing operations for
many years. A rapid decline in preduction between lests may indicate a mechanical
problem such as a rod parl, wormn pump, tubing leak. or a bad flow-line check valve
that needs 1o be addressed. The change may also be due o a change in resenvoir
conditions related 1o secondary recovery operations. Various types of meters arg in
common use, for exampls hurbing, positive displacement, orifice, ultrasonic and
Coriolis meters.  Moet of these melers provide a single kind of measurement or
require mudtiple instruments on & pipe spodl o oblain multinle measurements
parameters, such as water-cut and fluid flow. The presence of gas significantly and
adversely affect these measuraments o the exient that many instruments will not
function if the Gas Volume Fraction, GVF, increases beyond 10%. Muliipls types of
flow measurement devices may then be required. Ssparation of the gas from the
fluid in centrifugal separators may also be necessary, Microwave instrumentation
may also be incorporated. This significantly increases both the origingl installation
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cost and eperating cost, and maintaining multiple tvpes of instruments increases the
complexity of the instrumentation, requiring additional training and maintenance.
{0004] There is also a need to monitor corrosion of plpes or depositions on the
nside of the pipe wall that is a problem in most oll-ield operations.  Currently, there
are nO continuous monitoring systems avallable or used in off production. The
available handheld systems provids spot checks, but require knowledge of the pipe
materials.

[B00S]  In low lemperature wells, Asphaltene and other dissolved impurities may
pracipitate from the ol This changes the properties of the fluid from its original
calibration, and ulrasonic metering systems will lose their sensitivity at temperatures
whare the sound speeds of oif and water bacome close 10 ong another or become
ggual.

SUMMARY
[0008]  In accordance with the purposes of embodimends of the present invention,
as embodied and broadly described hereln, the apparatus for noninvasive,
simulfaneocus measurement of composition, density, fiuid flow rate, wall thickness,
and sound atfenuation of a multiphase fluld comprising at lsast one fiquid componant
and gas Howing in a pipe having & wall, an outside surface and an axis, hereof,
includes: a first ransmitting transducer in ulirasonic communication with the outside
surface of the pips for generating & first acoustic frequency chirp signal having &
selected frequency rangs and duralion in the multiphase fluid; a second acoustic
fransmitting transducer in ultrasonic commurication with the oulside surface of the
pipe, disposed a chosen distance downstraam from the first fransmitiing fransducer
for gensraling a second acoustic frequency chip signal having the selecied
fraquency range and durgtion in the muliphase fiuld, a wave gensrator for
generating an acoustic frequency chirp signal for causing the first transmitting
transducer and the second fransmilting transducer to simulianecusly generate the
first acoustic fraquency chirp signal and the second acoustic frequency chirp signal,
raspectively; a firat receiving transducer in uitrasonic communication with the outside
surface of the pipe diamelrically opposed to the first transmitling transducer for
racaiving the first acoustic frequency chirp signal generated by the first tansmitting
transducer after the first acoustic frequency chitp signal passes through the

multiphase Buld, and for producing a first slectrical signal in response thereto; a

yes
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second receiving transducer in ulirasonic communication with the outside surface of
the pipe dametrically opposed to the second transmitting transducer for recsiving
the second frequency chirp signal generated by the second fransimitting transducer
after the second freguancy chitp signal passes through the multiphase fluid, and for
producing a second slectrical signal in response thereto; a first analog-o-digital
converter for raceiving the first elsctrical signal from said first recsiving ransducer,
and for generating a first digital signal therefrom; a second analog-to-digital
converier for receiving the second slectical signal from the second recelving
transducer, and for generating a second digital signat therefrom; and a digital signal
processor for controfiing the wave generator, and for receiving the first digital signal
and the second digital signal, and for storing and processing the first digital signal
and the second digital signal.

00077 In another aspect of embodiments of the present invention, and in
accordance with the purposes thereo!, as embodied and broadly described herein,
the method for noninvasive, simudlanecus messurement of composition, density,
fhaidd fow rate, wall thickness, and sound attenuation of a multiphase fuid comprising
&l least one Hould component and gas flowing in a pipe having a wall, an outside
surface and an axis, hersol, Includes: generating first acoustic fraquency chirp
signale in the multiphase fluld using a first ransmitting transducer in ulvasonio
commiunication with the outside surface of the pipe; generating second acoustic
frequency chirp signals in the mulliphase fluid using a second acoustio fransmitiing
fransducer in ulirasonic communication with the ocutside surdace of the pipe,
disposed a chosen distance downstream from the first ransmilting transduger,
simultanaously with the generation of the first acoustic frequency ohirp signals;
recaiving the first acoustic frequency chirp signals after the first acoustic frequency
chirp signals pass through the multiphase fiuld, and produsing first glectrical signals
i response thereto using a first receiving transducser in ulirasonic communication
with the outside surface of the pipe diametrically opposad o the first transmitting
ransducer; recelving the second acoustic frequency chirp signal after the second
frequency chirp signal passes through the multiphase #uid, and producing second
clectrical signals, in responss therelo using a second receiving transducer in
ultrasonic communication with the oulside swiface of the pips diametrically opposed
to the second transmilling transducer; simultansously caloulating the root-mean-

square values for each first electrical signal and sach second slectrical signal;

9y
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inserting the root-mean-square values for the first slectrical signal into a queue for a
first, firstin-first-out memory, and continuously inserting the root-mean-squars
values for the sscond signal into a queus for a second, first-in-first-out memaory,
whersby a first wavelorm and a second waveform are generated; cross-correlating
the first waveform with the second waveform, whersby a time delay in a fiuctuation in
the first waveform and cheerved in the second waveform is caloulated, from which
the flow velocity of the multiphase fluid is determined; determining the iransit time of
the first acoustic frequency chirp signal through the fluid from which the composition
of the multiphass fluid is calculated; oblaining a fast Fourler transform of a first
received acoustic frequency chirp signal, from which the waill thickness is oblained;
and measuring the decay in amplitude of a first recelved acoustic frequency chirp as
a function of number of traverses of the multiphase fiuid, from which the sound
attenuation and the density of the multiphase fluid is obtained.

[0008]  Benefits and advantages of embodiments of the present invention includs,
but are not Bmited o, providing an apparatus and methods for simultaneous and
reabtime determinations of watercul, fluid flow, which takes advantage of the
presence of gas, wall-thickness for evidence of corrosion or acoretion, sound
attenuation, which is important for low temperature wells, and fluid density, using
only two pairs of ransducers.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008]  The accompanying drawings, which are incorporated in and form a part of
he specification, flustrale the embodiments of the present invention and, fogether
with the description, serve 10 srplain the principles of the invention. in the drawings:
[0010]  FIGURE 1 is a schematic reprasentation of a generalized embodiment of
the apparatus of the present invention.
00111 FIGURE 2 s a schematic representation of the apparatus of FIG. 1 used
for fiuid flow measurements.
(00121 HIGURE 3 is a schematic representation of the electronic components for
data processing of the flow measwaments of FI3. 2, the portion within the curly
brackets showing the operations performed by the DSP and the memory.
[0013] HGURE 4A illustrates conventional flow measurements typically ocourring
at one measurement per 1-2 5, when compared with the high spead sliding window

e

SUBSTITUTE SHEET (RULE 26)



WO 2018/175503 PCT/US2018/023440

FIFQ memaory technigue of FIG. 4B, which permits measurements to be taken at the
chirp signal repetition rate.

10014]  FIGURE 5is & graph of the observed rms values for channels tand 2 at a
mean liquid flow rate equal to 4.25 gallons per minute.

{00151 FIGURE 8is a graph of the observed rms values for channels 1 and 2 at a
maan liquid flow rate equal to 8.95 gallons per minute.

{0016] FIGURE 7 is a graph of the cross-corrslation peak, and the associated
delay for different fluid rates and with 1 liter per minute of air passing through the
liyuid,

(00171 FIGURE 8 is & graph ilustrating the observed cross-correlation transi
delay {delay betwsen two channsis) as a funclion of fluid flow rale measured
separately with a calibrated inshrument.

10018]  FIGURE 9 is 5 schematic representation of the use of a single channe! for
data processing where the sams frequency chirp is used as in FIG. 3 hereof, but the
same data are simullansously processed in a different mannar lo obtain the pipe wal
thickness, the scund speed and the fiuid atlenuation,

G018 FIGURE 10 is a graph Hlustraling a typical transmit chirp signal (1-5 MHz
frequency rangs) and 100 us duration,

{00207 FIGURE 11 is a graph fllustrating the corresponding recelve signal for the
transmit chirp shown in FIG. 10 in a Huld (water-oil mixture) flowing through a vertical
steel pipg (3-inch diameter) in a flow loop.

{0021] FIGURE 12 is 8 schematic representation of acoustic wave propagation
paths though a Hluid fifled pipa,

[0022]  FIGURE 13 flusirates the results of the de-chirp operation on the example
tranamitied and received signals.

08231 FIGURE 14 illustrates the results of the cross-comralalion operation on the
sxample transmitted and recsived signals.

[0624] FIGURE 15 #lusirates the caloulated sound spead in chosen fluids a3 a
function of tiuid path length in 2 sles! pipe.

[0028]  FIGURE 16 dlustrates the calculated sound speed in chosen fluid as &
function of fiuid path length In an aluminum pipe.

LA FIGURES 174 ~ 170 piclorially iHlustrate wall thickness determination

using the received signal only, with FIG. 174 represeniing a bypical recelve signal,
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FIG. 178 lustrate a fast Fourer Transiorm, FFT, of this signal showing a periodic
pattern of wall resonances that occur at integral numbers and are squally spaced in
frequency, and FIG. 170 iustrates aute-correlation of the data in Fig. 178 showing a
pronounced peak corresponding o the average peak spacing In FIG. {78,

[0027] FIGURE 18 llustrates the measured wall time-of-flight as a function of pipe
wall thickneas for a steel pipe.

10028] FIGURE 19 MHustrates the calculated wall ime-oflight as a function of
pipe wall thicknsss for an aluminum pipa.

[0028] FIGURE 20A is a graph of the sound speed as a function of tlemperature
for crude ol and water, while FIG. 208 5 a graph of the atlenuation of several oils
and two waler samplas as a function of temperature.

[G030] FIGURES 21A - 21C are graphs of the transmilted and received chirp
signals as a function of time for a water sample, the analysis of the received signal
as a funclion of frequency (frequency-domain analysis), and the calculated
attenuation as a function of the square of the freguency, respactivaly.

(00311 FIGURES 224 - 22C are graphs of the transmitted and recelved chirp
signals as a function of time for a crude ol sample, the analysis of the received
signal as a function of frequency (frequency-domain analysis), and the caloulated
attenuation, as a function of the syuars of the frequency, respectively,

[0032] FIGURE 28 s a graph of the measurements of aftenuation using the
frequency-domain ratio approach for several fluids as presented in FIGS. 21A-21C
and 22A-22C, above, as a function of temperature, the plols showing the large
variation in sound altenuation in the fluids in the temperature range where the sound
spaeds for crude oif and water are similar.

06331 FIGURE 24 is a graph of the measurements of sound spesd for the same
fivids as displayed in the graph of FIG. 23, sbove, and at the same temperaure,

showing little variation in sound speed values for these Hluids.

DETAILED DESCRIPTION
0034]  DBriefly, embodiments of the present wention include apparatus and
mathed for peromming simultansous, real-time measurements of composition (water
cut), fiuid flow, and sound attenuation in a multiphase flid flowing through a pipe.
Multiple measurements are simullaneously made using the same transducers, thus
reducing the cost of instrumentation and fisld implementation. It should be

&
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mentioned thal although all of the dala required for the delermination of these
quantities s simultansously made, the required calculations coour rapidly thereafter
such that the guantities may be displayed in real tims.

{00351 In what follows, the terms “simultanecusly” and “simuliansous” mean that
the acoustic frequency chirp signals diracted into the multiphase fiuid from sach of
the two transmitling iransducers are transmitted into the fluid at the same time, and
that the roceived signals are processed without delay.  This simubaneity of
transmitted signal pairs remains true for all of the acoustic frequency chirp signals
utifized in the measurements in accordance with the isachings of embodiments of
ihe present invention.

[003s]  Ulrasonic metering systems, based on sound speed, lose thelr sensitivity
at iow temperatures {fypically balow 40°C depending on the type of crude oil} where
the sound speed of ol and process waler become close 0 each other or agual.
Sound attenuation, by conirast diverges for these substances as the temperalure is
lowarad, thereby providing sensitive measurements in regions where sound speed
alone cannot provide accurate measursment for fiuid composition. The analysis that
provides sound attenuation also permits determination of the fluld density,

{0037]  Addiionally, the apparalus provides realime pipe wall thickness
monitoring for monitoring pips corrosion or intemal deposition. This measurement is
pacessary o automatically correct for water-cut (ofl-water composition) by adiusting
the liguid path length intemal to the pipe (spool). The use of a short duration
frequency chirp excitation signal enables the device to provide information that can
be used t extract mulliple levels of information from the same measurement. The
apparatus works well in mulliphase fluids, and in the presence of a significan
gquantity of gas (~ 80% gas volume fraction - GVF) In different flow regimes. In
addition to measwing steady flow, the present apparatus is uselul in situations
where the flow s rapidly changing, such as in a rodpumped well, since all
measuremants are oblained as fast as 1000 times a second.

{0038 Refersnce will now be mads in detail to the prasent embodiments of the
invention, examples of which are flustrated in the accompanying drawings. in the
FIGURES, similar strutiure will be identified using identical refarence characters, it
will be undersiood that the FIGURES are presented for the pumose ¢f describing

parficuiar smbodiments of the invention and are not intended 1o mit the Invention

3
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thereto.  Tuming now o FIA 1, a schematic represeniation of a genealized
embodiment of apparatus, 10, of the present invention is shown, Two
transmitter/receiver pairs of diametrically opposed twoadband ultrasonic fransducers
12a,b, and 14ab, fe.g., piezosiectic, for non-contact measurements on metal pipes
through which fluid, 15, is flowing are in vibrational communication with pips, 17, and
separated by a osrtain Known distance, 18, typically 1-3 pipe diameters, 20
tlectromagnetic acoustic transducers (EMATSs) and transducers in contact with the
outside surface of condult {8.g., pips), 18, and separated by the cerain known
distance, 18, typically 1-3 pipe diamesters, 20 may also be used. Separation 18 can
be adusted for different flow ranges. Transducers 12ab and t4ab may have
curved surfaces to maich the curvature of a pips, or have a flat-to-curve metal
adapters, or the sides of the pipe can be machined o & have fial surface o
accommodate flal ransducers.
{0038]  Computer-controlied, 22, dual channs! Arbitrary Wave Generatoer (AWG)
{a digital signal procsssor {DEP) or microcontroller may also be used), 24, is usad
along with drive amplifiers {not shown in FIG. 1) o simultaneously excite the
transmiters T1, 12a and T2, 14a. A two channel AWG may be used when the
ransducer palrs are not properly matched in thelr slectrical impedance or the
ultrasonic coupling is different for each transducer. This providss Hlexibility for device
implementation in the field. In most situations, however, a single chamnel AWG can
be used to drive both fransducer pairs,
00407 Low-level culput signals, 28, and 28, from the recelving transducers are
first amplified by individual signal amplifiers, 38, and 32, respectively, and then
digitized by multi-channel analng-to-digital {AD) converters, 34, and 38, raspectivaly,
having variable sampling rates that can be varded betwesn 25 MHz and 100 MHz
Typical &/D rezolutions are 14-bits but can be higher or lowsr, f warranted. The
digitized signals are direcled to D8P 22 having fast memory, such that DSP 22 can
procass the siored signal almost in real-time. Display device, 38, s used to visually
output the results. An Ethernst or other wireless link may be used lo transmit the
daia to a central location {not shown in FIG, 1).

A. Fluid Flow Maasurements:

1. Measurement:

13041]  Flow measurements based using the apparatus described in FIG. 1 are

described in FIG. 2. Diametrically opposed, ullrasonic transducer transmitter
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receiver pairs (T1ET (12ab) and T2,R2 (14a,b)) are olamped pipe section 18 and
slightly displaced from sach other along the axis of the pipe (separation L, 18)
through which mulliphase fluid, 40, is fowing, Separstion distance 18 is related t©
pipe diameler 28 and is typically in the rangs of 1 ~ 3 pipe diameters, but can be
longer. Frequency chirped signals (from 300 kHz 1o 5 MHz), 42, and 44, having a
chosen duration that is shorter than twice the wansit time through the fiuld is applied
to transmitters 12a and 14a, respectively. The short duration avoids ulirasonic
resonances from being gensrated in the louid, similar o what ocowrs in &
conventional ulirasonic comrelation Howmetsr that fypically use continuous wave
mode excitation having a fixad frequency. The transmission of this fixed frequency
signal can be poor unless i s matched with the wall resonance frequency. The
frequency chirp signal spans multiple resonances of the pipe wall as shown by the
amplitude-modidated received signal for each transducer, 46, and 48. The signals
that are transmitted through the fluid in parallel are received by receiver transducers
12b and 14b. Disturbances, such as turbudence (vortices), presence of gas {gas
bubibles, as an exampie), or densiy Hluctuations aftenuate the ransmitted signal in a
dynamic manner as these are fransient disturbances. Because of the fluid flow, up-
stroam receiver 14b first detacts this fluctuation in transmission {the signal can even
be completely blocked). Depending on the velocity of the fluid, down-stream
raceiver 12b detects the disturbance somewhat later. The received chirp signal can
he bandpass fillered In a narrow frequency band or the entire signal can be used.
The peak or rme {root-mean-squars) value for sach received chirp signal that may
be generated at a very high rate, for example, as fast as 10 kHz repetition rate is
measured. Al this rale, ong obizing ransmitted signal inlensity dats sach
millisecond, When these peak or rms data are plotted for each receiver channel the
signal that one would obtain from a conventional CW ultrasonie correlation flowmeter
is recovered, but with advanitages that overcome the shorcomings of such
conventional flowmeters.

2. Data Processing:
100421 FICGURE 3 is a schematic representation of the dala processing for the
flow measurements of FIG. 2. Only a single AWG 24 triggsred and controlled by
DSP 22 is shown for simpliclly. Data from each chamnnel are processed

simultansously and in parallel.  An expanded view of the processing steps for each
G
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channel is shown within curly bracksts, 84. The received signal is first bandpass
fitered by filter, 88, Four different bandpass frequency regions may be selected for
filtering, each covering a different resonance peak region, but even a single region
that includes one wall resenance peak {(ses the peaked amplitude region in the
received signal) is sufficient. A larger region that covers multiple resonances is also
adequate. For high speed operation, a single bandpass filter with a frequency region
that covers multiple resonance peaks is often used. Once filterad, the root mean
squared {rms} value is determined for that bandpass frequency region.  This rms
valug provides a measurs of the signal amplitude fluctuation from one chip 1o the
next as the flow measurement Is based on this fluctuation observed by sach of the
two receivers. The s value for sach chirp signal is then inserted into the queus of
frstin-first-out (FIFO) memory, 58, in 3 confinucus manner that generales a
wavetorm {ses FIGS. 4 and § below) that shows how the rms fluciuation from each
receiver behaves over time. The FIFO memory aliows the simultansous sxiraction
of a portion of the wavetorm during the time while the memory is continuously getting
filed. Therefore, a fixed number of data points (100 to 1000} on the wavelorm is
exiracted, separated by the repetition rate of the chip {e.g, 1 ms). This is
aguivalent to sliding a window one dala step at a time and capturing that waveform,
The window data from the two channels are then cross-correlated using Fast Fourier
Transiorm (FFT) to determine a delay time peak signal s that is ralated to the flow as
as flow velocity = LAs, since the transducer separation L is known {see FIG. 2.
FIGURE 4A flustrates conventional flow measurements fypleally occuning at one
measurement per -2 8, when compared with the high spesd siiding window
technigue of FiG. 4B presented here, a waveform is continually oblained that
sifted only by & single chirp in time and, therelore, a cross-comslation peak
{corresponding Bow speed) at the chirp rate is obtained. I is seen that there is a
factor of 1000 improvement in measurement speed using the sliding window
technique, permitting measurements 1o be made at the chirg repetition freguency.

100437  Typically, correlation flow measurements are made by capturing a portion
of the data from both channels and then cross-corelating that porion of the dats
from both channels fo determing the delay time 1o obtain a single flow value. Then
one moves to the next caplure window and deterrnines the next flow value. Since i
takes approximately 1000 data points in each curve to oblain an accurale cross-

correiation to determing flow, measuremants of flow can be made only every 1-2
10
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seconds. With the present FIFO technigue, flow measurements can be made as
rapidly as the chirp rale, for example, ons measurement every 1 ms. This is an
improvement of three orders-ol-magnitude over the conventional approach, When
the process begins, one awalts data for the first window 1o be captured, after which
the process preceeds in a continous manner,
{0044]  FIGURE 5 jllusirates the observed rms values for channels 1 and 2 at a
mean hquid flow rate equal 1o 4.25 galions per minute, while FIG. 6 shows the
observed rms values for chamnels 1 and 2 af a mean liquid flow rate aqual to 8.95
gailons per minute.  As may be observed from FIGS. 5 and 6, the ransmission
fluctuations ocour at 3 higher rate at higher flow rates as can be expscted.
{0045] FIGURE 7 is a graph of the cross-corelation peak, and the associaied
delay for different fluid rates and with 1 liter per minute of air passing through the
hguid.  As the flow rate increases, the position of the peak moves toward shorler
delays in a monctonic manner. FIGURE 8 Hlustrates the observed cross-correlation
transit delay (delay belween two channels) as a functiomn of fluid flow rate
measured separately with a calibrated instrument. This curve is & calibration curve
for apparaius used.

B. Simultancous sound speed, sound altenuation, density, and wall

thickness measursmenis:

[0046] FIGURE 8 is a schematic representation of the uss of a single channe for
dala prooessing where the same frequency chirp is used as in FiG. 3 hereof, but the
same dala ars simultaneously procsssed in a different manner, as Hlustrated in
brackets, 64, o obtain the pips wall thickness, the sound spesd and the Huid
ghienuation. Both transmit frequency chirp signal Tx, 82, and received signal Rx, 84,
are digitized by ADC 35 for each channag! simuliansously and in parallel. Onee the
data are slored in mamaory, 88, for each chirp, DEP 22 performs the required muitiple
analyses. Temperafure measurement apparatus, 88, is altached o the oulside
surface of pipe saction 18 o correct the sound speed for variations in lemperature.
{8047} FIGURE 10 shows a typical ransmit chirp signal {1-5 MHz frequency
range; and 100 microsecond duration, whils FIG. 11 lHustrates the comesponding
receive signal in a fluld {water-oil midiure) flowing through a vertical siee! pipe (3-
inch diameter) in a flow loop. The received signal shown in FIG. 11 is delayed due
to the passags through the fluid inside the pipe and through the pipe wall, Only the
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first pass of the signal is shown and not the subsequent refisclions within the fluld
path. Wall resonances are clearly seen as amplitude modulation.
8.1, Sound Speed:

[0048]  There are three ways sound spesd can be determined: (1) de-chirp, (B
cross-correlation, and (3} signal deconwolution.  In all cases, both transmif and
raceive signals are required. Analysis may be performed as follows:

The transmitted signal x(1) Is a linear chirp represented by the equation

N
x{fy = sini w, -+~
2

R

where g, I8 the slarting chirp frequency and @ Is the raie of change of the chirp
frequency. H & is the total transit time delay, then the received signal (€} is given
by

W)

#

x{f - tﬁ,}“‘ u(f-—-z‘f)

#

sinEm(,(t —t)+ -;i;-a’;{s ~t, ))J

4

where v(r} is the unit step function. Multiplying the fransmitted and recelved signals
gives

I
. T.ay . 1. ; .
XXyl = sm{wgfw«:mtz)xsm[wc(zmrf)+:m(t-zfy]su(zmtf)
% - &

- %{ms{dma}f +e§}~ms{(2m0 + 6 +of )t + g%}}w(? }
where £ = £ —¢; and f = (s, +26t,)t,.

{00487 The oifect of multiplying the tranamitied signal «{#) with the recelved signal
¥(t), Is the generation of a sinuscid at frequensy ot called the drone, and a tinear
chirp. Thus, by measuring the frequency of the dions, i is possible to caloulate the
total wansit fime delay 1. FIQURE 12 is a schematic representation of acoustic
wave propagation paths though a Huid filled pipe. Using the “de-chirg” method for a
signal undsrgoing mulliple reflections (FIG. 12}, the product of these chirps results in
a signal that has mulliple peaks (FIG. 13), each corresponding 1o a slightly delayed
arival of the transmitted signal; & similar pattern of maxima is seen when the
fransmitied signal is cross-comslated with the received signal (FIG. 14). The
envelope of the cross-correlation (not shown in FIG. 14) is identical to the de-chirp
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signal. The first peak comesponds 1o the arrival of the first transmitted wave, while
the second peak corresponds o the first reflection, and so on, as shown in FIG. 12,
The time to first peak is thus the tolal time ¥ that includes the propagation time
through the fluid t {(needed for fluid sound speed determination) and the pipe wall on
both sides 2. Therefors, In order to obtain the speed of sound in the fluid, the time
ditference between the first peak and the second peak or any two subssguent peaks
is subtracted from the first peak. This is because the peaks are equi-distant in time
and represent the pipe wall thickness, Since the pipe dimensions are known, the
path length through the fluid is known and the fiuld sound speed is pathlengih/tr,
[0080]  The time-ofdlight can also be determined using a deconvolution process
that uses the transmitted and the received signals but, in this sftuation, the Impulse
response of the system is determined, which appears the sams as the de-chirp and
the cross-correlation date (FIGS. 13 and 14).

Bo51]  Moeaswemenis with different fluids {water, mineral ol and FC-43) and
difierent pipe malerials (steel, aluminum) with changing geometry show that the
present method can accurately delermine sound of speed in the fluld medium
independent of pipe material or dimensions. To demonstrate this, measuremenis
ware made in two diferent pipes with each pipe having stepped diameters;
therefore, measurements of different fluld path-lengthe and wall thicknesses could
readily be measured. The transducer posilion along the pipe length was moved for
different path length measurements.  FIGURE 15 flustrales the measured sound
speed in chosen Hluids as a funclion of fluid path length in a stes! pige, while
FIGURE 18 #Hustrates the measured sound speed in chosen fluid as a function of
fluid path length in an aluminum pipe.  This shows that the sound spesd

measurements were consistent independent of the fiuid pathlength.

B.2. Wall Thickness:

[0052F  As described above, since the difference betwesn detecied congecutive
arrivals is due to the additional passage of the ultrasonic wave through the pipe
walls, a measure of the time-offlight through the pipe wall may be made
simultanaously with the time-of-flight through the fluid medium iself.  The time
difference betwesn any two consecuiive peaks in the dechip data and the
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envelope of the oross-correlation date provides a measure of the wall thickness as
long as the wall Is unfform along the clroumference.

{60531  The autocorrelation approach represents ancther technique for measuring
wall thickness. In this approach, the transmitted signal is not used; only the received
signal is employed. FIGURES 17A ~ 170 pictorially #lustrale wall thickness
determination using the received signal only, with FIG. 17A representing a typical
received signal, FIQ. 178 Blustrating & fast Fourler Transform, FFT, of this signal
showing a periodic pattern of wall resonances that ocour &t integral numbers and are
aqually spaced in frequency, and FIG. 170 Hlustrating auto-correlation of the data in
Fig. 178 showing a pronounced peak corresponding 1o the average peak spacing in
FIG. 178, H the pipe material is known or the pips cuter dimension is measured, the
wall thickness can be accurately determined. However, for monitoring varations in
wall thickness, the aute-correlation peak position is used.

[0054] FIGURE 18 Is a graph of the measured wall time-offlight as a function of
pipe wall thickness for a steel pipe, while FIG. 1815 & graph of the derived wall iﬁmen
of-flight as a function of pipe wall thicknass for an aluminum pipe. FIGURES 18 and
19 derive from measurements made on a steel pipe and an aluminum pipe having
stepped wall thicknesses and demonstrate that accurste determingtion of time-of-
flight through the pipe wall is independent of the fluid contained thersin and can
therefore provide real-time measurement of wall thickness in a pips.

8.3, Sound Attenuation nd Density:

[0088] Water-cut {oibwaler composition) measursmentis based on sound spead
along are problemmatic in wells where the temperature s low. Al such low
femperatures, the difference in sound speed batwesn crude ol and process water
becomes small and many cases become the same as may be obsarved in FIG 20A,
This makes the sound speed based waler-cut measuraments impossible or highly
inaccurate whan measursmants can be made. By confrast, sound atienuation varies
sxponantially with temperature and diverges at low temperatures as shown in FIG.
208. Accurate altenuation measurement may solve this problem. In addition, fluid
density provides another physical parameter of the fluid, making the measurements
more robust, In accordance with embodiments of the present invention attenuation

measurements can be made simullaneously and in real-ime with other paramaters
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using the same apparatus, and frequency chirp excitation, but the data are
provessed differently.

[00568]  The following describes the frequancy domain ratio approach for sound
attenuation measurements, FIGURES 214 and 224 show the received signal for
chirp pulses transmitted through the pipe wall and the fluid inside (See FIG. 9 for the
maasuremnt detalls), for water and crude ofl, respectivaly. Referring to FIG. 12, itis
seen that the direct path chirp signal is deteoted first and then the first reflected
signal {first echo} through the lquid path follows. In FIG. 214 and 224, these
directed path and the firsi reflected signal show up as two separate groups (bursts)
of signafs. The amplitude of the received signal is modulated by pipe wall resonance
that represents multiple reflections within the wall. The effect of atienuation is
gualitatively observed in the water dala {low attenuation) as comparad 10 the data for
crude o {more attenuating) from the magnifude of the signal decay between the first
pass (dirsct path signal) and the second pass (first echo) bursts. This decay in
magnitude is due to the signal having travelled two additional pathlengths for the 2nd
pass signal and is thus further attenualed because of the sound aftenuation in the
fluld, This attenuation is frequency dependent and the attenuation varles as square
of the frequency. The processing involves windowing the two signal bursts, the first
pase (direct path signal) and the first echo signal. These windowed time-domain
signal bursts are then corwerled to the frequency domain using fast Fourier
Transform (FFT) processing. The two FFTs are shown in FIGURES 218 and 228
with the top curve representing direst path signal and the lower curve representing
the first acho. The peaks in each curve are due o resonance In the pipe wall and
mirrer the fransmitied signal shown in FIGS, 214 and 218, The FFT of the 15 pass
{diract path) and the 2nd pass (first echo) are then divided to canced out any varation
in the original excitation signal amplitude and gl other factors that are common
both pulse groups.,

00871 FIGURES 210 and 22C show the natural logarithim of the ratio of these
two FFTs plotted against the square of the freguency, again for water and crude oil,
respectively. A linear fit o the curve is constructed that fouches only the lowest
points In the curve {(the baseline) over the frequency range. This s due o axira
apergy oss as a result of pipe wall resonance, and thergfore the peak regions in the

ratio curve are avoided. Only the values away from the peak regions provide
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accurale measwrement, and thus the baseline linear fit is used. This straight line
behavior of the baseline arises from the following squation

I {W} = Jalff - (kY

FFT(2nd pass) ]

where, o i the sound alfenuation in the fluid, L is the fluid path inside the pipe
{internal diameier of the pipe), fis the fraquency and R is the reflection coefficient at
the pipe wallfluid interface.  This reflection coefficlent is related o the acoustic
impedance Z {sound speed x density) mismatch of the wall material and that of the
fiuid.  From the above equation, the slope of the straight fine is simply 2Lo and since
L is known, the sound altenuation can be exiracted from the measurement. Indead
the values determined show thal attenuation is crude ol is much higher than in
water, 1720.1 x 107, as compared to 58.8 x 10% Np m! MHz? . The frequency
ragion for measurement and the pipe diamster are such that the sound beam
diffraction effects are minimal and can be ignored,  For larger diamsier pipes and
fower frequencies, T will be appropriate to include loss dug to diffraction in the
alfenualion measurement. The interospt of the line on the y-axis {vertical axis} is
(MR, His defined as

=)

L ]
"':w Ty

Cos

where the suffix w and L represent the acoustic impadance of ths pipe wall and the
figuid, respectively. Since the properties of the pipe wall are known, and the sound
speed of the liguid inside the pips is determined from the measurement, the liquid
density can be now extractad from the intercept of the straight line.

[0088] The resulls of the simullansous afienualion and sound speed
measurements using the above-described method for several fluids {cils and waer)
are presented in FIGS. 23 and 24, respeciively. The lemperalure variation is only
2°C, and therefore the temperature affect is not readily observed as compared with
that shown in FIGS 204 and 208, However, # s worth comparing the sound spesd
measurements for the same fluids sl the same lemperature range made
simuliansousty using the present apparatus. The sound speed in the measured
range shows lithe variation among all the ofls and water except for FC43 {fluorinert,
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which is in g different class of tiquid than off and water} that is included as a check on
the measurements; therefors it is difficult to determine fluid composiiions based on
sound spead alone at low temperatures for ofl that shows a cross-over behavior In
sound speed {ses FIG. 208). By confrast, the aitenuation measurements {ses FIG.
23} show clpar discrimination of the olls and water.

{0887 The foregoing description of the frwention has been presented for
purposes of ilustration and description and is not intended 1o be exhaustive or to
firmit the invention io the precise form disclosed, and obviously many modifications
and variations ars possible in light of the above teaching. The embodiments were
chosen and described In order to best sxplain the principles of the invention and lis
practival application to thereby enable others skified in the art io best ulilize the
invention in various embodiments and with various modifications as ars suited to the
particular use contemplaled. s intended that the scope of the invention be defined
by the claims appended hereto,
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[0080] WHAT IS CLAIMED 15:

1. An apparatus for noninvasive, simultanecus measurement of composition,
density, fluid flow rate, wall thickness, and sound altenuation of a multinhase fHuid
comprising at least one liquid component and gas flowing in a pipe having a wall, an
outside surface and an axds, comprising:

g first transmitting transducer In ultrasonic communication with the
cutside surface of said pipe for generating a first acoustic frequency chirp
signal having a selected frequency range and duration in said multiphase
Hudd;

a second acoustic ransmitting transducer in ultrascnic conwmunication
with the oulside surface of said pips, disposed a chosen distance
downstream from said first transmitling fransducer for generating a second
acoustic frequency chirp signal having the selected frequency range and
duration in said mulliphase fuid;

a wave generator for generating an acoustic frequency chirp signal for
causing said first transmilling transducer and said second transmitiing
fransducer to simultaneously generate the first acoustic frequency chirp
signal and the second acoustic frequency chirp signal, respectively;

a first receiving ransducer In ullrasonic communication with the outside
sirface of said pipe diamelrically opposed o said first wansmitting
transducer for receiving tha first acoustic frequency chirp signal generaled
by said first transmitiing transducer after the first acoustic freguency chirp
signal passes through said multiphase fluid, and for producing a first
slectrival signal in responss thereto;

a second receiving wansducer in ultrasonic communication with the
oulside surface of said pipe diametrcally opposed o said second
fransmitiing Wransducer for receiving the second frequency chirp signal
genarated by said second transmitfing fransducer afier the second
frequency chirp signal passss through said multiphass fluid, and for
producing a second slecirical signal in response thereto;

a first analog-to-digital converter for recsiving the first slectdcal signal
from said first receiving transducer, and for generating a first digital signal
therefrom;
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a second analng-to-digital converter for recelving the second elecirical
signal from said second recalving transducer, and for generating a second
digitat signal therefrom; and

a digital signal processor for confroliing sald wave generator, and for
receiving the first digital signal and the second dightal signal, and for
storing and processing the first digital signal and the second digital signal.

2. The apparatus of claim 1, wherein said first transmitling transducsy, said first
raceiving iransducer, said second transmitiing transducer, and said sscond recelving
fransducer, comprise piezoslectds ransducers.

3. The apparatus of claim 2, wherain said first transmilting transducer, said first
recelving transducer, said second transmitiing transducer, and said second receiving
transdhcer comprise curved surfaces which are equal 1o the curvature of the outside
surfacs of said pipe.

4, The apparatus of claim 1, wherein said pipe has an outer diameter, and the
chosen distance between said first tansmilting fransducer and said second
transmitting transducer is between about 1 and approximately 3 pipe diameters.

5. The apparatus of claim 1, whersin the frequency chip signal comprises
frequencies betwesr about 300 kHz and approximately 5 MHz.

8. The apparatus of claim 1, whereln the asoustic frequency chirp signal has
guration shorter than about twice the time it takes for the generated acoustic
frequency chirp signal to traverse sald multiphase fluid.

7. The apparatus of claim 8, wherein the fraquency chirp signal has a duration
hetweern about 10 ys and approximately 1 ms.

8, The apparatus of claim 1, wherein said wave generator somprises a dual
channe! wave gengrator.

8. The apparatus of claim 1, further comprising a first amplifier for amplifving the
first elactrical signal produced by sald first receiving transducer, and a second
amplifier for ampliving the second electrical signal produced by said second
recelving ransduser.

10, The apparatus of claim 1, The apparatus of claim 1, wherein said at least ong
figuid component of sald multiphase Auld comprises a liguid hydracarbon or ofl, and
said gas comprises at least one hydrocarbon.

1. The apparatus of claim 1, whemein measurament of composition of said

muttiphass fluld comprises measuring the water-cut of said multiphase fluid.
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12, The apparatus of claim 1, further comprising a thermomsier attached 1o the
outside surface of said pipe for determining the temperature of sald multiphase fluid.
13, A method for noninvasive, simultanecus moasurement of compasition,
density, Hhuid flow rate, wall thickness, and scund atlenuation of a multiphase fHuid
comprising at feast one liguid component and gas fiowing in a pipe having a wall, an
outside surface and an axis, comprising:
generating first acoustic frequency chirp signals in the multiphase fluid
uging a first ransmilting fransducer in uitrasonic communication with the
outside surface of the pips;
generating second acoustic frequency chirp signals in the multiphase
fivid using 2 second acoustic transmitting transducer in ulfrasonic
communication with the outside surface of the pipe, disposed a chosen
distance downstreamn from the first transmitting fransducer, simultansously
with the generation of the first acoustic frequancy chirp signals;
receiving the first zcoustic frequency chinp signals after the first
acoustic frequency ohirp signals pass through the multiphase fluid, and
producing first slectrical signals in response thereto using a first recaiving
transducer in ultrasonic communication with the cutside surface of the pipe
diametrically opposad to the first transmitling transducer;
recsiving the second acoustic frequency chirp signal after the second
frequency chitp signal passes threugh the multiphase fluld, and producing
seoond electrical signals, In response thersio using a second recsiving
transciucer in ullrasonic communication with the outside suface of the pipe
diametrically eppossd 1o the second transmitiing transducer;
simuliansously calculating the reoi-mean-square values for each first
slectrical signal and each second electrical signal;
inserting the rootmean-square valuss for the first slectrical signal info
a queus for g first, firstHn-first-out memory, and continuously inserting the
roob-mean-sguare values for the second signal into a gueus for a second,
first-in-Hirst-out memory, whersby a firet waveform and a second wavelform
are generated;
cross-correlating the first waveform with the second waveform,

whereby a time delay in a fluctuation in the first wavsform and observed in
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the second waveform is caloulated, from which the flow velocity of the
multiphase fluid is determined: |
deiermining the transit time of the first acoustic frequency chirp signal
through the fuid from which the composition of the multiphase fluid is
caloulated;
ohiaining a fast Fourlar transform of a first recelved acoustic frequency
chirp signal, from which the wall thickness is oblained; and
maasuring the decay in amplitude of a first received acoustio frequency
chirp as & function of numbsr of traverses of the multiphase fluid, from
which the sound attenuation and the density of the muliphase fluid is
abtained,
4. The methed of clalm 13, further comprising the step of bandpass frequency
fitering sach first slectrical signal and each second slectrical signal over a chosen
frequency range before said step of simultaneously calculating the root-mean-square
vaiues for each first electrical signal and each second slectrical signal.
15, The method of claim 13, whereln said step of delermining the transit ime of
the first acoustic frequency chirp signal through the fluid comprises multiplying the
firat acoustic fraquency chirp signal with the first recelved acoustic frequency chirp
signal.
18, The method of claim 13, further comprising the steps of: determining the
temperature of said muitiphase fluld; and correcting the composition thereof,
17, The method of claim 13, wherein the first ranamitting fransducer, the first
receiving transducer, the second transmitting fransducer, and the second receiving
ransducar compriss plercealectric ransducers.
18, The method of claim 13, whersin said pipe has an outer diameter, and the
chosen distance between said first fransmitting fransducer and ssid second
transmitting transducer is between abowt 1 and approximately 3 pipe diameters.
18, The method of claim 13, wherein the first and second acoustic fraquency chip
signals comprise frequencies between about 300 kHz andd aporoximately 5 MMz,
23, The method of claim 13, wherain the first and second acoustic freguency chirp
signals have durations shorter than about twice the time it iakes for the gonerated
acoustic frequency chirp signals o traverse sald muliiphase fuld.
21, The method of claim 20, wherein the first and second acoustic frequency chirp
signals have a duration between about 10 us and approximately 1 ms.
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22, The method of claim 13, wherein said at least one liquid component of said
multiphase fluid comprises a liquid hydrocarbon or off and said gas bubbles comprise
at ieast one hydrocarbon,

23, The method of claim 13, wherein the fluctuation in the root-mean-square of
the first dightal signal results from a local inhomogeneity in said multiphase Tluid.

24, The method of claim 23, whersin the local inhomogeneily comprises
turbulence, density fluctuations, and bubbles in said multiphase fluid.

&5, The method of claim 13, wherein said step of simultaneously calculating the
root mean square for sach of the first digital signal and the second digital signal is
performed at between 1 kHz and 20 kHz repstition rate.

26,  The method of claim 13, wherein the calculation of the composition of the
multiphase fluid is performed using the method chosen from cross-corralation, and
deconvolution.

27.  The method of claim 13, whereln measurement of composition of said
rmutiphase fluid comprises measuring the water-cut of said multiphase fluid.
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