Office de la Proprieté Canadian CA 2539640 C 2012/08/28

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 539 640
Findustrie Canada Industry Canada a2 BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2003/09/18 (51) CLInt./Int.Cl. GOTF 1/74(2006.01),
(87) Date publication PCT/PCT Publication Date: 2004/04/01 GOTF 1/66(2006.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2012/08/28 UNSWORTH. PETER JOSEPH. GB:
(85) Entree phase nationale/National Entry: 2006/03/20 HIGHAM, EDWARD HALL, GB:
(86) N° demande PCT/PCT Application No.: GB 2003/004134 PUSAYATANONT, MONGKOL, GB

(87) N° publication PCT/PCT Pubilication No.: 2004/027350 (73) Proprietaire/Owner:

o SPIRAX-SARCO LIMITED, GB
(30) Priorité/Priority: 2002/09/19 (GB0221/782.6)
(74) Agent: CASSAN MACLEAN

(54) Titre : DETECTION ET MESURE D'UN ECOULEMENT BIPHASE
(54) Title: DETECTION AND MEASUREMENT OF TWO-PHASE FLOW

Schematic diagram of flow loop for calibration of two-phase flow throu gh an

EM meter, with a swirl generator placed before the EM meter to mix the

phases

A ——————— . o - alialeniienteisisir s . e

(57) Abréegée/Abstract:

A method of monitoring fluid flow In a closed conduit by the use of a flowmeter associated with the conduit, the fluid flowing through
the meter, includes the steps of generating a signal indicative of at least one characteristic of fluid flow and measuring the signal
components including any fluctuations thereof, and analysing at least one of the components of the sensed signal to determine the
presence or absence of a second phase and/or to determine the magnitude of at least one of the phases.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

» . _
( l an adH http://opic.ic.ge.ca* Ottawa/Gatineau K1A 0C9 - Atp.//cipo.dic.ge.ca o p1C
OPIC - CIPO 191




0047027350 A3 YLV} 0 DA 0 1 O A0 R A

CA 02539640 2006-03-20

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau

(43) International Publication Date

1 April 2004 (01.04.2004)

GO1F 1/74, 1/66

(51) International Patent Classification’:

(21) International Application Number:
PCT/GB2003/004134

(22) International Filing Date:
18 September 2003 (18.09.2003)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

0221782.6 19 September 2002 (19.09.2002) GB
(71) Applicant (for all designated States except US): UNIVER -
SITY OF SUSSEX [GB/GB]; Falmer, Brighton, East Sus-

sex BN1 9RH (GB).

(72)
(75)

Inventors; and
Inventors/Applicants (for US only): UNSWORTH,

Peter, Joseph [GB/GB]; 12 Winterbourne Mews, Lewes,

East Sussex BN7 1HG (GB). HHIGHAM, Edward, Hall

[GB/GB]; 6 Oaklands Drive, Oaklands Park, Redhill,

Surrey RH1 6RN (GB). PUSAYATANONT, Mongkol

|[TH/GB]; School of Engineering and Information Tech-

nology, University of Sussex, Sussex BN1 9QT (GB).
(74) Agent: BUTLER, Lance; Barker Brettell, 10-12 Priests
Bridge, London SW15 5JE (GB).

(10) International Publication Number

WO 2004/027350 A3

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, L.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC,
SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA,
UG, US, UZ, VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (Al, BE, BG, CH, CY, CZ, DE, DK, EL,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,

GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

(88) Date of publication of the international search report:
12 August 2004

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: DETECTION AND MEASUREMENT OF TWO-PHASE FLOW

e\ (57) Abstract: A method of monitoring fluid flow in a closed conduit by the use of a flowmeter associated with the conduit, the

O
=

fluid flowing through the meter, includes the steps of generating a signal indicative of at least one characteristic of fluid flow and
measuring the signal components including any fluctuations thereof, and analysing at least one of the components of the sensed

signal to determine the presence or absence of a second phase and/or to determine the magnitude of at least one of the phases.
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DETECTION and MEASUREMENT of TWO-PHASE FLUID FLOW

This invention concerns improvements in or relating to monitoring two-
phase fluid flow, and in particular to detecting the presence of a second-
phase component in the flow, and to measuring the flow rates of one or

more of the components.

In some industries, such as the oil industry, a tlowing fluid may not be a single
component. For example, it may be a hydrocarbon liquid in which there is
entrained a significant proportion of hydrocarbon gas, or it may be the reverse
where the principal component 1s a hydrocarbon gas which is carrying a
significant proportion of hydrocarbon liquid in the form of droplets.
Alternatively, it may be a single component fluid flowing under conditions ;)f
pressure and temperature where it can exist as either a liquid or gas. In many
industries steam (as a gas) is used as a heat transfer or sterilisation medium. In
steam generation, the steam quality in terms of its wetness (the degree to which
liquid water is present) is an important characteristic influencing its commercial
value as a source of heat energy and therefore the overall performance and

efficiency of the relevant plant.

In general, the presence of a second-phase component in the flow changes the
relationship between the primary measurement signal and the flow rate of the
first or principal phase component. If the presence of the second phase were not
anticipated, the error in the indicated value of the flow rate of the first component

could be quite large and in certain instances, the flowmeter may cease to operate.
The present invention has reference to the detection of the presence of a second-

phase component in the flow and to the determination of the relative magnitude

of each phase in a two-phase gas-in-liquid or liquid-in-gas flow regime by

SUBSTITUTE SHEET (RULE 26)
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analysis of the entire unconditioned signal from the sensor associated with the

primary transducer of conventional single-phase flowmeters

The majority of manufacturing plants depend for their operation on the transport
of fluids between the various units that are involved in the process operations and
procedures. In general, it is single-phase liquids that are involved and the
instrumentation that has been developed for this purpose has reached a high level
of accuracy and reliability. However, in practice, irregularities in the operation
of the plant occur from time to time which result in the single-phase flow
becoming adulterated by a second fluid. In these circumstances, the performance
of virtually all types of flowmeters becomes unreliable and inaccurate, leading to

product not meeting quality specifications, with consequential loss of product,

and even process shutdown.

In industry, the principal requirement of a flowmeter or other measurement
system is to provide a signal for input to a process control sysiem, or to measure
a predetermined volume of fluid. To achieve this, it is customary to condition the
measurement signal so that it provides a steady mean value of the flow rate, free
from random low-level fluctuations, otherwise known as ‘noise’. For single-
phase flow operation the sensor signal is normally averaged over a time from a
fraction of a second to several minutes, depending on the instrument and the
application. This reduces the effect of inevitable fluctuations caused by

turbulence or distortion of the flow regime, due to process or other installation

effects, and yields a more steady reading, which is required for process control

and management.

In this invention, to make the monitoring of two-phase flows possible using
single-phase flowmeters, additional information attributable to the fluctuations is

recovered from the sensor signal associated with the primary flow transducer.
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Laboratory studies have shown that when a fluid is flowing in a closed conduit,
there is a basic background level of fluctuations in the signal from the primary
sensor in many different types of flowmeters through which the fluid under
observation is flowing. There are several sources of these fluctuations, including
the effect of turbulence generated in the fluid as it flows along the pipe, and
through pipe fittings such as flanges, elbows, bends and valves. There are also
the effects resulting from the operation of process equipment such as pumps,
filters and mixers.

The magnitude of these fluctuations in a single phase fluid flow is usually at least
an order of magnitude lower than the mean level of the measurement signal, and
often they are much smalier than that. They are widely identified as ‘noise’ and
hitherto it has been customary to reganrd then as a nuisance, {0 be suppressed or
discarded. However, laboratory measurements have shown that when a second
phase is introduced into the flow, either fortuitously or intentionally, there is an
immediate and dramatic increase in the level of this ‘noise’. The various flow
regimes that are generated in these circumstances are addressed by analysis of the
entire unconditioned signal from the primary sensor of the measurement system,
The information recovered by analysis of the relatively high frequency, i.e.
above about 3 Hz up to 5 kHz or more, but at the same time very low level
components of the sensor signal, i.e. the ‘noise’, enables the relative magnitudes
of each phase in a gas-in-liquid or a liquid-in-gas flow regime to be determined.

It is therefore an objective of this invention to provide a method of detecting the
onset or presence of two-phase fluid flow and, by measuring and analysing the
entire unconditioned primary sensor signal from certain types of flowmeters, to
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yield either the volumetric flow rate or the mass flow rate of each component in a
two component fluid flow, or the relative magnitudes of the phases in a single

component two-phase flow.

According to this invention, there is provided a method of monitoring fluid flow
in a closed conduit including the disposition of a flowmeter in association with
the conduit, the flowmeter being selected from the groups including a Venturi
flowmeter, a wedge/differential pressure flowmeter, a nozzle/differential
pressure flowmeter, a variable area/differential pressure flowmeter, an ultrasonic
flowmeter, a turbine flowmeter, a Coriolis flowmeter, and an electromagnetic
flowmeter, the fluid in use flowing within the conduit through the flowmeter,
characterised by the steps of generating a signal indicative of at least one
characteristic of the fluid flow, measuring the amplitude and/or frequency
components of the unconditioned sensed signal(s), including any fluctuations in
said sensed signal(s), and analysing at least one of the components of the sensed
signal(s) to determine the presence or absence of a second phase and/or to

determine the magnitude of at least one phase of the fluid flow.

The method of the invention also includes the preliminary steps of calibrating the
selected single-phase flowmeter by the use of two reference single-phase
flowmeters, one for each phase, to accurately establish the flow rates of the
individual components before they are mixed to form the two-phase flow to be
measured by the selected single-phase flowmeter, in order to determine the
relationship between the primary signal from the selected single-phase flowmeter,

the fluctuations in the said signal, and the flow rates of the individual phases.

Types of flowmeter

It 1s important to appreciate that, although there is a wide variety of flowmeters,
not all of them provide a measurement signal that is amenable to the signal
analysis technique described hereinafter for detecting the onset or presence of

two-phase flow, and determining the volumetric flow rate or the mass flow rate
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of each component in a two component fluid flow. For the purpose of this
description, the conventional types of flowmeters that provide a suitable

measurement signal are classified into four groups, as follows:

Group 1 comprises those flowmeters in which the primary transducer generates a
head or differential pressure measurement signal that has a square law

relationship with the volumetric flow rate.

Group 2 comprises those flowmeters in which the primary transducer generates
an oscillatory measurement signal which is in the frequency domain, and the

frequency is essentially proportional to volumetric flow rate.

Group 3 comprises those flowmeters in which the primary transducer generates a
complex oscillatory measurement signal in which is the phase shift of the sensor
signal is essentially a function of the mass flow rate and the frequency is a

function of the fluid density.

Group 4 comprises electromagnetic flowmeters, which have two principal
restrictions or limitations. The first is that they do not function on gases, Or
liquids unless they have some small level of conductivity. The second is that the
signal processing, which is required to overcome the spurious signals generated
at the interface between the electrodes and the flowing liquid, in practice
eliminates all the ‘noise’ components of the electrode signal. Nevertheless, signal
processing techniques are available which provide a compromise solution to this

problem.

T'able 1 shows a list different types of flowmeter to which this invention
is applicable, grouped according to the characteristics of their primary
sensor signal, which determines the type of analysis required in this

invention. Following Table 1 is a list of all the Figures in the document.
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Characteristics common to all groups

In industrial applications, it is customary to average the sensor signal over a time
likely to be preset at some value between a fraction of a second and several
minutes, depending on the type of flowmeter and the application. While this
reduces the effect of the fluctuations due to disturbance of the flow regime
resulting from process and other installation effects, and yields a steadier signal
that is preferred for process control and management, at the same time, it
eliminates the higher frequency components of the sensor signal. It is, in fact,
these components which carry the information from which the onset or presence

of two-phase flow can be identified and the magnitude of each phase determined.

In general, the introduction into, or presence of a second-phase component in the
flow results in a significant, and in some instances a dramatic change in the
relationship between the primary measurement signal and the flow rate of the
first phase component. If the presence of the second phase were not anticipated
or recognised, the changed relationship could result in an error in the measured

flow rate of the primary component, which would be large.

Procedures common to all groups for identifying the presence of two-phase

flow and determining the relative magnitudes of the phases.

The procedure for identifying the presence or onset of two-phase flow is
essentially the same for all the conventional single-phase flowmeters identified in
Table 1. It involves calibrating the flowmeter over the entire range of flows of
both the primary and secondary phase flows. This may appear to be an
exiravagant requirement but, although it involves the acquisition of a substantial
number of data points, it is only a repetition of the procedure that is followed on
completion of the manufacture for all the flowmeters mentioned above, when
they are calibrated to determine their ‘meter factor’ or ‘calibration constant’. The

difference is that a calibration curve is acquired for each of the pre-selected
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7
primary flow rates in the presence of the a range of fixed flow rates of the
secondary phase.

Figure 1 shows the test flow rig used to pump a controlled flow of water into
which air can be injected to create two-phase flow. Both single-phase flows
are measured before mixing, and by the flowmeter under fest after mixing.

Figure 2 is a schematic diagram of a variable area (Gilflo™ ) flowmeter

Figure 3 is a schematic diagram of a V—Con?ﬂemeter.

Figure 4 shows the mean square fluctuation of the differential pressure signal
from a Gilflo™ meter under wet steam conditions as a function of water-to-

Figure 5 shows the mean differential pressure signal from a Gilflo™ meter under
wet stearn conditions as a function of water-to-steam mass fraction

Figure 6 shows how the standard deviation of the differential pressure signal
from a Gilflo™ flowmeter under wet steam conditions increases strongly with
water-to-steam mass fraction

Figure 7 shows the Gilflo™ flowmeter time domain signal and the its frequency
spectrum for wet stream at 3 % dryness fraction (97 % steam quality)

Figure 8 as for Fig.7 at 5.95 % dryness fraction (94.05 % steam quality)

Figure 9 as for Fig.7 at 11.3 % dryness fraction (88.7 % steam quality}

Figure 10 as for Fig.7 at 16.95 % dryness fraction (83.05 % steam quality)

Figure 11 as for Fig.7 at 22,6 % dryness fraction (77.4 % steam quality)

Figure 12 is a plot of the fundamental frequency signal from a turbine flowmeter
versus single-phase liquid flow rate

Figure 13 shows the fluctuations in the successive blade passing times of a 27
5-bladed turbine flowmeter

Figure 14 shows how the turbine flowmeter frequency calibration factor (the ratio
of frequency to liquid flow rate) varies in the presence of different second-
phase (air) flow,
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Figure 15 shows how the standard deviation of the successive crossing time
periods of a 2” 5-blade turbine flowmeter increases with the flow rate of a

second phase (air)

Figure 16 shows how the standard deviation of the blade passing period trms for
different water flow. rates varies according to the flow rate of a second phase
(air)

Figure 17 shows the plot of a neural network output

Figure 18 is the schematic diagram of a flow loop for calibration of two-phase
flow through an EM meter, with a flow conditioner placed just before the EM
flowmeter.

Figure 19 EM flowmeter signal in time and frequency domains with 0 1/min of
air flow with a flow conditioner upstream of the EM flowmeter

Figure 20 as for Fig.19 but with 5 1/min of air flow

Figure 21 as for Fig.19 but with 10 1/min of air flow

Figure 22 as for Fig.19 but with 15 1/min of air flow

Figure 23 as for Fig.19 but with 20 1/min of air flow

Figure 24 as for Fig.19 but with 25 1/min of air flow

Figure 25 as for Fig.19 but with 30 1/min of air flow

Figure 26 shows the variation in power of the AC component of the EM
flowmeter signal with the percentage of air present in water with a flow
conditioner

Figure 27 is the schematic diagram of a flow loop for calibration of two-phase
flow through an EM meter, with a swirl generator placed before the EM
meter to mix the phases

Figure 28 shows the power spectra of an EM flowmeter signal under two-phase
flow with strong swirl

Figure 29 shows the signal power of the AC component of the EM flowmeter
signal plotted against the percentage of air in water, with swirling flow.

Figure 30 shows the mass flow rate measured by a single-phase Coriolis
flowmeter plotted against the air in water fraction for various water flow rates

Figure 31 is as for Fig 30, but plotting the measured mixture density
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Figure 32 is as for Fig.30 but plotting measured volumetric flow rate

Figure 33 shows the standard deviation of the frequency fluctuations calculated
from frequency values measured by the Coriolis meter plotted against air-in-
water fraction for various liquid flow rates

Figure 34 is as for Fig.33, but plotting the STD of phase fluctuations against air-
in-water fraction

Figure 35 shows the Coriolis drive signal power plotted against air-in-water
fraction for various water flow rates

Figure 36 shows the Coriolis sensor signal power plotted against air-in-water
fraction for different water flow rates

Figure 37 shows the Coriolis drive to sensor signal ratio (DoS) plotted against
air-in-water fraction for various water flow rates

Figure 38 is as for Fig.37, but with correction factor applied to the DoS signal

To implement the necessary calibration, the flowmeter has to be installed in a
flow rig configured as shown in Figure 1. It must, of course, operate with the
chosen fluids and, for their principal studies, the inventors have used water for
the primary phase and air for the secondary phase. For tests involving the lower
and medium flow rates, the water for the primary phase (1) is drawn from a
reservoir by gravity feed while the pump (2) which is included in the flow loop is
not energised. The desired flow rate for a particular test is applied as the set
point (3) to a conventional process controller (4) where it is compared with the
flow rate measured by the reference flowmeter (6). The controller then generates
an output signal which is applied to the control valve (7) so that its setting is
adjusted to bring the actual flow rate to the desired value. When the ‘head’ of the
gravity feed is insufficient to provide the required flow rate for a test, the valve
(7) is set fully open and the output signal from the controller (4) is transferred
from the valve (7) to the variable speed drive (3) which, in turn, adjusts the
speed of the pump (2) until the desired flow rate is achieved and then held

constant.
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The first flowmeter in the flow loop is a transfer standard flowmeter (6), or one
which has the requisite accuracy and rangeability for the test programme. To
ensure that its actual performance is in accordance with its specification, it is
essential to adhere to the manufacturer’s instructions covering its installation and
use, particularly in respect of the provision of the recommended lengths of
straight pipe both upstream (8) and downstream (9) of the flowmeter.

\
For the two-phase flow tests, the supply of compressed air (10) for the second
phase is taken from the building services via an arrangement similar to that for
the water supply. It involved a reference flowmeter (11) which covers the range
of flow rates in the test programme with sufficient accuracy, a controller (12) and
a control valve (14). In operation, the controller compared a signal representing
the desired value of the flow rate (13) with that from the reference flowmeter
(11) and generated a signal which, when applied to the control valve (14) brings

the air flow rate to the desired value.

When required, the air is injected into the flow loop via a nozzle which is
preferably located centrally in the pipe work at a point (15) downstream of the
reference flowmeter (6) for the primary phase, so that it had no significant
influence on the performance of that flowmeter. The flowmeter under test (17) is
installed in the flow loop, downstream of the air injection point and separated by
the recommended length of straight pipe (16). Beyond the instrument under test,
a further straight length of pipe is provided (18) to stabilise the flow before it is

discharged to the liquid reservoir.

The calibration of the flowmeter involves the conduct of a test programme to
acquire performance data over a predetermined range of flow rates with single
and two-phase flow. This yields a matrix of graphical data on the measured

signal features, enabling the selected flowmeter to be used to determine the

~presence (or absence) of single or two-phase flow, and to determine the

volumetric or mass flow rate of a single component flow, or the volumetric or
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mass flow rates of either or both components in two-phase flow. Because the
inventors use air, which is compressible, for the second phase, it is essential to
note the line pressure close to the flowmeter under test. When the flowmeter
under test introduces a significant pressure drop itself, both the upstream and
downstream pressures must be measured, so that the actual pressure at the

primary transducer can be estimated.

The test procedure starts with the gathering of sufficient calibration points for the
flowmeter under test against the transfer standard or reference flowmeter, to
establish an accurate relationship between the measurement signal and the actual
tflow rate of the primary fluid over the desired operating range. The procedure is
then repeated for the same series of primary fluid flow rates, but with the
secondary phase introduced at the lowest in a series of predetermined flow rates
covering the expected range of process conditions. The procedure is repeated for
other pre-selected flow rates of the secondary fluid until sufficient data points

have been gathered to cover adequately the expected range of process conditions.

Each test typically involves allowing the flow in the loop sufficient time to
stabilise, and then sampling the entire unconditioned sensor signal from the
flowmeter under test at a high rate, e.g. 8 kHz, for a statistically significant
period of time, e.g. 64 seconds, using a high resolution A/D converter, e.g. 14-
bit. Each block of data can then be analysed using the Fast Fourier Transform.

The results of such a series of measurements is shown in Figure 7 to 11.

Although the calibration procedure described above has been for two-phase air-
in-water flow, it may also be carried out for two-phase water-in-air flow. In this
case the primary fluid (air) is pumped into the calibration rig from an air turbine
pump at a controlled flow rate measured by a primary phase reference
flowmeter, and then the secondary phase (water), flowing at a measured flow

rate, 1s injected into the air-flow upstream of the flowmeter fo be calibrated for

measurement of two-phase flow.
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Application to Group 1 flowmeters

The types of flowmeter included in Group 1, namely, target flowmeters, Venturi
tube flowmeters, nozzle flowmeters, wedge flowmeters, and variable area

flowmeters, all operate in accordance with Bernoulli’s Law:

P/pg + V2/2g + z = constant

This expresses the relationship between the pressure P and the mean flow

velocity V at a point witilin the flow of a single-phase fluid, at a height z above a

datum point, where p is the fluid density at that point and g is the gravitational

acceleration.

For all these flowmeters (apart from variable area flowmeters), the volumetric

flow rate, q, , is obtained by measuring the differential pressure AP between
tapping points positioned at the recommended distances upstream and

downstream of the primary transducer, using a relationship of the form:
q, = K (AP/p)*?

or equivalently

AP = K’ q,° p, where K’ = 1/K?

and K is a calibration constant that has a dependence on fluid properties via the

Reynolds Number Re.

The mass flow rate, q,, 1S given by g, = q, . P
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For the variable area flowmeter the quadratic relationship between differential
pressure and flow rate is replaced by an essentially linear relationship, as

described later.

These types of flowmeter involve the measurement of the difference in the line
pressure at predetermined distances upstream and downstream of the primary
transducer (the differential pressure producing device) and this is achieved using
a differential pressure transmitter rather than two separate pressure transmitters.
The reason for this is that the flowmeter itself is almost certain to be operated at
a line pressure that is much greater than the span of the sensor and may even be
as much as four orders of magnitude greater, which would obviously damage or
destroy the sensor. Experience has shown that the use of a matched pair of
pressure transmitters does not provide sufficient stability or sensitivity to achieve

the required accuracy. Therefore a double diaphragm device is used to segregate

the differential pressure (AP) from the line pressure, so that a single pressure
sensor with a narrow span and, in the context of this patent, one with a wide

frequency response can be used.

The majority of the AP measurement systems at present used in the process
industries have been designed and developed for applications where the prime
consideration is the provision of an accurate and steady signal for process
management or control purposes. They also have a robust construction to
withstand the harsh environment in which they may have to operate, and they

must be certified for use in hazardous environmentis.

Consequently, the response time of most of the commercially available AP
measurement systems 1S adjustable between a fraction of a second and several
minutes. This virtually eliminates the effect of the fluctuations due to disturbance
of the flow regime caused by the process and other installation effects, and yields
a steadier signal that is preferred for process control and management. However,

it also eliminates the higher frequency components of the sensor signal, which, in
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fact, carry the information from which the onset or presence of two-phase flow

can be identified and the magnitude of each phase determined.

However, there are some AP transmitters which have a frequency response up to
several kHz, and these have been used in our laboratory tests, but their
construction is insufficiently robust to withstand the harsh environments which
exist in most industrial plants. Similarly, pressure transmitters with a frequency
response up to 10 kHz are available, but their construction is also generally

unsuitable for the harsh conditions which exist in industry.

A further example of a differential pressure type flowmeter is the V-Cone™
flowmeter, shown in Figure 3. In it, the primary transducer is a cone (6)
mounted co-axially in the conduit (4) through which the fluid is flowing in the
direction shown (1), with the apex of the cone pointing upstream. It is held in
position by the pipe through which the pressure at the downstream surface of the
cone 1s communicated to the low pressure port (3) while the high pressure port
(2) is located a short distance further upstream. The relatively small radial gap

(7) between the base of the cone (6) and the inner wall of the conduit (4) is set to

provide the required [ ratio. The differential pressure developed across the cone
provides the square law relationship with flow rate but the pressure signal from
the downstream port is particularly responsive to the increase in the ‘noise’ level

due to the onset of two-phase flow.

Variable area flowmeters have been evolved to overcome the restricted range of
the Group 1 flowmeters due to their square law relationship between the
measurement signal and the flow rate. The variable area meter (Figure 2) is an
example. . It comprises a contoured cone (5) that is loaded by a spring (6) and
constrained to move co-axially within the conduit (7) and the orifice plate (4) by
the action of the force of the fluid, flowing in the direction shown (1), This

causes the effective area of the orifice to vary, thereby creating a flowmeter in

which the differential pressure AP, measured between the high pressure port (2)




CA 02539640 2006-03-20

WO 2004/027350 PCT/GB2003/004134

10

15

20

29

30

15

and the low pressure port (3) vary almost linearly with the volumetric flow rate
qv, rather than with the quadratic dependence of AP on q, for other differential

pressure producing types of flowmeters.

Whereas these results illustrate the utilisation of information in the noise present
in the sensor signal to enable measurement of the flow rates of both phases in
water-in-steam flow where the principal component is steam, it will be
appreciated that the same procedures may be applied to gas-in-liquid flow, where
the principal component is liquid. With liquid-in-gas flow, it is particularly
beneficial for consistent performance to ensure that the two components are well
mixed on entry to the flowmeter e.g. by use of a Laws Flow Conditioner, as
described in the paper “Flow conditioning — a new development” by Laws, E.

M. published in Flow Measurement. Instrumentation, 1990 Vol.1 No3, 165-170.

By way of example only there follows a description of the utilisation of a variable
area flowmeter, sold under the trademark Gilflo™, to generate a signal indicative
of the volumetric flow rate of two components of two-phase gas-in-liquid fluid

flows.

This variable area flowmeter has a particular advantage over the other meter
types, because the turbulence created on both sides of the orifice produces
effective mixing, even when the gaseous and liquid phases are unmixed as they
approach the meter. Additionally, in the Gilflo™ meter, the differential pressure
transducer can be eliminated by measuring the mechanical force exerted on the
spring, for example by means of a strain gauge. The mixing achieved makes the
instrument particularly suited to the important measurements of the quality of
steam, and the proportion of condensed ﬁydrocarbons carried in natural gas.
Steam quality is the fraction of steam (by volume) in the total volume of water-
steam mixture, and so equals the steam volumetric flow rate divided by the sum
of the steam and water flow rates. Steam quality is an important measurement

wherever steam is used as the source of heat in manufacturing processes.
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To measure both liquid and gas flow rates, the fluctuations in the sensor signal
are measured as well as the normal average value of the signal. The fluctuations

may be found by calculating the root mean square signal fluctuation about the

mean value of the signal samples. The mean signal value x of many sampled

values x(n) is first calculated according to

S x(n)

n=]

N

—
—

= |

where N is the number of sampled data points x(7).

The root mean square amplitude x,, of the fluctuations about the mean value is

then calculated from

where N is the (large) number of sampled signal values x(n). X, is the same as

the standard deviation of the data samples.

Alternatively, the fluctuations may be obtained from the frequency spectrum of

the sampled sensor signals.

In the plots that follow, all the pressure and differential pressure measurements
have been made using transmitters which operate in 4 to 20 mA current loops,
and associated signal conditioning circuits convert this into a 0 to +10 V signal
corresponding to the range of the transmitter. It is this signal which is input to
the analysis system.  The vertical scale represents differential pressure,

represented by a voltage that varies from 0 V at zero flow rate to + 10 V at
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maximum flow rate. The data was obtained by sampling the differential pressure

signal at about 4,000 samples per second

In Figure 7 to 11, time domain plots are shown of the fluctuations in thé
differential pressure sensor signal, relative to the mean value, for a fixed steam
flow rate and for seven different water flow rates. Also plotted alongside each of
the time fluctuation plots is the frequency spectrum of the fluctuations, obtained
by taking the FFT (Fast Fourier Transform) of the signal, and plotting the power
spectrum up to 1,400 Hz. The rms pressure fluctuation may be calculated by

summing the spectral powers at all the discrete frequencies in the spectrum, and

then taking the square root of the result to give the result AP,,,. Additionally,
‘noise’ in any finite range within the spectrum may be summed, but avoiding

pressure pulsations attributable to the pump driving the flow.

Figure 7 to 11 show clearly that the fluctuations in the pressure signal increase
with the wetness of the steam flow, ~whereas Figure 5 shows that the average
differential pressure drop is very little effected by the steam quality. Figure 6
shows the rms pressure fluctuation increases almost linearly for the variable area
meter against the wetness of the steam, so that it can be used directly to measure

wetness.

To determine the relative magnitudes of the individual flows in a two-phase
regime, the flowmeter must first be calibrated involving the measurement and
plotting of the primary and additional sensor signals over the range of single-
phase flows of the primary fluid to be covered by the flowmeter. The procedure
must then be repeated with the flow rate of the primary fluid held constant, but
with the flow rate of the secondary fluid varied in steps throughout the range to

be covered.

For any value of steam flow rate, the rms fluctuations vary strongly, in

proportion to the flow rate of the injected water. It is clear that the increase in
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the rms fluctuation of the sensor signal discriminates between the sensor signals
according to the amounts of secondary phase (water) introduced into the primary

phase (steam).

Though I;he relationship between the four variables (steam flow, water flow, the
primary signal, and the additional signal) is non-linear, a multi-layer neural
network is capable of fitting complex non-linear data, and therefore provides a
method for handling the observable data to produce a system which can yield

good measured values for both the primary and the secondary phase flow rates.

Four input data values from the flowmeter may be used as inputs to the neural
network. They are the primary signal (differential pressure AP), and the
additional signals: rms signal fluctuation AP,,, the squared fluctuation (AP,.)?

and the mean of the values of the logarithmic power spectrum of the fluctuations

in AP. The network is trained to generate two output values, the primary phase
(steam) flow rate and the secondary phase (water) flow rate from the four input

values.

To train the neural network, two separate sets of data must be collected under the
same two-phase flow conditions. As an example, the outputs of a neural network
after training and testing are shown in Figure 17 for a turbine flowmeter. The
coincidence of the training and testing data points indicates good repeatability of
the measurements. Where points do not agree is a measure of the reproducibility
and 15 probably due to instability of the flow regime in the test rig as well as not

allowing sufficient time to estimate the mean and rms signal values.
Application to Group 2 flowmeters
The turbine flowmeter is the principal type in Group 2. It consists of a bladed

rotor assembly running on bearings that are supported by a central shaft. The

whole assembly is mounted centrally within the body of the flowmeter by
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upstream and downstream hangers, which also act as flow straighteners. The

angular velocity of the rotor is proportional to the volumetric flow rate of fluid

passing through the meter.

In the majority of these flowmeters, the primary sensor comprises a powerful
magnet around which a coil is wound so that the change in the magnetic
reluctance as individual rotor blades approach and pass the sensor generates a
quasi-sinusoidal voltage signal. However, this imposes a very small retarding
force on the rotor that adversely affects the performance of the flowmeter at low
flow rates. This can be overcome by using an inductive sensor operating at audio

or higher frequencies that develops a pulse type of transient voltage signal as

each blade approaches and passes it.

In both cases, the signal is usually converted into a train of pulses by the
associate signal condition circuits so that each pulse corresponds to the passage of
a discrete volume of fluid. At constant flow, the driving torque generated by the
fluid impacting the blades exactly balances the drag resulting from viscous forces

acting on the rotor and any retarding force attributable to the sensor.
The flow rate may be obtained from the frequency of rotation of the rotor f, or,

alternatively, the blade passing frequency f,, apart from small corrections for

non-ideal behaviour

ie. q, = Kf, = KN,

where Nj is the number of blades on the rotor and K is a calibration constant.

Another flowmeter type which comes within this category is the ultrasonic

Doppler flowmeter.
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By way of example only there follows a description of the utilisation of a turbine
flowmeter to generate a signal indicative of the volumetric flow rate of two

components of two-phase gas-in-liquid fluid flows.

In the case of the turbine flowmeter, the primary signal is the turbine blade
passing frequency f; and is seen as either a quasi sine wave or series of pulses
associated with the passing of each blade past a reference position, depending on
the type of sensor. The frequency f; may be obtained by measuring the time
interval for the arrival of a number of pulses. An additional signal may be
derived from the root mean square of the fluctuation in the intervals between

successive pulses. Thus, 1f NV pulses arrive in time T, the frequency f; = N/T, and

the average period 7 between pulses arriving is 1/f;. If the time intervals

between successive pulses are a series of times #(n), the rms fluctuation 0, in

arrival times may be calculated from

e
N 2

(t(n)—7)
T - n=1__
Yins \ N

Figure 12 shows the basic calibration curve for a turbine flowmeter. The x-axis
shows the fluid flow rate (water), and the y-axis shows the corresponding sensor

signal frequency. Good proportionality is exhibited.

Figure 13 shows a plot of time intervals between successive pulses generated as
each blade passes the sensor. The time interval averages 5 ms, but the intervals
for successive pairs of blades in a turbine flowmeter with a five-blades rotor are
seen to be slightly unequal. This is due to small differences in the spacing of the
blades. Thus the top line shows a plot of the pulse interval before the arrival of
blade 4 (i.e. the duration between pulses from blades 3 and 4). The plot shows
an average time interval of about 5.05 ms, but it also shows fluctuations of about

+0.02 ms. Looking at the fluctuations between the 550" and 575" rotation cycle
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of all the blades, it is seen that the same fluctuation (a dip followed by a rise in
the pulse periods) affects all five blades, indicating that it is caused by fluctuation

in the flow regime.

Figure 14 shows the effect of two-phase flow on a turbine flowmeter. Each point
is the ratio f,/q, of the measured turbine frequency f, to the water flow rate q, in
the presence of differing air flow rates. The points nearest to the x-axis are all
taken from measurements with water only (no air flow), and represent the
behaviour of the meter as a single-phase instrument. The ratio is essentially
constant at approximately 1.42 pulses/second per litre/minute, as it should be.
However, when air is injected into the flowing water upstream of the flowmeter
whilst keeping the water flow rate constant, the ratio changes very considerably
(from 1.42 to 1.96 at the lowest water flows), showing that the flowmeter is
unable to give a good reading for water flow in the presence of the second phase

(air).

If, however, the rms fluctuation in the pulse interval t, of associated with a
specific pair of blades is measured (e.g. the fluctuation in any one trace in

Figure 13), this is found to vary strongly with the flow rate of the second phase.

This fluctuation is plotted in Figure 15 . Each line shows the values of T..
calculated for each pair of blades, as could be calculated from each trace in
Figure 13. This is repeated at differing values of injected air flow rate, whilst
keeping water flow rate constant. The level of the fluctuations is clearly

indicative of the second phase (air) flow rate.

To determine the relative magnitudes of the individual flows in a two-phase
regime, the flowmeter must first be calibrated involving the measurement of the
entire unconditioned sensor signals over the range of single-phase flows of the
primary fluid to be covered by the flowmeter. The procedure must then be
repeated with the flow rate of the primary fluid held constant, but with the flow

rate of the secondary fluid varied throughout the range to be covered. Figure 14
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and Figure 16 are examples of such calibrations under two-phase flow, and

represent the behaviour of the primary signal f, and the additional signal T, under
the same conditions, for calibration of the turbine flowmeter under conditions of

two-phase flow.

As for the variable area meter, the relationship between the four variables (water
flow, air flow, the primary signal, and the additional signal) is non-linear. Again,
a multi-layer neural network is capable of fitting the non-linear data to provide a
method for handling the observable data to produce a system to yield good

measured values for both the primary and the secondary phase flow rates.

To train the neural network, two separate sets of turbine data must be collected
under the same two-phase flow conditions. The outputs of the neural network
after training and testing are shown in Figure 17. The coincidence of the training
and testing data points indicates good repeatability of the measurements. Where
points do not agree is a measure of the reproducibility and is probably due to
instability of the flow regime in the test rig as well as not allowing sufficient time

to estimate the mean and rms signal values.

Group 2 also includes ultrasonic flowmeters, which use hi gh frequency sound
waves to determine the velocity of a fluid flowing in a pipe. There are two basic
types of ultrasonic flowmeter, one using the Doppler effect where the velocity of
the fluid causes a change in the frequency of reflected sound waves, and another
which uses the difference in time for a sound wave to travel against the fluid flow

versus travelling with the fluid flow.

Doppler effect meters require the presence of sonically reflective materials such
as small particles or bubbles travelling with the fluid flow. Under no flow
conditions, the frequencies of an ultrasonic wave transmitted into a pipe and its
reflections from the fluid are the same. Under flowing conditions, the frequency

of the reflected wave changes due to the Doppler effect. When the fluid moves
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faster, the Doppler frequency shift increases linearly with fluid velocity. The
electronic transmitter processes signals from the transmitted wave and its

reflections to determine the flow rate.

Transit time ultrasonic flowmeters send and receive ultrasonic waves between
transducers in both the upstream and downstream directions in the pipe. Under
no flow conditions, it takes the same time to travel upstream and downstream
between the transducers. Under flowing conditions, the upstream wave will travel

slower and take more time than the (faster) downstream wave. When the fluid

moves faster, the difference T between the upstream and downstream times

increases linearly with fluid velocity. The electronic transmitter processes

upstream and downstream times to determine the flow rate.

Both types of ultrasonic flowmeter rely on the assumption the fluid is
homogeneous. As soon as a second phase is introduced with different sonic
properties there are variations in both the amplitude and frequency domain
properties of the raw sensor signals. These variations can be used to determine
the presence of a second phase and to measure the relative flow rates.
Specifically, fluctuations in the Doppler frequency indicate the presence of a
second phase, and a measure of the extent of the fluctuations indicates the
relative flow rates of the two phases. The transit time ultrasonic flowmeter
exhibits many of the characteristic variations shown by the turbine flowmeter in
the presence of two-phase flow, with the rms fluctuation .., in the pulse interval
between the upstream and downstream transit times varying strongly with the
tflow rate of the second phase. Further, for both types of ultrasonic flowmeter,
the presence of a second phase has a dampening effect on the sonic
characteristics of the liquid resulting in changes to the amplitude of the sensor

signals.
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Application to Group 3 flowmeters

Coriolis flowmeters are the principal type in Group 3. There are many variations
in the design of the primary transducer, the simplest being a straight tube,
anchored firmly at both ends and driven electromagnetically at its cenire to
resonate at the natural frequency of the tube. Various designs of bent tube

transducers also exist.

The principle of operation is the Coriolis effect or conservation of angular
momentum due to the Coriolis acceleration of a fluid stream. Many different
configurations of the tubes which form the primary transducer in Coriolis mass
flowmeters have been developed and exploited commercially, as well as
alternative methods for exciting the tubes and sensing their motion, but in recent
years, the development has become focused on the use of a straight tube as the
primary transducer. When an excitation force is applied at the centre and
perpendicular to the axis of a straight tube firmly anchored at each end, causing it
to bvibrate, the Coriolis acceleration of the fluid flowing through the tube
generates forces acting on the tube in opposite directions on either side of the
applied driving force. During the first half cycle of the oscillation, the
displacement of the leading half of the tube is retarded while that of the trailing
half of the tube is accelerated. This gives rise to a shift in the phase of the signals
from sensors placed midway between the point of application of the driving force
and the two fixed ends of the tube. During the second half cycle of the
oscillation, the displacement of the leading half of the tube is accelerated while
that of the trailing half of the tube is retarded. This gives rise to a reversal of the
phase difference between the signals from the two sensors. The magnitude of this
phase shift is a function of the mass flow rate while the frequency of the

resonance 1s a function of the density of the flowing fluid.

There are at least three methods of providing a means for detecting and

measuring the presence of a second phase. Firstly, the fluctuations in the drive

“ 1 v
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frequency increase strongly as the gas fraction (the second phase) is increased,
and may be used to measure it. Secondly, the phase difference between the two
sensor signals, which is the fundamental quantity used to measure liquid mass
flow rate, also shows fluctuations that increase strongly as the gas fraction is

increased, and may be used to measure the gas fraction.

Finally, the drive power required to maintain the resonant oscillation of the tube
is directly affected by viscous losses within the air-gas mixture that increase with
the fraction of gas present in the liquid-gas flow. As the gas fraction increases,
greater drive power is needed for a given amplitude of sensor signal. In practical
applications, the drive power may have to be limited due to various constraints
such as fatigue stress due to the amplitude of mechanical excitation and the
limitation of the power which is necessary to meet the requirements for intrinsic
electrical safety. However, the ratio of drive power to the sensor signal may be

used to determine the gas fraction.

Figure 30 to 38 show measurements taken under two-phase flow conditions (air-
in-water) with a Coriolis flowmeter. Figure 30 shows the mass flow rates
displayed by the Coriolis meter from a series of runs in which the water mass
flow rate was held constant whilst air was injected upstream of the meter in six
steps up to the maximum air fraction at which the meter could function. This
was repeated for six different water flow rates between 196 and 295 litres/min.

The displayed readings show small errors.

Figure 31 shows the density of the mixture as measured by the meter, derived
from the drive frequency. This would be a straight line if the meter measured
the average density of the mixture, so that it is not possible to deduce the correct
value of the air flow from the change in density. However, the randomness of
bubble size and position in the tube causes the resonant frequency of the
oscillating tube to fluctuate, so that if the value of the drive frequency is also

sampled, and the standard deviation of the frequency values (Of.,) is calculated




CA 02539640 2006-03-20

WO 2004/027350 PCT/GB2003/004134

10

15

20

25

30

26

(it is the same as the root mean square deviation from the average frequency), the
rms frequency fluctuation is found to vary almost iinearly with air fraction
(standard deviation). This variation of [If._ against injected air fraction is plotted
in Figure 33. A calibration procedure allows [f.. to be used to measure air

fraction, and to correct errors in the measured liquid mass flow rate.

Likewise, the fluctuation in the phase difference between the sensor signals can
be sampled, and its standard deviation is show in Figure 34 to enable air fraction

to be measured, after calibration.

Data samples of drive power, sensor power (amplitude squared), and the ratio of
drive power to sensor amplitude, were all collected during the experiments, and
average values are plotted against air fraction in Figure 35 to Fj gure 37. The

ratio varies with air fraction, but also with pressure. If the quantity

\

drive _power |,
—= pressure

Sensor _ power |

is plotted as in Figure 38, a single curve indicative of volumetric air fraction is
obtained. Again, in order that correct liquid and gas flow rates are obtained
under two-phase flow conditions, a calibration procedure is must be carried out

so that the two flow rates may be obtained directly from the data.

Application to Group 4 flowmeters

Group 4 covers electromagnetic flowmeters, which have the disadvantages that
they will only function satisfactorily on fluid flows where the primary phase is
liquid and at least slightly conductive, and they do not function at all if the
primary phase is gas. However, laboratory tests have shown that, if the
conventional modulation of the magnetic field is replaced by steady state

excitation, the introduction of a gaseous phase into a single-phase (conductive)
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liquid flow results in a distinct change in the power and frequency spectra of the
electrode signal which can be correlated with the presence and magnitude of a

second phase in the flow.

It 1s important to appreciate that, in their normal mode of operation, the magnetic
field m this type of flowmeter i1s modulated at a relatively low frequency, e.g.
about 12 Hz, so that the electrochemical and other spurious effects which occur
at the interface between the flowing fluid and the metal electrode can be
eliminated. In implementing this, the signal processing circuits eliminate the low
frequency and very low-level components of the signal on which detection of the

change due to the presence of the second phase flow is dependent.

Hence, to apply the procedures for detecting the onset or presence of two-phase
flow in a (conductive) fluid, it is necessary to modify the mode of operation of a
conventional electromagnetic flowmeter so that, for the majority of the time it
operates in 1ts normal mode but either on demand or at predetermined intervals,
the modulation of the electromagnet is interrupted and replaced by steady state
excitation of the electromagnet while data is gathered from the electrodes for a

brief period, e.g. 32 seconds, and then analysed as described previously.

It should be noted that this procedure only affects the signal conditioning circuits
and does not affect the design, construction or intrinsic safety considerations for

the flowtube.

Figure 19 to 25 show time plots of the noise fluctuations in the unconditioned
sensor signal from an EM flowmeter, after amplification, at increasing fractions
of air injected into liquid flow. The flow rig used to collect the data is essentially
the same as that shown in shown in Figure 1. It is only the section between the
air injection point (15) and the flowmeter under test (17) that is changed, as
shown in Figure 18 Water, drawn at a controlled flow rate from the source as

previously described, is delivered via a straight length of pipe (9) to the air
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injection point (15) where it combines with the flow of air (10) also delivered at a
controlled flow rate also as previously described. From the air injection point,
the fluid is taken via a straight length of pipe (16) approximately 40 pipe
diameters long to a flow conditioner (20) which in turn is located about 3 pipe
diameters upstream of the flowmeter under test (17). Beyond this, the flowing
fluid is delivered to the reservoir via a pipe (18) of sufficient length to avoid any

adverse influence on the operation of the flowmeter under test.

Figure 26 shows that there is a steady increase in the mean square noise power as
the percentage of air-in-water is increased. This noise may be used directly to
measure the air fraction. Alongside the time plots in Figures 19 to 25 are plots

of the noise power spectra obtained by taking the FFT of the noise signal data.

In order to obtain more reproducible results, it is advantageous to put the two-
phase mixture through a mixer before it enters the flowmeter. For this purpose,
a Laws flow conditioner has been included in the flow loop upstream of the
flowmeter, as shown in Figure 18. An alternative approach is to include a swirl
generator upstream of the flowmeter, as shown in Figure 27, which is essentially
the same as Figure 18, except that Flow Conditioner has been removed and a
Swirl Generator (21) has been inserted adjacent to the outlet from the air
injection point (15).. This has the effect on two-phase air-in-water flow of
concentrating all the air in a swirling, spiral flow down the centre of the pipe, so
that only water flows close to the sensor electrodes in the flowmeter. The noise
fluctuations picked up by the sensor electrodes are then greater in amplitude for
swirling flow than when the air is more evenly distributed across the pipe, as is
seen by comparing Figure 26 and 29, in which the power with swirl is 5.8 volts?
compared with 1.8 volts* without swirl. The power spectrum of the noise signal
generated with swirl is plotted in Figure 28, and is very smooth. A larger noise

power has the advantage of making the analysis less susceptible to other sources

of noise.
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The mean square signal power P, of the noise fluctuations in the sensor signal

about the mean may be calculated as

N 2

> (x(n) %)
Pms = = -
N

where N is the number of sampled differential pressure signal values x(n).

It has been found in all the examples described above that the presence of a
secondary fluid phase within the primary phase occasions a change in the features
10 of the (unconditioned si gn;ﬂ from the primary sensor) flow measurement signal.
Thus, for example, introducing air into water flowing at a constant rate produces
changes in the features of the primary sensor signal. In the case of a variable area
flowmeter, it is a change in the differential pressure and for a turbine flowmeter
it is a change in the frequency of the sensor signal, which is an indicatof of an
15 increase in the mean velocity of flow. In addition, the rms fluctuation in the
primary signal also increases, and it is this change, which hitherto has been
regarded as redundant, that provides the important information regarding to the
phase fractions in the two-phase flow. It is the relative magnitude of each phase
in a gas-in-liquid flow regime that can be determined by analysis and

20  manipulation of the sensor signal from the flowmeters.

It is envisaged that the method of the present invention may be applied to flow
regimes other than those indicated above, and accordingly could be applicable to
liquid-in-liquid flow regimes where the liquids are immiscible, to liquids or gases
25  with entrained solids, and to three-phase flow regimes. A specific example of
such flow regimes is that of steam flow to plants where it is the principal source
of heat energy. Here, the quality or wetness fraction of the steam is of prime

significance because it affects plant conditions and the overall performance.
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The present invention thus provides a method for characterising a fluid flow by
analysing the ‘noise’ component of the entire unconditioned sensor signal to
provide an indication of the status of that flow, namely whether a single or two-
phase flow is present, and for measuring the flow rates of either or both phases.
The invention represents a clear departure from the conventional approach in
flow measurement, which seeks to discard the ‘noise’ - the small low-level
fluctuations in the sensor signal - whereas the present applicants have understood

the importance attaching to the information contained within the ‘noise’.

For flowmeters in which the primary sensor produces a given type of
measurement signal (e.g. differential pressure, or frequency, or time period
readings — see Table 1) the same methods may be applied to extract or recover

additional information from the small fluctuations.
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WHAT IS CLAIMED IS:

1. A method of measuring fluid flow rate in a two-phase fluid flow through a
closed conduit including the disposition of a flowmeter in association with the conduit,
the flowmeter being one of a Venturi flowmeter, a wedge/differential pressure
flowmeter, a target flowmeter, a nozzle/differential pressure flowmeter, a variable
area/differential pressure flowmeter, an ultrasonic flowmeter, a turbine flowmeter, a
Coriolis flowmeter, and an electromagnetic flowmeter, the fluid in use flowing
within the conduit through the flowmeter, the method comprising:

generating a signal indicative of the fluid flow rate;

measuring the amplitude and/or frequency components of the
unconditioned sensed signal(s), including any fluctuations in said sensed signal(s); and

analysing at least one of the components of the sensed signal(s) to determine a
flow rate of at least one phase of the two-phase fluid flow;

wherein a swirl generator is included in the fluid flow conduit upstream of the

selected flowmeter.

2. A method according to claim 1 further comprising determining the flow

rate of a secondary phase of the two-phase flow.

3. A method according to claim 1 further comprising analysing at least
one of the components of the sensed signal(s) to determine the volumetric or mass

flow rate of each of the phases of the fluid flow.

4, A method according to any one of claims 1-3 wherein a sensor of the
flowmeter is associated with a primary transducer and is adapted to generate a
differential pressure measurement signal having a relationship with volumetric flow

rate.

3. A method according to claim 4 wherein the relationship is a square law

relationship.
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6. A method according to claim 4 or 5 wherein the flowmeter is a variable area
flowmeter, the method further comprising calculating a root mean square amplitude of

the pressure fluctuations about a mean signal value (APps)-

7. A method according to claim 1 wherein the flowmeter is an
electromagnetic flowmeter, and wherein the flowmeter is subjected to a steady state

electromagnetic excitation.

8. A method according to any one of claims 1-7 further comprising taking a fast

fourier transform (FFT) of the signal data to obtain a noise power spectrum.

9. A method according to claim 8 wherein the noise in a finite range within the
spectrum 1s summed.
10. A method according to any one of claims 1-3 wherein a sensor of the

flowmeter is associated with a primary transducer and is adapted to generate an
oscillatory measurement signal in which the frequency component is substantially

proportional to the volumetric flow rate.

11. A method according to any one of claims 1-3 wherein sensors of the
flowmeter are associated with the primary transducer and are adapted to generate
oscillatory measurement signals that are a complex function of the density of the fluid

flow and the mass flow rate thereof.

12. A method according to claim 11 wherein the flowmeter is a Coriolis
flowmeter, the method further comprising calculating a root mean square deviation from

an average frequency (Af )

13. A method according to any one of claims 1-12 further comprising calibrating

the flowmeter.
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14, A method according to claim 13 wherein two reference single-phase
flowmeters are deployed in separate conduits in which the flows of two separate phase
components are measured before they are combined to create a two-phase flow which 1s
then passed through the selected single-phase flowmeter, the method further comprising:

measuring and recording the respective flow rates through each of the reference
flowmeters throughout the operational range of the selected flowmeter and
simultaneously measuring and recording at each point the entire measurement signal
generated by the sensor associated with the selected flowmeter thereby to recover signal
data including but not limited to the signal amplitude (rms) and signal power, the
spectral frequency components of the entire unconditioned sensor signal, in order to
determine a relationship between the flow rates of the individual fluid flow phases and
the said entire measurement signal and thus to calibrate the selected flowmeter against

the data from the reference flowmeters.

15. A method according to claim 13 characterised by the inclusion in an
arrangement of conduits incorporating the selected flowmeter and two reference flowmeters
appropriate for use with the primary and secondary phases, the method further
comprising:

applying a two-phase fluid flow to the conduit and measuring the entire signal
generated by the sensor associated with the primary transducer of the selected
flowmeter at selected points throughout the operational range of the selected flowmeter
thereby to determine a relationship between the flow rate of the primary phase and the
entire measurement signal associated with the respective primary transducer, and thus to

calibrate the selected flowmeter against the data from the reference flowmeter.

16. A method according to claim 13 or 14 characterised by the inclusion in an
arrangement of conduits incorporating the selected flowmeter and two reference
flowmeters appropriate for the primary and secondary phases, the method further
comprising:

applying a two-phase fluid flow to the conduit and measuring the entire signal
generated by the sensor associated with the primary transducer of the reference flowmeter

at selected points throughout the operational range of the selected flowmeter and the
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reference flowmeter appropriate for the primary phase fluid and a further reference
flowmeter for the secondary phase fluid thereby to determine a relationship between
the flow rates of the combination of the primary and secondary phases in the fluid tlow
and the entire measurement signal associated with the respective primary transducer,

and thus to calibrate the selected flowmeter against the data from the reference

flowmeters.

17. A method according to any one of claims 13-15 wherein a flow conditioner 1s

included in the fluid flow conduit upstream of the selected flowmeter.

18. A method according to any one of claims 12-17 wherein the calibration 1s

conducted with two-phase fluid flow on the basis of gas-in-liquid phases.

19. A method according to any one of claims 12-17 wherein the calibration is

conducted with two-phase fluid flow on the basis of liquid-in-gas phases.

20. A method according to claim 19 wherein the change in the amplitude of the

sensor signal is used as a determinant as to the presence of a secondary phase.

21. A method according to any one of claims 1-20 wherein the two phase fluid 1s

steam and water.

22. A method according to claim 21 further comprising determining the quality of

steam flowing in the conduat.

23. A method according to any one of claims 12-20 wherein the calibration is

conducted with two-phase fluid flow on the basis of liquid-in-liquid phases.

24. A method according to any one of claims 12-20 wherein the calibration is

conducted with two-phase fluid flow on the basis of solid-in-liquid phases.
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25. A method according to any one of claims 12-20 wherein the two phase fluid 1s
steam and water, and wherein the calibration is conducted with two-phase fluid flow on

the basis of liquid-in-liquid phases.

26. A method according to any one of claims 12-20 wherein the two phase fluid is
steam and water, and wherein the calibration is conducted with two-phase fluid tflow on

the basis of solid-in-liquid phases.

27. A method according to any one of claims 12-20 wherein the two phase fluid 1s
steam and water, wherein the method further comprises determining the quality of steam

flowing in the conduit, and wherein the calibration is conducted with two-phase fluid

flow on the basis of liquid-in-liquid phases.

28. A method according to any one of claims 12-20 wherein the two phase fluid i1s
steam and water, wherein the method further comprises determining the quality of steam
flowing in the conduit, and wherein the calibration is conducted with two-phase fluid

flow on the basis of solid-in-liquid phases.

29. A method according to claim 4 wherein the mean values of a logarithmic

power spectrum of the fluctuations are taken.
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Figure 1. shows the test flow rig used to pump a controlled flow of water 1nto
which air can be injected to create two-phase flow. Both single-phase flows are

measured before mixing, and by the flowmeter under test after mixing.
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Figure 2.

1s a schematic diagram of a variable area (Gilflo™ ) flowmeter

Figure 3.  1s a schematic diagram of a V-Cone flowmeter.
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Signal power of differentia pressure signal (AC)
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DC differential pressure
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Standard deviation of differential pressure signal (DC)
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Schematic diagram of flow loop for calibration of two-phage flow throu gh an

EM meter, with a swirl generator placed before the EM meter to mix the

phases
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