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MULTIPHASE FLOW MEASUREMENT

[0001] This application claims the benefit of and is a non-provisional of co-pending US
Provisional Application Serial No. 60/973,362 filed on September 18, 2007, which is hereby

expressly incorporated by reference in its entirety for all purposes.

[0002] This application is related to U.S. Application Serial No. , filed on a
date even herewith, entitled “MEASURING PROPERTIES OF STRATIFIED OR
ANNULAR LIQUID FLOWS IN A GAS-LIQUID MIXTURE USING DIFFERENTIAL
PRESSURE” (temporarily referenced by Attorney Docket No. 57.0824 US NP), the

disclosure of which is incorporated herein by reference for all purposes.

[0003] This application expressly incorporates by reference United States Patent
No. 6,758,100, filed on June 4 2001, in its entirety for all purposes.

BACKGROUND
[0004] This disclosure relates in general to multiphase flow measurement for oil-gas wells
and, but not by way of limitation, to high gas volume flow fraction/holdup and Jor

velocity/flow-rate measurements.

[0005] Most oil-gas wells ultimately produce both oil and gas from an earth formation, and
also often produce water. Consequently, multiphase flow is common in oil-gas wells.
Surface monitoring of oil and gas producing wells is tending towards metering multiphase
flows with a wide range of gas volume fraction (GVF). An example of this is the so called
wet-gas wells, where the GVF is typically larger than 95% and the liquid flow rate is
typically no more than a few hundred barrels per day. For such production pipes, it is often
required to measure the gas flow rate and the liquid flow rate, as well as the composition of
the liquid phase, e.g. water/liquid hydrocarbon ratio (WLR). For wells with a GVF < 95%,

in-line multiphase flow meters have been/are often used.

[0006] Two existing approaches to metering high GVF flows are separation and mixing.
The separation approach provides for splitting the flow into an almost liquid flow in one
channel/conduit and an almost gas flow in a separate channel/conduit and then separately
metering the separated flows using single-phase flow meters. The mixing approach attempts
to minimize the slip between the different phases by mixing the phases into a homogeneous
mixture so that the velocity and holdup measurements can be simplified.
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[0007] The existing methods are largely capable of providing good accuracy for metering
gas flows with high GVF, however, the liquid rate metering accuracy is relatively poor. The
disadvantage of such methods also include increased cost associated with the separation and
mixing devices and extra pressure drop in the pipeline and/or disruption to the flow in the
pipeline resulting from the introduction of the separation and/or mixing devices into the
pipeline. Additionally, at high GVF, the mixing method may not provide for accurately

measuring the holdup and WLR because the liquid holdup is very low under such conditions.

SUMMARY
[0008] Embodiments of the present invention provide for measuring flow properties of
multiphase mixtures within a pipe carrying hydrocarbons produced from oil-gas wells.
Embodiments of the present invention may provide for a combination of a clamp-on
ﬁltrasonic gas flow meter to measure flow characteristics of a gas phase in a pipeline and a
pulsed Doppler sensor(s) and/or a radio-frequency (RF)/microwave electromagnetic (EM)
sensor(s) to measure flow characteristics of a liquid phase. The combination of sensors may
provide for multiphase flow measurements under certain flow conditions, such as for
example when the gas-liquid is flowing in a substantially horizontal pipeline, when the flow
is stratified or is caused to be stratified and/or the like. Stratification of the flow may be
caused naturally by gravity separation or artificially by slowing down the flow through the

use of pipe diameter expansion or contraction and/or the like.

[0009] In one embodiment, the present disclosure provides a method for measuring flow
properties of a multiphase mixture of gas-liquid hydrocarbons and water flowing in a pipe of
stratified flow. . In one step, flow properties of a gas phase are measured in the pipe. Flow
properties of a liquid phasé are measured in the pipeline using a pulsed Doppler probe. A gas
or liquid holdup is determined. A gas flow rate within the pipe is calculated using the gas
holdup and the flow properties of the gas phase. A liquid flow rate within the pipe is
calculated using the liquid holdup and the flow properties of the liquid phase.

[0010] In another embodiment, the present disclosure provides system for measuring flow
properties of a multiphase mixture of gas-liquid hydrocarbons and water flowing in a pipe of
stratified flow. The system includes an ultrasonic gas flow meter, a pulsed ultrasonic

Doppler probe and a processor. The ultrasonic gas flow meter is configured to operatively
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engage the pipe and configured to measure flow properties of a gas phase in the pipe. The
pulsed Doppler probe is configured to operatively engage with the pipe and configured to
measure flow properties of a liquid phase in the pipe. The processor configured to determine
a gas or liquid holdup, calculate gas flow rate within the pipe using the gas holdup and the
flow properties of the gas phase, and calculate liquid flow rate within the pipe using the

liquid holdup and the flow properties of the liquid phase.

[0011] Further areas of applicability of the present disclosure will become apparent from
the detailed description provided hereinafter. It should be understood that the detailed
description and specific examples, while indicating various embodiments, are intended for
purposes of illustration only and are not intended to necessarily limit the scope of the

disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The present disclosure is described in conjunction with the appended figures:

FIGs. 1A-1E depict block diagrams of embodiments of a multiphase flow
measurement system;

FIGs. 2A-2E depict orthographic diagrams of embodiments of a pipe
configuration detailing components of the multiphase flow measurement system;

FIGs. 3A-3E depict cross-sectional plan views of embodiments of the pipe
configuration where the cross-section is in a plane generally parallel to a gas-liquid interface;

FIGs. 4A-4E depict cross-sectional plan views of embodiments of the pipe
configuration where the cross-section is in a plane generally perpendicular to flow within a
pipeline; '

FIG. 5 depicts a block diagram of an embodiment of an ultrasonic pulsed
Doppler probe engaged with a pipeline with multiphase flow;

FIG. 6 depicts a block diagram of an embodiment of an ultrasonic pulsed
Doppler probe with beam focusing capabilities; and

FIG. 7 illustrates a flowchart of an embodiment of a process for measuring
multiphase flow of hydrocarbons within a pipeline.

[0013] In the appended figures, similar components and/or features may have the same
reference label. Further, various components of the same type may be distinguished by
3

CONFIRMATION COPY



10

15

20

25

30

WO 2009/037435 PCT/GB2008/003139

following the reference label by a dash and a second label that distinguishes among the
similar components. If only the first reference label is used in the specification, the
description is applicable to any one of the similar components having the same first reference

label irrespective of the second reference label.

DETAILED DESCRIPTION

[0014] The ensuing description provides preferred exemplary embodiment(s) only, and is
not intended to limit the scope, applicability or configuration of the disclosure. Rather, the
ensuing description of the preferred exemplary embodiment(s) will provide those skilled in
the art with an enabling description for implementing a preferred exemplary embodiment. It
being understood that various changes may be made in the function and arrangement of

elements without departing from the spirit and scope as set forth in the appended claims.

[0015] In certain aspects, the transit-time ultrasonic transducers may be positioned close to
or above a center line of the pipeline or at a location on the pipeline corresponding to where
the gas phase may be flowing in the pipeline to measure the gas phase in the pipeline. An
ultrasonic pulsed Doppler probe(s) and/or electromagnetic (EM) transmitter and receivers
may be disposed around a bottom section of a pipeline or at locations where stratified flow .
may cause the liquid phase to flow in the pipeline. In one aspéct of the present invention, the
EM transmitter and receivers are RF/microwave-based to determine water-to-liquid ratio
(WLR) and water salinity (as described in U.S. Patent No. 6,831,470, the entire disclosure of
which is hereby incorporated by reference for all purposes).

[0016] In one embodiment of the present invention, the ultrasonic pulsed Doppler probes

are arranged in a Doppler array around the circumference of the pipeline to measure the gas-
liquid flow. Additionally, the Doppler array can be used to estimate the WLR measurement

in some embodiments. Other embodiments use EM transmission as a WLR meter.

[0017] The slip vélocity between the liquid and gas phases for a horizontal flow is very
different from that for a vertical flow with the same gas volume fraction (GVF) value.
Normally, the slip in the horizontal case is much larger. This means that even with the same
GVF, the liquid holdup in the horizontal case is normally much larger than that in the vertical
case. As a result, the flow regime map for horizontal flows is very different from that for

vertical flows.
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[0018] Generally as an approximate rule, the flow regime in the horizontal flow is a
stratified one if the liquid superficial velocity is less than 0.1m/s and the gas superficial
velocity is less than 25m/s. For gas superficial velocify beyond 25m/s, the flow regime may
take on an annular-mist flow. Applicants have found that even in the annular flows, however,
most of the liquid forms a stratified layer towards the bottom part of the pipe bore while the
rest of the liquid in the flow either forms a thin and slow-moving liquid film on the pipe wall,

or is carried as droplets in the gas phése.

[0019] Applicants have determined that liquid holdup is typically 15 times of liquid cut for
GVF>0.95 and the liquid flow rate <3 m’ /hr. This means that if the liquid flow rate is 1% of
the total flow rate, then the liquid holdup is 15%. Therefore, the gravity separation helps to
create a liquid-rich region towards the lower part of a horizontal pipe, and a gas-rich region
above it. Knowing the phase distribution in such ﬂowé, embodiments of the present -
invention provide various velocity and holdup measurements that may be optimized for the
different phase regions. For instance, in certain aspects that liquid holdup measurement may
be performed around the lower part of a horizontal pipe bore, whereas gas velocity may be
measured at around the middle and upper part of the horizontal pipe. As such, one of the
embodiments of the present invention provides for a multiphase flow meter that may, in
certain aspects, be used to measure horizontal gas-liquid stratified flows, including high-gas

and low-liquid wet-gas stratified flows.

[0020] Embodiments of the present invention provide for metering of gas/water/oil flows
from oil-gas producing wells. For wet-gas wells, the GVF of the flow may be larger than
95% and the liquid flow rate may be less than 5 m3 /hr. The flow regime for such flows in a
horizontal pipeline is mainly stratified or slightly annular, i.e., most of the liquid phase forms
a stratified flow layer towards the bottom of the pipe, whereas gas travels above the liquid
phase. Utilizing such a natural separation of the phases, some embodiments of the present
invention may provide for measuring the flow rates of the phases in the separate liquid and

gas zones.

{0021} Based upon analysis of stratified gas-liquid flows, embodiments of the present

invention provide for a multi-sensor configuration for multiphase flow metering, which in
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some aspects may be optimized for metering horizontal stratified multiphase flows, including

wet-gas flows under high-gas and low-liquid conditions.

[0022] Gas velocity may be measured by using a gas flowmeter, e.g. an ultrasonic transit-
time gas flowmeter, which may be installed around the appropriate height of the pipe bore to
ensure measurement of the gas-only/gas-rich zone. An additional cross-pipe ultrasonic
transmission measurement, along a direction that is perpendicular to the flow direction, may

provide information on the liquid droplet holdup in the gas phase. Such information may be

‘used to improve the accuracy of both gas and liquid flow rate measurements. The liquid flow

velocity and liquid holdup may be measured by an array of ultrasonic Doppler sensors
mounted around the circumference of the pipe. The WLR in the liquid-phase may be
measured by at least one pair of EM wave transmitter and receiver, whose transmission path
is mostly covered by the liquid-rich region towards the bottom of the pipe. The flowmeter
may be built around a section of straight pipeline and.may use non-intrusive sensors, and,

therefore, provide no disturbance to the flow.

[0023] In one embodiment of the present invention, an ultrasonic clamp-on transit-time gas
flowmeter and a range-gated ultrasonic Doppler probe may be used for the measurement of
gas and liquid flow velocities of stratified gas-liquid flow in a horizontal or near horizontal
production pipeline. To measure the gas flow velocity, a pair of transit-time ultrasonic gas
flow transducers may be installed to provide ultrasonic beam(s) across the pipe horizontally
sideways. The ultrasonic Doppler probe may be installed at the pipe underside to measure
the ﬂdw velocity and thickness (hence volume fraction or holdup) of the dominant liquid
layer. The liquid-layer thickness may be estimated from a time delay measurement where the
range-gated Doppler energy is at a maximum. The gas and liquid flow rates may then be
determined from the above gas-liquid velocities and liquid fraction measurements, without

intruding into the production flows within the pipeline.

[0024] In certain aspects, transit-time (gas) and Doppler (liquid) flow velocity and holdup
measurements may also be used to derive the prevalent flow-regime information (from flow-
regime maps), hence facilitating the use of a more flow-regime specific correlation of gas-

liquid velocity slip for an alternative determination of gas-liquid flow rates.

6
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[0025] Referring first to FIG. 1A, a block diagram of an embodiment of a multiphase flow
measurement system 100-1 is shown. The multiphase flow measurement system 100
measures stratified gas-liquid flow. Among other places in this specification, this
embodiment is variously described in at least FIGs. 1A, 2A, 3A, and 4A. This embodiment
includes an ultrasonic gas flowmeter 118, an ultrasonic pulsed Doppler probe 120, a
processor 110, and an interface port‘114. This embodiment is configured to operate where
the GVF is below 75% or 80% and/or the flow rate corresponds to a low producing well such
that the phases stratify in a horizontal pipeline (e.g., below about 2000-5000 bbl/day in a 3

inch pipeline).

[0026] The ul‘;rasonic gas flowmeter 118 measures a velocity of the gas phase. At least two
transit-time ultrasonic transducers 116 send an ultrasonic signal between each other and the
upstream and downstream flow transit times can be measured. The flow velocity of the gas
phase affects the transit time, such that a measurement of the transit times can be used to
derive the gas flow velocity. The transit-time ultrasonic transducers 116 can be configured to
clamp-onto the pipeline or could be embedded into an orifice of the pipe wall. The pair of
transit-time ultrasonic transducers 116 are clamped around the periphery of a horizontal
production flow pipe to align the ultrasonic beam(s) across the pipe diameter horizontally
sideways. That is to say that the transit-time ultrasonic transducers 116 are positioned at
different points along the pipeline such that they are angled with the flow direction of the gas
phase. Each of the transit-time ultrasonic transducers 116 can both send and receive signals.
Transit-time testing could involve one transit-time ultrasonic transducer 116-1 sending a first
signal that is received by the other transit-time ultrasonic transducer 116-2 before a second

signal is sent in the opposite direction.

[0027] The ultrasonic pulsed Doppler probe 120 is range-gated in this embodiment. The
Doppler probe 120 could operate at 1 MHz, for example, to measure flow velocity of the
dominant liquid layer. This embodiment clamps the ultrasonic pulsed Doppler probe 120 on
the pipe underside to measure the flow velocity of the dominant liquid layer flowing at the
pipe bottom. Additionally, the liquid level or height of the liquid-gas interface can also be
determined by the ultrasonic pulsed Doppler probe 120. The internal cross-sectional area of
the pipe can be measured from an ultrasonic pipe-wall thickness gauge, or estimated with

readings from the ultrasonic pulsed Doppler probe 120. The internal cross-sectional area is

7
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used with the flow velocity and holdup measurements to determine the volume of liquid,

hydrocarbon and/or gas passing through the pipeline per unit time.

[0028] A processor 110 is configured with a state machine and/or software to automatically
determine certain parameters from the gathered information. Additionally, the various probes
and transducers are driven and read with the processor 110. Gas, liquid and hydrocarbon
flow velocity and volume fraction/holdup can be determined by the processor 110. Any input
or output of the multiphase flow measurement system 100 passes through an interface port
114. Some embodiments could include a display that shows the determined results and
measurements, but this embodiment just relays that information out the interface port 114 to a

data logging device.

[0029] With reference to FIG. 1B, a block diagram of another embodiment of the
multiphase flow measurement system 100-2 is shown. Among other places in this
specification, this embodiment is variously described in at least FIGs. 1B, 2B, 3B, and 4B.
This embodiment uses multiple ultrasonic pulsed Doppler probes 120 arranged into a Doppler
array 122 to allow more accurate readings than when a single probe 120 is used. The spatial
distribution of the probes 120 in the Doppler array 122 in some aspects of the present
invention may be dense around the lower part of the horizontal pipe to provide better liquid-

gas interface detection resolution.

[0030] When there is only gas or a wetting film of liquid within the pipe adjacent to a
Doppler probe 120 the reflection is considerably different from the circumstance were the
Doppler probe 120 is adjacent to the liquid phase. The returned Doppler energy level is
higher when the Doppler probe 120 is adjacent to the liquid phase. By noting which one of
the Doppler probes 120 appear to be adjacent to a wetting film rather than the liquid phase,

the liquid-gas interface can be further estimated in this embodiment.

[0031] Referring next to FIG. 1C, a block diagram of yet another embodiment of the
multiphase flow measurement system 100-3 is shown. Among other places in this
specification, this embodiment is variously described in at least FIGs. 1C, 2C, 3C, and 4C. In
contrast to the embodiment of FIG. 1B, this embodiment also includes a gas wetness meter
108 that measures the wetness of the gas phase using ultrasonic gas wetness transducers 106

positioned on opposites of the pipeline near the top portion of the pipeline to be adjacent to
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the gas phase. The ultrasonic gas weiness transducers can be impedance matched to the gas

expected in the pipeline.

[0032] The gas wetness meter 108 measures wet-gas flow, in accordance with one
embodiment of the present invention to correct for gas mist in the gas flow rate
determination. As mentioned above, gas velocity may be measured by an ultrasonic transit
time method using the ultrasonic gas flowmeter 118. For the configuration shown in FIGs.
1C, 2C, 3C, and 4C, the transit times are linked to the flow velocity by the following

equation:
(taa~tas)/(taatan) = 2XV/L2 (1)

where tap is the ultrasonic transit time from point A to B (down stream), tg4 is the upstream
transit time, X is the separation of the transducers along the flow direction, L is the length of
the ultrasonic propagation path and V is the flow velocity. Note that in equation (1) the two
transit time measurements are combined in such a way that the velocity of sound has no

influence on the measurement of V.
[0033] In a further aspect of the present invention, calculations of transit-times (tap, tsa)
may be used to determine the mixture sound velocity ¢ (note that ¢ » V),

¢ ~2L/(tas *+ tga) (1B)

This measured ¢ may be combined with the measurement of the upstream/downstream

transmission attenuation to derive gas-phase wetness.

[0034] For a horizontal pipeline configuration, it can be automatically confirmed that the
ultrasound path is entirely through the gas phase. For example, for wet gas applications the
liquid holdup is normally well below 50%, the ultrasound path can be in the horizontal plane

intersecting the centre of the pipe. Here, the flow rate of gas is given by equation (2):
qoas =V (1-ouiq)A 2
where o iq is the liquid holdup in the pipe and A is the pipe cross-sectional area.

[0035] While‘measuring the liquid holdup in the liquid continuous regions, such as in the

stratified layer near the bottom of the pipe bore and in the film on the pipe wall, there may be

9
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some fine liquid droplets entrained in the gas phase at Vgs>25 m/s. The effect of the droplet
concentration, if uncorrected, may result in additional measurement error. The droplet
concentration may be measured by an ultrasonic energy propagating perpendicular to the
flow direction. The transit time and attenuation of this energy can be used to estimate the
holdup of the liquid mist. The relationship between the velocity of sound and the droplet

concentration can be derived from a following equation (3):

¢=1N(pB) 3)

where p is the density of the fluid mixture, B the compressibility and ¢ the velocity of sound

in the mixture.

[0036] An increase in droplet concentration results in an increase in p, but an insignificant
change in B. The overall effect is a reduction in sound velocity as the droplet concentration
increases. The attenuation of the ultrasonic energy is a linear function of droplet
concentration provided that the concentration is low (typically less than 5% of pipe cross-
section) and that the ultrasonic wavelength is chosen to be long compared with the droplet

size.

[0037] With reference to FIG. 1D, a block diagram of still another embodiment of a
multiphase flow measurement system 100-4 is shown. Among other places in this
specification, this embodiment is variously described in at least FIGs. 1D, 2D, 3D, and 4D.
This embodiment includes an ultrasonic gas flowmeter 118 to measure gas velocity, a
Doppler array 122 to measure liquid holdup and velocity of the liquid phase and a WLR
meter 130. This embodiment of the WLR meter 130 uses an electromagnetic (EM) wave
transmitter 128 that sends a signal to a number of EM wave receivers 128. The EM wave
transmitter 128 is typically at the bottom of the pipeline, and the EM wave receivers 124 are
placed around the circumference of the pipeline in places likely to be adjacent to the fluid
layer. The WLR and water conductivity/salinity affects the transmitted EM wave phase-shift
and/or amplitude-attenuation measurements such that WLR and water salinity can be

determined.

10
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[0038] Other embodiments could use multiple EM wave transmitters 128 working with a
single EM wave receiver 124. The EM wave transmitters 128 could transmit sequentially or

at different frequencies simultaneously to achieve diversity in this embodiment.

[0039] Prior embodiments estimated WLR using one or more ultrasonic pulsed Doppler
probes 120. This embodiment uses microwave EM devices 124, 128 to determine WLR,
although nuclear methods based on dual-energy Gamma-ray measurements may be used,td
replace the ultrasonic and microwave EM holdup measurements of other embodiments. Still
other embodiments could use any combination of microwave EM, Gamma-ray and/or

ultrasonic to determine WLR.

[0040] Referring next to FIG. 1E, a block diagram of an embodiment of the multiphase
flow measurement system 100-5 is shown. Among other places in this specification, this
embodiment is variously described in at least FIGs. 1E, 2E, 3E, and 4E. This embodiment
uses ultrasonic film measurement probes or transducers 132 near the gas phase to measure
liquid or other film on the interior of the pipeline. The ultrasonic film measurement probes
132 are high frequency. In this way, the Doppler array 122 spaces its ultrasonic probes 120
more tightly around the lower part of the horizontal pipe to provide better liquid-gas interface
detection resolution, whereas the film measurement probes 132 are sparse around the upper

half for film thickness measurement.

[0041] With reference to FIG. 2A, an orthographic diagram of an embodiment of a pipe
configuration 200-1 is shown that details components of the multiphase flow measurement
system 100-1. The pipeline 204 is made from a plastic liner 208 arranged in a cylindrical
form. Within the pipeline are a liquid phase 240 and a gas phase 250 separated by a liquid-
gas interface 230. To show blocks on the obscured back side of the pipeline 204, dashed
lines are used for those blocks. For example, the first transmit-time ultrasonic transducer
116-1 is on the back side of the pipeline and the second transmit-time ultrasonic transducer.

116-2 is on the front side.

[0042] The transmit-time ultrasonic transducers 116 are placed at different places along the
length of the pipeline 204 such that the signals are angled toward the axis of flow within the
pipeline 204. This embodiment uses a single ultrasonic pulsed Doppler probe 120 located at
a bottom of the pipeline 204.

11
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[0043] Referring next to FIG. 2B, an orthographic diagram of another embodiment of a
pipe configuration 200-2 is shown that details components of the multiphase flow
measurement system 100-2. This embodiment has multiple ultrasonic pulsed Doppler probes
120 arranged circumferentially on a front of the pipeline 204. Additional ultrasonic pulsed
Doppler probes 120 allow for more accurate readings. Further, the height of the liquid-gas
interface can be determined with generally better accuracy when there is a Doppler array 122

arranged about a circumference of the pipeline 204.

'[0044] With reference to FIG. 2C, an orthographic diagram of yet another embodiment of

a pipe configuration 200-3 is shown that details components of the multiphase flow
measurement system 100-3. This embodiment is similar to the embodiment of FIG. 2B, but
also includes the gas wetness meter 108. Two ultrasonic gas wetness transducers 106 are
arranged in the top hemisphere of the pipeline 204 in a position likely to be in contact with
the gas layef 250 to form the gas wetness meter 108. The two wetness transducers 106 are

generally directly opposite each other along the same circumference.

[0045] Referring next to FIG. 2D, an orthographic diagram of still another embodiment of
a pipe configuration 200-4 is shown that details components of the multiphase flow
measurement system 100-4. This embodiment uses RF/microwave EM signals in a WLR
(and water salinity) meter 130. About the lower hemisphere of the pipeline 204, there are
arranged EM wave receivers 124 that receive an RF/microwave signal from the EM wave
transmitter 128 positioned at the bottom of the pipeline. The various EM wave elements 124,

128 are generally located along a same circumference of the pipeline 204.

[0046] With reference to FIG. 2E, an orthographic diagram of an embodiment of a pipe
configuration 200-5 is shown that details components of the multiphase flow measurement
system 100-5. In addition to the ultrasonic gas flowmeter 118, this embodiment has a
Doppler array 122 and ultrasonic film measurement transducers 132. Merely by way of
example, the Doppler array 122 may include seven ultrasonic pulsed Doppler probes 120, as
depicted in Fig 2E, distributed along a circumference of the lower hemisphere of the pipeline
204. In other embodiments, other amounts of Doppler probes may be used. Less sparsely,
the ultrasonic film measurement transducers 132 are distributed along a circumference of the

upper hemisphere of the pipeline 204. Other embodiments could distribute the probes 120
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and transducers 132 somewhat randomly in their respective hemispheres and not necessarily

along a same circumference with the others.

[0047] Referring next to FIG. 3A, a cross-sectional plan view of an embodiment of the

pipe configuration 200-1 is shown where the cross-section is in a plane generally parallel to

.the gas-liquid interface 230 around the middle or in the upper hemisphere of the pipeline 204.

The transit-time ultrasonic transducers 116 point toward each other and are embedded into
the plastic liner 208 in this embodiment, but could be clamp on in other embodiments. The
other elements of the multiphase flow measurement system 100-1 do not appear in this cross-

section and are not depicted.

[0048] With reference to FIG. 3B, a cross-sectional plan view of another embodiment of
the pipe configuration 200-2 is shown where the cross-section is in the plane generally
pérallel to the gas-liquid interface 230. In addition to showing the transit-time ultrasonic
transducers 116, this embodiment shows one of the ultrasonic pulsed Doppler probes 120 that

is part of a Doppler array 122.

[0049] Referring next to FIG. 3C, a cross-sectional plan view of yet another embodiment
of the pipe configuration 200-3 is shown where the cross-section is in the plane generally
parallel to the gas-liquid interface 230. In addition to the items shown in the embodiment of
FIG. 3B, this embodiment shows ultrasonic gas wetness transducers 106 arranged in the

plastic liner 208, but other embodiments could use a clamp-on configuration.

[0050] With reference to FIG. 3D, a cross-sectional plan view of still another embodiment
of the pipe configuration 200-4 is shown where the cross-section is-in the plane generally
parallel to the gas-liquid interface 230. FIGs. 3D and 4D show the arrangement of the WLR
meter 103 and its EM wave receiving/transmitting elements 124, 128. Only a single EM
wave receiver 124 is shown in the cross-section of FIG. 3D, but it is to be understood that
there are many EM wave receivers 124 distributed in a manner such that they are likely to be

adjacent to the liquid phase 240.

[0051] In this embodiment, an EM wave transmitter 128 and multiple EM wave receivers
124 are used for measuring water holdup and water salinity in the stratified liquid layer using
RF/microwave methods, in accordance with one embodiment of the present invention. As

shown in FIGs. 3D and 4D, an EM wave transmitter 128 is mounted at the underside of the
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pipe (with a suitable dielectric-material window), emitting a frequency in the range of a few
hundred MHz to a few GHz, for example. Several EM wave receivers 124 are mounted
around the pipe circumference (also with suitable dielectric-material windows) at angular
positions, for example, 30, 60 and 90 degrees from the EM wave transmitter 128. An
appropriate EM wave receiver 124 is selected according to its position with respect to the
position of the gas-liquid interface 230. Normally the EM wave receiver 124 whose position
is above the gas-liquid interface 230 and who has the maximum percentage of its sensing
path covered by liquid may provide the most sensitive measurement (e.g., the fourth EM
wave receiver 124-4 in FIG. 4D). The selection of the suitable EM wave receiver 124-4 can
be helped by the gas-liquid interface measurement information produced by the ultrasonic

Doppler array 122 measurements.

[0052] The RF/microwave measurement is sensitive to the fraction of its transmission path
that is covered by water. It is much less sensitive to the difference between oil and gas. As
such, RF/microwave attenuation and the like are proportional to water holdup for a fixed
water conductivity (salinity). Water holdup measured by the RF/microwave may be
combined with the total liquid holdup measured by the method using the ultrasonic pulsed
Doppler probe(s) 120 to derive the WLR. In case there is a slip between the oil and water (as
in a stratified case), the slip value, either estimated from a slip model or directly measured by
the method using the ultrasonic pulsed Doppler probe(s) 120, may be used in determining the
WLR. RF/microwave measurement also gives an on-line determination of the water
conductivity and hence water salinity of the prevalent water phase under a multiphase flow
condition, such as described in US Patent No. 6,831,470, which is hereby incorporated in its
entirety for all purposes.

[0053] The flow rate of gas is given by Equation (2) above, in which the gas velocity V is
measured by ultrasonic transit-time method and the holdup by various ultrasonic (Doppler
and/or cross-pipe transmission) methods. Although the accuracy quoted for dry gas velocity
measurement is high (i.e., within a few percent for a commercial meter), in the multiphase
case, especially when significant slip between gas and liquid droplets exist, the accuracy
might deteriorate. If the gas holdup measurement error is confined to, say £5% (such relative
accuracy may be achievable for gas holdup larger than 70%, as in typical wet-gas flows),

then a gas flow rate error of +10% can be achieved.
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[0054] The liquid flow rate is determined from a combination of velocity and holdup both
measured by ultrasonic Doppler methods, such as described in British Patent GB2363455 B.
The velocity measurement accuracy achievable may be +10%. The relative holdup
measurement error, on the other hand, may be difficult to minimize especially at low liquid
holdups. Therefore one would expect an increasing liquid rate error as the liquid flow rate
decreases and the GVF increases. Transducer design for the inline application and advanced

signal processing can reduce the level of error.

[0055] The contribution to the WLR error may come from the water holdup measurement
error, the liquid holdup measurement error and also from the difference between the water
holdup and the WLR because of a slip between the water and oil phases. The slip in velocity
is likely"to happen if the oil is separated from water in a stratified distribution. In this case,‘
ignoring such a slip will lead to inaccurate estimation of the WLR and hence inaccurate oil
and water flow rates. The Doppler array 122 with multiple probes 120 (e.g. shown in Fig.2B)
may be used to measure the velocity of the separated oil and that of the separated water in a
stratified distribution, and hence the slip. The processor 110 can automatically recognize

when such a slip is likely and change the models to more accurately estimate the WLR.

[0056] Referring next to FIG. 3E, a cross;sectional plan view of an embodiment of the
pipe configuration 200-5 is shown where the cross-section is in the plane generally parallel to
the gas-liquid interface 230. This embodiment has Doppler array 122 that extends from the
front to the back of the pipeline. Additionally, there is an ultrasonic film measurement
transducer 132 shown that is one of several to measure the iiquid film 245 in the gas phase
250.

[0057] With reference to FIG. 4A, a cross-sectional plan view of an embodiment of the
pipe configuration 200-1 is shown where the cross-section is in a plane generally
perpendicular to flow within the pipe 204. Only some of the multiphase flow measurement
system 100-1 is shown in this view. Specifically, the ultrasonic pulsed Doppler probe 120 is
shown at the bottom of the pipeline 204 to measure the flow of the liquid phase 240 and the
height of the gas-liquid interface 230.

[0058] Referring next to FIG. 4B, a cross-sectional plan view of another embodiment of

the pipe configuration 200-2 is shown where the cross-section is in a plane generally
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perpendicular to flow within the pipe 204. This view shows the Doppler array 122 of the
multiphase flow measurement system 100-2. Five ultrasonic pulsed Doppler probes 120 are
used in this embodiment. The fifth ultrasonic pulsed Doppler probe 120-5 is above the gas-
liquid interface 230 and the fourth ultrasonic pulsed Doppler probe 120-4 is below. By
analysis of the readings from these probes 120-5, 120-4, the procegsor can determine that the
gas-liquid interface 230 is between the two. Further, other probes below the gas-liquid

interface 230 can estimate the height using reflections from the pulses.

[0059] With reference to FIG. 4C, a cross-sectional plan view of still another embodiment
of the pipe configuration 200-3 is shown where the cross-section is in a plane generally
perpendicular to flow within the pipe 204. Portions of the multiphase flow measurement
system 100-3 are depicted in this view. Specifically, a Doppler array 122 along with the gas
wetness meter 168. The passing of ultrasonic signals back and forth Between the ultrasonic
gas wetnessl transducers 106 is shown with a dashed line.

[0060] Referring next to FIG. 4D, a cross-sectional plan view of yet another embodiment
of the pipe configuration 200-4 is shown where the cross-section is in a plane generally
perpendicular to flow within the pipe 204. Portions of the multiphase flow measurement
system 100-4 are depicted in this view. The four EM wave receivers 124 are shown
distributed at different angles around a circumference of the lower hemisphere of the pipeline

204. The EM wave transmitter 128 is located at the bottom of the pipeline 204.

[0061] With reference to FIG. 4E, a cross-sectional plan view of an embodiment of the
pipe configuration 200-3 is shown where the cross-section is in a plane generally
perpendicular to flow within the pipe 204. This view shows the Doppler array 122 of the
multiphase flow measurement system 100-5 along with the ultrasonic film measurement
transducers 132. There are nine ultrasonic pulsed Doppler probes 120 in the Doppler atray
122 of this embodiment, but other embodiments could have any amount between six and ten.
The three ultrasonic film measurement transducers 132 each take a reading of the film. By
knowing the location of the gas-liquid interface 230 and fluid dynamics models, the amount

of liquid in the film can be estimated by the processor 110.

[0062] The three high frequency (hence high spatial and velocity resolutions) Doppler

transducers 132 may be mounted on the upper part of the pipe 204 to measure the velocity
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and the thickness of the liquid film in an annular flow. Such information may then combined
with the measurement of the liquid layer 240 near the lower part of the pipe 204, and with the
flow rate of the entrained liquid droplets derived by the gas velocity flowmeter 118 and the

gas wetness meter 108 to produce the overall liquid flow rate.

[0063] The measurement around the stratified liquid layer 240 can be done using a
frequency lower than that used for film thickness measurement. Generally, the spatial
resolution is proportionalv to the frequency f and the attenuation proportional to frequency .
Also for a pulsed Doppler system, the maximum velocity measurement range is inversely
proportional to f. Merely by way of example, for the relatively fast moving liquid layer near
the bottom of the pipe, a frequency of 1 to 3 MHz may be used in some embodiments
depending upon the pipe size and for a slow moving thin film on the pipe wall, a frequency of

4 to 8 MHz may be used. A 5 MHz frequency has a 0.3 mm thickness resolution in water.

[0064] Referring next to FIG. 5, a block diagram of an embodiment of the ultrasonic
puised Doppler probe 120 engaged with the pipe 204 with multiphase flow is shown. A
plastic block 515 is used to increase the accuracy of the ultrasonic pulsed Doppler pfobe 120.
The plastic block 515 absorbs energy from a transducer crystal 504 and is impedance
matched to the plastic liner 208. The function of the plastic block 515 is to attenuate energy
traveling in the plastic liner wall 208, and thus producing a more predictable beam pattern in

the flow. Other embodiments could use materials other than plastic for the block 515.

[0065] The details of Doppler measurement principle and signal processing methods for
determining liquid velocity and holdup based on frequency shift and Doppler echo energy
level for measuring stratified gas-liquid flow, in aécordance with one embodiment of the
present invention, have been described in U.S. Patent Nd. 6,758,100, the entire disclosure of
which is hereby incorporated by reference for all purposes. As provided in Fig. 4E, liquid
velocity and holdup measurements may be made by a Doppler array 122 of range-gated
ultrasonic Doppler transducers 120, which may be mounted around outside a pipe liner so
that they are non-invasive to the flow. In such a configuration, the pipe circumference may
be scanned‘by the Doppler array 122. Because the transducers only receive strong Doppler

echoes from the region covered by the liquid phase 240, the liquid holdup may be determined
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from the Doppler energy distribution around the circumference. The velocity of the liquid

phase 240 may be measured from the Doppler frequency shift.

[0066] With reference to FIG. 6, a block diagram of an embodiment of an ultrasonic pulsed
Doppler probe is shown that has beam focusing capabilities. In the clamp-on case, the steel
pipe-wall widens the ultrasonic beam and thus causes the redﬁction of the spatial resolution
of the scan. As such, in certain aspects of the present invention, wherq possible, the steel
pipe may be replaced by a plastic liner 208 in a section of the pipeline, which allows use of a
focusing mechanism to improve the resolution. As shown in FIG. 6, a focusing delay-line
can be made with a first material 604 that has a higher sound velocity than that of the plastic
liner. The second material 608 has the same sound velocity as the pipe liner 208. In such an
embodiment, the refracted beam in the liner 208 will have a smaller divergence angle. By
modifying the shape and materials, various focusing can take place in this embodiment. Other
embodiment may use multi-element transducer arrays and phased electrical excitation to

achieve focusing.

[0067] Referring next to FIG. 7, a flowchart of an embodiment of a process 700 for
measuring multiphase flow of hydrocarbons within a pipe 204 is shown. The depicted
portion of the process begins in block 704 where the liquid and gas phases 240, 250 are
stratified. A horizontal section of pipe 204 may be used to stratify the multiphase mixture
flow. In certain aspects the length of the horizontal section may be determined to provide for
the stratified flow and in other aspects a system, sﬁch as an expansion section having an
internal diameter greater than the pipe or the like may be used to reduce the flow rate of the
multiphase mixture and provide for producing stratified flow in the horizontal section of pipe
204. In certain aspects, the flowing multiphase mixture may be interrogated by ultrasonic
sensors, microwave sensors, optical sensors and/or the like to determine whether the
multiphase mixture is flowing in a stratified flow regime. For example, Doppler
interrogation may be used to determine if and/or where in the pipe a liquid-gas boundary

exists.

[0068] In block 704, the ultrasonic gas flowmeter 118 can measure the velocity of the gas
phase 250. One or more of the transit-time ultrasonic transducers 116 may be submerged or

otherwise fouled with liquid when operational in the field. If that is the case, the processor
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110 notes the error condition and may take corrective action, but the gas phase 250 reading
may not be able to be gathered. The ultrasonic pulsed Doppler probe(s) 120 can measure the
flow velocity of the liquid phase 240 in block 708. Additionally, the ultrasonic pulsed
Doppler probe(s) 120 can measure the height of the gas-liquid interface 230 in block 712
using reflections and/or register which probes 120 in a Doppler array 122 appear to not be

submerged in the liquid phase.

[0069] Using EM transmitter 128 and receivers 124, block 716 allows determination of the .
WLR of the stratified liquid phase which is confirmed by measurements performed in the

previous blocks.

[0070] In block 720, the liquid film 245 in the gas phase 250 is optionally measured using
ultrasonic film measurement transducers 132. The gas wetness is measured in block 724 to
determine if the gas flow measurement is likely to be accurate or if other algorithms should
be used by the processor 110 to determine or estimate the gas flow. With the information
gathered in the prior blocks, the gas phase flow rate, the liquid phase flow rate and/or the
liquid hydrocarbon flow rate are determined in block 728 may be determined by the

processor 110. That information may be relayed to other systems and/or displayed.

[0071] In aspects of the present invention, the following information can also be provided

by the ultrasonic transit-time and range-gated Doppler systems:

o The exiremely low values of Doppler energy cross-pipe profile is indicative of a
single-phase gas flow or a single-phase liquid flow (often with marked velocity

readings; there is often always impurities/scatters in oilfield water or oil flows).

o In the case of single-phase gas flow, ultrasonic transit-time gas flow meter 118

provides a velocity reading.

e The sound-velocity measurement from the transit-time gas meter 118 may also be
exploited in some cases for liquid fraction indication (e.g., entrained liquid

mist/droplet fraction in the carrying gas).

e The instantaneous velocity or energy readings of the pulsed Doppler system at
selected pipe depth(s) may be exploited to indicate flow fluctuations related to flow-

regime information (e: g. slug length / frequency); and
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e Two Doppler probes may be installed axially apart at pipe underside and/or top-side
to derive e.g. the slug velocity (which is closely related to gas velocity for slug flows)
by cross-correlating their instantaneously sampled Doppler flow velocity or energy
data.

[0072] A number of variations and modifications of the disclosed embodiments can also be
used. For example, the various flowmeters, arrays, transducers, sensors, transmitters, and
receivers can be combined in various ways for a given multiphase flow measurement system.
Additionally, the number of sensors, probes and transducers can be different in various

embodiments.

[0073] While the principles of the disclosure have been described above in connection with
specific apparatuses and methods, it is to be clearly understood that this description is made

only by way of example and not as limitation on the scope of the disclosure.
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CLAIMS
WHAT IS CLAIMED IS.

1. A method for measuring flow properties of a multiphase mixture
comprising gas-liquid hydrocarbons and water flowing in a pipe of stratified flow, the
method comprising steps of:

measuring flow properties of a gas phase in the pipe;

measuring_ﬂow properties of a liquid phase in the pipeline using a pulsed
ultrasonic Doppler probe;

determining a gas or liquid holdup;

calculating gas flow rate within the pipe using the gas holdup and the flow
properties of the gas phase; and

calculating liquid flow rate within the pipe using the liquid holdup and the
flow properties of the liquid phase.

2. The method for measuring flow properties of the ‘multiphase
mixture comprising hydrocarbons and water flowing in the pipe of stratified flow as
recited in claim 1, further comprising steps of:

determining a water to liquid ratio (WLR) of the liquid phase; and

calculating water and liquid hydrocarbon flow rates within the pipe using
the liquid flow rate and the WLR.

3. The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 1, wherein the step of measuring flow properties of a gas phase in
the pipe uses an ultrasonic gas flowmeter comprising a plurality of transit-time ultrasonic

transducers.

4. The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 1, further comprising a step of determining ultrasonically the

wetness of the gas phase.
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- 5. The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 1, further comprising a step of automatically determining that the

multiphase mixture is stratified.

6. The method for measuring flow properties of the multiphase

mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified

flow as recited in claim 1, wherein the pulsed ultrasonic Doppler probe is one of a

plurality of pulsed ultrasonic Doppler probes arranged in a Doppler array.

7. The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 6, further comprising a step of using the Doppler array to

determine that the multiphase mixture is stratified.

8. The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 1, wherein the determining gas or liquid holdup step comprises a
step of determining a height of the gas-liquid interface using the pulsed ultrasonic Doppler

probe.

9. The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 1, further comprising a step of conditioning the multiphase

mixture to stratify the liquid phase in the pipe.

10.  The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 1, wherein:

the pipe is arranged horizontally to stratify the multiphase mixture, and

the ultrasonic gas flowmeter operatively engages an uppér half of the pipe

above and including a horizontal plane aligned with the middle line of the pipe.
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11.  The method for measuring flow properﬁes of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of str/atiﬁed
flow as recited in claim 1, wherein the pipe is arranged horizontally to stratify the
multiphase mixture, and further comprising a step of ultrasonically measuring a liquid film

at an upper half of the pipe above a horizontal plane aligned with the middle line of the
pipe.

12.  The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 1, wherein:

the pipe is arranged hoﬁzontalfy to stratify the multiphase mixture, and

the pulsed ultrasonic Doppler probe operatively engages a lower half of the
pipe below a horizontal plane aligned with the middle line of the pipe.
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13. - The method for measuring flow properties of the multiphase -
mixture comprising gas-liquid hydrocarbons and water flowing in the pipe of stratified
flow as recited in claim 2, wherein the determining the WLR step comprises a step of

transmitting an electromagnetic (EM) signal through the liquid phase.

14.  The method for measuring flow properties of the multiphase
mixture comprising gas-liquid hydrocarbons and water flowing in the horizontal pipe of
stratified flow as recited in claim 13, wherein the transmitting step uses an EM transmitter

and an EM receiver that both operatively engage the pipe proximate to the liquid phase.

15. A system for measuring flow properties of a multiphase mixture of
gas-liquid hydrocarbons and water flowing in a pipe of stratified flow, the system
comprising:

an ultrasonic gas flow meter:

configured to operatively engage the pipe, and
configured to measure flow properties of a gas phase in the
pipe;

a pulsed ultrasonic Doppler probe configured to operatively engage with
the pipe and configured to measure flow properties of a liquid phase in the pipe; and

a processor configured to:

determing a gas or liquid holdup,

calculate gas flow rate within the pipe using the gas holdup
and the flow properties of the gas phase, and

calculate liquid flow rate within the pipe using the liquid
holdup and the flow properties of the liquid phase.

16.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 15, wherein the processor is further configured to:

determine a WLR of the liquid phase, and

calculate liquid hydrocarbon and water flow rates within the pipe using the

liquid flow rate and the WLR.
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17. The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 15, wherein the GVF is above 20% but below 99%.

18.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 15, the system further comprising an EM transmitter and an EM receiver that both

operatively engage the pipe proximate to the liquid phase.

19.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 18, wherein the EM transmitter and the EM receiver are used to measure WLR and

water salinity.

20.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 15, wherein: ‘

the pipe is arranged horizontally to stratify the multiphase mixture, and

the ultrasonic gas flowmeter operatively engages an upper half of the pipe

above and including a horizontal plane aligned with the middle line of the pipe.

21.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 15, wherein:

the pipe is arranged horizontally to stratify the multiphase mixture, and

the pulsed ultrasonic Doppler probe operatively engages a lower half of the

pipe below a horizontal plane aligned with the middle line of the pipe.

22.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 15, wherein the pulsed ultrasonic Doppler probe is one of a plurality of pulsed

ultrasonic Doppler probes arranged in a Doppler array.
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23.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 15, wherein the ultrasonic gas flowmeter comprises a plurality of transit-time

ultrasonic transducer elements.

' 24.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 15, wherein the pulsed ultrasonic Doppler probe comprises a transducer suitable for

range-gated pulsed Doppler measurement. .

25.  The system for measuring flow properties of the multiphase mixture
of gas-liquid hydrocarbons and water flowing in the pipe of stratified flow as recited in
claim 24, wherein:

the pulsed ultrasonic Doppler probe is configured to measure a flow
velocity and thickness of the liquid phase; and

the liquid-layer thickness may be estimated with a speed of sound in the

liquid phase and a time delay where the range-gated Doppler energy is at a maximum.
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