
tpb AU9817323

A Multiphase Flow Meter for the On-line Determination
of the Flow Rates of Oil, Water and Gas

G. J. ROACH and J. S. WATT
CSIRO Minerals, Private Mail Bag 5, Menai, NSW 2232, Australia

SUMMARY. The CSIRO multiphase flow meter (MFM) determines the flow rates of oil, water
and gas in pipelines from oil wells. It is based on two specialised gamma-ray transmission
gauges, and pressure and temperature sensors, mounted on the pipeline carrying the full flow of
the heterogeneous multiphase mixture. The flow rates of oil, water and gas are determined by
combining separate measurements of liquid and gas flow rates, and the ratio of water and liquids
(water cut). In three trials at offshore production facilities in Australia, the MFM determined the
flow rates of each phase to relative errors in the range of 4-10% (la). In a recent trial at a Texaco
flow facility, water cut was determined to 2% rms absolute, and flow rates of oil, water and gas
determined to between 6 and 8% relative. The MFM is licensed to Kvaerner FSSL who
completed the manufacture of their first MFM in August 1997.

1. INTRODUCTION

Pipelines carry multiphase mixtures of crude
oil, formation water and gas from oil wells
to production facilities where the mixture is
separated into single phase streams. The
flow rates of each phase of these mixtures,
from each oil well, must be measured to
provide information necessary for the
control and optimisation of the oil field.
Currently, each well stream is sequentially
fed via a manifold to a common test
separator that separates the multiphase
mixture into its three phases. Conventional
meters, such as turbine meters and orifice
plates, then measure the flow rate of each
single phase.

The oil industry wants to replace test
separators by multiphase flow meters
(MFMs). MFMs mount directly onto the
well pipelines. They have advantages over
the test separators and their associated
facilities of being considerably less
expensive, are much smaller and lighter, are
less labour intensive in their operation, and
they can be used subsea. MFMs mounted on
subsea pipelines near the well head
overcome the need for test pipelines
between the subsea completion and the host
platform. For oil fields in deep water, this

could lead to capital savings of tens of
millions of dollars.

Various organisations (1) have developed
and, with varying success, field tested
MFMs. The aim is to determine the single-
phase flow rates to about 5-10% relative,
which meets the needs for control and
optimisation of oil production.

This paper describes the gamma-ray MFM
developed by CSIRO, summarises the field
trials undertaken in Australia, and describes
more fully the results of the trial at a
multiphase flow loop in the USA.

2. THE MULTIPHASE FLOW METER

2.1 Principles

The MFM (1) consists of two gamma-ray
transmission gauges, and pressure and
temperature sensors, mounted about a
pipeline carrying the full flow of the
production stream (Fig. 1). The first gauge, a
density gauge, measures the intensity of 662
keV gamma-rays transmitted through the
fluids in the pipeline. The second, a dual
energy gamma-ray transmission (DUET)
gauge, measures the transmitted intensities
of 59.5 and 662 keV gamma-rays.



All flow rates are calculated from separate
determinations of water cut (WC) and flow
rates of liquids (oil + water) and gas. Water
cut, the mass or volume ratio of water to
liquids, is determined by DUET techniques.
The flow rates of liquids and gas are
determined by combining measurements of
• mass per unit area of liquids across a

diameter of the vertical pipe,
• flow velocity by cross-correlation of the

masses per unit area determined by the
two gauges, and distance between them,

• line pressure and temperature, and
• water cut.
In the calculation of liquids and gas flow
rates from these measurements, a correction
is applied to make an allowance for the slip
in velocity between the liquid and gas
phases. The mass flow rates of oil and water
are respectively determined by multiplying
liquids flow by (1-WC) and by WC.

The DUET gauge determines the mass
fractions of oil and water in the liquids
based on the difference in atomic number of
the oil and the formation water. The
intensity of the transmitted 59.5 keV
gamma-rays depends both on the atomic
numbers of the fluid constituents and the
mass per unit area of the fluids in the
gamma-ray beam. The intensity of the
transmitted 662 keV gamma-rays depends
only on the mass per unit area of fluids.
Water cut is determined by combining these
two measurements. It is independent of the
form of the mixture, water or oil continuous,
or an emulsion. It is also independent of
concentrations of corrosion inhibitor and
sand at levels normally found in oil well
pipelines.

2.2 Hardware

The two gauges, and pressure and
temperature sensors, are mounted on a 150
mm pipe (Fig. 1). The DUET gauge is
mounted onto a "ring" which is a squat steel
cylindrical shell through which the mainline
multiphase flow passes. The ring contains
two carbon fibre/epoxy windows that isolate

the radioisotope sources and detector from
the flowing stream. The ring is bolted
between two flanges of the mainline pipe.
The density gauge is mounted on a C-frame
clamped onto the mainline pipe.

The narrow beam of gamma-rays emerging
from the radioisotope source container
traverses a diameter of the pipeline. The
transmitted gamma-rays are absorbed in the
Nal crystal of the scintillation detector. The
electrical signals from the preamplifier are
carried via armoured cables to the
processing electronics that are housed in the
control room on the platform. A fast nuclear
counter processes the signals, and its outputs
are further processed by an 80486 personal
computer. The MFM outputs of flow rates,
water cut, and various other parameters that
are all displayed in computer graphics.

3. FIELD TRIALS

The MFM has been proved in three field
trials at production facilities in Australia, at:
• WMC's Vicksburg off-shore oil

platform, North West Shelf (1992),
• WAPET's processing facilities on

Thevenard Island, North West Shelf
(1993), and

• Esso Australia/BHP's West Kingfish
(WKF) platform, Bass Strait (1994-95).

In each trial, the MFM outputs were
compared, using least squares regression,
with flow rates determined by a test
separator. The relative errors (rms difference
to mean component flow rate) ranged from 4
to 10% (la). These trials are described in
detail in previous publications (2-4).

The advanced prototype MFM has been in
continuous use on the WKF platform since
November 1994, under terms of a CSIRO/
Esso Australia Ltd. Agreement.

4. TRIAL AT TEXACO'S FLOW LOOP

CSIRO Minerals tested the MFM at
Texaco's multiphase flow loop facility at
Humble, Texas, in May-June 1996. The



advantages of testing at a multiphase flow
facility are that the flow rates of oil, water
and gas can be varied over a very wide
range, and the conventional metering of
these flow rates is superior to that normally
obtained at production facilities.

4.1 General comments

The MFM was tested over a wide range of
flows including streams with 0-100% water
cut, 6-98.4% gas volume fraction (at the
operating pressure and temperature in the
pipe), and 480-2800 kPa line pressure.

The MFM measures the detected gamma-
rays intensities every five milliseconds. It
processes the results of 25 seconds of this
data at the end of the 25 s period. The well
stream is usually monitored for 10 to 15
minutes, and the 25 s flow rates averaged
over this longer period for comparison with
the test separator data of flow rates.

Figure 2 shows the variation of mass per
unit area of liquids with time for one very
gaseous stream with a low volume flow of
liquids. It is probably "churn flow",
characterised by a fairly uniform mass per
unit area with time and having more gas
travelling up the centre of the pipe (4).

Figure 3 shows plots of the mass per unit
area determined simultaneously by the two
gamma-ray gauges. The traces for each
gauge are very similar, but the trace for the
downstream gauge is delayed in time
compared with that of the upstream gauge.
Cross-correlation of the mass per unit area
outputs determines the time delay between
the two gauge determinations. The velocity
is determined from this time delay and the
distance between the two gamma-ray beams.
In the Humble trial, cross-correlation was
successful for all the GVF range of 5-98.4%.

4.2 Water cut

The DUET gauge was calibrated for water
cut by measuring the intensity of 59.5 and
662 keV gamma-rays with, sequentially, the

pipe full of oil, (salt) water, and gas. These
static sample measurements are all that is
necessary to provide the on-line calibration
for the fast moving fluid mixtures.

Water cut, based on the above calibration
technique undertaken prior to the trial, was
determined to a rms error of 2.0% absolute.
This is the average of the errors in water cut
determined for all streams measured during
the trial. It includes both the offset in the
calibration, and the 1.6% scatter of results
about the line of best fit.

Since the trial, the basic equations for
calculation of water cut have been
improved, reducing the absolute error to
1.7% and the scatter to 1.4% (Fig. 4). This is
an excellent result considering the range of
gas volume fractions (GVFs) was 5-98.4%.

The rms errors in water cut are least at low
GVFs because this corresponds to high mass
per unit area of liquids in the gamma-ray
beam. For example, least squares regression
shows that the scatter (about the line of best
fit between the MFM and separator results)
to be 1.4% when all streams were included
(GVFs: 6-98.4%) and 0.8% when only
streams with GVF < 60% were included.

4.3 Flow rates of liquids and gases

The MFM measurements are incorporated
into models of the fluid flowing in the pipe.
The models are necessary because the
determinations of mass per unit area and
cross-correlation velocity average over a
diameter, and not the total cross-section, of
the pipe. The gas travels faster than the
liquid phases, requiring interpretation of the
cross-correlation velocity in terms of fluid
flow models. This slip in velocity between
the phases is greater at higher GVFs.

The MFM and Texaco flow measurements
were compared by least squares regression.
From this comparison, slip correlations were
developed for flows with 10%<GVF<90%.
Figures 5 and 6 show the results for liquids
and gas flows. The relative errors in these



and subsequent figures are the ratio of the
rms difference and the mean component
flow rate. The relative errors of 6.6% for
liquids and 6.2% for gas are good results
considering the wide range of flow
conditions met during the trial.

The MFM calibrations for liquids and gas,
derived from the results of the Humble trial,
have been used to predict those for the West
Kingfish (WKF) trial. The prediction for
liquids flow is offset by about 15% (Fig. 7).
The scatter about the line of best fit is much
smaller, 5.4%. The offset could be caused by
errors in the calibration of the conventional
meters on WKF, and by the different
properties of the Humble and WKF oils.
Both would cause significant error.

Further work is being undertaken to extend
the range of GVF covered by the MFM, and
to improve the calibration for liquids and
gas flows.

4.4 Flow rates of oil and water

The MFM oil and water flow rates are the
products of the total liquids flow and,
respectively, 1-WC and WC. Figure 8 shows
the Humble results of oil flow rates. The
relative errors were 8.0% for oil and 8.1%
for water. These were determined over a
very wide range of flow rates, with GVFs in
the range 10-90%.

5. COMMERCIALISATION

CSIRO has granted an exclusive worldwide
license for the MFM to Kvaerner FSSL of
Aberdeen. Technology transfer commenced
in December 1996. KFSSL completed the
manufacture of the first commercial MFM in
August 1997. They plan to complete the
subsea version of the MFM in 1998.

6. CONCLUSION

The CSIRO MFM determines the flow rates
of oil, water and gas in pipelines from oil
wells. It has been successfully tested in three
trials at offshore production facilities in

Australia, and in a loop trial at Texaco's
multiphase flow facility at Humble, Texas. It
has been in routine use on the West Kingfish
platform since 1994. The MFM was licensed
to Kvaerner FSSL in 1997. They completed
the manufacture of their first MFM in 1997.
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Figure 1. Schematic of the CSIRO gamma-ray multiphase flow meter. P and T are pressure and
temperature transducers.
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Fig. 2. Variations of mass per unit area of
fluids in the gamma-ray beam for different
flow tests at Texaco's facility. Top graph:
density gauge results alone. Bottom graph:
both gauge results, showing the time delay.

Fig. 3. Water cut determined over all flow
tests at Texaco's flow facility. The top line
is the MFM predicted water cut, and the
bottom is the line of best fit obtained by
least squares regression. The relative errors
are 1.7% based on predicted water cut, and
1.4% scatter about the line of best fit.
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Fig. 4. Liquid flow rate for streams with
10%<GVF<90%. The relative error is 6.6%.

Fig. 6. Prediction of the liquids flow at West
Kingfish based on the slip correlation. The
combined error of offset and scatter is 15%,
d scatter alone is 5.4%.
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Fig. 5. Gas flow rate for streams with
10%<GVF<90%.

Fig. 7. Oil flow rates for streams with GVF
in the range 10-90%.


