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SUMMARY

A multiphase flowmeter suitable for use in individual flowlines has been developed and
tested in a full-scale multiphase flow loop. The instrument, which operates in the slug flow
regime, uses an array of capacitive sensors in the flowline to measure directly holdups and
characteristic velocities. It is called, therefore, the multi-capacitor multiphase flowmeter or
MCEF. The measured parameters are used to derive the flowrates of the individual phases
with an accuracy over a wide range of flow conditions of better than +/- 10% of reading.
The present instrument is suitable for oil-external emulsions, with watercuts up to around
40%. The MCF system comprises a simple spool piece with certified local electronics, a
remote signal conditioning unit and a control unit to calculate and display the results. It is
unique both in its simplicity and the use of the slug flow characteristics. It will provide the
operator with reliable flowrate data at a relatively low cost.

After a brief introduction to the operating principle, the results of laboratory tests with this
new instrument are presented. The flowmeter is being commercialised by Kongsberg
Offshore, a.s., Norway. The further development programme and planning resulting from
this cooperation will also be briefly described. This is aimed at producing by 1994 an
instrument with the functionality of a test separator at a fraction of the cost, making its
application to individual well flowlines a real and attractive option.

1 INTRODUCTION
11 Flowmeter requirements

The need for a compact, reliable multiphase flowmeter is well established. Such a meter will
enable the cost effective development of both offshore and onshore satellite fields and the
possibility of optimising the operation of existing fields. Moreover, the availability of such a
meter is essential to accompany the multiphase pressure-boosting systems currently
appearing on the market.

Test separators, the conventional way of metering multiphase, can suffer from a range of
operational problems and can also be unrepresentative because they sample the flow rate for
only a small part of the production time of a well. They are bulky and expensive,
particularly for use offshore where size and weight are at a premium, and for satellite
developments they require the use of expensive manifolds and test lines. It is attractive to
replace test separators with compact, low cost multiphase flowmeters. The requirement was
defined for a multiphase meter with similar accuracy to existing test separators, i.e. around
+/-10% per phase, and sufficiently low cost to be applied economically to individual well
flowlines
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1.2 Alternative measurement approaches

Many approaches to multiphase flow measurement are being investigated by the oil
industry. These can be grouped into three categories:

Separation: separate the phases and measure them individually before recombination.

Homogenisation: create a homogeneous mixture and measure total flow and the fractions of
oil, water and gas to give the flowrates for the individual phases.

Leave as it is: change nothing to the flow and use intrinsic flow properties to derive
flowrates.

The MCF belongs to the last category. Separation operates best at high gas volume fractions
where the phases are already naturally separated in stratified or annular flow. Mixing is
easiest at low gas volume fractions where the natural flow regime is close to bubble or plug.
The MCF covers a large area between these two, operating in the intermittent flow regimes
most often found or easily created in real well flowlines. No flow conditioning other than
sufficient horizontal upstream pipe length is required.

Fig.1 shows a multiphase flow map for horizontal flow with the various flow regimes
superimposed, and also lines of constant gas volume fraction at 50, 90 and 99%. The
superficial velocity is the actual volumetric flowrate of one phase divided by the total cross-
sectional area of the pipe. The gas volume fraction (GVF) is the ratio of actual gas flowrate to
total flowrate.

2 OPERATING PRINCIPLE
21 Liquid and gas transport in slug flow

To understand how gas and liquid flow rates can be measured with the MCF, an

und erstanding is needed of the way in which gas and liquid are transported in slug flow. A
good description is still the simple, well accepted model first introduced by Duckler and
Hubbard [1]. They describe slug flow in two parts, the slower-moving liquid film which
partly fills the pipe, and the faster-moving liquid slugs which totally fill the pipe but only
for a fraction of the time. As the slug moves down the pipe it picks up liquid at its front and
sheds it again at its rear. The slug itself is made up of both liquid and gas because gas is
trapped in the liquid at the front of the slug as it overtakes the slower-moving film. The
model states that the actual gas velocity is almost constant and equal to the slug front
velocity. Fig. 2 shows shows measured holdup as a function of time for various flow
conditions, clearly demonstrating the dependence of both holdup and slug frequency on the
gas and liquid flowrates.

The MCF gauges the liquid and gas flowrates in intermittent flow by measuring the cross-
sectional areas occupied by each phase and multiplying each area by the velocity of that
phase. To do this, it continuously measures the cross-section of the pipe occupied by liquid,
the velocity of the liquid and the velocity of the slugs. Assuming that the slugs travel at the
same velocity as the gas, the flowrates are calculated from the product of the cross-sectional
areas occupied by the liquid and gas and their respective velocities.

22 Measurement technique

The measurements are all made with a pair of plates inserted into the pipe in line with the
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flow. Etched onto these plates are a number of electrodes forming capacitors and it is the
impedance variations in these capacitors that are used to produce the basic signals from
which the flowrates are calculated. The plates have a width of just 4 cm along the pipe and
typically contain one complete column of electrodes plus two further electrodes (Fig. 3).

One signal is obtained from each capacitor and this is scaled such that the zero voltage level
represents the case when there is only gas between the capacitor electrodes and one volt
represents the case when there is only dry oil between the electrodes. Each capacitor is .
actually connected to an electronic circuit that produces two output signals representing the
real and imaginary parts of the admittance, one proportional to the conductance one
proportional to the susceptance. Of these two signals, only the susceptance signal is used
and this is scaled to give the zero and one voltage levels for gas and oil. The actual signal
range is far higher than 0-1 volt as mixtures of oil and water have far higher susceptances
than oil alone.

The way in which the signals are processed is described in subsequent sections.

2.2.1 Liquid holdup

The liquid holdup is defined as the actual fraction of the pipe’s cross-section occupied by
liquid. This is different to the level in the pipe because the liquid below the main liquid /gas
interface also contains gas. It is calculated from the sum of the actual signals on each
electrode weighted for the area that they represent divided by the signal that represents an
electrode completely covered in liquid.

In this way, the proportion of each electrode covered with liquid is interpolated between the
signal for gas only and that for liquid only. However, the signal representing liquid only is a
priori unknown because it depends on the actual ratio of oil and water in the liquid. Finding
the correct value to represent liquid only is crucial to the operation of the MCF and is, often,
the factor most limiting its accuracy.

The simplest way of determining the signal representing liquid only, known as the span
factor (SP), is to take the signal measured by a electrode when it is immersed in a
homogeneous and gas free mixture of the oil and water. In the simple slug model presented
previously, this situation occurs in the liquid film sometime between slugs. The slug, when
it passes, creates a homogeneous mixture of the liquid but it also mixes in some gas.
Sometime before the next slug this gas has time to separate out of the film, leaving only the
homogeneous liquid mixture. The point at which the gas has disappeared is easy to
recognise because this is the point at which the measured susceptance is a maximum. In its
simplest form SP is, therefore, taken as the maximum signal over a defined measuring
period of a few slugs.

222 Slug velocity

The slug velocity is calculated from the time difference between the signals from the two
electrodes some distance apart at the same height near the top of the pipe. These signals are
non-zero only during the passage of a slug. The signals are fed to an electronic circuit that
produces a number of measurements per slug from the variations seen during the slug
passage. These measurements are then averaged. It takes between 10 and 50 slugs to make a
good measurement of the slug velocity depending on the flow conditions.
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22.3 Liquid velocity

The liquid velocity is measured continuously from the signals from the two electrodes at the
same height near the bottom of the pipe. These signals are fed to a cross-correlator to
produce a continuous measurement of the time delay between the two analogue signals and
hence, since the distance between the electrodes is known, the velocity of the liquid.

2.24 Flowrates

The flowrates are calculated from the average liquid holdup and the average liquid and gas
velocities. The liquid flowrate is simply the product of the holdup and liquid velocity, the
gas flowrate is the product of the pipe cross-section filled with gas, i.e. (1 - liquid holdup),
and the slug velocity.

225 Watercut

The watercut is calculated from the span factor, SP, which is a measure of the dielectric
constant of the liquid. The dielectric constant of an oil/water mixture is a unique function of
the watercut while the oil remains the external phase, up to around 40% watercut.

3 METER DEVELOPMENT
3.1 Laboratory prototype

After an initial short feasability study had clearly demonstrated that gas and liquid flow
rates could be derived from slug parameters, a 4" prototype meter was constucted in 1989
and installed in the multiphase test loop at Shell Research, Rijswijk. This was used to further
develop the sensor geometry and the signal processing to a stage where the target accuracy
of +/- 10% per phase could be achieved over a wide range of flow conditions. This
performance is discussed in more detail in the following section. The next step clearly had to
be a field trial, but this required a commercial prototype certified for use in hazardous areas.

3.2 Commercial prototype

A joint development project was agreed between Kongsberg Offshore, a.s. (KOS) of Norway
and Shell Research, co-sponsored by Norske Shell, leading to a number of 3" and 4"
commercial prototy pe meters by the middle of 1992. These meters became available on
schedule and have also been tested in the multiphase flow test loop. The MCF system
comprises a simple spool piece, with certified local electronics, a remote signal conditioning
unit and a contrel unit to calculate and display the results (Figs. 4 and 5). It is unique in its
simplicity and will provide the operator with reliable flowrate data at a potentially relatively
low cost. A field test is arranged for the period September-October at a suitable location in
Oman. Results of this trial, if available, will be presented, but at the time of writing the
equipment is still being installed.

4 PERFORMANCE
4.1 Test conditions

Testing was performed in the laboratory multiphase test facility, which can simulate flow
behaviour in both 3" and 4" flowlines over a wide range of multiphase conditions using
gasoil, water and air as the component fluids. The flowrates used covered as large a range of
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liquid and gas superficial velocities as could be achieved with the nominally 100 mm
diameter laboratory prototype and the 3" commercial prototype selected for the most
extensive testing. Gas superficial velocities ranged from 1 to 12 m/s and liquid superficial
velocities from 0.1 m/s to 3 m/s. These values reproduce the flow conditions in the majority
of actual flowlines, and also give the approximate boundaries to the slug flow regime.

The meters were mounted in horizontal flowlines, with an upstream straight length of
approximately 15 m for the 4" meter and of approximately 6 m for the 3" meter. This was
sufficient to develop intermittent flow, thereby enabling the meters to operate, but no
attempt has been made to determine the minimum straight length requirements. The
technique does not depend on the slug flow being fully developed.

The sensor plates are constructed using the same production techniques and material as
multilayer printed circuit boards. In parallel with the performance tests a separate sand
resistance test was performed on a sensor plate. Using high levels of sand to accelerate
testing, the plate was subjected to the equivalent of more than three years of operation at
sand levels of 5 g/1 (50 ppm). The conclusion was that sand erosion is not a problem for the
MCF probe. The MCF probe material will have a service lifetime of at least 5 years at sand
concentration levels of around 50 ppm, which is typical for those wells producing from
unconcolidated sand formations which are especially prone to generate higher levels of
sand.

4.2 Laboratory prototype

Figs. 6 and 7 show the areas on a flow map where the liquid and gas measurement errors
respectively are below 10%. The liquid flow errors are shown for a 10% watercut emulsion,
the gas flow errors for air and dry oil (0% watercut). Liquid velocity measurement becomes
difficult at flows less than around 0.2 m/s since the slug frequency is low, and between
slugs the film is almost standing still. Gas measurements are limited in the upper part of the
flow map by the transition to bubble flow, and in the low liquid /high gas corner by the lack
of slugs, essential for obtaining gas velocity. Nevertheless, for both liquid and gas a large
range of conditions are contained within the +/- 10% flow error borders.

4.3 Commercial prototype

The questions to be answered with the commercial prototypes were twofold: the
reproducibility of the technique with the changes made to the system necessary to ensure
electrical safety, and the generality of the approach in going from a 4" to a 3" meter.

4.3.1 Flow accuracy

Figs. 8 and 9 show, similarly to the previous figures but now for a 3" meter, the areas on the
flow map where the liquid and gas flow errors are below 10%, both at 0% watercut. It can be
seen that very similar results are obtained as with the 4" laboratory prototype. Note that
although the superficial velocity ranges remain the same, the actual flow rates differ by
almost a factor two between the two meters.

Repeatability of the measurement depends on the time constant used since, by its very
nature, multiphase flow contains a degree of randomness which must be averaged out. With
a time constant of 100 seconds, short by multiphase standards, the measurements were
repeatable to better than +/- 5%.
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43.2 Watercut accuracy

Watercut, as previously explained, is obtained from a reference valueSP, measured in gas-
free emulsion between slugs. Problems can be encountered at low flow rates, where the
emulsion at the bottom of the flowline can become water-rich between the infrequent slugs,
and at high flow rates where gas remains entrained in the film between slugs. However,
because slug flow is generally efficient at maintaining a well mixed emulsion, watercut can
be measured to an accuracy of +/- 4% absolute over a wide range of conditions. Table 1
shows results obtained around 10% , 20% and 30% watercuts.

Table 1 Watercut accuracy for a range of gas and liquid flows
Liquid Flow True Measured
m/s Watercut Watercut % at
% Gas Flow of :
3.6m/s 7.1 m/s

8 28 28
3 19 18 22
1.0 20 21 16
1.7 20 20 16
2.2 20 19 17
1.0 S
1.7 9
2.2 9

5 PLANS

The present MCF multiphase flow meter is suitable only for oil-external emulsions. A
second phase of the development, now underway, will lead in 1993 to flowmeters capable of
metering across the full range of watercuts. These will use a similar measuring technique
modified to cope with the different electrical properties found in water-external emulsions
where water conductivity plays the dominant role. Results obtained in the laboratory show
that these techniques are capable of measuring gas and liquid flow rates in water-external
emulsions, but that an accurate measure of watercut could be problematic. An alternative
technique might have to be incorporated for this measurement. Following a successful trial
of a full range meter in 1993, it is planned, in cooperation with Kongsberg Offshore, 2.s., to
continue the development to improve the watercut measurement in water external
emulsions, to extend the range to other flow regimes, and also to develop a version of the
MCEF suitable for application subsea.
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