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1. Introduction

In situ measurement of multiphase flow over a wilgge of flow conditions is not a
trivial task and imposes various challenges fortiplihse meters. Although the metering
technology has evolved over the last decade, tisesepotential for improvement in certain
areas. Experience shows that one of the main sewfcencertainty for multiphase meters is
insufficient/incorrect knowledge of fluid propedie such as density, viscosity and
permittivity. In multiphase meters based on the sneament of flow permittivity, the
measurements are especially affected by changgeeisalinity of the water phase. This is
due to the strong relationship between the watemiivity and the conductivity and hence
the salinity of the water. The measurements arégonénantly affected by this dependence in
water continuous flow.

Traditionally, the salinity has been obtained frarwater sample, and the result of the
lab analysis was used as an input to multiphaserméelhe response time with this approach
is limited by the sampling interval and taking gresentative sample was not always
possible. In order to reduce the response timetlamdincertainty of the multiphase meters
outputs, the requirement for the modern multiphhee meters is to be independent of
changes in water salinity. In addition, the sajirof the water phase is a valuable parameter
for flow assurance purposes.

In order to meet the market needs in multiphask \@et gas metering Roxar has
developed dedicated sensors for salinity measurefoem broad range of multiphase flow
conditions as shown in Figure 1. These sensordased on various principles but they all
employ microwave technology. The current portfolay a salinity measurement system
includes the following tools:

- The formation water detection function in the Ro¥éetgas meter: designed for the
detection of the onset of the formation water puotigun in high gas volume fraction
(GVF) applications. It is based on a two-parameterasurement of the resonant
frequency and Q-factor of the microwave cone reswria, 2].

- The microwave surface sensor designed for theigatireasurement in wet gas flow
at high to ultra high GVF, i.e. a wet gas or a mphiase flow with high gas volume
fraction. This sensor is designed for use in bbth Roxar Wetgas meter and Roxar
Multiphase meter and it is a ceramic cavity resonatounted in the wall of a meter
body [3, 4].

- The three-probe differential transmission sensorthér referred to as microwave
salinity probe: for measuring the salinity of theater in a water continuous
multiphase flow. The sensor is based on a two-paf@mmeasurement, i.e.



measurement of differential attenuation and phad@s paper focuses on the
development work of this sensor and the challetiggishave to be overcome related
to gas-liquid three phase flow.

- Roxar is also developing a technology for measuthmy salinity of water in oil
continuous multiphase flow. A patent applicatios baen filed.

The operating envelop of the salinity measurementiustrated in Figure 1. Note that the
formation water detection is not depicted in thgufe, as this is a functionality within the
Roxar Wetgas meter and does not require any addltivardware. Also note that values of
GVF in Figure 1 should be considered only as thdicative of the boundaries between
different flow regimes and may be different foruadtmeters and applications.
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Figure 1. Metering equipment provided by Roxar #rmcorresponding salinity sensors.

The microwave ceramic sensor can calculate an ailesehlinity value based on a
two-parameter measurement of the resonant frequeamt)-factor. This sensor is to be used
with Roxar Wetgas meter, where the GVF>90% andathsolute amount of water is small.
The lower limit of the operating range is definegdthe amount of gas to ensure low-loss
conditions and the existence of a resonance peak.

With the decrease in GVF the flow transforms fromt \gas to multiphase and this
brings a new challenge for a metering technology. & multiphase flow with significantly
higher amounts of water, the resonator-based semsernot feasible to use. In order to be
able to measure salinity in water continuous floxeroa wide range of operating conditions,
Roxar has developed a transmission based microsaliréty probe. This sensor consists of
three antennas, of which one is for transmitting #me other two are for receiving. The
sensor measures the effect of the flow on the gagpan of the microwave signal in the



volume between the antennas. The salinity of thieem@hase and the local water-liquid ratio
can then be calculated.

The results of the initial development stage arsldoneory behind sensor principles
are given in [5]. Currently, the sensor design afgbrithm development work has been
finalised. Several flow tests have been performédch indicate that the developed sensor is
capable of measuring conductivity of the water phfas multiphase oil/gas/liquid flows and
can improve the performance of the multiphase mé&tee upper limit of the operating range
of this sensor is defined by the onset of annuigpeatsed flow regime, which is specific to
wet gas flow. The operating envelops of both trassion sensor and ceramic sensor
overlap, which ensures that salinity can be medsimeall possible gas volume fractions as
depicted in Figure 1. This sensor can be considasedn additional functionality, which
improves the performance of the multiphase flowenanhd adds additional flow monitoring
capabilities.

This paper summarises the main highlights of therowave salinity probe
development process and addresses the difficutti@seasuring conductivity in multiphase
gas-liquid flows. First, the measuring principletioé Roxar microwave salinity probe and the
physics behind the technology are discussed. Sggcotfte challenges in the salinity
measurement, which are generic to gas-liquid tpteese flow, are outlined. Next, based on
actual flow tests the data processing techniquesdecussed. The developed algorithm is
further used to calculate conductivity and provasheindication of the measuring uncertainty.
The paper ends with conclusions and suggestiorntédiuture work.

2. Theoretical background

The permittivity of a multiphase mixture depends tre permittivity of the
components and the actual distribution of the 8uid the measurement cross-section of the
pipe. Because the permittivity of water dependsttan conductivity, the permittivity of a
mixture of water, oil and gas then also contairisrmation on the conductivity. The Roxar
salinity sensor is based on measuring the compérigtivity of the mixture in order to
obtain the conductivity of water.

The water molecule is polar, i.e. it has a permadgrole moment, which means that
the real part of the permittivity of water is higlompared to that of both oil and gas.
Therefore the permittivity of a water-continuousxtare is dominated by the permittivity of
water and the volume fraction of water. If the watentains salt, the real part of permittivity
is slightly reduced, but the imaginary part is @ased significantly making the water even
more dominating. As a first approximation the abplets and gas bubbles are considered as
void in the water host. To find the conductivitytbé water from the mixture permittivity one
needs to perform a two-parameter measurement. Tdrerseveral options as described in
Sec. 2.5.4 of [6]. These are e.g. measuring thadfpf and resonant frequency of a resonator,
the attenuation and phase shift with a transmiss@msor, or measuring one parameter at
several frequencies. Because a water-continuouturaixwhere the water is conductive, is
typically a high-loss medium for electromagneticves, the resonator method is not so well
suited. The Roxar salinity sensor is therefore ends be a transmission sensor, where the
propagation of electromagnetic waves between sohadlely spaced antennas is measured.
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To cancel the effects of the antennas, and allrahkiernal factors, differential transmission
is used. One antenna is used for transmissiontvem@ntennas at different distance are used
for reception. The difference in the received signa then caused by the difference in
propagated distance.

The basic operation can be understood based oe plame theory, i.e. how plane
waves are affected by the permittivity of the mediuro estimate the permittivity of the
medium, one needs to know the permittivity of toastituents. The permittivity of water is
described by the well known Debye relation
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where the subscript means that values relative to the permittivityvatuum are
used, and is the frequency. Values for the static permityiw s, the infinite frequency
permittivity &', and the relaxation time can be found in the literature. In the frequency
range of interest (up to a few GHz) the real pamithe order of 80, and the imaginary part is
far smaller. When water has ionic conductivity hessaof salt content, the imaginary part
gets an additional component:
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wheregg is the permittivity of vacuum (8.8840*% F/m) andois the conductivity. The
1/f-dependence of the conductivity component means ti@ imaginary part of the
permittivity of water will be far larger at low fgeiencies than at high frequencies and
dominating over the real part even for a low safinThis will also be the case in a water-
continuous mixture.

The permittivity of oil and gas can be estimatemhfrequations found in the literature.
The values are far lower than for water, whichrategghly 2.1 for oil, and <2 for gas, and the
exact values have therefore little effect on thempieivity of the mixtureen,, which can then
be estimated by a mixture equation, e.g. the Bninggeequation. For a thorough review on
mixture equations see [7].

The electric field of a plane electromagnetic warepagating in a medium is
described by the equation

E=E @™ =E, & @& " (3)

wherek is the wave vector andis the propagated distance. It is seen that diepeat
of k determines the phase of the wave, while the inzagipart determines the attenuation.
The wave vector is given by
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A study of this equation shows that in a high-lsssiation ¢, >>¢/,) the following
approximation can be used

&

K =ky =20k =K (6)

where ky is the wave vector in vacuum. This means that libéh phase and the
attenuation depend only on the imaginary part efghrmittivity. Measuring both therefore
does not give the extra independent information eetgrd from a two parameter
measurement. This means that the real and imagpeatyof the permittivity must be of the
same order of size, or the imaginary part smalantthe real part, for the two-parameter
measurement to work. Because of the frequencyndigpee of the conductivity component
of the imaginary part of the permittivity of watehe ratio &, /&, also depends on the

frequency so that it decreases with increasinguigaqy. This means that the measurements
of phase and attenuation must be performed attadngugh frequency to yield independent
information. This is illustrated by the graphs igulte 2, where the phase and attenuation of a
plane wave have been calculated for a set of éifteconductivities and water-liquid ratio
(WLR) values at two different frequencies. For higtnductivity and WLR the frequency
should be 1 GHz or preferably even higher for twe-parameter method to give good
resolution.
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Figure 2. Differential attenuation and phase foffeient WLR and salinity from
the plain wave theory (differential distance 1cRadiation frequency 0.1GHz
(left) and 1GHz (right).

As mentioned above, it is also possible to perfergy phase measurements only, but
on at least two frequencies. The reason of thisicehavould be the claim that phase
measurements are always more accurate than meaiseof attenuation, which is true in
some applications of free-space transmission senfoithat case one frequency must be in
the high-loss region and the other in the low-losgion to yield independent information.
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Because the transition from high-loss to low-logpehds on the conductivity and water
volume fraction (WVF), these frequencies must bengfed with the conditions, or the lowest
frequency must be very low to always be in the Hags region. Because the differential
phase measured at a low frequency is very smalltdube large wavelength, this is very
impractical. Roxar experience does not supporctaen of phase measurements being more
accurate than measurements of attenuation in gpscation, hence measuring both phase
and attenuation at a high frequency is a cleadygured choice.

In practice other phenomena also affect the measnts than explained by the plane
wave approximation. One phenomenon is sphericatasiing, i.e. the antenna transmits
spherical waves, not plane waves. Another phenomenrelated to near-field effects. In the
region around an antenna there are non-propagaadive fields. The size of this so-called
near-field region depends on the permittivity of thixture, and may be significant compared
to the distance between the antennas, when thedasacontent is high. Another effect is the
heterogeneity of the mixture, i.e. there may begaificant difference in the local WVF in
the paths to the two antennas. This effect depends.g. the flow velocity, GVF, pressure,
WLR and viscosity. Another effect comes from thBuence of the pipe. The upper end of
the GVF range for the sensor is partly defined yemthe mixture is no longer a high-loss
medium. Then reflections from the pipe walls, the-aff frequency and propagating wave
modes affect the measurements. These phenomenatheakeasurement situation far more
complex than described by the plane wave theoryeal@nd call for advanced signal
processing, and the use of more than two inputnpeters. However, the plane wave theory
describes the basic underlying physics, which tkasarement method is based on. The most
significant consequence is the need of a high emougasurement frequency.

3. The sensor

The prototype which was introduced in [5] consistsone probe with three small
closely spaced antennas in a triangular pattere. @nenna is used for transmitting and the
other two for receiving. The receivers are at ddfe distances from the transmitter. The
phase shift and differential attenuation are measur.e. the difference between the two
received signals. In this way no extra referenceasded, and the characteristics of the
antennas are eliminated. The same concept has rhagtained, except for the probe. A
small dedicated high-pressure probe with a singieerma has been developed for this
purpose (Figure 3).

The new antenna has a PEEK insulator facing the flestead of glass or ceramic
making it more efficient due to lower permittivitfthree such antennas are mounted in
separate locations in the meter body, which isgoredl to a single large cavity both from a
mechanical integrity and sealing point of view.dddition, this antenna can be used on all
pipe sizes, and has made it easier to find themagbtigeometry and distances between
antennas. The sensor design and the optimal destdietween antennas have been
extensively studied theoretically, by simulationsing HFSS (High Frequency Structure
Simulator), and from multiple tests in the lab dlloav loops.



Figure 3. Microwave salinity probe installed in pa®l piece (ID=87mm) for static
laboratory test.

4. Conductivity measurement with microwave salinity probe

The measured differential attenuatidxAj and the differential phasé&¢) depend on
the complex permittivity of the multiphase mixtusehich in turn is the function of water
salinity and local water volume fraction

AA = AA(SWVF) (7

Ag = AP(SWVF) ®)

Note that the local water volume fraction corregpoio the amount of water in the
volume between the antennas and it is not equallio water volume fraction. However,
local water volume fraction is usually correlatedhe bulk water volume fraction.

For two-phase liquid-liquid flows (without gas)uedions (7) and (8) provide accurate
predictions of water salinity. With a known salinithe conductivity can be calculated using
special models, e.g. section 2.3.2 in [6]. Oncga®is present, the phases are normally well-
mixed and the flow, which is homogeneous, is desdiwell by the Briiggeman equation. In
this case, the conductivity is simply given as

0 =0 (DA AP) €)

The presence of gas, which is the case for mulsiptilow, dramatically changes the
situation. In this case, even if the gas fractiersinall, the phases cannot be considered as
homogeneously distributed, which limits the usafjthe mixing formulas. This is illustrated
in Figure 4 below, where the typical sensor resposgiven for a relatively low gas content.
One can note significant variation of the measwsigdal, which was not observed on the data
for the similar flow conditions (conductivity, watkquid ratio, pressure and temperature) at
pure liquid flow. This is due to explicit effect ¢dhe gas phase on the sensor measured
outputs. Even if the gas fraction is small, themuld be different flow scenarios
corresponding to the actual phase distributionschvinesult in absolutely different sensor
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response. In particular, gas bubbles can be lodateither of the flow paths between the
antennas, can cover the antenna fully at the mowfemeasurement or in the extreme case
there could be no liquid at all in a measuremethtime. The variation of the signal will be
affected by the size of the bubble: for homogenkuodistributed dispersed bubbly flow the
variation of the signal will be lower. However,ill still be significant compared to pure
liquid flows, as the characteristic size of andibplet in water is significantly smaller than
the typical bubble size.
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Figure 4. Example of sensor response for three-plflasv. Differential attenuation sweeps
(left) and differential phase (right) at GVF=25%.

The effect of gas has a direct impact on the outffuhe microwave salinity probe
and requires special data processing technique$, as optimal averaging, filtering and
identification of extremes, etc. This is furthdugtrated in Figure 5, where the actual sensor
response at a fixed frequency is compared for thasp and three-phase conditions.

For two-phase liquid-liquid flow, as it follows fno the plane wave theory, the output
of the sensor, which is represented in Figure %t)(lby differential attenuation and
differential phase shift at 1GHz frequency, is dedl by conductivity (or salinity) of water
and local water volume fraction. The plotted diéietial attenuation and phase are obtained
from averaging transient data over a certain timerval. The conductivity can then be easily
predicted by using equation (9).

Once the gas is introduced in the flow, the actgalsor response is biased, as the
conditions, which correspond to certain condugtivat 100% liquid flow may produce the
same sensor output as for lower conductivity anfferdint gas content. Hence, the
conductivity cannot be calculated using a two-pat@mapproach due to the ambiguity of the
sensor response. The presence of gas in fact ugesdan additional unknown which needs
to be taken into account by using a dedicated niadedpproach.

The output of the sensor is affected not only leylthlk gas volume fraction but also
by the actual interface between liquid and gashe volume between antennas. This



distribution, which is referred to as a local floegime, is defined by volumetric gas content,
actual velocities of the fluids, operating pressame to a certain extent by the pipe diameter.
Note, that this local flow regime is different frothe bulk flow regime observed in a
pipeline. Accounting for the flow regime impactist a trivial task, as the temporal variation
of the gas-liquid distribution in the measuremeoiume of the microwave salinity probe is
not easily predicted neither theoretically nor nucadly. The experimental data is needed in
order to understand how the actual flow conditiafisct the interaction of microwave signal
with gas-liquid interface and outputs of the sensor
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Figure 5. lllustration of the modelling challeng® three-phase gas-liquid flow. Data
corresponds to low pressure testing of an earlension of the sensor. Differential
attenuation and the phase are plotted at 1GHz. \bhd&hges from 60% to 100%.

These phenomena are not specific to the salinitgsomements, but rather represent
general challenges in performing measurements maumiform multiphase flows. The effect
of pressure on the sensor outputs is illustratefigares 6-7. The results correspond to data
at 80% GVF at 1750MHz. Variation of the signal #offixed pressure is due to a different
water-liquid ratio. One can observe that at sudfitly high pressures the changes in
differential attenuation and differential phase drae less dependent on pressure. This is due
to better mixing of the flow, which will be explad in more detail in Section 6 of the paper.
The volumetric flow rates have a certain impactfasensor output as well.

The resulting equation for calculation of conduityivn a three-phase flow is hence
given by

o =0(0A Ag, Flowregime (10)

Therefore, in order to calculate conductivity imei+phase flow one needs to account
for the effects related to actual flow conditiomside the multiphase meter. The way this
information is obtained in the Roxar microwave rg&i probe constitutes the major part of
the developed technology. Advanced modelling methadd software have been used to
identify the optimal set of variables to be incldde the models.
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plotted at 1750MHz. GVF 80% are plotted at 1750MHz.

5. Test results

The performance of the microwave salinity probe hasn evaluated via multiple
flow tests. These include flow testing at Christisichelsen Research centre in Bergen,
Norway at low pressure, where both the sensor gordtion and the modelling approach
have been optimised. High pressure testing has pedarmed at K-lab, Statoil's metering
and technology laboratory at Karsto, Norway.

The results for a sensor installed in a 87mm spoete are presented in Figure 8
where the calculated conductivity for tested pressus plotted against reference values of
conductivity. The conductivity changes from 2 Sorld S/m within the tested a temperature
range of 15-6C.

The demonstrated performance of the sensor bdttwaand high pressure is given in
Figures 9 and 10. The results indicate that theldged sensor can measure the conductivity
of water with an absolute uncertainty less thanSJrd and lower relative uncertainty limit of
1%. One can note that the uncertainty of the resuttich correspond to high pressure data
from K-lab flow test is significantly lower thanf@MR flow loop, where the pressure was
significantly lower. This is due to the better gtyabf the data obtained at high pressure
testing because of a better mixing and possiblyerhomogeneous flow.

For a bubbly flow regime the size of a typical bigbis normally defined by turbulent
forces, which act to break the gas bubbles intollemanes, prevent their coalescence and
disperse them into continuous liquid phase [8]. Tate of turbulence is defined, amongst
others, by liquid velocity, which will be differemt different pressures. At higher pressure
the gas density is increased, which decreasesudgancy and hence the relative velocity
with liquid, i.e. slip. So even if the superficialocities are equal (i.e. volumetric flow rates),
the liquid velocity at no-slip conditions will begher than it is in the flow with slip, resulting
in a higher turbulence level and better mixing.
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The effect of flow homogeneity is also illustratedFigure 11, where the absolute
uncertainty is plotted against reference GVF. Oar note that the best performance is
achieved at two-phase conditions (i.e. GVF=0%) gwadiually deteriorates with the increase
in GVF. This is caused by the increased heterogeméithe flow due to presence of gas,

which was discussed in section 3 of the paper.
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6. Further development

The development work for the microwave salinity s@nis summarised and it is
ready to be released as a fully qualified prodiitie ongoing development is focused on
extending the range in terms of the amount of gassénsor can handle while still delivering
an accurate value of conductivity. As it has beemanstrated in this paper, the new sensor is
capable to measure salinity in the range up to 8% (which roughly corresponds to the
transition from multiphase to wet gas flow). It Haeen observed during internal testing that
it is most likely to extend its operating rangehegin GVF. Such a sensor, which is capable
of measuring in a higher end of multiphase flowganwill inevitably have a lower
sensitivity to smaller amounts of water, which pedafic to such flow conditions. This may
introduce the need of considering actual flow cbads and analysis of the placement of the
sensor within the body of the multiphase meter.i@mtype of analysis to identify the
optimal location of the ceramic salinity sensor haen performed in [3].

7. Summary and conclusions

The paper has introduced the microwave salinityssenwhich is capable of
measuring water conductivity in multiphase gasitigflows over a wide range of flow
conditions. The sensor has high sensitivity tonsigliand, despite the challenges generic to
multiphase flow, it is capable of measuring thedwantivity of the water phase. The sensor is
based on a two-parameter measurement, the differattenuation and the differential phase
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respectively, which together with information oretltocal flow regime, unambiguously
provides conductivity of the water phase.

The sensor has been tested in low and high prefieurédoops. The test results show
that the expected absolute uncertainty of condiflgtmeasurement is 0.5 S/m with the lower
relative uncertainty limit of 1%. The sensor hasrb&ested within a conductivity range of 2-
14 S/m through a test envelop which includes GV80%, water-liquid ratios 60-100%,
pressures 5-125 Bar and temperatures £&60
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