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Abstract: A Cyclonic Capacitive Sensor is proposed for real time multiphase composition measurement with a 
characteristic suitable for offshore installations. The sensor makes a novel use of an electrostatic technique that 
takes advantage of a non-linear distribution of phase-interfaces in a cyclonic multiphase flow stratifier. The 
novel sensor consists of a stack of ring electrodes confined into a cyclone-type phase stratifier. The capacitance 
detected at each ring electrode pair is a function of the phase volumetric fraction, the temperature and chemical 
composition dependent phase permittivities and the physical dimensions of the ring electrodes. If the number of 
electrodes is made proportional to the number of unknown parameters, a complete set of linearly independent 
equations can be established to resolve the desired parameters, mainly the composition. The robustness of such 
sensor can be improved by adding a redundant electrode pair. Analytical, numerical and experimental analyses 
are presented. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 

Multiphase flows are widely present in many 
processes ranging from food to petrochemical 
industries. The multiphase composition metering is 
an emerging technology that has a high potential 
especially in the oil and gas industry. Instrumenting a 
real-time measurement of oil/gas and water fractions 
in producing well streams is the main motivation of 
this work.  

Traditionally, the multiphase composition 
measurement in the oil and gas industry is conducted 
once in many days or weeks by selecting and routing 
a single well stream from the production field into a 
test separator that separates the multiphase flow into 
single phase streams. This long-standing practice has 
been the standard for decades but becomes 

increasingly prohibitive in optimized production 
allocation systems that must react in real-time to 
changes in well stream compositions across the 
production field. As a result, real time multiphase 
meters are being developed to satisfy such demands. 

In late 90’s, Framo Engineering developed and 
field tested the first multiphase meter targeted for 
subsea installations that employed gamma-ray 
attenuation sensing and a cross-correlation to 
calculate phase fractions [1]. As multiphase meters 
must reliably operate under a range of unpredictable 
multiphase flow conditions such as plug or slug flow, 
multiphase meters including the Framo meter, often 
use a mixer to yield a homogeneous mixture essential 
for the accurate measurement. Fine multiphase 
mixtures, however, prove difficult to get separated 
without the need for additional chemicals. Recently 
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Framo/Schlumberger developed a meter that employs 
a high frequency gamma-scanning at different power 
levels to mitigate the criticality of mixing [0-0]. 

In this research, a much lower complexity system 
that does not require any nuclear source or detector is 
tested. This system features a capacitive sensor array 
embedded within a cyclonic phase stratifier. In 
addition to the volumetric fraction sensing, more 
insight into individual phase properties can be 
achieved through correlation with the phase dielectric 
constants that can be extracted as a byproduct of the 
composition measurement. 
 
 
1.1. Capacitive Mixture Probes 

 
Capacitive sensors robustly operate in many 

industrial sensing applications such as level 
measurement, proximity/position sensing, product 
quality detection (e.g. synthetic yarn) and many 
others. Application of the capacitive or electrostatic 
technique to the multiphase flow measurement 
started in late 80’s and is still under development to 
effectively address wide varieties of multiphase  
flow regimes. 

Multiphase flow measurement requires the 
knowledge of flow rates of individual phases or the 
total multiphase flow rate in m3/sec or gal/min and 
the composition. The composition is defined as the 
volumetric ratio of individual phases against the total 
tested volume. In the O&G industry for example, the 
best case scenario is pumping 100 % of hydrocarbons 
and 0 % of water, which is rarely the case. However, 
the worst case scenario of pumping 100 % of 
“produced water” is also rare, therefore, ideally, the 
composition ranging from 0 % to 100 % must be 
considered. Note that the extreme 0 % or 100 % 
composition constitutes a single phase flow. The 
ratio of produced water compared to the volume of 
total liquids produced, also called “water cut”, is one 
of the most important parameters to be measured.  

In 1988, Van der Linden [0] developed an oil-
water percentage probe for water contaminated oil 
streams. The method employed an AC bridge with a 
temperature compensated oil dielectric reference. 
The signal conditioning eliminated the effects of 
parasitic capacitance by using low-impedance 
amplifiers and the probe featured good accuracy. 
However, the system was not applied to a wide range 
of oil-water percentages, the mixture was 
homogeneous, and the dielectric constant drifting 
beyond the temperature linked drifts can’t be 
detected by this method.  

A variety of capacitance sensors for determining 
volume fractions in two-phase pipelines were 
researched by Abouelwafa and Kendall [0]. In [0], 
internally and externally applied concave plate 
electrodes to a pipe were compared in sensing fluid’s 
permittivity and conductivity. However, the case of 
multiphase measurement, in which phase properties 
can drift, has not been studied so far. 

1.2. Stratified Flow Regime in Rectangular 
Measurement Chamber  

 
The initial focus is placed on stratified flows 

being established in the measurement chamber. 
Initially, we will analyze a case of a horizontal pipe 
segment of rectangular cross section illustrated in 
Fig. 1. If two parameters, the composition α = h/H 

and say 1ε  are to be determined, we need two 

linearly-independent measurements. For each 
additional parameter (unknown), it is needed one 
additional measurement that is linearly-independent 
with others. 

 
 

 
 

Fig. 1. Capacitive level measurement:  
parallel configuration. 

 
 

1.2.1. Parallel-capacitor Configuration 
 

Fig. 1 shows two parallel plate capacitors of 
dissimilar heights that operate in parallel-capacitor 
configuration 

21111 || εε CC=C  and 
22122 || εε CC=C . 

This system is often used in 3-phase level sensors. 
Despite of the linear independence of capacitances 

with α  and 1ε , the sensor can’t accommodate the 

composition variation α  from 0 % to 100 % as the 
electrode-pair 

2C  height is less than the total  

height H. Having just a small electrode height 
discrepancy would not solve such problem due to the 
increased uncertainty of the measurement and lack of 
accuracy. Also, channeling the flow through a 
rectangular pipe of different aspect ratio or varying 
the electrode width rather than height will only result 
in a set of linearly dependent measurements. 

 
 

1.2.2. Series-capacitor Configuration 
 

Concave plates clamped on a circular pipe 
described by Wael and Basel [0] do not also 

completely encompass the 0 % to 100 % range of α . 
Using a series-capacitor configuration array as 
illustrated in Fig. 2 to establish a set of linearly 
independent measurements is also associated with the 
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above mentioned problems, plus one electrode 
obstructs the flow. This situation may be solved by 
moving the plate outside and inserting a known 
dielectric plate of a certain height underneath. Also 
in series-capacitor configuration systems, large 
spacing between electrodes pose a challenge to the 
detection of small capacitances. In summary, despite 
of many drawbacks, all the above mentioned 
methods would operate in a restricted range of α . In 
fact, the concentric ring electrode system described 
in [0] may get well adapted for the measurement to 

span the full range of α . Large difficulties are 
however associated with gravity type horizontal pipe 
flow stratifier. Multiphase flows often require a long 
segment of a straight pipe that provides enough time 
for phases to settle down and get separated by 
gravity. Friction and dents on the pipe walls create 
turbulences that make the phase separation under 
rapid flow velocities of 105 ∼ [m/s] flow conditions 
even more difficult. That is why in industry, large 
size expensive separators are used to slow down the 
stream significantly. 

 
 

 
 

Fig. 2. Series capacitor configuration level measurement. 
 
 

A simple well-proven approach is to utilize the 
kinetic energy of the multiphase stream plus the 
gravity in a cyclonic phase stratifier, a cyclone in 
brief. The stream, fed tangentially into the cyclone of 
a funnel shape, spins in a helical spiral thus creating 
centrifugal forces [0] that combined with the gravity 
separate the phases by density. The heavier phase 
such as water is collected near the outer wall while 
the lighter phase such as oil drifts towards the centre. 
If a cyclone is instrumented with a capacitive sensor 
array, we obtain a simple solution for multiphase 
measurement that is less constrained. In the 
following section, we analyze the proposed system 
using analytical tools and two simplified models. 
Then we present FEM analysis of a real prototype 
followed by an experimental verification. 

 
 

2. Sensor Analysis 
 
The solution of a large group of  

problems in electrostatics is to find a potential 
distribution that satisfies Laplace equation with given 
electrode geometry and electrode voltages.  
In order to analytically derive the capacitance  

of our two electrode array, we consider the  
following assumptions:  

1. Electric fields inside the conductors are 
negligible due to small current flows, therefore, the 
conductor surface is an equipotential surface. 

2. The boundary between two dielectrics is 
considered to coincide with the equipotential surface 
therefore, a two dielectric capacitor can be dissected 
into two capacitors of single dielectric that are 
connected in series.  

3. Electrodes added in the practical system to act 
as shields or guards to control fringing flux, reduce 
unwanted stray capacitance and shield against 
unwanted pickup of external electric fields are  
not considered. 

4. Fringe capacitance and stray capacitance  
is neglected.  

5. Unwanted capacitive coupling between 
multiple electrode pairs, the crosstalk, is neglected. 

In addition to the above assumptions, we consider 
the cross-section area of the measurement chamber 
cavity being constant along the axial direction.  
This is not necessary for the function of the  
sensor, however it maintains the axial volumetric 
flow velocity constant along the cyclone  
longitudinal dimension. 

Two analytical models to verify the sensor 
feasibility are presented. In the first model, small 
segments of cylindrical electrodes are considered as 
planar parallel-plate capacitors. The objective of the 
first model is to show the non-linear distribution of 
the dielectric boundary across the array elements that 
translate into the required set of linearly-independent 
equations. In the second model, more realistic 
concentric cylindrical electrodes are considered to 
show additional nonlinearity that translates into 
increased measurement robustness. Both models are 
also geometrically adjusted such that the funnel 
shape cyclone has cylindrical electrodes. In the real 
sensor however, cone segment electrodes will be 
installed to mitigate the flow “bending” and 
discontinuity. This case is studied by FEM analysis 
at the end. 

 
 

2.1. Parallel Plate Electrode Model 
 
In the first approximation, we assume that the 

aspect ratio (
Ri− ri

ri

) is small enough to consider the 

concentric cylinder electrodes or their segments as 
parallel plate capacitors, which is being shown in 
Fig. 3. In the following analysis, since we are not 
concerned with the absolute capacitance but rather 
the relative changes across the array, the product 

Aε0  of the parallel plate capacitance is set to unity. 

The objective of this analysis is to prove the 
sensor’s working principles for which the optimized 
design of the cyclonic stratifier is not critical. It will 

be shown that for any dissimilar radii pair 21 rr ≠  

we obtain a unique solution to our problem.  
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Fig. 3. Capacitive Sensor with Parallel Plate Electrodes. 
 
 

By selecting three design parameters r1, R1 and r2 
we calculate R2 from the constant cross-section area 
condition set above as 

 

2
22 r+

π

A
=R Φ , (1) 

 
where 

 

( )22
ii rRπ=A −⋅  (2) 

 
we then calculate the electrode pair capacitance C1 
and C2 as 

 

( )
( ) 1,2

21

21

=i,
C+C

.CC
=C

ii

ii
i  (3) 

 
where 

 

ii
i

ii
i ρR

Aεε
=C,

rρ

Aεε
=C

−−
202101  (4) 

 
as seen in Fig. 4. 

This evaluates to 
 

( ) ( )iiii
i rρε+ρRε

Aεεε
=C

−− 21

210  (5) 

 

The composition α , assumed constant across the 

array, is defined as a volumetric ratio of dielectric 1ε  

to the total volume of dielectrics 1ε  plus 2ε , thus 

α=
Aε1

Aϕ
=
ρi

2− ri
2

Ri
2− ri

2 , i= 1,2

 

(6) 

 
from which we derive the formula for the dielectric 

interface radius 1ρ  (Fig. 4) in terms of α  

 

( ) 1,2222 =i,r+rRα=ρ iiii −  (7) 

 
 

 
 

Fig. 4. Cyclone's cross-section radii. 
 
 

In the water-oil mixture sensing application, the 

water cut (% of 2ε phase) is obtained as 

[ ] [ ] [ ]%%100% α=αw − .  

Both capacitances 1C  and 2C  can then be 

expressed in terms of phase permittivities 1ε  and 

2ε , and the composition α  by substituting Eq. 7 

into Eq. 5: 
 

( ) ( ) iiiii

i
rεRε+r+rRαεε

Aεεε
=C

21
222

12

210

−−−
(8) 

 
As an example, let us consider the following 

parameters and obtain the characteristics plotted 
using logarithmic scales in Fig. 5 and Fig. 6. 

 
 

 
 

Fig. 5. ( ) 121 r82.0,1,2,% ×=r=ε=i,αC=C ii
. 
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r1 = 0.01 [m] 
R1 = 0.05 [m] 
r2 = 2, 4, 8 × r1 (three multiples of r1) 

( Aε0 ) = 1 [Fm] to simplify the calculation of Ci 

( )1.5,2.51 ∈ε  range of permittivity (oil) 

802 =ε  constant permittivity (water) 

( )100%%,α∈  variable multiphase composition 

 
 

 
 

Fig. 6. ( ) 121 81,2,% r=r=i,ε,αC=C ii × . 

 
 

In a real system, the mixture percentage %α  and 

the permittivity 1ε  is derived through the following 

process. First, two capacitances 1ε  and mC2  are 

measured. Then, two contour lines ( )m
iii Cεα=α 1,  

associated with the measured capacitance m
iC  

derived as shown in Fig. 6 are derived as: 
 

( )

( ) ( )222
12

22
12

2
21

210

ii

iii
i

i
rRεε

rεεrε+Rε
C

Aεεε

=α
−−

−−−
 (9) 

 
The two characteristic curves must be linearly 

independent in order to extract the desired 

parameters α  and 1ε . In other words, the two 

contours projected into the 1εα∠  plane (Fig. 6) 

must intersect at the angle β  within a practical 

region. Fig. 7 shows this process for three 2r  radii 

cases set as multiples of 1r . The intersection angle 

β  of these curves is a function of the 1 ε  and the 

composition α  as is shown in Fig. 8 and Fig. 9. By 
analyzing these figures it can be observed that the 

intersection angle β  increases with composition α . 

At low compositions α  , the measurement 

uncertainty of α is very small as the individual 
characteristics are nearly parallel with the abscissa. 

The permittivity parameter 1ε  would however suffer 

a large uncertainty of measurement due to the small 

angle β . The practical range in the oil-gas industry 

starts at 10 % of hydrocarbons downstream and thus 

large uncertainty in measurement of 1ε  is not 

limiting. Moreover it is the composition α  which is 
the main parameter provided by currently installed 
sensors and is required by the industry.  

 
 

 
 

Fig. 7. Linear disparity as r2 increases against r1. 
 
 

 
 

Fig. 8. Model 1. The intersection angles for different 

values of α . 
 
 

 
 

Fig. 9. Model 1. The intersection angles as a function  

of composition and 1ε . 
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2.2. Concentric Cylindrical Electrode Model 
 
In the second approximation, we consider the 

funnel shape cyclone be piece-wise smooth again but 
having concentric ring electrodes as shown in Fig. 10 
and Fig. 11.  

 
 

 
 

Fig. 10. Capacitive Sensor with Coaxial Plate Electrodes. 
 
 

 
 

Fig. 11. Capacitive Sensor Cross-Section Radii. 
 
 

By following the steps from the previous model, 
we will show that this model features higher degree 
of robustness with less uncertainty. 

Adopting the same conventions and indexing 
format from the previous model analysis, we 

calculate the partial capacitances 1
iC  and 2

iC  as 
 

1,2
ln

2

ln

2 202101 =i,

ρ

R
hεπε

=C,

r

ρ
hεπε

=C

i

i
i

i

i
i

 

(4') 

 

where h is the height of the electrodes. The total 
capacitances Ci evaluate to 

( )1221

210

ln

2
ε

ρrR

hεεπε
=C

ε

i

ε

i

ε

i

i −−  (5') 

 
or equivalently in terms of the composition to 
 

( )[ ]












 −
−−

2ln

2

12
22221

210

εε
r+rRαrR

hεεπε
=C

iii

ε

i

ε

i

i

(8') 

 
This capacitances are plotted in Fig. 12. The two 

contours ( )11,21,2 εα=α  associated with each 

corresponding capacitance ( )1,2C  are derived as 

 

22

221012
2

exp

ii

i
i

ε

i

ε

i

i
rR

r})
C

hεεπε
{R(r

=α
−

−−

 
(9') 

 
 

 
 

Fig. 12. ( ) 121 82.0,1,2,% r=r=ε=i,αC=C ii × . 

 
Comparing the characteristics of linear 

independence in terms of three different radii 2r  

(Fig. 13) we conclude that the ring electrode model 
(Fig. 10 and Fig. 11) features better robustness as 

larger intersection angles β  (Fig. 14 and Fig. 15 vs. 

Fig. 8 and Fig. 9) lead to less uncertainty in  
the measurement).  

 

 
 

Fig. 13. Linear disparity as 2r  increases against 1r . 
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Fig. 14. Model 2. Intersection angles  

for different values of α . 
 
 

 
 

Fig. 15. Model 2. The intersection angles as a function  

of the composition and 1ε . 
 
 

3. FEM Analysis of a Prototype 
 
The above section demonstrated that our sensor 

can achieve a level of linear independence and 

robustness by monitoring the parameter 1ε  drift. The 

robustness of this sensor can be further improved by 
adding one additional electrode. The sensor with 
three electrodes accommodates variations not only in 
the oil permittivity, but in the water permittivity as 
well. The considered model comprises of three 
conical electrodes where the top electrode 
corresponds to C1, the middle electrode to C2  
and the bottom electrode corresponds to C3, as shown 
in Fig. 16.  

In this model the three internal electrodes are 
separated by two grounded guard electrodes. They 
are mounted on the center cone, and in order to keep 
the area constant, the outer wall follows a  
hyperbolic shape.  

In order to analyze this sensor array, a FEM 
model was developed. In order to maintain the same 
cross sectional area, since the inner electrodes are 
mounted on a cone, the radii of the outer electrodes 
must satisfy the Eq. 10: 

2
2

2 140

19.5
11.25 






 ∗h

+=R  (10) 

 
 

 
 

Fig. 16. Configuration of the Internal Cone  
for a Three Electrode Sensor (units [mm]). 

 
 

In fact, there are no individual outer wall 
electrodes in this prototype model as the entire outer 
wall serves as a common electrode in the array. 

The computer model which uses FEA software, 
Femm42 [0] allows to calculate the capacitances of 
the three electrodes for different values of oil 
permittivities, water permittivities and multiphase 
composition. The capacitances of the three electrodes 

for different combinations of permittivities 1ε  and 

compositions α , for 2ε = 80, are shown in Fig. 17 

using the logarithmic scale.  
 
 

 
 

Fig. 17. Capacitance for different composition  
and permittivities. 
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3.1. Numerical Analysis 
 
In this model, when a multiphase stream flows 

through the sensor, the capacitances mC1 , mC2
, mC3

 
are acquired. The capacitance of each electrode 

m
iC can be fed into a computer program that 

generates a matrix of all of the possible combinations 
of oil permittivity, water permittivity and 
composition that will produce the same capacitance 
value. In order to compare the intersection angles 
from the previous analytical models, only the top and 
the bottom electrodes will be considered in the first 
place, specifically the case when the water 

permittivity is constant, 2ε = 80 is considered. The 

intersection angles for different compositions are 
shown in Fig. 18, and the variation of the intersection 
angle as a function of the composition in Fig. 19. 
From these plots, we conclude that a similar set of 
characteristics to the analytical models was obtained 
and therefore our prototype model can be 
implemented for experimental evaluation. 

 
 

 
 

Fig. 18. Intersection angles in the plane ε1-α. 
 
 

 
 

Fig. 19. Intersection angles as a function of composition 
for different values of ε1. 

 
 

When the three electrodes are used, for each 
capacitance value, from each electrode, multiple 

combinations of oε , wε  and α  that generate the 

same capacitance can be plotted as a single surface. 

As a result, there will be three different surfaces, one 
for each electrode. Each one of these three surfaces 
intersects the other two surfaces at various locations, 
however, the three surfaces intersect at the same 
time, in only one point, the coordinates of that point 
represents the combination of parameters for the 
mixture that was flowing during the measurement. 

As a test, the capacitance values for a mixture of 

oε = 2.9, wε = 86 andα = 1 % were processed the 

way that was described before. As it was mentioned 
before, every point over the surface generated from 
each electrode, will have the same capacitance value, 
which corresponds to the input value. These surfaces 
are shown in Fig. 20. 

 
 

 
 

Fig. 20. Surfaces with the same capacitance. 
 
 

From the projected lines redrawn in Fig. 21, it can 
be seen that the intersection occurs for the values of 

oε = 2.9 and wε = 86. 

 
 

 
 

Fig. 21. Lines with the same composition  
from different electrodes. 

 
 

4. Experimental Verification  
 
A prototype sensor was built to validate our 

technique of composition measurement. The internal 
cone was made of PVC and the surface electrodes 
were created on top of the cone by using a low 
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resistance silver-based paint with the guard 
electrodes connected to the ground. The external wall 
of the sensor was made of aluminum and also 
connected to the ground (see Fig. 22). 

 
 

 
 

Fig. 22. Exposed parts of the sensor used  
in the experimental setup. 

 
 

The individual capacitances were measured by 
using a capacitance to frequency converter. A 
Hartley oscillator, in which the oscillating frequency 
depends on two coils in series and a capacitor was 
used, since this method is immune to the changes in 
the real part of the capacitor impedance. This circuit 
shown in Fig. 23 also allows each capacitor being 
grounded at one end. The analog sine wave output of 
all oscillators was amplified and converted into a 
square wave signal for further processing. 

In order to test the sensor prototype a two phase 
flow loop was constructed. This flow loop comprises 
a horizontal separator, two gear pumps, and a 
computer with two data acquisition cards: Eagle PC-
30D card used to control the flow loop and 

Advantech PSI-1780U used for frequency 
measurement. A simplified diagram of this flow loop 
is shown in Fig. 24. The complete calibration system 
is controlled by a program written in C language.  

 
 

 
 

Fig. 23. Hartley oscillator used  
in capacitance measurement. 

 
 

 
 

Fig. 24. Flow loop for sensor testing. 
 
 

The gear pumps' rotational speed proportional to 
the analog voltage provided by the computer is 
proportional to the pump flow rate. This system 
allows to prepare mixture of a predetermined flow 
fraction of oil and water and run it through the sensor 
under test, measure the response from the sensor and 
record it. This process can be repeated for different 
phase flow fractions of oil and water from 0 % to 
100 %, allowing the characterization of the sensor 
under a wide range of flow fractions in an  
automatic way. 

 
 

5. Preliminary Experimental Results 
 

The sensor was tested with flow mixtures from 10 
to 95 % of oil in water, in 5 % increments. At the 
current state we are unable to modulate the 
permittivity of the two phases and therefore only the 
capacitive sensing principle is validated here.  

The calibration cycle was repeated 10 times and 
the measured average capacitances are compared 
with the simulated FEM data in Fig. 25.  
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Fig. 25. Comparison of simulation and experimental 
capacitance values. 

 
 

We can observe a close fit between the theory and 
practice for oil fractions above 45 % while low oil 
fractions cause a significant characteristics 
discrepancy. We attribute this behavior to poor phase 
stratification. A separate FEM analysis was 
conducted on non-stratified multiphase flows in 
which the same percentage composition can cause 
two very different results depending largely on the 
continuous or base phase. The base phase which has 
the other phase dispersed within its volume behaves 
as a 'bridge' between the electrode-pair and thus 
significantly influences the resulting capacitance. 
Analysis of the flow turbulence was also attempted 
but no conclusive results were obtained. Currently 
the stratification is derived from the cyclone's intake 
flow speed (passive concept) and the level of 
separation is flow dependent. In our second prototype 
an active propeller based cyclone (turbo-cyclone) 
will be employed to remove the flow speed 
dependency and promote equal level of stratification 
at all concentration levels. In summary the capacitive 
sensor embedded in a hydro-cyclone provides a 
simple and robust technique to measure the interface 
depth between stratified phases and thus 
composition. This characteristic can also be utilized 
in phase separation where the less dense component 
(oil) is removed from the produced water via an 
overflow tube that conveniently passes through the 
center of the inner electrode stack. 

 
 

6. Conclusions 
 

A novel Cyclonic Capacitive Sensor for 
multiphase composition measurement is proposed. 
Two analytical models and a numerical FEM model 
were studied. All models demonstrated an increased 
level of robustness in the order of model 
presentation. The three electrode sensor prototype 
allows for the robustness accounts for drifts in 
individual the permittivity of both, the oil and water. 
This type of sensor doesn't require any flow 
homogenization or previous separation of the 
multiphase flow and the preliminary results show 

good repeatability for phase fractions in a range of 
45 %-100 % of oil fractions. A large deviation from 
the model data was noticed at low percentages of oil 
fractions though. This fact is attributed to an 
incomplete separation of oil and water inside the 
sensor. Further experimentation and flow 
visualization techniques will be developed to 
overcome the current deficiencies. Equivalently the 
robustness will be assessed in terms of drifting 
permittivities besides the good repeatability. Such 
self-calibration feature is highly attractive for the 
offshore oil&gas industry where sea-bed deployed 
equipment needs to work reliably over the entire 
duration of the production cycle. 
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