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Abstract

In multiphase flow measurement, one of the most challenging issues is to define an adequate technology for a specific
scenario, taking into account the measurement accuracy, implementation feasibility and costs. The electromagnetic
technology based on resonant cavities are often employed in water-cut meters to measure two-phase flows such as
water/oil and water/gas mixtures. The main disadvantage of this technology is the electromagnetic signal attenuation
that occurs as the water content decreases. This undesirable behavior is amplified due to the impedance mismatch
between the sensor ports and the transmitter/receiver modules. This paper presents a study to implement an impedance
matching network in order to improve the instrument performance. Impedance matching networks were built, taking
into account the matching for a 100%, 50% and, also, for the worst case of 0% of water fraction where there is a
hardly signal attenuation. The implemented networks improved the signal amplitude ratio between the first resonant
mode and the other modes, increasing the identification accuracy of the first resonance peak.
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1. Introduction nology, the resonant frequency of the sensor depends on
the effective permittivity of the multiphase flow inside
»s  the pipeline. By measuring the transmission coefficient
of the sensor as a function of the frequency, we deter-
mine the frequency where the resonance occurs. This
information is then processed in order to find a corre-
spondence with a given multiphase flow pattern, which
s was previously established in a characterization proce-

In almost all stages of the petroleum production, there
are multiphase flows, such as water/oil/gas, or water/oil
and water/gas mixtures. In order to evaluate the pro-
ductivity of an oil field, it is important to monitor how
much water, oil, and gas is being produced. Several
technologies have been developed in order to estimate
the relative quantities in a multiphase flow flowing in an

oil pipe, such as electrical capacitance tomography [1], dure.
fiber optic reflectometer [2]], ultrasound [3]], and elec- In order to measure the transmission coeflicient, it
tromagnetic waves [4]], [S], [6], [7]. Sensors that em- is often employed a 50 ohms-based RF network ana-
ploy electromagnetic technology, such as resonant cav- lyzer. The accuracy of the measurement is strongly re-
ity sensors, are based on dielectric properties of the mul- s lated to the signal-to-noise ratio at the receiver input,
tiphase flow in the RF and microwave frequency range which is very dependent on the quality of the impedance
81, 191, [S]. They are usually used in flows contain- matching at the instrument ports. Moreover, the port
ing water, due to the large difference between the elec- impedance of the sensor changes with the flow pat-
tric permittivity of the water (€.eiarive = 81 for frequen- tern. Thus, in order to minimize the reflections on the
cies bellow 1 GHz) and those of other flows, such as 0il 4 ports and consequently maximize the amplitude ratio
(Erelative = 2). between the first and the others signal peaks, the use
The electromagnetic technology, based on resonant of impedance matching networks is imperative to en-
cavities employed in water-cut meters to measure two- hance the measurement accuracy. The problem of signal
phase flows, is the main issue of this paper. In this tech- attenuation was also reported in an acoustic two-phase
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flow measurement system [[10], where the amplitude ra-
tio of the RF signal exponentially decreases as the gas
flow rate increases. In [[L1], the problem of the insta-
bility on the resonance frequency measurement due to
the increasing of the gas mass fraction was investigated.
The two last references do not take into account the
impedance matching approach.

The passive impedance matching networks are of-
ten used to maximize the power transfer between two
devices. Several matching techniques have been em-
ployed in different applications, such as in communi-
cations systems, wireless power transfer, medicine, etc.
[12]], [13], [14], [15)]. A particular characteristic of the
proposed water-cut meter is that the impedance of the
ports varies according to the water content inside the
cavity, thus an adaptative matching network should be
employed in order to provide a complete solution.

In this paper, we present a study regarding the adop-
tion of an impedance matching network to improve
the measurement characteristic of a water-cut resonant
cavity sensor. The proposed measurement system op-
erates in the frequency range from 150 MHz to 300
MHz. Inside this frequency operating range, three
impedance matching networks were implemented to
match the impedance between the transmitter/receiver
modules and the sensor RF antennas. In this sense, three
different cases 0%, 50% and 100% of water fraction
were evaluated, since it is enough to validate the pro-
posed method.

It is noteworthy that the impedance matching method
proposed in this paper improve remarkably the detection
of the first resonant peak of the sensor response. This is
the main contribution of this paper.

The paper is organized as follows. The working prin-
ciple of the sensor and how its signal degrades with
changes in the pipeline water fraction content are shown
in Section2] Section[3|presents the proposed impedance
matching design through a circuit-level analysis. Simu-
lation and experimental results are explained in Section
Finally, some conclusions are drawn in Section 5

2. Working principle

Resonant cavities are closed metallic devices made in
arectangular or cylindrical shape, in which the energy is
stored in the electromagnetic fields at a high frequency.
The resonance occurs at the frequency in which the ex-
citation field will be in phase with the reflection com-
ponents, resulting in a high standing wave pattern in-
side the cavity. This phenomenon occurs at distinct fre-
quencies corresponding to different propagation modes,
denoted by: Transversal Electric T E,,; and Transversal
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Magnetic T M,,,,;, where n, m, and [, refer to a maximum
electric field at a wave pattern in the cavity directions
[8]. The resonance frequency of a cylindrical cavity can
be determined by [8]]

1

(an)2 .\ (£)2 1/2
2 e |\ na d ’
where p,, are mth-order Bessel functions of the first
kind, that vary according to the propagation mode; a is
the cavity radius and d is the cavity length; u is the per-
meability of the material defined as ¢ = pou,, where
Mo is the magnetic permeability of free space and y, is
the relative permeability; € is the electric permittivity of
the material, being € = gpg,, where gy is the permit-
tivity of free space, and &, is the relative permittivity.
The relative permittivity €, is a complex value, usually
represented by &, = £, + je,, where the imaginary part
stands for the losses of the material.

The sensor was built, as depicted in Fig. [T(a), using
a 3 inches in diameter PVC pipe inside another 5 inches
in diameter metallic pipe, both of them with 5.9 inches
in length. The cavity was designed to resonate around
300 MHz for the TE111 resonant mode. A sketch and
a photograph of the implemented sensor prototype are
shown in Fig. [T(a) and[T[b), respectively. Replacing the
sensor parameter values in (I)) we can find the resonance
frequency as

fr,nml =

ey

kc
Ven

where k = 5.69 is a constant, c is the speed of the light in
vacuum and g, is the relative permittivity of the mixture
inside the sensor. Note that from Eq. [2] the resonant
frequency of the cavity sensor is inversely proportional
to the square root of the material’s permittivity and that
the permittivity varies with the fraction of water inside
the cavity. This is the physical principle of the proposed
water-cut meter.

The probe antennas are positioned on the metallic
cavity wall where the electric field is maximum. The
sensor response depends on the position of the antennas
(vertical or horizontal, see fig. [2). In a horizontal way
the response curve of the sensor (resonant frequency
versus water fraction) becomes more linear than in a
vertical way. This result can be investigated by the res-
onant cavity perturbation method [16], 8], [17], [18].

The resonant cavity perturbation method is useful to
measure the material dielectric properties. In the mate-
rial perturbation method, the material sample is inserted

@)
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Figure 1: Sketch (a) and photograph (b) of the resonant cavity sensor.

into the cavity, and so the resonant frequency and qual-
ity factor are measured.

A resonant cavity with volume V and partially filled
with a material whose volume is V, is characterized by
means of the relative permittivity (g,1) and the relative
permeability (u,1). The cavity designed to resonate at
a specific resonant mode presents an electric field E;
and a magnetic field H; at the resonance frequency w;.
The electromagnetic fields (E; and H,) together with
the resonance frequency w, = w; + Aw are modified
when a perturbation of the permittivity Ae, = £, — &,
and permeability Ay, = u,» — y,q is induced in the ma-
terial sample. The general formula of the perturbation
method, taking into account perfect conductive cavity
walls and a small perturbation, is given by [8]]

Wy — W1 j;/: [(8728r1)80E_2E; + (;ur2 — M1 )ﬂoﬁZﬁ;]dV
Jlene BaEy + ppip HaHylaV

s
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where the indexes 1 and 2 represent the results before

and after the insertion of the sample into the cavity.
Assuming that the original medium in the cavity is

lossless and considering a small and homogeneous vol-
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Figure 2: Electric field distribution inside the resonant cavity for
TE111 propagation mode according to the antennas placement (a) hor-
izontal (tangential to the sample surface) and (b) vertical (normal to
the sample surface).

ity, with large permittivity and constant permeability
(2 = pr1), the general formula (@) can be rewritten
as

wr—w (e - eEEdV
T 26 [ E2EjaV

“

w3

For the TE111 propagation mode employed in the
proposed sensor, when the antennas are placed at hori-
zontal position (see Figure Eka)), the electric field inside
the cavity becomes tangential to the sample surface. In
that case the electric field inside the sample equals to
the electric field outside the cavity (E, = E; = E) such
that the equation (@) can be rewritten as

Af, S &,(e, = 8,) +,(e, ~ &) _
) ( (&, + (&) ] SO
where S stands for the “filling factor” that is the rela-
tion between the integral of the electric fields inside the
sample volume V and the integral of the electric fields
of whole cavity volume V.

When the antennas are placed at vertical position (see

ume fraction of the material sample inside the cav- ws Figure[2b)), the electric field inside the cavity becomes

3
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normal to the sample surface. In this case the electric
field inside the sample becomes E; = E./&,, and equa-
tion (@) can be rewritten as

Af, S

I 2

[8;2(3;2 - ‘t;lrl) + 3:%’(8:2 + 8:1)) —AS. ()
(£, + (g,

The antenna placement analysis was done taking into
account experimental measurements, varying the water
fraction inside the sensor pipe from 10% to 100%. Ex-
perimental data acquisition was made using a transmit-
ter (Signal Hound USB-TG44A) and a receiver (Signal
Hound USB-SA44B) modules both from Test Equip-
ment Plus. The transmitter and receiver modules were
configured to operate as a Scalar Network Analyzer
(SNA), powered and controlled by a computer con-
nected to the modules by a USB cable, and configured
to perform a frequency sweep from 100 MHz to 400
MHz with 500 kHz step size. The electrical connection
between the antennas (Tx and Rx) was made through
50 ohms coaxial cables. A beaker scale was used to
measure the amounts of water. A block diagram and a
real picture of the implemented setup is shown in Figure
[3] We consider that f,; is the resonance frequency with
0% of water, whereas f;, is the resonance frequency af-
ter the sample insertion, and a volume fraction varying
from 10% to 100% of water.

Isolating &, in (Z) we can see that there are differ-
ent values for the real part of the relative permittivity
after the sample insertion in the cavity. We also con-
sider that g, is the relative permittivity for 0% of wa-
ter fraction, whereas &, is the relative permittivity from
10% to 100% of water fraction. In a pure state, fresh
water present null conductivity, and in the range from
100 MHz to 400 MHz the imaginary part of the rela-
tive permittivity is approximately 1, although in nature
there are minerals dissolved in water that affect the per-
mittivity values [8]], [19]. Therefore, in our analysis, we
consider that 8:1 = 5:2 = 1, and in that case, equations
(3) and (6) can be rewritten as following:

Afr S €27 &1 !
O - =AS, 7
f 2( &, ] h @
A S(Ea-en '
~—-—|—T|=AS. 8
e RS ®

From the former assumptions, we compute the fre-
quency shift Af,/f, curves as shown in Figure[d As we
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Figure 3: Block diagram and real picture of the implemented setup.

can see through the Figure [] the measurements from
the horizontal antennas placement (Figure f[a)) have a
more linear characteristic curve than those from the ver-
tical antennas placement (Figure Ekb)). Therefore, we
conclude that the electric field distribution injected in a
horizontal way, will present better results than the verti-
cal configuration. According with this analysis, for the
remainder of this document, all the measurements were
made taking into account the horizontal antenna config-
uration of the sensor.

The magnitude of the transmission coefficient S;;
of the sensor, when the water fraction decreases from
100% to 0% in a stratified water/air mixture, is shown in
Figure 5} The amplitude ratio between the first and the
others peaks, gradually increases and below 50% of wa-
ter, the first resonance peak almost disappears. This sig-
nal attenuation occurs mainly due to (i) the water con-
tent decreases and (ii) it is amplified by the impedance
mismatch between the sensor ports and the transmit-
ter/receiver modules. Clearly, there is an impedance
mismatch in the studied sensor as we will see in detail
in Section[3l
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Figure 6: Lumped parameter model of the sensor.

3. Impedance matching analysis

3.1. Resonant cavity electrical model

Close to the resonance frequency, resonant cavities
can be modeled as an equivalent resonant circuit with
lumped components RLC [8]], [20]. From the former
assumption, the resonant cavity dynamic behavior for
the first resonant mode was emulated through a series
RLC circuit. In what follows, this RLC model will be
considered to analyze the sensor behavior using a circuit
simulation environment.

The RLC resonant circuit has a resonant frequency
given by

1
" 22vVIC

From the relationship between the equations (2) and
(), the capacitance C can be expressed as a function of
the relative permittivity &, that varies according to the
percentage of water in the mixture, as given by (T0).

fo €))

_ Em 1 . 10
L (11,3846c7r) ' (10

A resistor was added to the circuit model in parallel to
each port (Rp1 and Rp2) in order to represent the losses
generated by the port and metallic walls, as illustrated
in Figure[6]
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Figure 7: Resonance frequency (a) and signal magnitude of the trans-
mission coefficient S,; (b) of the cavity as a function of the water
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In this circuit, Zg and Z; are the impedances of the
transmitter and receiver modules respectively, whose
values of 50 Q were obtained from the datasheet of
these modules. The value of the inductor L was empiri-
cally determined as 80 nH. Zeqgs P| and Zegs P, are the
equivalent impedance from experimental values of the
port 1 and 2 of the sensor respectively, whereas Zegq, P;
and Zeqy P, are the equivalent impedance of the port 1
and 2 of the RLC model respectively. The Rp; and Rp;
values were found considering that Zeqs Py = Zequy P,
and Zeq5P2 = ZeqMPQ.

All the measurements were performed taking into ac-
count a water/air variation in the pipe. A comparison
between experimental data and RLC model results is
shown in Figure [/, We can observe that the measured
resonance frequency of the cavity correlates well with
the resonance frequency of the model. The model is
only accurate for the first resonance mode of the cavity.
Extra sources of uncertainties, such as the purity of the
fluids and errors on the volume of the water, were not
taken into account.

280

285

290

295

300

305

Impedance
matching — ———a
network :1 -jXL:
-l i i ZL
i i
Ru+jxo tU_Ru
_LNetwork = Zt__
Xs i

Figure 8: Example of an impedance matching design between a com-
plex impedance source Zg and a complex impedance load Z;, using L
network design.

We can also observe that the signal presents a large
attenuation, specially at low water fractions, where the
resonance peak almost disappears. Therefore, the qual-
ity factor is also reduced, so that the first resonance be-
comes more noisy and inappropriate to be used as a
measurement parameter. The lower the quality factor,
the more uncertainty occurs in the peak identification.
The main reason for this behavior is the impedance mis-
match between the transmitter and receiver modules (50
Q) and the coupling probes from the sensor (approxi-
mately 1 to 2 Q) in the operating frequency range (from
200 MHz to 230 MH?).

In what follows, we propose the adoption of an
impedance matching network for improving the accu-
racy of the sensor.

3.2. Impedance matching design

The purpose of adding an impedance matching net-
work is to improve the power transfer between source
and load. This is a common technique in several appli-
cations, as for example in communication system, med-
ical applications, and recently applications in wireless
energy transfer [211], [12], [13]], [22].

Most impedance matching networks are designed
taking into account reactive loads. It is shown in Fig-
ure [8| the use of impedance matching between two dif-
ferent reactive loads. For maximum power transfer, the
primary objective in any impedance matching scheme
is to transform the load impedance in the complex con-
jugate of the source impedance. So, there are different
techniques to accomplish it. One of the simplest tech-
nique is to add an L network between source and load,
which consists of a combination of two reactive devices
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Figure 9: Setup implementation to extract the sensor’s S-parameters
for each percentage of water fraction using a Vector Network Ana-
lyzer (detail of the impedance matching network coupled at the sen-
sor’s port).

in a shunt-series or series-shunt configuration as shown
in Figure [§] In Figure [§] the values of Xs and Xp are
calculated as (considering that Ry > Ry) [23]:

Xs = OR; (11)
Rg

Xp=— 12

p 0 (12)

where R; and Ry are the resistances from the load and
source respectively, and Q is the quality factor of the
circuit.

In order to perform the impedance matching design
we use a Vector Network Analyzer (VNA) to extract
the magnitude and phase of S-parameters of the sen-
sor for each percentage of water fraction. The setup
implementation using the VNA is shown in Figure
In Figure [T0] we can observe that the impedance of the
sensor ports varies according to the water fraction pro-
portion. The real part presents a variation between 1
Q and 1.8 Q whereas the imaginary part varies approx-
imately between j8 Q and j12 Q. Therefore, there is a
large impedance mismatch between the sensor ports and
the transmitter/receiver modules, since the impedance
of the transmitter and receiver is 50 Q, as shown in Fig-
ure [Tl

The L network designed is formed by three lumped
elements, a source shunt capacitor Cp, a load series in-
ductor Ls and a load series capacitor Cs. The load series
capacitor Cs was used to reduce the inductive reactive
part of the load in order to allow an Ls value greater
than the previous calculated. Considering Cs = 18pF
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——Port 1 | |
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0 20 40 60 80 100
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8 | | | |

0 20 40 60 80 100
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Figure 10: The dependence of resistance and reactance of the sen-
sor’s ports on water fraction at the resonance frequency (experimental
values).
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Figure 11: Impedance mismatch between the sensor ports and the
transmitter/receiver modules.
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Figure 12: Schematic diagram of the sensor showing the impedance
matching networks.
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and using the equations (T1)) and (I2) we can found the
ideal values of the shunt element Cp and the series el-
ement Ls, taking into account the load impedance and
resonant frequency for each percentage of water. We
use an electromagnetic model of the circuit’s layout in
order to consider the parasitic impedance of the copper
paths on the substrate. Finally we use real components
with values near to the results obtained from the simu-
lations. The values of the components are given in Ta-
ble[]] A schematic diagram of the sensor showing the
impedance matching networks is shown in Figure [T2}

Table 1: Components values used in the implemented impedance
matching networks.

Water fraction [%] | Cp [pF] | Ls[nH] | Cs[pF]
0 56 18 18
50 56 22 18
100 39 33 18

Simulation and experimental results obtained for the
sensor with impedance matching networks are shown in
Section [l

4. Simulation and experimental results

All simulations were performed using the software
Advanced Design System (ADS) from Agilent com-
pany. A comparison between the magnitude of trans-
mission coefficient S,; at the resonant frequency ac-
cording to the water fraction before and after the
impedance matching network implementation is de-
picted in Figure T3] The curves in blue and in red color
in Figure [I3] correspond to the water-cut meter without
and with the proposed impedance matching network,
respectively. For the matching design the impedance
and frequency values were considered for each percent-
age of water, being the impedance matching networks
formed by ideal components. As we can observe in Fig-
ure[I3] the results show about 18 dB gain at high water
fractions and around 22 dB gain at low water fractions.

The transmission coefficient for each percentage of
water with the matching networks simulated on ADS
are shown in Figure [I4] (cf. Figure[5). We can observe
that the sensor with the impedance matching network
reduces the attenuation between 150 MHz and 250 MHz
for the first resonant mode and strongly attenuates the
other resonant modes, such that only one maximum res-
onant peak is now available to be reliably detected.

Three impedance matching networks with fixed com-
ponents considering the impedance and frequency val-
ues for 0%, 50% and 100% of water fraction were im-
plemented. A picture of the implemented circuit proto-
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Figure 13: A comparison between the magnitude of transmission co-
efficient S, at the resonant frequency according to the water frac-
tion before and after the impedance matching network implementa-
tion (simulation results).
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Figure 14: Magnitude of the transmission coefficient S, according to
frequency for each percentage of water fraction in a stratified water/air
mixture after the impedance matching implementation (simulation re-
sults).

Figure 15: Impedance matching networks for 0%, 50% and 100% of
water fractions.
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types is shown in Figure [I5} The simulated and exper-
imental results of the magnitude of transmission coef-
ficient with and without the impedance matching net-
works for 0%, 50% and 100% of water fraction are
shown in Figures[I6] [[7]and [I8]respectively. As we can
see, the simulated and experimental results are very cor-
related, mainly for 100% of water fraction. A compar-
ison between the Maximum Gain (MAG) expected and
the results from the simulated and experimental mea-
surements is given in Table 2]

Table 2: Comparison between the MAG and simulated/experimental
results.

Water Simulated | Experimental
fraction [ %] MAG [dB] results [dB] results [dB]
0 -45.71 -48.98 -55.11
50 -30.40 -35.38 -39.93
100 -14.58 -21.75 -22.39

From Table [2] it can be highlighted that for all cases
the experimental results are correlated with the simu-
lation results, mainly for 100% of water. The differ-
ence between the experimental results and the MAG
was about 9,4 dB, for 0% and 50% of water fraction,
and 7,81 dB for 100% of water fraction case. These
results show that there is approximately 4,7 dB atten-
uation in the transmission signal for each impedance
matching network, designed for 0% and 50% of wa-
ter fraction, and around 3,9 dB attenuation for those
impedance matching networks designed for 100% of
water fraction.

The reflection coeflicient in each port with and with-
out the impedance matching networks for 0%, 50% and
100% of water fraction are shown in Figures[I9] [20]and
[2T]respectively. The markers represent the impedance at
the resonance frequency before the matching implemen-
tation (circles), after matching implementation from the
simulation results (stars) and after matching implemen-
tation from the experimental results (triangles). We can
note that in the resonance frequency for 0% and 50%
of water the real part of the impedance reaches around
30% and 40% of the expected value (center of the Smith
Chart) respectively, with some reactive load, whereas
for 100% of water the results are even better reaching
around 90% of the expected value also with some reac-
tive load.

One possible approach to improve the current results
is to employing variable capacitors in order to have
more degrees of freedom to adjust the parameters of the
impedance matching circuits.
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Figure 16: Magnitude of the transmission coefficient S»; for 0% of
water fraction.
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Figure 19: Impedance matching analysis for ports 1 and 2 in the Smith
Chart for 0% of water.

Figure 20: Impedance matching analysis for ports 1 and 2 in the Smith
Chart for 50% of water.

Figure 21: Impedance matching analysis for ports 1 and 2 in the Smith
Chart for 100% of water.
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5. Conclusion

The accuracy of electromagnetic water-cut meters,
based on high RF cavity sensors, depends on the reliable
detection of the first resonant peak of the transmission
coeflicient at the resonant frequency. The first resonant
peak is affected by the content of water in the flow, so
that the less water fraction, the more attenuated became
the signal. Moreover, this attenuation phenomenon is
amplified due to the impedance mismatch between the
sensor ports and the transmitter/receiver modules. In
order to solve this problem, several impedance match-
ing networks based on lumped elements were simulated
and three prototypes for 0%, 50% and 100% of water
fractions were implemented to validate the impedance
matching design.

The impedance matching approach proposed in this
paper has improved the accuracy of the resonant peak
identification and contributes to develop more reliable
water-cut meters.

The proposed water-cut meter can be used in well-
head and subsea applications to measure water cut,
mainly, in heavy oil applications where water and oil
density are very close.
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