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Abstract

®

CrossMark

We reviewed the electronic principles and design of the wire-mesh sensor with respect to
inherent energy losses. From the analysis we derived a new circuit design with an optimized
amplifier circuit and extended the sensor by an extra transmitter electrode embedded into the
dielectric construction material. The latter allows an inherent determination of the energy losses
that cannot be suppressed by circuit optimization only. Experimental analysis showed that we
achieve an improvement in measurement accuracy with respect to the local and average phase
fractions. Deviations in a single crossing point are reduced from more than 30% down to less
than 5% and deviations in the average phase fraction are reduced from more than 15% down to

less than 2%.

Keywords: wire-mesh sensor, multiphase flow, impedance measurement, energy loss correction

(Some figures may appear in colour only in the online journal)

1. Introduction

The wire-mesh sensor (WMS) is an instrument to measure the
phase distribution of multiphase fluids in cross-sections of ves-
sels and pipelines. It is an impedance-based sensor and was ini-
tially proposed for measurement of two-phase flows contain-
ing at least one conductive phase [1]. Over recent years, it has
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been improved to deal with non-conducting fluids [2], slurry
flow [3] and also three-phase flows [4—6]. Although WMS is a
slightly intrusive device, five major characteristics have con-
tributed to its wide use in the scientific and industrial com-
munities in the last twenty years: (a) high temporal resolution:
frame rate up to 10000 fps; (b) high spatial resolution: typic-
ally 2-5 mm; (c) safety: no radiation hazard; (d) versatility:
it can be manufactured with different shapes and sizes from
miniature versions [7] to sensors with inner diameter greater
than 1 m. Additionally, it can be easily adapted to the process
and some versions are suitable to operate at high temperatures
and pressures of up to 400 °C and 10 MPa, respectively [8]);
(e) easy post-processing: WMS provides local measurements
that can be directly associated with at least one electrical

© 2022 The Author(s). Published by IOP Publishing Ltd
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parameter of the fluid, e.g. electrical conductivity and rel-
ative permittivity. Therefore, no inverse problem algorithm
is required.

Despite these advantages, WMSs may present some non-
linear behaviors resulting for example in the estimation of
locally negative phase fraction [9, 10], which has no phys-
ical meaning. The most accepted procedure to deal with this
issue is the use of a threshold method. Here, phase fractions
greater than 1 and smaller than O are cut-off, leading to aver-
age phase fraction deviations within 10.5% compared to other
measurement techniques [10]. However, the effectiveness of
this approach is reduced if the flow is composed of dispersed
phases. As detailed in [11], one of the causes of negative void
fraction may be associated with temperature changes of the
flow. Hence, a theoretical basis for temperature compensa-
tion and sub-models suitable for different types of fluids were
provided to address this problem.

More recently, some works based on numerical simulation
have pointed out that nonphysical estimations such as negat-
ive phase fraction can be also associated with the breaking
of symmetry of the electric field [9] or the non-uniformity of
the potential field generated by the sensor [12]. In this dir-
ection, it was found that the employment of different mix-
ing models instead of the standard parallel (linear) model can
somehow attenuate such nonlinear effects. In [9], the Max-
well model without cut-off procedure is recommended for gas-
water flow containing dispersed phases, i.e. bubble flow. In
[13], experiments suggested that Maxwell-Garnett and logar-
ithmic mixture models are more suitable for intermittent oil-
water flows. In [14], the logarithmic model is used in a recon-
struction algorithm not only to improve the spatial resolution,
but also to correct the phase fraction estimation of WMSs with
a reduced number of electrode wires.

So far, much attention was paid to the investigation of dif-
ferent mixture models due to the assumption that one of the
major sources of uncertainty is associated with the conversion
from WMS raw data to derived flow parameters [10]. In fact,
the use of different mixture models have improved the phase
fraction estimation in some particular cases, as mentioned pre-
viously. However, they do not solve the source of the problem.
According to Dias et al [15], the major source of uncertainty
is actually associated with AC limitations of the amplification
circuit, which was demonstrated experimentally and numer-
ically through a WMS model that combines finite-element
method (FEM) and SPICE simulation. In another work, Dias
et al [16] suggested a procedure to tune the feedback gains of
a WMS in order to improve the measurement accuracy of mul-
tiphase flows containing conductive fluids such as tap water.
However, as will be discussed in this paper, this procedure
does not hold for a broad range of conductivity if the current
wire-mesh front-end circuits are used.

Hence, as a step in the further development of WMS tech-
nology, we propose in this paper a modified WMS with added
reference impedances to compensate nonlinear effects of the
amplifiers. Firstly, we provide a detailed review of the operat-
ing principle of WMS. The causes of energy losses and how
they are associated to the amplification system are discussed
in detail. Finally, the new method based on the modified WMS

is presented and used to correct measurements effected by
energy losses.

2. Theoretical background

2.1. Operating principle of WMS

Figure 1(a) shows a standard configuration of a WMS, where
transmitter and receiver wires are crossed along the pipe wall
forming a regular grid. The sensor measures the electrical
properties of the fluids in a flow cross-section in the crossing
points of the grid. As can be seen in figure 1(b), transmitter
and receiver wires are perpendicular and separated by a small
distance. The measurement is made by applying a voltage sig-
nal to a transmitter wire, which creates a potential difference
between transmitter and receiver wires in a crossing point.
This causes a current that is converted to voltage by a transim-
pedance amplifier. The output signal is a voltage proportional
to the admittance of the fluid in the sensing volume of a cross-
ing point. Hence, the measured quantity is an electrical current
change as response to an input voltage change given by

Al

ik Ly (1)

where, Y is the admittance of the fluid and Z is the feed-
back gain. The indices i and j represent the line and column
of a crossing-point, respectively, and k is the time (sample)
index. As discussed in [17], the admittance of a fluid can be
approximated as

Y=G+jwC=ky (04 jwee) )

where, G, C, o and ¢ are the conductance, capacitance, con-
ductivity and relative permittivity of the fluid, respectively,
k, is a geometry constant of the cell, w is the angular fre-
quency, ¢, is the vacuum permittivity and j =+/—1 is the
imaginary unit.

Based on this physical principle, different schemes have
been proposed to determine at least one electrical property of
the fluid, e.g. conductivity [1], permittivity [2] or both [4-6].
In all these modalities, the excitation mode is of the type N x 1
as proposed in [1]. That is, the input signal is multiplexed by
an analog switch, so only one transmitter wire is excited per
time while the signal response of all receiver wires are meas-
ured simultaneously. This procedure is repeated sequentially
for all transmitter wires, so that at the end of a measurement
cycle, a matrix of local measurements of the flow cross-section
is obtained. This excitation mode makes the sensor very fast,
since only N time steps are necessary to acquire a frame. How-
ever, depending on the characteristics of the amplifiers and
feedback gains, the amplification system might deviate from
ideal, causing energy losses and crosstalk. Such problems are
analyzed in detail in section 3 and a new method for energy
loss correction is presented in section 4.
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Figure 1. Schematic and physical principle of a modified wire-mesh sensor (WMS) with an additional transmitter wire embedded into the
PCB layout. A crossing-point outside the flow domain is used to measure the energy loss of the respective receiver wire. The procedure of

loss correction is described in section 4.

2.2. Phase fraction calculation

The experiments presented in this paper were conducted with
two WMSs. The first one is a 32 x 32 WMS with an inner dia-
meter of 0.2 m (figure 2(a)). The second oneisa 13 x 12 WMS
with an inner diameter of 0.1 m (figure 2(b)). Although it is not
visible in the photo, the latter contains an external transmitter
wire embedded into the PCB layout outside the flow domain.
Hence, only 12 x 12 electrode wires are stretched along the
pipe cross-section. The external wire is used as reference for
energy loss correction as will be detailed in section 4.

The WMS raw data were obtained through the data acquis-
ition unit CAP200 (capacitance WMS [18]) provided by
TELETRONIC Rossendorf GmbH [19]. The data are stored
and sent to a standard PC for post-processing. To derive elec-
trical and flow parameters from the raw data, i.e. electrical con-
ductivity, permittivity or phase fraction, a calibration routine is
required. In this work, only static calibration was used [1, 18],
that is, two reference data sets are acquired prior to the experi-
ments by filling the sensor with fluids with different electrical
properties. Here, it was used water and air to generate the high
and low calibration references, respectively.

Since the experiments were done with a capacitance WMS
front-end [2], the raw data are digitized output voltages of the
amplifiers in log scale given by

U = aij- Yiji+bij, &)

where, a;; and b;; are constants of the system related to the
components used in the circuits. Here, the specific admittance
of a crossing-point can be calculated as

(log)
U — b
Yiju = 25 C))
Cl,‘J

U(H,log) . U(ijIOg)

ij ij
ij — ) 5
5 og(Y) — log(V1) ®

(L,log) H (H,log) H
Ui; log(YM) — U -log(Y()
log(Y(H)) —log(Y()

bij= (6)

where, Uf?log) and Uf;’log) are the high and low calibration

references, and YH) and Y are the theoretical admittances
of the respective calibration fluids. The estimation of phase
fraction based on electrical parameters such as conductivity,
permittivity and admittance depends on how the phases of the
flow are physically distributed inside a control volume [20].
Thus, different mixture models can be employed depending
on the flow regime [4, 10, 13]. In this work, only the parallel
model is used, so the void fraction is given by

YE) — ¥k 7

Qijk = Y _y©-

The average void fraction is then calculated as
1
53 3) IR ®
ik

where c; ; are weight coefficients to consider the shape of the
pipe [21]. Due to energy loss, the results from equation (7)
might provide nonphysical values greater than 1 and smaller
than O [15, 16] and thus faulty values of @. The most used
approach to deal with this problem is applying a threshold pro-
cedure such as

1, if o> 1
alfl =4, e ©
S 0, if aiJ7k<0
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(b)

Figure 2. WMSs used for the experiments in this study. (a) 32 x 32 WMS with inner diameter of 0.2 m (8 inch). (b) 12 x 12 WMS with

inner diameter of 0.1 m (4 inch).

As one of the objectives of this work is to investigate the
causes of negative fraction, equation (9) will be used only
for comparison.

3. Analysis of energy loss and crosstalk

3.1. Basic considerations

In a conductive fluid the electrical current can go along dif-
ferent paths between the receiver and transmitter electrodes of
a WMS as shown in figures 3(a) and (b). This arrangement
can be represented as an electrical circuit (figure 3(c)), where
Zeq =Zet1||Zer2|| - - - ||Zes,n is the equivalent impedance of the
neighboring crossing-points and C is the stray capacitance
from cables, PCB layout, etc. Assuming that the excitation and
amplification stages of a WMS are ideal, the measurement of
Y, (or the reciprocal Z,) is not affected by Z.q and Cy, since
the negative input of the amplifier is at virtual ground and the
deactivated transmitter wires are physically grounded. In this
case, the transfer function of the measurement is given by

(out
pytideal) _ Ui,(J)'U) ke Y

A R e
U](“) Ry +jwC

(10)

where, Ry and Cy are the resistor and capacitor in the feedback
loop of the op amp, respectively, and H;* is the ideal closed
loop gain.

In real applications, however, the amplifiers are non-ideal.
Depending on the frequency, bandwidth and conductivity of
the fluid, the amplifiers may become unbalanced and the vir-
tual ground does not hold. Hence, energy losses and crosstalk
are not fully suppressed and Y; ; cannot be easily determined as
in the ideal assumption. To consider such effects, the amplific-
ation stage of a WMS can be modeled as a non-ideal amplifier
with a dominant-pole [22], which is given by

ideal
Hi(xr;onideal) _ Hl(:] eal) . (11)
a(jw)B(jw)

Here, the open-loop gain is approximated as

a,
H K

1+
We

a(jw) = 12)

where, a, and w, are the DC gain and cut-off frequency,
respectively. The feedback factor [16, 22, 23] is given by

8(j) = i (13
Z 4 Y+ Zeg + jwCal
and the amplification error can be estimated as
iy = 100- L 1w a9
L)

which indicates the departure of a non-ideal op amp to ideal.

3.2. Effects of the bandwidth on the WMS

By inspecting equations (11)—(14) becomes clear that if a,
goes to infinity, the measurement of Y;; becomes independ-
ent of 5 and the amplification error tends to zero. However,
high-speed amplifiers have finite gain-bandwidths (GBW),
which are typically lower than 10® MHz (unity-gain stable). To
demonstrate the effects of the finite GBW on the output voltage
of a WMS, the standard amplifiers in the receiver modules
of a capacitance WMS were interchanged by op amps with
GBW equal to 230 MHz and 145 MHz, respectively. Then,
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Figure 3. Effects of the neighboring crossing-points in WMS signals. (a) Impedance between receiver wires; (b) impedance between
transmitter and receiver wires; (c) equivalent circuit model of a single channel of WMS composed by four parts: (1) excitation signal source;
(2) impedance of the fluid in the control volume; (3) equivalent impedance of the neighboring crossing-points and stray capacitance; and (4)

inverting amplifier.

two experiments were performed for each modified module
with a 32 x 32 WMS filled with 50% deionized water. Figure 4
shows the experimental results.

As can be seen, figure 4(a) shows a strongly curved shape
of the output signals when the sensor is filled with 100% of
water (high calibration reference). The lower voltage signals
are related to the crossing-points in the pipe center, since they
are surrounded by a large volume of water. Hence, the equival-
ent impedance of the neighboring crossing-points Z., becomes
much smaller than local measurements close to the pipe wall.
In this example, it is clear that using amplifiers with a GBW
equal to 145 MHz do not suppress the effects of Zq properly,
so the energy losses in WMS becomes highly dependent on the
liquid holdup. Consequently, a measurement where the sensor
is filled with 50% water leads to voltage signals greater than
the upper boundary (high reference). In this case, if equation
(7) is used to convert WMS raw data to void fraction, val-
ues greater than 1 and smaller than O are obtained, as shown
in figure 4(b).

In contrast, by using amplifiers with a higher gain band-
width (230 MHz), the suppression of loss and crosstalk is

improved, leading to an almost flat shape of the output signals
for the high calibration data (figure 4(c)). As can be seen
in figure 4(d), the number of local points containing values
greater than 1 and smaller than O are reduced compared to
figure 4(b), which highlights the importance of using ampli-
fiers with a high bandwidth.

3.3. Effects of the feedback gain

The tuning of WMS gains is typically done by on-site calibra-
tion. For example, the sensor is filled with a conductive fluid
and the gains are selected by changing the components Ry and
Cy of the feedback loop in such a way that the largest signal is
obtained. The goal of this approach is to ensure a high signal-
to-noise ratio (SNR) in order to improve for example the dis-
crimination of two non-conductive fluids such as gas and oil,
or improving the measurement of flows with dispersed phases
such as bubble flow. However, by increasing the closed-loop
gain of an inverting amplifier, the frequency bandwidth is
reduced, which is extremely undesirable as discussed in the
previous section.
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(b) Void fraction

(c) Raw data (GBW = 230 MHz)

(d) Void fraction

Figure 4. Conversion of raw data to phase fraction using the parallel model of the admittance of two-phase fluids. The data were acquired
with a 32 x 32 WMS using two different amplifiers: (a) GBW = 230 MHz and (b) GBW = 145 MHz. The sensor is filled with 50%

deionized water (1 uS cm™"). The feedback loop of the amplifiers was set with the components Ry = 30 kQ and Cy =

2.2 pF in both

experiments. The indices i and j are the row and column of a frame, respectively.

Figure 5 shows several mappings of the gain error estim-
ated by equation (14) as function of (Ry,Cy), conductivity of
fluid and impedance of the mesh Z.q. As Zq is unknown and
depending on the phase distribution, it is reasonable to assume
that the impedance of the mesh is given by Zeq’1 = Yeq = 0¥,
where Y is the admittance of an activated cell and 7 is a mesh
factor. Here, a high ) (e.g. 100) represents a sensor with very
large inner diameter with several crossing-points submerged
in a conductive fluid x.

As can be seen in the mappings, if a pair of Ry and Cy
are selected in order to obtain output signals close to the
upper limit of the amplifier (dashed line), the op amp devi-
ates from ideal for most of the cases, that is, € > 0.1%, mainly
if the fluid’s conductivity is too high or if the impedance of
the mesh is too low (high 7). Hence, the feedback gain has
to be decreased for a proper operation, but at the cost of
a lower SNR.

To evaluate the impact of high and low closed-loop gains
on the phase fraction estimation, three combinations of (Ry, Cy)
were chosen based on the mappings from figure 5. A high gain
which is given by Zy= 13 k2 (30 k€2, 2.2 pF) and two low
gains obtained by increasing Cy, that is, Zy =97 Q (30 k€,
330 pF) and decreasing Ry, as Z; = 89 €2 (86 (2, 2.2 pF). The
experiments were performed using the 32 x 32 WMS shown
in figure 2(a) containing 50% of water with three different con-
ductivities: 1 uSem™!; 500 uScm~'; and 1000 puS cm ™!

The void fraction distribution of each experiment is shown
in figure 6. As can be seen, the combination of gain (30 k€2;
2.2 pF) leads to high deviations for all experiments, as
predicted by the mappings. In contrast, the occurrence of

negative phase fraction is drastically reduced by increasing
the capacitor Cy to 330 pF or reducing the resistor Ry to 86 €.
Here, the average deviation of the cross-sectional void fraction
of deionized (1 uS cm™") and tap water (500 uScm™') were
reduced from 30% to less than 5%. For salty water with con-
ductivity of 1000 uScm™!, the average phase fraction devi-
ation was reduced to less than 7%.

Figure 7 shows the local measurements along a chord of
the sensor. It can be seen, that the use of a high feedback gain
(Zr = 13 k) leads to local phase fraction deviations of up to
—114%. In contrast, if Z; is smaller than 97 (2, the deviation is
reduced to —5.2% for tap water. The deviation is considerably
reduced also for deionized and salty water, however, the void
fraction is overestimated in the former and underestimated in
the latter, since the op amp starts to depart from ideal in such
operating points.

These results confirm that the major source of uncertainty in
WMS measurement is related to the first stage of amplification.
However, only the optimization of the gains is not enough to
suppress the losses caused by the amplifiers depending on the
conductivity of the fluid and size of the sensor. For this reason,
a new method to correct the energy losses is presented in the
next section.

4. Novel method for energy loss correction using

an adapted WMS

Due to the limitations of the optimization procedure described
in the previous section, a new approach to correct energy
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Figure 5. Gain error estimated by equation (14), which relates the fluid’s conductivity, mesh factor 7 and the components (R, Cy). The

mappings were calculated assuming a GBW =230 MHz, k, = & - d;

~1and C,, = 120 pF [24]. The black dashed line is the upper limit of

the output signal (4 dB) assuming an input signal of 1 V peak-to-peak (5 MHz).

losses in WMS signals is proposed (reference number of the
patent application: [DE102021116540.7]). Here, a modified
WMS arrangement is created to measure the losses caused by
conductive fluids, which in turn are used to correct the read-
ings of the sensor. Figure 1(a) shows a schematic of the sensor
arrangement. It comprises an additional transmitter electrode
embedded outside the flow domain into the PCB layout. Since
the sensitivity volume of an external crossing-point has a con-
stant dielectric (PCB layout), its signal response has to be con-
stant. Hence, signal changes in the external crossing-points
indicate the occurrence of losses, which can be compensated
in further data processing. Based on this principle, a method
to compensate such nonlinear effects is presented as follows.

4.1. Correction of energy loss

From equation (11) we can assume that a real measurement of
WMS is given as

(ideal)
| ik
= (15)

where, U;; (ldeal) is an ideal output signal and &; 4 is a loss factor,
which is assomated with the electrical currents that can go

along paths created by conductive fluids between transmitter
and receiver wires. Here, two assumptions are made:

(a) For a measuring channel there is only energy loss if a con-
ductive fluid creates a path between its receiver electrode
to other wires (& x # 1);

(b) For non-conductive fluids such as air, the electrical current
that goes through Z, is very small, so that the loss can be
neglected (§;x ~ 1);

(c) Assuming that the resistance of the wires are negligible,
the coupling caused by a conductive fluid has the same
impact in all crossing-points of the same receiver wire.
Hence the loss factor can be assumed constant along a
receiver wire, that is, &1 ;¢ = &2.ik = - .- ik

Based on assumptions (a) and (b), the loss factor of a
receiver wire can be estimated as

U( air,ex)

ik = (16)

(x,ex)
U,jcex

where, U(alr ) and U(X ) are readings from the external

crossing-points. The numerator of equation (16) is a reference
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Figure 7. Local void fraction along a vertical chord of a 32 x 32 WMS (i = 16, j = 1-32) from figure 6.

signal obtained through a static calibration prior to the exper-
iments by measuring a non-conductive fluid such as air. Here,
there is no current path between the activated channel and the
neighboring wires, so the loss is negligible (assumption (b)).
Hence, equation (16) is a ratio that indicates how much meas-
urement and reference signal deviate from each other due to
losses. As the loss factor is constant along a given receiver
wire (assumption (c)), the estimated loss factor can be used
to correct signals from all crossing points related to the same
receiver wire as

(real)

=Uijx

oo &t (17)
By replacing (15) into (17), it is easy to see that the estim-
ated loss factor & ; compensates the real loss & . Thus, if

assumption (c) holds, then the real measurement becomes
closer to ideal.

As the output signals obtained with the data acquisition unit
CAP200 are logarithmic scaled they have to be corrected as
follows

a-log(§s) = U8 — yloee) (18)
and
Ut ™™ = U™ + a-log &), (19)

where a is the same circuit constant calculated by
equation (5).
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Figure 8. 3D view of the void fraction distribution (a)—(d) without correction; (e)—(h) using the cut-off procedure (equation (9)); and
(1)—(1) using the proposed method of loss correction (equation (19)). The light gray surfaces represent the void fraction with the WMS
containing water at different levels (conductivity of water o = 420 pS cm™ ).

4.2. Experimental validation

To evaluate the new method of loss correction, a real
12 x 12 WMS was filled with different levels of tap water
(o0 =420 uScm™!). Figure 8 shows 3D views of the phase
fraction distribution obtained in the experiments. As expected,
negative void fraction is observed in the experiments without
correction (figures 8(a)—(d)). The critical cases are the experi-
ments containing high void fraction, e.g. 80% and 50%. It hap-
pens because a low volume of conductive fluid inside the flow
domain generates much less energy losses than the full cal-
ibration data. For this reason, the highest peaks of negative
phase fraction are observed in such cases. On the other hand,
the measurement containing 10% of void fraction presents
voltage drop with similar magnitude and direction as the full
reference data. Hence, losses from reference and operational
measurement signals cancel each other out reducing the aver-
age phase fraction deviation. By correcting the void fraction
through the threshold procedure (equation (9)) or using the
proposed method (equations (18) and (19)), the phase fraction
estimation is improved regardless of the water holdup.

By analyzing the average deviation of the cross-sectional
void fraction &g, shown in figure 8, one could conclude
that a threshold procedure is slightly better than the proposed
method of loss correction. As can be seen, the local points

containing negative phase fraction are cut-off, providing lower
deviations compared to the new method. However, a threshold
procedure works well only for some particular cases, e.g. when
the phases are fully separated. If the phase distribution is com-
plex such as in a dispersed flow, the information of small
bubbles and droplets may be lost.

To illustrate this problem, WMS data of paraffin-water
phantoms available in [25] were corrected using both threshold
and loss correction methods. As can be seen in figure 9, the
performance of the cut-off procedure is drastically reduced
compared to the experiments where the fluids are fully sep-
arated, leading to average deviations of up to 10.37%. In con-
trast, by correcting the losses through a WMS with external
references, the average deviation is decreased to less than 2%
for all cases.

The performance of both methods can be better understood
through figure 10, where local measurements along a ver-
tical chord of the sensor are depicted (pattern 1). The refer-
ence data (dashed line) indicates that the local point (10,7)
is filled by water-paraffin components. If the negative values
of the original data are truncated by the cut-off method, this
local point is inferred as 100% water, yielding a deviation of
19.89%. However, using the new method, the losses are com-
pensated and the deviation is reduced to only 3.54% for the
same point.
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(a) threshold method and (b) the proposed procedure of loss correction.

As shown in figure 11, another advantage of the loss correc- mentioned in the previous section, this problem is hard to be
tion is the fact that local phase fraction deviations are greatly  solved only by circuit redesigns.
reduced if there are fluids with very different electrical con- These experimental results show the high potential of the
ductivity in the sensor area, e.g. deionized and tap water. As  proposed method compared to the threshold and optimization



Meas. Sci. Technol. 33 (2022) 084002

F D A Dias et al

‘ Original Loss correction

1
g 05
g
& 0
g
2 0.5¢ |
1t Adevy — —49% |
2 4 6 8 10 12
Index(j)

(a) o =1 uS/cm

Void fraction

Index(j5)
(b) o =420 puS/cm

Figure 11. Local phase fraction along a vertical chord of a 12 x 12
WMS (i =6, j = 1-12) containing 50% water. The void fraction is
corrected independently of the electrical conductivity. (a) Deionized
water; (b) tap water.

procedure. The reason for this is the capability of the proposed
method to correct the phase fraction distribution of complex
flow patterns even for fluids with very different electrical con-
ducitvities. As explained earlier, the threshold method works
well in flows where the phases are completely separated only,
and overestimate measurement of mixtures containing small
structures and interfaces. Hence, the method of loss correction
is more recommended for measurement of flows with complex
structures, e.g. oil-water emulsion/dispersion, foam, swarm of
bubbles, etc.

5. Conclusion

In this paper, an analysis of the non-ideal characteristics of a
WMS is presented. Based on an analytical model, the feedback

gains of the sensor are optimized to reduce its measurement
uncertainty. However, the optimization of the amplification
circuit only does not hold if the dynamic range associated
with the impedance of different fluids is extremely high (e.g
gas and water), providing energy losses on WMS signals.
Hence, an extended WMS with external reference imped-
ances is proposed to estimate and correct WMS readings
affected by losses. The main conclusions of this paper are
summarized below:

WMSs measure electrical signals that are associated with
the impedance of the fluid. In a typical gas-water flow, the
dynamic range of the impedance for the different fluids is
extremely high, so the amplifiers can become unbalanced if
a fixed gain is used. When it happens, the potential on the
negative input of the amplifiers differs from zero, so that the
effects of crosstalk and losses due to the impedance of neigh-
boring crossing-points are not fully suppressed. These effects
in turn cause nonlinearities in the output signals being the
major uncertainty source for WMS measurements. The fol-
lowing methods can be used to deal with this issue.

e High feedback gain + threshold: when selecting very high
gains, the output signal gets closer to the upper limit of the
amplifier providing a better SNR, which is critical for dis-
criminating low impedance fluids such as gas and oil and
also to discriminate small bubbles and droplets. However,
by increasing the gains, the amplifiers depart from ideal and
the phase fraction is underestimated reaching local and aver-
age deviations greater than 100% and 30%, respectively. If a
threshold method is employed, negative phase fraction val-
ues are cut-off, improving the average cross-sectional phase
fraction estimation. For specific flow regimes with large
phase structures and interfaces, e.g. stratified flow, the aver-
age phase fraction becomes much smaller than the meas-
urement uncertainty reported in the literature. For fluids
with dispersed phases, it is possible to improve the average
phase fraction by using alternative mixture models instead
of the parallel, e.g. Maxwell, Maxwell-Garnett and logar-
ithmic mixture models.

Low gain without threshold: in this approach, the closed-
loop gain is decreased, so that the amplifiers work at nearly
optimal condition for fluids within a specific range of con-
ductivity. In this paper, a gain optimization for tap water
(0 =500 uScm™") was presented, achieving local phase
fraction deviations lower than 6% and average phase frac-
tion lower than 1% in stratified gas-water flow. However,
if the same gains are used for deionized (I uScm™"') and
salty water (1000 uS cm ™), the local and average void frac-
tions are underestimated in the former and overestimated in
the latter. Based on an analytical model, it was shown that
the optimization of the gains only cannot fully suppress the
effects of energy loss and crosstalk if the impedance of the
neighboring crossing-points is too low, that is, if several
crossing-points are submerged in conductive liquids or if the
conductivity of the fluid is too high.

Correction of energy loss: the new method proposed in
this paper improves the accuracy of the sensor for a wide
range of impedance. An additional transmitter wire is
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embedded into the PCB layout outside the flow domain,
so the external crossing-points are used to estimate and
correct the energy losses in the output signals of the
sensor. In the examples shown in this paper, local phase
fraction deviations were reduced from —33.4% to less
than 3.54% for fluid mixings with high dynamic range
of their electrical conductivities—even for small phase
structures. For complex two-phase flow patterns, the aver-
age phase fraction was reduced to 17.1%-1.53% in the
worst case. Hence, the proposed method is more compre-
hensive than the others discussed above and has a high
potential to provide accurate measurements of complex
flows, such as oil-water emulsion/dispersion, foam, swarm
of bubbles, etc which are commonly types of multiphase
flows. Nevertheless, an amplifier with high GBW should
be chosen and the feedback gain settings should be set
to a good compromise before using the new approach.
In addition, the use of a cut-off procedure can be also
employed to improve the phase fraction estimation of large
flow structures.

Although the experiments presented in this paper are
focused only on the capacitance WMS [2], similar problems
have also been observed for the conductivity wire-mesh senor
[1], which will be subchecked in further works.
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