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A Contactless Electromagnetic Coupling Resonance-Based Volume
Fraction Detection Technique for Gas-Liquid Flow
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Abstract—To obtain the volume fraction of a gas-liquid two-phase flow, a contactless electromagnetic
coupling resonance based volume fraction detection (CECR-VFD) technique is proposed. By
mathematical calculation and numerical simulation, it is found that the CECR-VFD method is a better
alternative than the conventional electromagnetic induction based method. The distance between the
excitation coil and receiving coil is firstly determined. Then the effect of the pipe length is investigated.
Additionally, the relationship between the output voltage across the receiving coil and the volume
fraction is studied for stratified low and annular flow. Experiments have been carried out for validation,
and the results indicate that the output voltage can be used to predict the volume fraction of a two-phase
flow.

1. INTRODUCTION

Description, explanation and measurement of two-phase flow are necessary and required in a variety
of industrial applications such as chemical reaction, pipeline transportation and medical treatment [1—
3]. Simultaneous flow of gas and liquid, which is termed as gas-liquid two-phase flow, is commonly
encountered. In a gas-liquid flow, the determination of the volume fraction is of significant importance
as it is essential to characterize flow behavior and fundamental to predict transfers of mass, momentum
and energy [4-7].

Nowadays, there are numerous measurement techniques to obtain the volume fraction of the two-
phase flow. Based on the difference of electrical characteristics between liquid and gas, it can be
generally divided into two measurement methods, namely a conductive method [8-10] and a capacitance
method [11-13]. The conductive method is suitable for measurements of the volume fraction in a
gas-liquid flow where the continuous phase is conductive, while the capacitance method is preferred
in parameter measurements in non-conductive two-phase flows. In addition, based on the law of
electromagnetic induction, the electromagnetic tomography (EMT) has become a recognized and
well established technique to obtain the physical parameters of complex two-phase flows without the
requirement of physical contact [14-17]. For example, the two-phase flow with low conductivity is
analyzed in [18] with 16 coils (8 transmitters and 8 receivers) and the reconstructed images from the
real sample experiments are provided and discussed. In another case, experiments are conducted for the
two-phase flow covering a broad range of conductivity contrasts and the capability of the EMT system
in conductive phase imaging is demonstrated [19]. Furthermore, a new methodology is presented in [20]
for identifying three different flow regimes (annular, stratified and bubbly), and the volume fraction of
a gas-liquid flow with different densities is estimated [20]. In the literature, vortex signal of a stratified
two-phase flow in a horizontal pipe had been discussed in atmospheric conditions, and the relationship
between the void fraction and the relative amplitude spectrum of a two-phase flow is obtained [21].
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However, the eddy current induced voltage signal is generally very small, and it is very necessary to
increase the measured voltage for an accurate measurement.

In this paper, a contactless electromagnetic coupling resonance-based volume fraction detection
(CECR-VFD) technique is proposed to measure the volume fraction of gas-liquid flow. The basic
measurement principle and the equivalent circuit model are presented. The performance of the CECR-
VFED technique is studied and compared with that of electromagnetic induction. The relationship
between the measured voltage and volume fraction is investigated for stratified flow and annular flow
by simulation. An experimental prototype is established and static experiments are performed for
validation.

2. THEORETICAL FOUNDATION OF PROPOSED CECR-VFD METHOD

In a time-varying magnetic field, eddy currents occur in the gas-liquid flow where the continuous phase
is conductive. With a variation of the volume fraction, the eddy current loss varies. Fig. 1 shows the
diagram of the volume fraction measurement method based on the magnetic coupling between two coils.
It is mainly composed of an excitation coil which is connected to a power source with an alternating
exciting frequency, a pipe filled with gas and water, and a detection coil linked with a load. For a
fixed distance between the excitation coil and the detection coil when there is no detected object, the
measured voltage across the load is fixed. However, once a pipe is positioned inside the coils, the load
voltage varies due to the eddy current loss when the distribution of gas and water changes. Therefore,
there is a relationship between the variation of the output voltage and the volume fraction. The turns
of the excitation coil and the detection coil are considered as Ny, No. The radius of the coil and pipe
are denoted as r1, 79 respectively. The distance between the excitation coil and detection coil is denoted
as D. The length of the pipe is denoted as L.

excitation coil detection coil detected object

Figure 1. Diagram of volume fraction measurement method.

Figure 2 shows the equivalent circuit of the volume fraction detection system based on
electromagnetic induction. The resistance of the power source is denoted as Rg. The excitation coil
and the detection coil can be modeled as a serial connection of self-inductance and resistance (L1, Ry
and Ly, Rs respectively). The pipe filled with gas and water is considered as Rg and Ls. I1; (i =1, 2,
3) is the current flowing in the loops, and Mj; is the mutual inductance among loops. The resistance
Ry, is the load resistance.

From Kirchhoft’s law, the equivalent circuit can be expressed as

Vs = (R1 + Rs + jwLi)I11 — jwMiglio — jwMi3li3
0= —jwMial1y + (R2 + Rp + jwLa)l12 + jwMazli3 (1)
0 = —jwMisli1 + jwMazlis + (R3 + jwla)l13

where w is the angular frequency of the power source.
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Figure 2. Equivalent circuit of the electromagnetic induction mode.

Based on Eq. (1), the load voltage V7, across the detection coil can be calculated as

D
V= IRy = >R (2)
11
where
Ry + Rg + jwly —jwMny —jwMis
Dy = —jwMia Ry + R +jwly  jwMa
—JjwMi3 JwMaz R3 + jwL3 3)
R1 + Rs + jwL; Vg —jwMis
D1p = —JjwMi2 0 JwMo3
—jwM13 0 R3 + ijQ

In the traditional electromagnetic induction-based volume fraction detection system, the coupling
effect between the excitation coil and the detection coil is relatively weak, and a small load voltage is
measured.

To solve the problem above, a volume fraction detection method based on electromagnetic coupling
resonance is proposed. Fig. 3 is the equivalent schematic diagram of the CECR-VFD. The electrical
parameters of the circuit are identical to that in Fig. 2. However, a capacitance (C1, C3) is introduced
in the excitation and detection circuit for magnetic resonance and maximum power transfer.

For the power source with the angular frequency of w, the compensated capacitance can be
calculated as
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Figure 3. Equivalent schematic diagram of CECR-VFD.
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According to Kirchhoff’s law, it can be obtained as
Vs = (R1 + Rs)Io1 — jwMialy — jwMizlas
0= —jwMials + (Ro + Rp) Iz + jwMazlas (5)
0 = —jwMizla + jwMazlzg + (R3 + jwls)l2s
Based on Eq. (5), the output voltage Uy, across the load is calculated as
Up=IxnR, = %RL (6)
21
where
Ri+ Rs —jwMis —jwMs
D9y = | —jwMia Rao+ R jwMas
—jwMiz  jwMas R+ jwls

Ri+Rs Vs —jwbMis
Doy =| —jwMiz 0 jwMas
—jwMiz 0 Rs—+jwls
Comparing Eq. (2) and Eq. (6), it can be obtained that
UL _DxpDuy _ Dy -
Vi D21 D12 Doy
It can be seen from Eq. (8) that the load voltage measured by the electromagnetic coupling resonant
method is larger which will show better performance in the parameter estimation when the voltage is
very small or noise exists in the measurement. As a result, more power can be delivered to the load and

less energy is consumed when the load voltage is measured by the electromagnetic coupling resonant
method.

1 (8)

3. SIMULATION ANALYSES

3.1. Determination of Distance between Coils and Pipe Length

Based on the above theoretical analysis, simulation work is carried out by ANSYS MAXWELL. The
system model is established by using the field-circuit coupling finite element method. The simulation
parameters are shown in Table 1.

Table 1. Parameters of CECR-VFD system.

Parameters Value
Radius of the coils 100 mm
Number of turns of the coils 5
Resistance of source and load 50 Q2
Source voltage 3.5V
Resonant frequency 4 MHz

The distance between the two coils needs to be studied first. Fig. 4 shows the variation of the load
voltage against the transfer distance based on the two methods. It can be seen that the load voltage
obtained with the electromagnetic coupling resonance is higher than that with the electromagnetic
induction. The inductive voltage shows a continuous downward trend with the increase of distance.
However, the resonant voltage increases first and then decreases. This is because when the distance
between the coils drops below a certain value, a frequency splitting occurs due to the magnetic over-
coupling which leads to the decrease of the load voltage. For maximum power transfer, the distance
between the coils is set to 60 mm where the output voltage is the highest.
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Figure 4. Comparison of the load voltage obtained with the two methods.

The length of the pipe is also a critical element that affects the power transfer. In the simulation,
the pipeline is filled with liquid and the conductivity is set to 0.3s/m. Fig. 5 shows how the eddy
current loss and eddy current changes with the variation of the pipe length. It can be obtained that
the eddy current loss and eddy current increase monotonically when the pipe is shorter than 300 mm,
and then it tends to be constant when the pipe is longer than 300 mm which indicates that it can be
viewed as an infinitely long pipe, and no effect is imposed on the measurement.
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Figure 6. Relationship between the equivalent
resistance and the load voltage.

Figure 5. Variation of the eddy current loss and
eddy current against the pipe length.

Based on the average eddy current loss and effective current value, the equivalent resistance of the
measured object can be obtained. Fig. 6 shows the load voltage and the equivalent resistance of the
measured object. It can be seen that the load voltage and equivalent resistance decrease firstly with
the increase of the pipe length due to eddy current loss. Nevertheless, it keeps constant when the pipe
is longer than 300 mm.

3.2. Characterization of the Volume Fraction

In a gas-liquid two-phase flow, stratified flow and annular flow are two frequently encountered flow
regimes. The schematic of the flow patterns are illustrated in Fig. 7.
For stratified flow, the height of the liquid is denoted as H. Therefore, the volume fraction of the
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stratified flow annular flow

Figure 7. Stratified flow and annular flow.

liquid, a1, can be calculated as
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Figure 8 shows the equivalent resistance and inductance of the detected object and the mutual
inductance variations versus the liquid volume fraction. It can be seen that the equivalent resistance
decreases with the increase of the liquid volume fraction while the inductance tends to increase. The
mutual inductance between the excitation coil (or detection coil) and the detected object increases
when more liquid is injected. However, they are much smaller than the mutual inductance between the
excitation coil and detection coil.
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Figure 8. Variation of resistance and inductance along with the mutual inductance for the stratified
flow. (a) Equivalent resistance. (b) Mutual inductance between the excitation coil (or detection coil)
and the detected object. (c) Inductance of the stratified flow. (d) Mutual inductance between the
excitation coil and detection coil.
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Figure 9. Variation of output voltage against liquid volume fraction for stratified flow.

Figure 9 shows the output voltage across the load against the liquid volume fraction. The load
voltage decreases monotonically as more eddy current losses are caused with the increase of liquid level.
The relationship between the output voltage and the liquid volume fraction for stratified flow can be
represented as

UL = —0.0016 x a; + 1.299 (10)

For annular flow, the radius of the insulating plastic rods is denoted as R. The volume fraction of
the liquid, ag, can be calculated as
2 2
m(rs — R
ap = m(rs — ) - ) (11)
s
The simulation results are shown in Fig. 10. The results for annular flow are very similar with that
in stratified flow.
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Figure 10. Variation of resistance and inductance along with the mutual inductance for the annular
flow. (a) Equivalent resistance. (b) Mutual inductance between the excitation coil (or detection coil) and
the detected object. (c) Inductance of the annular flow. (d) Mutual inductance between the excitation
coil and detection coil.

Figure 11 is variation of output voltage versus liquid volume fraction for annular flow. The
relationship between the output voltage, and the liquid volume fraction for annular flow can be expressed
as

U'p = —0.1178 x a3 — 0.0271 x ag + 1.286 (12)
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Figure 11. Variation of output voltage against liquid volume fraction for annular flow.
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4. EXPERIMENTAL VALIDATION

Shi et al.

and calculated voltage for stratified flow and annular flow. (a) Stratified

For validation, an experimental prototype is established, as shown in Fig. 12. In the static experiment,
the system parameters are exactly the same as that in the simulation. The conductivity of liquid is
set to 0.3s/m. The excitation frequency of liquid is 4 MHz. According to the resonant frequency and
measured inductance of the coils, the compensated capacitance can be calculated. The high-frequency
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power amplifier BUF634 with 24 dB magnification is applied in the experiment. The excitation coil is
connected to a signal generator via a power amplifier and the detection coil is linked with a load. For
the stratified flow, the pipe is placed horizontally and liquid is injected into the pipe. For the annular
flow, several insulating plastic rods with various diameters are supposed to be placed inside the pipe
filled with conductive liquid.

Figure 13 shows the measured voltage and calculated voltage for stratified flow and annular flow.
It can be observed that there exists good consistency between the measured and calculated values while
the measured voltage is a little smaller than that obtained with the simulation. This may be attributed
to the external electromagnetic disturbance and the measurement error.

5. CONCLUSION

In this paper, a CECR-VFD technique is proposed. The circuit model is analyzed for the new method
and compared with the traditional inductive mode. The mathematical calculation and finite element
analysis indicate that the output voltage across the detection coil is much larger for the CECR-VFD.
The effect of the pipe is studied and it is found that it should be longer than 300 mm when its impact
can be neglected. The variation of equivalent resistance and inductance against the volume fraction are
investigated for the stratified flow and annular flow. Besides, the relationship between the load voltage
and the volume fraction of the stratified flow and annular flow is obtained. Static experiments are
carried out, and experimental results are compared with calculations. The results demonstrate that the
load voltage obtained with the CECR-VFD technique can be applied to estimate the volume fraction
in typical gas-liquid flow.
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