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Abstract

Gas-liquid two-phase flow is an unavoidable energy flow phenomenon in industries, and void fraction
measurement is a crucial challenge in the two-phase flow. In the study, the coaxial line phase sensor is designed
base on electromagnetic wave transmission principle, by which void fraction of the slug and stratified flow was
acquired. The void fraction measured by new coaxial has a well time-domain and Probability Density Functions
(PDF) distribution characteristics, four typical models with different physical backgrounds were selected to
evaluate the measured values of the sensors. The mean absolute errors (MAPE) were 7.85%, 24.41%, 7.22%,
and 15.44% for slug flow, and 12.31%, 6.46%, 12.68%, and 2.95% for stratified flow. The results indicated that
the coaxial line phase sensor has well measurement accuracy and not limited by the flow regime.
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1. Introduction

Gas-liquid two-phase flow is an unavoidable energy flow
phenomenon in petrochemical, nuclear and aerospace
industries, especially in the petrochemical field involving
the extraction, transportation, storage and processing of
oil and natural gas[1]. The measurement of the void
fraction is a key parameter in the study of two-phase
flows, as it is related to the calculation of mass and heat
transfer, pressure drop and the design of processes and
equipment in the production[2].

Due to the high coupling of gas and liquid phases, and
the complex and variable flow conditions caused by
pressure and flow rate, the measurement of void fraction
has been an urgent problem in industrial production and
scientific research. Numerous researchers and scholars
have carried out research on developing sensors and
measurement method, there are mainly optical[3, 4],
acoustic [5, 6], nuclear radiation [7, 8] and electrical [9,
10] methods for void fraction measurement currently.
Optical method is mainly divided into camera method [3],
optical probe method [4]. The optical method requires
transparent measurement environment and is easily
disturbed by the external environment. Acoustic method
is method is difficult to achieve quantitative analysis in
the field of two-phase flow and is expensive. The
application of radiometric methods in industrial sites is
limited due to radioactivity and extremely high safety
protection standards. Electrical methods are mainly
divided into conductivity [9] and capacitance method
[10], in which the probe is in contact with the fluid media
and is susceptible to corrosion leading to a decrease in
measurement accuracy. Capacitive method needs to
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arrange capacitive sensors around the pipe to measure the
water content through fluid dielectric constant changes.
The main research hotspot is the capacitive tomography
imaging, but the technology requires a complex structure
and a large number of high-speed computing circuit.
Coaxial wire is a two-conductor transmission line
consisting of two inner and outer conductors and
dielectric in the middle. It has the advantages of low cost,
strong anti-interference, stable signal, and not easy to
leak, and can complete the transmission of high
frequency and very high frequency electromagnetic
waves [11]. Coaxial line electromagnetic wave sensors
have the same measurement principle with capacitive
sensors, which use dielectric properties of the mixed
media to achieve the measurement of gas and liquid
components [12]. The difference is the electromagnetic
wave measurement technique also utilizes the
polarization characteristics of gas-liquid at higher
frequencies, which not only overcomes the deficiency of
low resolution of capacitive sensors, but also increases
the polarization loss of conducting media [13].

In this paper, the sensor is designed base on the
transmission characteristics of electromagnetic wave in
the coaxial line, utilizing the phase difference when the
gas-liquid medium flows through the sensor. Slug and
stratified flow experiment are carried out in this study,
and the evaluation of the test results by the classical void
fractions model proves that the sensor has high
measurement accuracy.

2. Void fraction measurement principle

2.1 Analysis of dielectric polarization effects
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The very high frequency
(30-300 MHz) belong to invisible light, and their energy
propagates in the form of photons. According to the
electromagnetic field theory, the dielectric will be
polarized under the effect of the alternating electric field
generated by electromagnetic field excitation. Non-polar
molecules (air, natural gas, etc.) and polar molecules
(water) in the electromagnetic field have different
polarization effects, accompanied by the attenuation of
the dielectric constant. Turning polarization occurs in
polar molecules (water) that are subjected to excitation of
a high-frequency electromagnetic field, which causes
severe loss of dielectric constant. In contrast, non-polar
molecules (air and natural gas) undergo only
displacement polarization with zero dielectric constant
loss [13]. Therefore, the measurement of gas-liquid
components can be distinguished by the change of the
dielectric constant €. The dielectric constant € is also a
function of the frequency of the electromagnetic wave,
and its complex form is:

e(w)=¢'(0)-je" (o) (1
Where w denotes the electromagnetic wave propagation
frequency. The &' the real part of the complex
permittivity, which corresponds to the capacitance term
and represents energy storage. The & is the imaginary
part of the complex permittivity, which corresponds to
the inductance term and represents the dissipation of
energy. The value of the loss angle tangent function is:
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where 7 is the time constant of turning polarization in
dipole, and © = 10”. €(0) is the relative permittivity at
static, € (o) is the relative permittivity when w — o, g,
is the permittivity of the vacuum (F/m), and o is the
complex conductivity (m/s).
As can be seen in formula (2), although the energy
storage capacity of the dielectric is proportional to the
frequency, it is little affected by the frequency. The
imaginary part of the dielectric constant tends to rise
linearly with frequency, and its change can reflect the
change of the dielectric constant.
When the electrostatic field w = 0, tan@ tends to infinity,
and the loss formula has no practical meaning. When the
high-frequency electromagnetic wave propagates in the
coaxial line, the phase difference caused by the loss has
a physical meaning, and Eq. (2) is simplified as:

o

tanf ~ — 3)
(o)
Where &4,, denotes the relative dielectric constant of
mixed media.
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2.2 Electromagnetic wave propagation
characteristics

According to the electromagnetic field theory, the
propagation coefficient y is a parameter that
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characterizes the variation of electromagnetic waves in a
gas-liquid two-phase flow, which be expressed as:

r=joue(e'—je")=a+iB @)

Where pu, is the permeability of vacuum (H/m), then
attenuation constant @ and phase constant 8 of coaxial
line can be derived from Eq. (3) and Eq. (4)

2
a= ,,M [\/1+ tan? @ —1}
2
(5)
2 1
=, ’M [\/1+ tan? @ +1j|2
2 (6)

2.3 Principle of phase difference measurement
When the electromagnetic wave propagation in the
coaxial line, it is clear that the value of the propagation
coefficient y mainly depends on the relative permittivity
and conductivity of the gas-liquid two-phase mixed
media as shown in Eq. (4).

The attenuation coefficient a is used to measure the
effect of mineralization on the media, and the phase
constant 8 is used to characterize the void fraction. when
w is large enough, then

1
2

o

tan @ =

<1
WEE,, (7)

The equation (6) is simplified as:

ﬁ = a)\[ luogoggw (8)

Then the phase shift produced by the electromagnetic
wave is

where L and A denote the coaxial line length and phase
shift. When the electromagnetic wave frequency is
certain the phase is only determined by the dielectric
coefficient of the mixed medium.

Ap= wl—ﬂﬂogo‘ggw (10)

The dielectric constant is chosen in series because of the
vertical electric field direction at the gas-liquid interface
in the stratified and slug flow conditions. In dynamic
measurement, the mixed dielectric constant of the gas-
liquid mixture is:
6y = Euby

E,0y T &, (11)
Water is a strongly polar liquid medium, in the electric
alternating electric field under the action of dipole
turning polarization plays a major role. Its dielectric
constant varies as a function of temperature as:

¢, =—0.37T +87.80 (12)

3. Sensor and Experiment

3.1 Structure design of sensor

The coaxial line phase measurement sensor based on
electromagnetic wave measurement principle is shown in
Fig.1. The inner electrode is made of copper conductor,
which passes through a U-shaped tube with the length of
180mm in the bottom. The U-shaped tube is welded with
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test pipe to preventﬂuid leakage, and the coaxial line is
located on the central axis of the pipe. The exterior
electrode is fixed on the test pipe with the ID is 50mm.

180mm W
U-shaped tube

Figure.1 The coaxial line phase sensor

—
50mm
—~

Iﬁr' 25mm]]

When the electromagnetic wave propagates in the coaxial
line, an electromagnetic field is formed between the U-
tube and the test pipe section as shown in Figure 2.
Electromagnetic waves are transmitted in (Transverse
Electric and Magnetic Field TEM) mode, where the
electric and magnetic fields are radiated in the coaxial
line cross-section. The TEM mode has the advantage of
structural stability and the shielding effect of the outer
conductor that prevents the electromagnetic field from
being disturbed by the external environment. The
electromagnetic wave is transmitted to the phase
discriminator through internal and external electrodes,
and the intensity of the electromagnetic wave signal is
attenuated when passing through the mixing medium.
The mixed dielectric constant changes with two-phase

component and medium physical parameters.
Magnetic field distribution

Electric field distribution
Fig.2 Electromagnetic field distribution in sensor

3.2 Phase difference measurement system

The void fraction measurement system based on coaxial
line phase sensor is shown in Fig.3. The micro-controller
STM32F103 sends instructions to signal generator
AD9959 through the SPI bus, and AD9959 generates a
115MHz electromagnetic wave. The electromagnetic
wave is divided into two equal and independent signals
by the power divider. One of them is sent to the interior
and exterior electrode of the coaxial line phase sensor
simultaneously, while the other electromagnetic wave
signal is transmitted directly to the phase discriminator
ADS8302 as a reference. The exterior and interior
electrode 1 is connected to the power divider, while the
exterior and interior electrode 2 are connected with the
phase discriminator. The output phase difference signal is
measured by amplitude discriminator AD8302 and
converted to a voltage signal, which is acquired by a 12bit
AD converter integrated into STM32F103 and
transmitted to the master computer.
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Figure.3. Coaxial line measurement system

The phase discriminator AD8302 receives two input
signals from the power divider and electrode of the
coaxial line respectively. Two broadband logarithmic
detectors integrated into AD8302 realize the precision
matching of two input channel signals, which are
converted to voltage signal. the expression is

Vour =VsipLOg (Vi /) (13)

Where, V;y and V, are the input signal and intercept
respectively, and the output value is zero when their
values are equal. The slope Vs; p represents the parameter
of a logarithmic amplifier. The output signal is processed
by a multiplicative phase detector together the output
result becomes

Ve =VsipLOG(Vigs /Ving) (14)

By the using of logarithmic amplifier and multiplicative
phase detector in AD8302, the phase output form is
obtained as follows
Vp :V¢ [¢(V|NA) _¢(V|NB)] (15)
Vy is the slope and is the parameter of the logarithmic
amplifier, and V;y, and V;yp come from reference phase
and electrode of coaxial respectively. The signal is
processed by output amplifier, feedback circuit and so on,
the signal amplitude and phase are measure as follows
VMAG - RF ISLP LOg (V|NA /VINB) +VCP (16)

V4
Vous =—Re I(p |: :|+VCP

(VINA ) - ¢ (VINB ) - E

17)
Where, the slope of phase measurement represented by
Rpl, is 10mV/°, Vip stands for the center point, the
phase corresponding to the center point 900mV is 90°,
and the phase difference range from 0° to 180° degrees
correspond to the output voltage range from 0 to 1.8 V.

3.3 Experimental design of two-phase flow

The laboratory test was conducted on a double closed-
loop gas-liquid two-phase flow experimental device
(with the ID 50mm in test pipe) at the National and Local
Joint Engineering Research Centers of Metrology
Instruments and Systems of Hebei University. The
coaxial line phase sensor Fig. 4 (a) connected to the
experimental devices Fig. 4 (b) main via a flange. The
experimental fluid was water and compressed air. The
device adopts a double-loop circuit design, and gas-liquid
can be opened and flow regulated independently by their
respective electric switching valves and regulating valves.
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The gas circuit consists of two branches, and the liquid
circuit consists of two branches that can be opened
independently or used in combination according to the
condition of liquid flow rate. The water enters the front
of the experimental tube section mix with the water. The
gas-liquid two-phase flow is fully developed by 260D
and then passed through the horizontal test pipe section.
The temperature and pressure of each phase at each
observing point were recorded together with two-phase
flow parameters by the data acquisition system in the
further data processing.

(a) Coaxial phase sensor
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(b) Schematic of two-phase flow circulation system

Figure. 4. Experimental setup of two-phase flow

The desired flow rates of both water and air were then
circulated in the system via the corresponding control
valves until a steady-state condition was reached. The
data collection with a sampling frequency of 20 Hz after
the flow stabilizes for 2 minutes. All the experiment are
conducted at room temperature and pressure, and the
range of experimental parameters is shown in Table 1.

Table 1 Range of experimental parameters

Flow .
pattern Ugg (M/s) Ug; (m/s) Points
Slug 0.071-1.132 | 0.057~1.415 63

Stratified | 0.085-0.566 | 0.111~0.198 60

4. Experiment results and analysis

4.1 Void fraction measurement result

Randomly intercepted 4s data of void fraction are plotted
against time are shown in Fig 5. Under the condition of
uy;=0.707m/s, the variation curves of the void fraction
are shown in Figure. 5, the void fraction of the slug flow
varies periodically with time, which consistent with the
intermittently characteristics of slug flow. It can be seen
that when the liquid plug appears, the void fraction is
maintained at a low value. Nevertheless, the void fraction
is not equal to zero for the reason that numbers of bubbles
be entrained in the liquid plug. The void fraction is
maintained at a high value when a large gas bullet is
present. It can also be seen from the figure that as the gas
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superficial velocity increases, the frequency of gas slug
increases, and the void fraction increase as well.

10

[ u,,=0.849(mis), u,=0.707(mis)]

Void fraction

[ ug=1.132(ms), ug=0.707(mis)

2
Time (s)

Figure 5: Void fraction time series of slug flow (ug=0.707 m /s)
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Figure 6: Void fraction time series of stratified flow (ug=0.141 m/s)

The void fraction of stratified flow with time is shown in
Fig. 5 (b) when the u;=0.707m/s. Since the velocity of
the gas phase is much higher than that of the liquid phase,
the gas shearing interaction causes interfacial
fluctuations and wave stratified flow occurs. Under the
condition of liquid superficial velocity is fixed, the void
fraction increases with the increase of superficial velocity
Usg, and the frequency of interfacial fluctuation also
shows an increasing trend.

Calculate the Probability Density Functions (PDF) of
void fraction at the same condition of Fig.5. Shapes of
PDF profiles changes for different flow patterns. Two
peaks are observed in the PDF profiles for slug flows in
Fig.7, while only one peak exists for the stratified flow in
Fig.8. For the slug flow, the highest PDF is obtained
when « is around zero, this means that the cross section
is occupied by the liquid phase for most time. Another
crest is are relatively smaller compared with the first one,
which corresponds to cases when middle part of the gas
slug pass through the cross section with a constant liquid
film. For the stratified flow, the gas phase exists along the
flow domain, resulting in the disappearance of the first
peak of PDF profiles. The shape of PDF is an efficient
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way to distinguish intermittent flows from separated
flows.

z
g
£
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Probability Density Functions (%)

Figure 8: PDF distributions for stratified flow (ug = 0.141 m /s)

4.2 Measurement accuracy evaluation
In order to evaluate the measurement accuracy of coaxial
line phase sensor, the classical void fraction predicted
correlation were selected to compare with the experiment
data.
Woldesemayata and Ghajar [14] had compared the 68
representative void fraction models in resent research of
two-phase flow, which are classified into homogeneous
flow slip ratio, drift flux, and General correlations
employed the available experimental data to validate and
evaluate these models. Armand—Massina [14] based on
homogeneous flow correlation is obtained by improving
on Armand correlation, which is:

a, =(a+bx)k,

1
1+ 1=x «Pa
X P (19)

Where, a4 is void fraction, x is gas quality factor, p,
and p; are the density of gas and liquid, respectively.
Kanizawa and Ribatski (2016)[15] developed the slip
ratio correlation as a function of the dryness fraction x,
Froude number of the mixture F,.,,, and the density ratio
of gas and liquid (pg/p,) based on minimum kinetic
energy, which is described as:

0368 m -
£=|1+41.021F 02| 4 [&j (1;")
" Hy P X

(18)
Kk =

&

-1

(20)
"™ (o -py)°9D 1)
G =ug +uy (22)
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Where G is Mass velocity, 4, and y; are dynamic
viscosity of gas and liquid, respectively. Rassame and
Hibiki (2018)[16] proposed a drift-flow correlation
method that was used to predict the void fraction of gas-
liquid two-phase flow in horizontal pipe due to its
simplicity and practicality.

Usg
a=——2
CoG+uy 23)
O.Sexp[o.Bls[W]”}{0.89)@[0.815 W]jl} % 0<(<jg‘>/<jv>)g0.9
c,- ]
(aoa() (1) -a08)-s0n( )1} 9) 2 oo<((i) (7))
(24)
o L)
<19> [Ap%o-j%
P (25)
Y )
() ]
A (26)

Hugq and Loth (1992)[17] derived an analytical formula
without empirical constants utilizing the methodology of
data fitting, which is defined as:
2(1-x)*

1—2x{1+ Ax(1- x)[pg—lﬂ |
P (27)

The agreement between measurement accuracy of
coaxial line phase sensor and the empirical model
available in above literatures compared by mean absolute
percentage error (MAPE), defined as,

a=1-

MAPE:iiwxloo%
N = <y9xp,i (28)
Where N, ycor; and Y.y, are the points of data,
correlate value, and measured value, respectively.
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Figure 9: Measurement accuracy of slug flow

The comparison between the experimental data measured
by coaxial line phase sensor and the void fraction drived
by literature correlations as shown in Fig. 9 and 10. The
MAPE of the selected correlations are 7.85%, 24.41%,
7.22%, and 15.44%, respectively. The results in Fig.9
indicated that the models with different theoretical
backgrounds have different prediction results for the void
fraction, and the drift flux model has the highest
prediction accuracy in slug regime. The MAPE of these
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correlations that predicted in stratified regime are 12.31%,
6.46%, 12.68%, and 2.95%, respectively, as shown in
Fig.10. The results show that the measured values of void
fraction under stratified flow conditions are in good

agreement for all selected models.
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Figure 10: Measurement accuracy of stratified flow

5. Conclusion

(1) A coaxial line phase sensor is designed based on
the electromagnetic wave propagation principle in this
paper, which has the advantages of wide range of
application, real-time, and simple structure.

(2) The time-domain and Probability Density
Functions (PDF) distribution show that the sensor can
reflects dynamic characteristics of void fraction
effectively.

(3) The measurement accuracy evaluated by four
empirical  correlations  with  different physical
backgrounds indicated that the sensor has well
measurement accuracy and not limited by the flow
regime.
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