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A B S T R A C T   

To apply electrical impedance tomography (EIT) for heterogeneous two-phase flow measurement, reference 
voltages have to be measured, which requires the entire pipeline filled with a homogeneous medium. Such 
process is often time-consuming, costly and infeasible in some cases. Reference voltages acquired initially could 
not be used later, because of electrical conductivity change of two-phase flow caused by temperature change or 
chemical reaction. It will be ideal if reference voltages could be extracted from measurement voltages. In this 
paper, a novel multiple measurements (MMs) method is proposed by data fitting and empirical formula to 
establish the mapping model from measurement voltages to reference voltages, and the effectiveness of the 
method is proved by the oil-water two-phase flow experiment. Compared with the measurement-scale feature 
(MSF) and best homogeneous (BH) methods, the proposed MMs method achieves 6.38% average relative error 
(RE) and 4.96% average volume fraction relative error (VFRE) in the test set. The work enables the accurate 
estimation of the reference voltage and thus the accurate measurement of the volume fraction of oil-water two- 
phase flows, which will broaden the application of EIT in the field of two-phase flow measurement.   

1. Introduction 

Two-phase flows, like oil-water flow and gas-water flow, are wide-
spread in industrial processes in the petroleum and chemical industries 
[1,2]. The complex interphase interface effect and relative motion in the 
two-phase flow process make two-phase flow a complex multivariable 
stochastic process and highly nonlinear dynamic system [3]. As the scale 
of industrial production increases, the requirements for the accurate 
measurement of the relevant flow parameters in two-phase flow are 
becoming increasingly high. The volume fraction (VF), as the most 
important parameter of two-phase flow, can be used to determine the 
density of the mixture and analyze characteristics of two-phase flow, etc. 
[4–6]. The commonly used methods for dispersed phase VF measure-
ment are quick-closing valves [7], wire mesh sensors [8], electrical 
sensors [9], ultrasound sensors [10], and so on. Among them, as a 
merging and promising technology, electrical impedance tomography 
(EIT) has been widely used in the field of two-phase flow due to its 
advantages of easy installation, visualization, high temporal resolution 
and non-invasiveness [11]. 

The conductivity distribution of oil-water two-phase flow can be 
reconstructed by solving the EIT inverse problem, then the Maxwell 

relationship is used to measure the volume fraction of oil in two-phase 
flow [12]. A priori information of the reference voltage has to be ob-
tained from homogeneous fluid in advance to reconstruct the conduc-
tivity distribution [13]. To obtain a stable reference voltage, the average 
value of multiple reference voltages is usually taken to reduce random 
errors. Besides, during the measurement process, it should be ensured 
that the fluid flow rate is as uniform and stable as possible. 

However, in industrial production, the measurement process of the 
reference voltage requires the entire pipeline to be filled with a homo-
geneous medium, which is a time-consuming and costly process, in some 
cases, unachievable. Besides, the contact resistance between the elec-
trodes and the pipeline could be altered by chemical corrosion [14]. 
External factors such as temperature could also affect the conductivity of 
homogeneous media. Therefore, accurately estimating and real-timely 
updating the reference voltages have attracted the research interest of 
scholars to increase the applicability of EIT for more chemical process 
monitoring. Best homogeneous (BH) approximation [15] method and 
measurement-scale feature (MSF) [14] method, which used five 
different operators, were proposed to estimate reference voltages. 
However, single mathematical operators do not fully extract the varia-
tion characteristics of the measurement voltages, resulting in an 
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inaccurate calculation of volume fraction. Besides, the BH and MSF 
estimation methods are less robust to external factors, such as temper-
ature and medium conductivity changes. 

To solve the problem, in this paper, a novel multiple measurements 
(MMs) method is proposed. The MMs method establishes a mapping of 
the heterogeneous measurement voltage to the homogenous reference 
voltage based on the empirical analysis of previously measured voltages 
versus reference voltages and volume fraction characteristics. The 
optimization and correction factors are two critical parameters for the 
MMs method and they are obtained through multiple linear fittings and 
the averaging of the fitting slopes, respectively. The authors believe that 
the minimum and average values of the measurement voltage have a 
strong influence on the estimation of the reference voltage, so the MMs 
method relies on the minimum and average values of the measurement 
voltage. By extracting homogenous reference voltages from heteroge-
neous measurement voltages and exploiting the Maxwell relationship, 
the volume fraction of the dispersed phase can be obtained. 

In the paper, 3D simulations were carried out to prove the feasibility 
and effectiveness of the EIT sensor to measure the volume fraction in oil- 
water two-phase flow. Then, oil-water two-phase flow experiments were 
also carried out to show the superiority of the proposed MMs method in 
estimating reference voltages and calculating the volume fraction of the 
dispersed phase, compared with the existing BH and MSF methods. The 
research helps to promote the application of EIT technology in the field 
of two-phase flow measurement. 

2. Methods 

2.1. Principle of volume fraction measurement by EIT 

For oil-water two-phase flow, the induced voltages across the elec-
trodes can be measured using by the EIT adjacent excitation pattern as 
well as the adjacent measurement pattern. In addition, the conductivity 
distribution of the mixture can be reconstructed by solving the EIT 
forward and inverse problems. The relationship between the volume 
fraction α of the dispersed phase and conductivity distribution is 
expressed as the following Maxwell equation, 

α=
2σCont + σDisp − 2σMix −

σMixσDisp
σCont

σMix −
σDisp
σCont

σMix + 2
(
σCont − σDisp

) (1)  

where σCont and σDisp are the conductivity of the continuous phase and 
dispersed phase respectively. σMix represents the mixture conductivity 
distribution. In this paper, when solving the EIT inverse problem, the 
domain is split into 316 pixels. Thus, α, σCont, σDisp and σMix are 1 × 316 
vectors. For the highly conductive oil-water two-phase flow, σDisp is 
about 0 S/m and Equation (1) can be simplified as follows, 

α 2 − 2 × σMix/σCont

2 + σMix/σCont
(2) 

σMix/σCont is the only variable in Equation (2) and it can be obtained 
by the EIT reconstruction algorithm. To eliminate the effects of the 
number of iterations and the regularization parameters on the recon-
struction results, a non-iterative algorithm-the modified sensitivity back 
projection (MSBP) algorithm was used in the paper and the definition is 
given by, 

σMix

σCont
≈

1
JT ⋅

(
UMea

/
URef

) (3)  

where J denotes the sensitivity matrix, also called the Jacobi matrix. 
UMea and URef represent the measurement voltages, and reference volt-
ages obtained from the homogenous medium. 

2.2. Multiple measurements (MMs) method 

The authors believe that the reference voltage is directly related to 
the measurement voltage. Additionally, data from actual two-phase 
flows were examined, and it was discovered that the smaller values of 
the measurement voltage have a larger impact on the outcomes of the 
conductivity reconstruction. Based on this phenomenon, the MMs 
approach was suggested. The mathematical expression of the method is 
as follows, 

UInit Est =UMin Meas +
(
UAvg Meas − UMin Meas

)
× θ (4)  

where UInit_Est is the initial estimated value of the reference voltages. 
UMin_Meas is the minimum value of a set of measurement voltages, and 
UAvg_Meas is the average value of a set of measurement voltages. When the 
voltage adjacent excitation and measurement modes are used, the 
number of measurement voltages is N × (N-3)/2, where N is the number 
of electrodes. In the paper, 16 electrodes are adopted. Therefore, UInit_Est, 
UMin_Meas and UAvg_Meas are the 1 × 104 vectors. θ is the optimization 
factor to make the distance between the estimated reference voltages 
and actual reference voltages as small as possible. To determine the 
value of θ, the mean square error (MSE) is adopted, 

LMSE =
1
N

∑N

i
(UAct − UInit Est)

2 (5)  

where UAct is the actual reference voltage and N is the number of volt-
ages, which is 104 in the paper. Therefore, θ can be obtained by math-
ematically Equation (6), 

θ= arg min
θ ‖UAct − UInit Est i‖

2

=
arg min

θ
∑N

i=1
(UActi − UInit Esti )

2
(6) 

The estimated reference voltage still has a large error with the actual 
reference voltage and to further improve the reference estimation ac-
curacy, the correction factor u is introduced, 

UEst − u × UInt Est (7)  

2.3. Best homogeneous (BH) approximation method 

The BH method aims to minimize the estimation error and has been 
widely used in EIT as the initial reference voltages [16]. The mathe-
matical expression is given by Equation (8), 

β=
∑nE

i=1

∑nE − 3

j=1

[
(UMea)i,j ⋅ (Uo)i,j

]
/

∑nE

i=1

∑nE − 3

j=1

[
(Uo)i,j

]2
(8)  

where Uo is the baseline voltages selected from one frame of the refer-
ence voltages. β is the gain factor. 

2.4. Measurement-scale feature (MSF) method 

The MSF method extracts the characteristics of the measured volt-
ages and the reference voltages using different mathematical operators, 
thus to estimate the reference voltages. The definitions of the operators 
are as follows, 

MSF 1: Arithmetic Mean 

mean(U)=
1

nE(nE − 3)
∑nE

i=1

∑(nE − 3)

j=1
Ui,j (9) 

MSF 2: Range 

range(U)=max(U) − min(U) (10) 

MSF 3: Midrange 
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midrange(U)=
1
2
(max(U)+min(U)) (11) 

MSF 4: Electrode-Based Average Range 

average(U)=
1
nE

∑nE

i=1

(max
{

UnE ,1,UnE ,2,...,UnE ,(nE − 3)

}

− min
{

UnE ,1,UnE ,2,...,UnE ,(nE − 3)

}

)

(12) 

MSF 5: Electrode-Based Average Midrange. 
The relationship between estimation reference voltages and mea-

surement voltages is described as, 

UEst =Uo⋅
f (Umeas)

f (Uo)
(14)  

where f (⋅) is the above feature operator. 
The comparison of the key steps between existing methods and the 

proposed MMs method is shown in Fig. 1. The main benefit of the MMs 
method over BH and MSF methods is after the model is established, the 
MMs method does not require baseline voltage measurement, and the 
reference voltage can be extracted only using the model. 

2.5. Evaluation indicators 

To quantitatively assess the accuracy of the estimated reference 
voltage and the results of the volume fraction measurements, this paper 
uses relative error (RE) and volume fraction (VFRE), respectively, which 
are defined as follows. 

RE =
‖UEst − UAct‖

‖UAct‖
(15)  

3. Simulation 

To demonstrate the accuracy of volume fraction measurement by the 
EIT, 3D oil-water two-phase flow simulations are carried out with the 
finite element method (FEM) using MATLAB and COMSOL Multiphysics 
joint simulation. To better reflect the differential conductivity of oil and 
water, the conductivity of oil and water is set to 0.1 S/m and 100 S/m 
respectively. To make the simulation results closer to the actual data, a 
Gaussian noise of 50 db signal-to-noise ratio (SNR) is added to the ob-
tained measurement and reference voltages. 

To speed up the 3D simulation with limited hardware resources, the 
pipe radius was reduced tenfold, from 50.8 mm to 5.08 mm. The height 
of the pipe model is set to 12 mm. Different number and size of oil 

droplets are randomly distributed in the pipeline. The mean value of the 
radius of the oil droplets increases linearly from 0.24 mm to 0.4 mm and 
obeys the normal distribution with a variance of 0.04 mm [17,18]. 
Seven cases with different volume fractions, from 0.10% to 9.48%, are 
shown in Fig. 2. Higher oil volume fraction results in a bigger droplet 
size of the oil, so as volume fraction increases, the number and radius of 
oil droplets in the simulation increase. Both very fine dispersed 
oil-in-water and dispersed flow patterns are simulated to match the flow 
patterns in the NEL experiment. Besides, the scheme of 
physics-controlled triangular normal mesh is adopted and the mesh in-
formation of different cases is also shown in Fig. 2. The higher the 
number of oil droplets, the more domain elements, boundary elements 
and edge elements. The 3D simulation is more realistic due to the 
additional dimensional information in the vertical direction of the 
pipeline, and thus better reflects the EIT measurement of the volume 
fraction. The real volume fractions for 3D simulations are the percentage 
of the total volume of the oil droplets in the cylinder. As can be seen from 
the results of the 3D simulation in Fig. 3, the absolute error between the 
EIT-measured volume fraction and the real volume fraction is within the 
range of 1%. Some factors such as contact resistance between electrode 
and pipeline, and bubble overlap phenomenon are not considered in the 
3D simulation, so the calculated volume fraction error is small. In the 
practical NEL oil-water two-phase flow, the absolute error measured by 
EIT is within ±5% [17]. 

In a summary, 3D simulations have demonstrated that the EIT sensor 
can accurately measure the dispersed phase volume fraction in oil-water 
two-phase flows. 

4. Experiment 

4.1. Experiment setup 

Oil-water two-phase flow experiments were carried out in the TUV 
SUD national engineering laboratory (NEL) multiphase flow facility. The 
detailed experiment campaign was introduced in Ref. [19]. EIT sensor 
and NEL facility are shown in Fig. 4. A dual layers EIT sensor with a 50 
mm vertical distance was used to collect the measurement and reference 
voltages along a 4-inch pipe. Some cases with different water and oil 
volume flow rate are shown in Table 1. According to Ref. [20] and the 
fluid volume flow rates listed in Table 1, very fine dispersed oil-in-water 
flow and dispersed oil-in-water flow patterns were presented in the 
experiment. 

4.2. Factor determination 

The optimization factor θ can be decided by Equation (6) and the 
values are listed in Table 2 for different volume fractions. When the 
volume fraction is 0 and θ is 1, the average of multiple measurements is 
exactly the reference voltage. 

Through data analysis, when the volume fraction is 10%, 20%, and 
30%, the corresponding θ is approximately linear, and the value of θ at 
40% is estimated accordingly. In addition, reconsider the case when the 
volume fraction is 0, and re-fit the data to obtain the optimized θ. The 
optimization process is shown in Fig. 5 and the optimized θ is selected as 
0.2734. Then the value of u should be determined. 

The initial estimation reference voltage is obtained according to 
Equation (4) when the optimized θ is used. In addition, the estimated 
reference voltage is fitted linearly to the actual reference voltage at the 
corresponding volume fraction to obtain the corresponding fitted curve. 
The three cases are shown in Fig. 6. The estimated reference voltage has 
a good linear relationship with the actual voltage. At the same total flow 
rate, with the increase of dispersed phase volume fraction, the slope of 
actual reference voltages and estimated reference voltages decreases. 
Fig. 6 is mainly used to demonstrate that the actual reference voltage has 
a good linear relationship with the estimated reference voltage. 
Furthermore, the fitting results for different flow rates as well as Fig. 1. Comparison with existing methods.  
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different volume fractions are shown in Table 3. The slope of the curve at 
40% was obtained by fitting. All the slopes at different volume fractions 
are averaged to obtain the value of the optimized correction factor. After 
optimizing, the value of correction factor u is set to 0.7813. Therefore, 
the final expression of the MMs method for oil-water two-phase flow is 
given by Equation (17). 

The paper first fits the raw data with dispersed volume fraction in-
formation to obtain the value of the correction factor and optimization 
factor. Then the data not involved in the fitting process are used to 
analyze the estimation performance. It should be mentioned that for 
different two-phase flow data, the values of the correction factor and 
optimization factor could be adjusted to improve the reference voltage 
estimation accuracy. The above operations need to be performed on the 
new data to obtain the new correlation coefficients. 

4.3. Experiment results 

In the paper, three cases, a total of 1236 data from different volume 
fractions and flow rates, are selected for testing the estimation perfor-
mance under different methods. The reference estimation results are 
shown in Fig. 7. ARV means the results are reconstructed by the actual 

reference voltages. It can be seen from the figure that the MMs method 
outperforms BH and MSF methods in evaluation indicator RE. In addi-
tion, qualitative analysis shows that the reconstructed conductivity 
distribution using the reference voltages estimated by the MMs method 
matches those reconstructed by the actual reference voltages. The red 

Fig. 2. 3D oil-water two-phase flow simulations. (a) 0.10% VF, (b) 0.38% VF, (c) 0.96% VF, (d) 1.97% VF, (e) 3.61% VF, (f) 6.07% VF, (g) 9.48% VF. 

avemidrange(U)=
1

2nE

∑nE

i=1

(max
{

UnE ,1,UnE ,2,...,UnE ,(nE − 3)

}

− min
{

UnE ,1,UnE ,2,...,UnE ,(nE − 3)

}

)

(13)    

Fig. 3. VF measured by EIT with respect to the real VF in 3D simulation.  

Fig. 4. EIT test section in the NEL multiphase flow facility.  
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color bar corresponds to the high conductivity phase (continuous phase 
air) and the blue color to the low conductivity phase (dispersed phase 
oil). It should be mentioned that the MMs method usually takes a certain 
number of measured voltages to estimate the reference voltage and in 
the paper, the data from the 200th frame to the 300th frame are selected. 

In terms of the entire test set, the MMs method also produces the 
most accurate estimate of the reference voltage with 6.38% RE as shown 
in Fig. 8. For the BH and MSF methods, the RE indicator is greater than 
40% on the test set. The MMs method can better extract the voltage 
characteristic information of the measured voltage in the measured two- 
phase flow, such as the minimum and average values of the multi-frame 
measured voltage, and thus perform better than the BH and MSF 
methods in estimating the reference voltage. 

After getting the reference voltages, the volume fraction can be 

calculated by Equation (2) and the results are listed in Table 4. Due to 
the inaccuracy estimation of reference voltages by BH and MSF methods, 
they failed to get volume fraction. As a comparison, the MMs method 
works and the measured volume fraction is reasonable compared with 
the volume fraction calculated by the actual reference voltages. Accu-
rate reference voltage estimation leads to accurate volume fraction 

Table 1 
Some cases with different water and oil volume flow rate.  

Total volume flow rate 
(m3/h) 

Water volume flow rate 
(m3/h) 

Oil volume flow rate 
(m3/h) 

30 30 0 
30 27 3 
30 24 6 
30 21 9 
60 60 0 
60 54 6 
60 48 12 
60 42 18 
90 90 0 
90 81 9 
90 72 18 
90 63 27  

Table 2 
Average optimal θ for different oil volume fraction cases. 

VFRE=
‖αEst − αAct‖

‖αAct‖
(16)   

Volume fraction provided by NEL Average optimal θ 

0.0% 1.0000 
10.00% 0.3018 
20.00% 0.1524 
30.00% 0.0270  

Fig. 5. Determination process of optimization factor θ.  

Fig. 6. Diagrams of points and fitting lines for oil-water two-phase flow with 
60 m3/h total volume flow rate. (a) 10% VF, (b) 20% VF, (c) 30% VF. 
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measurements. The VFRE results are listed in Table 5 and the MMs 
method can achieve an average of 4.96% VFRE. The VFRE metric in-
dicates that the MMs method is effective in measuring oil volume frac-
tion in oil-water two-phase flow. 

5. Discussion 

To extract homogenous reference voltages from heterogeneous 
measurement voltages, in the paper, a novel EIT reference voltage 
estimation method is proposed. The method is compared with the five 
MSFs and best homogeneous approximation methods, and has shown 
the best reference estimation performance in the oil-water two-phase 
flow dataset. The paper verifies the effectiveness and feasibility of the 
proposed MMs method for the oil-water two-phase flow experiments, 
which broadens the application of EIT in the industrial field. Besides, 
this paper is the extended work of the [14] and dynamic data are 
adopted to evaluate the effectiveness of the measurement-scale feature 
method. The paper also shows that five MSFs do not perform well in the 
NEL oil-water two-phase flow experiment. 

The reasons for the effectiveness of the proposed MMs method are as 
follows. From a mathematical point of view, the model built by multiple 
linear fittings fully extracts the characteristics between the measure-
ment voltage and the reference voltage, thereby achieving excellent 
estimation performances. From a physical point of view, the minimum 
and average values of multiple measurement voltages are closely related 
to the reference voltage. For example, the minimum value of the 

measurement voltage is close to the minimum value of the reference 
voltage. When the volume fraction is 0, the average value of the mea-
surement voltage can be regarded as the reference voltage. The MMs 
method makes full use of the above information, so it is better than the 
BH and MSF methods in estimating the reference voltage. 

For the advantage of the MMs method, after the mapping is estab-
lished, unlike MSFs and BH methods, the MMs method does not rely on 
the baseline voltages and only adopts the measurement voltages to 
predict the reference voltages. For the disadvantage of the MMs method, 
because the method makes use of the fluctuation of the measurement 
voltages to estimate the reference voltages, the method shows poor 
estimation performance in static experiments, such as water tank ex-
periments. To improve the estimation performance, the machining 
learning method is a suitable way. 

This study updates the reference voltage of EIT in industrial two- 
phase flow in real-time through multi-frame measurement voltage, so 
as to monitor the dispersed phase volume fraction more accurately and 
improve industrial production efficiency. For future work, more 

Table 3 
Fitting lines for some representative oil-water cases.  

Total flow rate (m3/h) Reference volume fraction Fitting lines 

30 0.0% y ≈ x 
10.0% y = 0.9032x+0.0092 
20.0% y = 0.8191x+0.0097 
30.0% y = 0.7606x+0.0027 
40.0% y ≈ 0.6706x 

60 0.0% y ≈ x 
10.0% y = 0.8891x+0.0110 
20.0% y = 0.7672x+0.0120 
30.0% y = 0.6398x+0.0136 
40.0% y ≈ 0.5234x 

90 0.0% y ≈ x 
10.0% y = 0.8755x+0.0123 
20.0% y = 0.7523x+0.0138 
30.0% y = 0.6214 + 0.0160 
40.0% y ≈ 0.4975x  

Fig. 7. Three cases of reconstruction results under different methods.  

Fig. 8. Average RE in test set by different methods. 

UEst = 0.7813 ×
[
UMin Meas +

(
UAvg Meas − UMin Meas

)
× 0.2734

]
(17)    
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dynamic experiments, such as air-water two-phase flow experiments 
and oil-water two-phase flow experiments in the different facilities 
would be carried out to assess the generativity of the MMs method. 

6. Conclusions 

The paper focuses on extracting EIT reference voltages using the 
proposed multiple measurements method to measure the volume frac-
tion of dispersed phases in oil-water two-phase flows. The principle of 
EIT volume fraction measurement is introduced, and the accuracy of EIT 
is verified by 3D simulation. Compared with the real volume fraction, 
EIT measurement can reach an absolute error of 1% in simulation. Oil- 
water two-phase flow experiment is executed in the NEL facility and 
the reference voltages are estimated by different methods. Compared 
with the existing Best homogenous approximation method and 
Measurement-scale feature method, the proposed multiple measure-
ments method outperforms not only in relative error but also in recon-
structed conductivity distribution. The proposed new method can 
achieve 6.38% relative error and 4.96% volume fraction relative error. 
The work broadens the application of EIT volume fraction measurement 
in oil-water two-phase flow. 
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Table 4 
Volume fraction calculated by different methods.  

Oil volume 
flow rate 
(m3/h) 

Water volume 
flow rate 
(m3/h) 

VF calculated by 
actual reference 
voltages 

VF 
calculated by 
BH 

VF calculated 
by MSF1 

VF calculated 
by MSF2 

VF calculated 
by MSF3 

VF calculated 
by MSF4 

VF calculated 
by MSF5 

VF calculated 
by MMs 

18 72 18.60% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 19.45% 
7.5 22.5 22.83% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 24.85% 
9 21 29.56% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 29.15%  

Table 5 
Volume fraction relative error calculated by different methods.  

Oil volume 
flow rate 
(m3/h) 

Water 
volume flow 
rate (m3/h) 

VF calculated by 
actual reference 
voltages 

VFRE 
calculated by 
BH 

VFRE 
calculated by 
MSF1 

VFRE 
calculated by 
MSF2 

VFRE 
calculated by 
MSF3 

VFRE 
calculated by 
MSF4 

VFRE 
calculated by 
MSF5 

VFRE 
calculated by 
MMs 

18 72 18.60% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 4.57% 
7.5 22.5 22.83% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 8.85% 
9 21 29.56% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 1.39%  
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