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Abstract.  One of major errors in flow rate measurement for two-phase flow using an Electrical 
Capacitance Sensor (ECS) concerns sensor sensitivity under temperature raise. The thermal effect on 
electrical capacitance sensor (ECS) system for air–water two-phase flow monitoring include sensor 
sensitivity, capacitance measurements, capacitance change and node potential distribution is reported in this 
paper. The rules of 12-electrode sensor parameters such as capacitance, capacitance change, and change rate 
of capacitance and sensitivity map the basis of Air–water two-phase flow permittivity distribution and 
temperature raise are discussed by ANSYS and MATLAB, which are combined to simulate sensor 
characteristic. The cross-sectional void fraction as a function of temperature is determined from the scripting 
capabilities in ANSYS simulation. The results show that the temperature raise had a detrimental effect on the 
electrodes sensitivity and sensitive domain of electrodes. The FE results are in excellent agreement with an 
experimental result available in the literature, thus validating the accuracy and reliability of the proposed 
flow rate measurement system. 
 

Keywords:  electrical capacitance sensor (ECS); thermal effect; two-phase flow monitoring; finite element 

method 

 
 
1. Introduction 
 

The flow regimes and the void fraction are important parameters to describe two-phase flow, 

and measurement of two-phase flow parameters is becoming increasingly important in many 

industrial processes such as physical, chemical and petroleum industrial processes. On-line 

measurement of two-phase flow parameters not only helps analyze the effect of the flow pattern on 

phase fraction and flow rate measurement but also plays an important role in the safety of 

operation and the reliability of practical processes (Hetsroni 1982, Thorn, Johansen et al. 1997, 

Thorn, Johansen et al. 1999). 

In order to achieve even more voracious measurement information on two-phase pipe flow 

section, and carry out non-touch and non-disturbance collecting information, many novel sensor 
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techniques have been applied to the measurement of two-phase flow, such as radiation (Banerjee 

and Lahey 1981), laser (Kumar, Cook et al. 1995), nuclear magnetic resonance (NMR) (Lynch and 

Segal 1977) and ultrasonics (Couthard and Yan 1993).  

One kind of attractive technique to measure two-phase flow parameters is a method uses 

non-intrusive or sensors that are located on the periphery of objects, such as process vessels or 

pipelines, to reconstruct the spatial distribution of the interfaces among various phases, i.e. the 

dielectric constant (or relative permittivity) inside the sensor area and then form the cross-sectional 

image of the phase distributions of objects. 

The electrical Capacitance sensor (ECS) was first introduced in the 1980s by a group of 

researchers from the US Department of Energy Morgantown Energy Technology Center (METC), 

to measure fluidized bed system (Fasching and Smith 1988, Fasching and Smith 1991, Huang et al. 

1989). The technique have been developed rapidly during the past 10 years, and then they have 

become popular and gained importance to monitor industrial processes due to its low cost and its 

operability under harsh environmental conditions.  

The accurate of two-phase flow measurement technologies present practical challenges and 

continued progress is being made toward improving these technologies. Therefore, the area of ECS 

sensitivity improved to increase the accuracy of two-phase flow measurements has been an 

intensive research topic for several decades. 

The need for a more accurate measurement of ECS led to the study of the factors which have 

influence and effect on ECS sensitivity and sensitive domain of ECS electrodes. There are three 

factors have been studied and found which have effect on ECS measurements, e.g., pipeline 

material, inner dielectric permittivity (Jaworski and Bolton 2000, Pei and Wang 2009, Al-Tabey 

2010, Asencio, Bramer-Escamilla et al. 2015, Sardeshpande, Harinarayan et al. 2015, Mohamad, 

Rahim et al. 2016) and the ratio of pipeline thickness and diameter (Daoye, Bin et al. 2009, 

Altabey 2016). 

The objective of this paper is to study a new factor has a great influence and effect on ECS 

sensitivity and sensitive domain of ECS electrodes, in order to increase the accuracy of two-phase 

flow measurements. This factor is the temperature raise of fluid flow and pipe wall due to the hot 

weather in the several countries, and that causes the difference between the real void fraction and 

the measured one from ECS. The simulation results are obtained using ANSYS and MATLAB 

software. The results show the excellent agreement between FE results and experimental results 

available in the literature, thus validating the accuracy and reliability of the proposed study. 

 

 

2. Electrical capacitance sensor (ECS) 
 

ECS is one of the most mature and promising methods, which measures the capacitance change 

of multi-electrode sensor due to the change of dielectric permittivity being imaged, and then 

reconstructs the cross-section images using the measured raw data with a suitable algorithm. It has 

the characteristics such as low cost, fast response, non-intrusive method, broad application, safety 

(Yang et al. 1995a, b, Li and Huang 2000, Mohamad, Rahim et al. 2012 and Zhang, Wang et al. 

2014). Electrical capacitance system includes sensor, capacitance measuring circuit and imaging 

computer is shown in Fig. 1. And ECS consists of insulating pipe, measurement electrode, radial 

screen and earthed screen (Yang and York 1999). The measurement electrode is mounted 

symmetrically around the circumference of pipeline. Radial screen is fitted between the electrodes 

to cut the electroline external to the sensor pipeline and reduce the inter-electrode capacitance. The 
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earthed screen surrounds the measurement electrodes to shield external electromagnetic noise. 

ECS converts the permittivity of inner media flow to inter-electrode capacitance, which is the ECS 

forward problem. Capacitance measuring circuit takes the capacitance data and transfers to 

imaging computer. Imaging computer reconstructs the distribution image with a suitable algorithm, 

which is called ECS inverse problem. In most application, ECS electrode is mounted outside the 

pipeline which is called external electrode ECS (Yang 1997).   

 

2.1 The ECS geometrical model 
 

The model section comprises of an ECT sensor column with 0.1 m inner diameter and 0.3 m 

height. The ECT sensor is made up of Perspex material and having a ring of 12 electrodes (which 

are separated from each other by small gap) on its outer periphery. Fig. 2 shows the cross section 

of 12-electrode ECS system, in which R1 is inner pipe radius; R2 is outer pipe radius; R3 is earthed 

screen radius. 

 
 

 

Fig. 1 Sketch of ECS system 
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The ECS also includes radial guard electrodes to constrain the field lines from the excited 

electrode and reduce the dependence of spacing between the electrodes and the screen as shown in 

the Figure. The function of the sensor includes measuring the capacitance between all possible 

combination pairs of the electrodes and converting the measured capacitance values in to the 

voltage signals. The water is supplied from a pump inside the vertical Perspex pipe, and the 

compressed air is pumped through the pipe and enters the sensor from the bottom. The water also 

flows into bottom part of ECS and mixed with the compressed air to generate bubbles before 

entering the sensing section of the sensor. The different bubbles size and locations are modeled to 

simulate the effect of air–water two-phase flow. We will get the distribution of electric sensitive 

potential and media distribution on the sensitive field. The permittivity values of Perspex, water 

and air are 3.0, 80 and 1.0 respectively. There are 12 set excitation electrodes and the excitation 

voltage is 15 volts, the sensors physical specification are shown in Table 1.  

 

 

 

Fig. 2 Cross section sketch of 12-electrode ECS 

 

 

 
Table 1 Sensor physical specification 

ECS system Specification 

No. of electrodes  

Space between electrodes  

Inner/outer pipe diameter  

Earth Screen diameter  

Thickness of electrodes 

End guards 

Permittivity pipe wall/ Water/ Air 

Excitation voltage 

12 

2 mm 

94/100 mm 

110 mm 

1mm 

50 mm 

εr = 3/ εw = 80/ εA = 1.0 

φ = 15 Volts 
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2.2 The ECS composition and working principle 
 

For 12-electrode system, the electrodes are numbered as shown in the Fig. 3, are excited with 

an electric potential, one at a time in increasing order, when one electrode is excited, the other 

electrodes are kept at ground potential as shown in the Fig. 3 and act as detector electrodes. When 

electrode No. 1 is excited with a potential, the change 𝑄1,𝑗  is induced on the electrodes, 

𝑗 = 2, ⋯ ⋯ , 𝑁 can be measured. Next, electrode No. 2 is excited whereas, rest the electrodes are 

kept at ground potential, and the induced charges 𝑄23, 𝑄24, ⋯ , 𝑄2𝑁  (𝑁 = 12) are measured. The 

measurement protocol continues unit electrode 𝑁 − 1  is excited. Using these charge 

measurements, the inter electrode capacitance 𝐶𝑖𝑗  can be computed using the definition of 

capacitance in Eq. (1) 

𝐶𝑖𝑗 =
𝑄𝑖𝑗

∆𝑉𝑖𝑗
                                                                (1) 

Where 𝑄𝑖𝑗 is the charge induced on electrode j when electrode i is excited with a known 

potential. 𝑉𝑖𝑗 is the potential difference between electrodes i and j (∆𝑉𝑖𝑗 = 𝑉𝑖 − 𝑉𝑗). So the 

number of independent capacitance measurements 𝑀 = 66 using Eq. (2) is 

𝑀 =
𝑁(𝑁−1)

2
                                                           (2) 

It is important to note that these capacitances are dependent on the geometry of electrodes and 

the determined once size and location of the electrodes and the permittivity distribution 𝜀(𝑥, 𝑦) 

are known. A change in the permittivity distribution 𝜀(𝑥, 𝑦)  is naturally reflected in the 

capacitance measurements. The actual capacitance changes measured will be very small, in the 

order of Pico or Femto Farad(10−12F or 10−15F). Sequential electrodes are referred to as adjacent 

electrodes; have the largest standing capacitance, while diagonally or opposing electrodes will 

have the smallest capacitances. 

 

 
 

 

Fig. 3 Schematic representation of the measurement principle of an ECS 
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3. Finite element semulation model 
 

In terms of Electrical Capacitance sensor (ECS), the forward problem is the problem of 

calculating the capacitance matrix C from a given set of sensor design parameters and a given 

cross-sectional permittivity 𝜀. 

The forward model proposed for ECS (Xie, Huang et al. 1992) is based on finite element 

simulations. It is assumed that both the flow distribution and the electrical field during the 

measurement set are 2D and static. Changes in axial direction are neglected within the axial 

electrode length. Furthermore free charges in the flow are also neglected. Thus, the system obeys 

the following Poisson equation 

𝛻. 𝜀(𝑥, 𝑦)𝛻𝜑(𝑥, 𝑦) = 0                                                   (3) 

The 2D models considered in this study were constructed using commercially available finite 

element software, ANSYS (The Electrostatic Module in the Electromagnetic subsection of ANSYS 

(2014), Al-Tabey 2012). The problem space was divided into triangular elements. In a region of 

ideal dielectrics and space charges, the potential 𝜑(𝑥, 𝑦) inside the ECS is determined by solving 

the Poisson’s equation. For the boundary condition imposed on the ECS head by the measurement 

system, the potential 𝜑(𝑥, 𝑦) can be found. The electric field vector  𝐸(𝑥, 𝑦), the electric flux 

density D(x, y) and the potential function 𝜑(𝑥, 𝑦) are related as follows 

𝐸(𝑥, 𝑦) = −𝛻𝜑(𝑥, 𝑦)                                                             (4) 

𝐷 = 𝜀(𝑥, 𝑦)𝐸(𝑥, 𝑦)                                                              (5) 

The change on the electrodes, and hence the inter electrode capacitances for each electrode 

pairs that reward the value of the permittivity can be found by using the definition of the 

capacitance in Eq. (1), and substitute it in Gauss’s law based on the following surface integral 

𝑄𝑖𝑗 = ∮ (𝜀(𝑥, 𝑦)𝛻𝜑(𝑥, 𝑦). 𝑛̂)
𝑆𝑗

𝑑𝑠                                                 (6) 

Where: 𝜀(𝑥, 𝑦)  is permittivity, ∇.  is divergence operator, ∇  is gradient operator, 𝑆𝑗  is a 

surface enclosing electrode j, ds is an infinitesimal area on electrode j, 𝑛̂ is the unit vector 

normal to 𝑆𝑗 and ds is an infinitesimal area on it. 

 

3.1 The boundary conditions 
 

The potential boundary conditions were applied to the sensor-plate (electrodes). For one 

electrode, the boundary condition of electric potential (V=V0) with 15 V (V0) was applied and 

another electrode was kept at ground (V=0) potential to simulate a 15 V (RMS) potential gradient 

across the electrodes. For representing the natural propagation of electric field, the default 

boundary condition of continuity (𝑛̂. (𝐷1 − 𝐷2) = 0) was maintained for the internal boundaries. 

 

3.2 The field partition 
 

According to finite element analysis, we will carry out imaging of regional triangulation, it is 

necessary to divided pixel pipe into triangular finite element, because many pipes are round under 
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the circumstances of a smaller number of pixels, we can achieve higher accuracy to use the 

triangle mesh than rectangular grids, To improve the accuracy of mesh, we will take subdivision 

method two times imaging region is divided into 4388 Elements. To improve the accuracy of mesh, 

we divided the meshed region again into 8884 Elements; the map is as follows in Fig. 4. 

 

 

4. Results and discutions 
 

4.1 Air–water two-phase flow measurement ditection  
 

Some of dataset used in this presented model is adapted from the experimental work of Alme 

and Mylvaganam (2006). The approach taken by ANSYS 2D is to divide the different materials 

and geometries into triangular elements as shown in Fig. 4, and to represent the electric field (see 

Eq. (4)) within each element with a separate polynomial. The software only computes the potential 

and the electric field values at the element nodes and interpolate between these nodes to obtain the 

values for other points within the elements. 

The Air–Water two-phase flow measurements for the ANSYS 2D simulation, when electrode 7 

is excited, are illustrated in Fig. 5. Where five cylindrical bubble of air have a different in diameter, 

surrounded by water has the relative permittivity εw = 80, the first  bubble has 40 mm dia., is 

located at coordinates x = 0 mm and y = -17 at time 1 (Alme and Mylvaganam 2006), the second 

bubble has 42.5 mm dia., is located at x = -10 mm and y = -5 at time 2, the third bubble has 45mm 

dia., is located at x = 0 mm and y = 5 at time 3, the fourth bubble has 47.5mm dia., is located at x = 

5 mm and y = 5 at time 4 and final bubble has 50mm dia., is located at x = 0 mm and y = 0 at time 

5, respectively, with constant working conditions, water pressure (∆P = 10 MPa) and room 

temperature 25℃. And then the outer surface of the pipe wall temperature is increased to 60℃ 
and 

the inner surface of the pipe still at room temperature 25℃ , with heat convection coefficient 

between the pipe wall and water is ℎ =  10 𝑊/(𝑚2. ℃).  

 

 

 

Fig. 4 (8884) Element map of finite element mesh 
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Fig. 5 node potential equivalent of Air–Water two-phase flow measurements from ANSYS 2D model 
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Fig. 6 Comparison of simulated capacitances from 2D ANSYS model for Air–Water two-phase flow 

between the 2D ANSYS model and experimental model at room temperature and with thermal effect. 

 

 

Fig. 6 shows the comparison of 66 capacitance measurements (M) of Air–Water two-phase 

flow between the 2D ANSYS model and (Alme and Mylvaganam 2006) model at room 

temperature and with thermal effect. 

From these Fig. we can be seen the excellent agreement between the finite element and 

experimental data with an average error of 0.925%. The deviation between the experimental and 

finite element data is due to the fact that the 2D finite element simulations ignore the fringe-field 

effects at the outer edges of the electrodes. 

Fig. 7 shows the sensor sensitivity versus the bubble No., the sensor sensitivity is defined as 

𝑆𝑒𝑛𝑠𝑜𝑟 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦% =
𝐶ℎ−𝐶𝑙

𝐶𝑙
× 100                                                 (7) 

Where 𝐶ℎ  and 𝐶𝑙   are the capacitance measurements for high and low temperature cases 

respectively.  

The sensor sensitivity decreases with the increase in the pipe wall temperature as the sensor has 

a sensitivity ranging between 4.569 and 1.19% for temperature (T) ranging between 25 and 60 

℃ for selected sensor geometrical parameters. 

Using the exponential formula (8) to fit the sensor sensitivity have proved its suitability by 

giving acceptable values for the correlation factor (C.F) is 0.9398 are very near to unity.  

𝑆𝑒𝑛𝑠𝑜𝑟 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 % = 10.46 𝑒−0.03072 (𝑇)                              (8) 

From Fig. 7 and Eq. (8) we can be seen the detrimental effect of temperature raise of pipe wall 

on the sensor sensitivity. 
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Fig. 7 Capacitance sensor sensitivity versus Temperature (℃) 

 

 
(a) 

 
(b) 

Fig. 8 (a) The water distribution across pipe at room temperature and with thermal effect and (b) The Air 

distribution across pipe at room temperature and with thermal effect 
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4.2 Calculation of void fraction distributions 
 

Using the scripting capabilities in ANSYS simulation in Air–Water two-phase flow plotting by 

finite element analysis, we can be calculated the void fraction (𝑉𝑓%) at any time (t) at room 

temperature and with thermal effect by Eq. (9) 

(𝑉𝑓% =
the number of element of air 

total number of element
× 100)                                   (9) 

Figs. 8(a), 8(b), 9(a), 9(b) represent the water/Air distribution and the void fraction 

𝑉𝑓% distribution respectively at room temperature and with take the thermal effect.  

From Fig. 9(b) we can be observed that the error % of the void fraction (𝑉𝑓%) due to thermal 

effect decrease when the bubble size increases, this is due to the fact that the change in the 

dielectric properties between air-water two-phase flow. 

 

 

 
(a) 

 
(b) 

Fig. 9 (a) The void fraction 𝑉𝑓% distribution at room temperature and with thermal effect and (b) The Air 

void fraction distribution error due to thermal effect 
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5. Conclusions 
 

This paper study a new factor has a great influence and effect on ECS sensitivity and sensitive 

domain of ECS electrodes, in order to increase the accuracy of two-phase flow measurements. The 

effect of temperature raise (T) of pipe wall on ECS was simulated using the forward 2D ANSYS 

model and the capacitance variations due to percentage changes of two phases were measured, and 

in addition the void fraction (𝑉𝑓%) was estimated at both room temperature and with take the 

thermal effect and the error between them was calculated. The concluded points emerged in this 

work can be summarized as follows:  

1. The effect of the increase temperature of pipe wall is decrease of the maximum value of node 

potential of the electrodes and the capacitance values i.e., decrease the ability of the electrodes 

sensitivity and the sensitive domain of ECS electrodes.  

2. The error % of the void fraction (𝑉𝑓%) due to thermal effect were found to be depend on the 

bubble size, as the bubble size increases the value of void fraction (𝑉𝑓%) error % decrease         

(see Fig. 9), this is due to the fact that the change in the dielectric properties between air-water 

two-phase flow. 

3. The simulation results show a sensor sensitivity varied between 4.569 and 1.19% for 

temperature (T) ranging between 25 and 60℃ for selected sensor geometrical parameters. 

4.  The FE model results have been verified using an experimental result available in the 

literatures. A good agreement was observed with an experimental result with an average error 

of 0.925%, as shown in Fig. 6, thus validating the accuracy and reliability of the proposed 

study. 
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