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Abstract 

The Wire Mesh Sensor (WMS) is a tomography-based sensor that generates an image of the free space 

distribution in multiphase flow. The resulting distribution image can be the capacitance distribution 

pattern is detected by the electrode, which is dependent on the fluid parameters. Based on the concepts, the 

system may be an alternative option for the early detection of waterways. The goal of this study is to 

evaluate the performance of the WMS system in an industrial exhaust pipe. The ability of the system to 

identify fluids is determined using the capacitance distribution analysis from the WMS measurement. An 

exhaust pipe is modeled as a cylinder phantom and simulated to visualize the capacitance distribution. The 

WMS technique is used on a phantom made up of a homogeneous and inhomogeneous medium with 

changing fluid differences. The capacitance distribution of each fluid in the phantom is different. It is 

caused by differences in the relative permittivity of each fluid. The performance of the WMS system is 

evaluated by looking at the capacitance distribution changed as the geometry of the fluid volume varied. 

Based on the results, the WMS system is shown to be capable of easily distinguishing variations in fluid 

volume percentage. 
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1. Introduction 

The significant increase in waste production can 

be caused by several factors, including rapid 

population growth, industrial development, 

urbanization expansion, and consumerism[1]. 

Industrial waste is one of the causes of increased 

environmental pollution. The waste comes from 

various industrial activities, including materials that 

are not useful during the manufacturing process such 

as the food and chemical industry, factories, and 

mining operations. Environmental pollution by the 

industrial revolution is a major problem facing the 

world today. Most of the industrial wastes without 

proper treatment cause severe health impacts through 

the air, water, and soil pollution[2]. Various kinds of 

industrial waste are exploiting aquatic life. Effects of 

water pollution caused by industry are very harmful to 

the organism, which may cause severe kinds of 

diseases[3]. 

Currently, wastewater is diverted from houses 

into waterways via gutters and canals, eventually 

ending up in rivers, streams, lakes, and oceans that 

people use[4]. Based on waste management, one of the 

efforts that can be performed to prevent hazardous 
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waste pollution is through early detection of 

waterways connected to industrial waste disposal[5]. 

The goal of waterways detection is to avoid 

environmental degradation by safely disposing of 

industrial wastewater created during water 

consumption[6]. Imaging technology is one of the 

technologies being researched to monitor water 

quality[7]. An alternative imaging technology that is 

intrusive using a wire-mesh system is being developed. 

This system is capable of detecting the type of fluid or 

anomaly that flows through it and displaying it as an 

image[8].  

Wire mesh sensor (WMS) is a sensor that is used 

to obtain an image of the distribution of free space [9] 

in a multiphase flow[10]. Multiphase refers to a 

mixture of two or more physically dissimilar 

fluids[11]. WMS works by measuring the electrical 

characteristics of the fluid, such as conductivity and 

permittivity (or dielectric constant). The electrical 

characteristics can be used to generate the flow's 

derived parameters[12]. Basically, the principal of the 

system is sensor-based flow tomography[13]. The 

system can be described as a hybrid solution between 

invasive local measurement of phase fraction[14] and 

tomographic cross-sectional imaging[15]. Moreover,  

the forward model of measurement using WMS in the 

form of capacitance distribution, has been proven to 

be useful in analyzing the fluid height in a pipe and 

represents electrical characteristics of the fluid in the 

pipe [16]. This is consistent with the concept of 

capacitance (C), which is directly proportional to 

relative permittivity (k) and is written in Eq.1.  

𝐶 =
𝑘𝜀0𝐴

𝑑
                                (1) 

where A was wire surface area and d was distance 

between electrodes. 

The WMS sensor consists of two parts, namely 

the transmitter and the receiver. The transmitter wire 

is 90° apart from the receiver wire. The transmitter and 

receiver are separated axially by a specified amount of 

space. one of the transmitter’sactive electrodes is 

exposed to an electrical signal. Thisis not delivered 

directly to the receiver layer due to the distance 

between the layers in the first measurement.  The 

other transmitter electrodes are linked to the ground 

and serve as a passive electrode. Each receiver 

receives the electrical signal, which is analyzed 

throughout the picture reconstruction process[17]. 

The WMS system has been successfully 

implemented in various of detection systems, such as 

the detection system for a mixture of oil and water in 

an offshore oil refinery pipeline[18] and the solar 

thermal detection system in steam power plants[19]. It 

is required to assess the condition of the multiphase 

fluid using capacitance distribution analysis, based on 

the results of previous studies.  

In this study, an analysis of the capacitance 

distribution for variations in fluid conditions was 

performed to assess the performance of the wire mesh 

sensor system. The fluid volume in the geometry of 

the exhaust pipe phantom was studied at various 

geometries. The software was used in this study to 

model and simulate a WMS 16×16 system in an 

exhaust pipe from the industry. However, the analysis 

of the detected fluid type and its application are still 

limited in this early stage of development.  

 

2. Methods 

2.1 Modeling 

The modeling stage consists of the the geometrie 

manufactures and the physics parameters 

determination of geometric designs. In this study, the 

geometries were the phantom geometry of an exhaust 

pipe, the WMS geometry, and the fluid volume 

geometry. 

 

(a) 

 
(b) 

Figure 1 WMS geometry in-cylinder phantom 

geometry with (a) air and (b) liquid medium 
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The manufacture of an exhaust pipe and WMS 

geometry was shown in Figure 1. A cylinder 

representing the exhaust pipe has an outer diameter of 

14 cm, an inner diameter of 13 cm, and a length of 15 

cm. The WMS geometry was designed with 16×16 

electrodes. The sensor geometry was formed from two 

parts, namely the transmitter and the receiver were 

placed crosswise and separated by a small gap. For 

each wire was given a diameter of 0.3 cm and a length 

of 15 cm. Cylindrical phantom geometry models 

containing  air medium  and  liquid medium are 

shown in Figure 1a and 1b, respectively. 

To assess the performance of the WMS system, 

the capacitance distribution was measured with 

varying different fluid materials and volume ratios in 

the geometry of the exhaust pipe phantom. The single-

phase and multiphase conditions were used to analyze 

the data for this study. In this study, the condition of 

two types of fluids flowing in separate phases was 

referred to as a multiphase condition. Several fluid 

combinations were evaluated in multiphase conditions, 

such as water-air, water-oil, and oil-air. A volume 

ratio analysis was also performed for each 

combination, such as 1:3, 1:1, and 3:1. 

   

2.2 Simulation 

After obtaining the geometry of the phantom and 

the system, the simulation stage of geometric design 

was done by the  simulated  electrostatics in 3-

dimension to obtain the distribution of the phase 

fraction in the form of capacitance distribution in the 

exhaust pipe of the industry using the WMS system. 

The capacitance distribution obtained was used to 

produce a visualization of the fluid behavior in the 

industry exhaust pipe. 

The simulation parameters are listed in Table 1. 

The subdomain and boundary of geometry, geometry 

meshing, and physical solver were chosen to imitate 

the original condition. 

Table 1 Simulation parameter 

Parameter Set 

Dimension 3D 

Subdomain 1. Phantom (PVC) 

2. WMS (Copper) 

3. Fluid (Air; Water; Oil) 

Boundary Terminal 

1. Wire 1-16 (Tx 1-16) 

2. Wire 17-32 (Rx 1-16) 

Geometry Meshing Normal 

Physical Solver Electronics (Ec) 

Physical Study Stationary 

Gridding Voxels 32×32×32 (Scale: mm) 

Variation Condition 

(Fluid Volume 

Ratio) 

1. Water-Air (1:3; 1:1; 3:1) 

2. Water-Oil (1:3; 1:1; 3:1) 

3. Oil-Air (1:3; 1:1; 3:1) 

  

The setting of the subdomain stage provides the 

type of material and physical parameters. In this 

simulation, the cylindrical phantom was PVC pipe and 

the outside of the phantom was an air chamber. 

Copper wire was used for the electrodes. The relative 

permittivity of the materials can be seen in Table 2. 

Table 2 Physical parameter 

Material Relative Permittivity 

PVC 2.9 

Air 1 

Water 80 

Oil 4 

Copper 1 apakah betul nilainya? 

 

To set the WMS electrode boundary, the stage of 

boundary setting was performed. At this stage, each 

wire was defined as a terminal. The injection of 

voltage through the terminals on the transmitter part 

(Tx) and the capacitance were measured from the 

terminals on the receiver part (Rx) as shown in Figure 

2. At the measurement process, one of the transmitter 

terminals acts as a 5 V voltage source and the other of 

the transmitter terminals act as ground. 

 

Figure 2 Boundary setting of WMS system 
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To obtain accurate data, the setting of the 

meshing parameter was performed. The measurement 

of the WMS system with 16×16 electrodes produced 

256 data. Every measurement data was the result of 

normal meshing as shown in Figure 3. 

 

Figure 3 Normal meshing of measurement data 

The last simulation stage was to set the physical 

solvers. In this stage, the parameters were related to 

the physics concept and physical study method. This 

study aimed to obtain the capacitance distribution, so 

the electrostatics  was set as a physical solver 

parameter and the capacitance was analyzed in 

stationary mode of study method parameter.  

The capacitances were obtained by gridding of 

voxels method in 3-dimensional with 32×32×32 

voxels as a cubic volumetric display. The capacitance 

values of each mesh point  at x, y, and z axes were 

defined as Cx, Cy, and Cz The formula used to compute 

the capacitance (C) is presented in Eq. 2. 

𝐶 = √𝐶𝑥
2 + 𝐶𝑦

2 + 𝐶𝑧
2                      (2) 

The data iteration stage was performed to obtain 

the capacitance from every receiver for each 

measurement. In this study, the WMS system had 16 

transmitter electrodes, so the measurements were 

repeated 16 times for each transmitter terminal 

looping. 

The data visualization was performed in the last 

stage to obtain the capacitance distribution of the 

exhaust pipe geometry. The capacitance data  

obtained by a receiver terminal was measured at the 

intersection point between the receiver terminal and 

the voltage-injected transmitter terminal. At this stage, 

each capacitance data was put into a 2-dimensional 

array according to the position of the intersection 

point..  

 

3. Results 

3.1. Capacitance Distribution in Homogeneous 

Medium 

The capacitance distribution generated by the 

WMS system on exhaust pipe geometry is conducted 

in a homogeneous medium. This study is aimed to 

obtain the performance of the WMS system for 

detecting single-phase fluids in simulated pipe. The 

single-phase fluids used in this study is air, water, and 

oil. The given fluid volume is 1,990.98 cm3
.   

From the simulation result, the capacitance data 

were acquired and processed to visualize cross-

sectional single-phase fluids. The average capacitance 

value  are 12.8 pF 735 pF, and  40.4 pF for air, 

water, and oil, respectively. The largest average 

capacitance value was got from the measurements on 

the water fluid while the smallest average capacitance 

value was got from the measurements on the air-fluid. 

It was obtained that the capacitance depends on the 

relative permittivity of the fluid. 

 
(a) 

 
(b) 

 
(c) 

Figure 4 Capacitance distribution in a homogeneous 

medium for (a) air, (b) water, and (c) oil 
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Figure 4a depicts the cross-sectional image of 

the measurement points generated from the WMS 

system on the air-filled exhaust pipe. The yellow color 

that has been generated from the image reconstruction 

shows the capacitance distribution of air-fluid. The 

darker circle was created using intersection points of 

the pipe shell. The pipe material has a varied relative 

permittivity, as was previously recognized. It led to a 

color gradient in the image. 

The cross-sectional image of the capacitance 

distribution created by the WMS system on the water-

filled exhaust pipe is shown in Figure 4b. The color 

gradient in the capacitance distribution image is more 

contrast. The capacitance distribution of water-fluid 

was depicts by the blue pattern created by the image 

reconstruction. The yellow color on the corner is the 

result of measuring the capacitance of the crossing 

point of the pipe on the exterior.  

Figure 4c depicts a cross-sectional view of the 

capacitance distribution formed by the WMS system 

on an oil-filled exhaust pipe. The result of image 

reconstruction on oil fluid was nearly identical to the 

image reconstruction on air fluid. The capacitance 

distribution of the oil was depicts in dark yellow. The 

color was nearly identical to the color obtained at the 

measurement point of the pipe shell. 

 

3.2 Water and Air Multiphase Detection 

A simulation of the WMS system in pipes filled 

with water and air was carried out to determine the 

performance of the WMS system in detecting 

multiphase fluids in industrial exhaust pipes.  

Figure 5 depicts a cross-sectional view of the 

capacitance distribution for each volume ratio. The 

color gradient of the image depicts the distinction 

between two different fluids in the pipe. The 

capacitance distribution of water fluid is shown in blue, 

whereas the capacitance distribution of air-fluid is 

shown in yellow. In this simulation, the color created 

by image reconstruction is the same as in homogenous 

medium.  

The capacitance distribution of air-fluid is more 

dominant than that of water-fluid, as shown in Figure 

5a. The dominant yellow area in compared to the blue 

color showed it. It is matched with the fluid volume 

ratio used in the simulation perfectly. When the fluid 

volume ratio is1:1, the yellow and blue patterns in 

Figure 5b has the same area. When the volume of 

water  exceeds the volume of air (75 % percent of the 

volume of pipe), the blue area is more dominant than 

the yellow area, as shown in Figure 5c. 

 
(a) 

 
(b) 

 
(c) 

Figure 5 Capacitance distribution in the multiphase flow of 

water and air for volume ratio are (a) 1:3, (b) 1:1, and (c) 3:1. 

Based on the results, the 16×16 WMS system is 

shown to be capable of appropriately detecting 

multiphase liquid in the exhaust pipe and displaying 

images based on the given volume ratio. 

 

3.3 Water-Oil and Oil-Air Multiphase Detection 

In addition to study water-air multiphase 

variations, a study was also aimed at water-oil and oil-

air multiphase variations. For each volume ratio of 

water-oil, Figure 6 shows a cross-sectional view of the 

capacitance distribution. The color gradient of the 

image represented the separation of two different 

fluids in the pipe. Water-fluid capacitance distribution 

is represented in blue, whereas oil-fluid capacitance 

distribution is represented in dark yellow. The color 

obtained by picture reconstruction in this simulation is 

the same as in the single-phase study. 



Andiani et al. / Journal of Measurement, Electronics and Communication Systems 

19 

0000-0000/00$00 © 2021 JMECS 

 
(a) 

 
(b) 

 
(c) 

Figure 6 Capacitance distribution in the multiphase flow of 

water and oil for volume ratio are (a) 1:3, (b) 1:1, 

and (c) 3:1 

The capacitance distribution measured by the 

WMS system  accurately depicts variations in the 

water-oil volume ratio. When the volume of oil is 

more than the volume of water, the resultant 

capacitance is distributed as shown in Figure 6a. The 

capacitance distribution is shown in Figure 6b when a 

comparable volume ratio of oil and water was used. 

Figure 6c depicts the capacitance distribution that was 

created when the water volume ratio was greater than 

the oil volume ratio.  

The color gradient in Figure 7 reflects the 

separation of two separate fluids in the pipe, much like 

in case of water-air detection. The distribution of air-

fluid capacitance is shown in light yellow, whereas the 

distribution of oil-fluid capacitance as shown in dark 

yellow. In this simulation, the color acquired by image 

reconstruction is the same as in the single-phase study. 

 
(a) 

 
(b) 

 
(c) 

Figure 7 Capacitance distribution in the multiphase flow of 

oil and air for volume ratio are (a) 1:3, (b) 1:1, and 

(c) 3:1 

 

4. Conclusions 

In this study, the WMS technique was used on a 

phantom made up of a homogeneous and 

inhomogeneous medium with changing fluid 

differences. The capacitance distribution of each fluid 

in the phantom was different due to the differences in 

the relative permittivity of each fluid. The 16×16 

WMS system was determined to be capable of 

correctly detecting single-phase fluid in the exhaust 

pipe. The relative permittivity of the fluid was found 

to affect the capacitance distribution imaged by the 

measurement device. The designed WMS system also 

could distinguish two fluids with almost identical 

relative permittivity. Furthermore, the system could 

appropriately show the capacitance distribution, 

which depicts the oil-air fluid volume ratio in the pipe. 

The performance of the WMS system was evaluated 

by looking at the capacitance distribution changed as 

the geometry of various fluid volumes. The WMS 
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system was shown to be capable of easily 

distinguishing variations in fluid volume percentage 

The image quality generated from the capacitance 

measurement using the WMS 16×16 system was able 

to show volume ratio variations of single and 

multiphase fluids. A 16×16 WMS system will be able 

to detect multiphase fluids in industrial exhaust pipes 

in the future hardware development of wire mesh 

sensor systems. To acquire a higher picture resolution, 

a larger number of meshes might be used in future 

studies. 
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