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1. Introduction 

The multiphase regime such as liquid, solid, and gas are the main concern in industrial applications, where visualized 

measurement processes vital importance in production increase, state monitoring, and fault prognosis. One of the 

techniques that can be used is known as ultrasonic tomography (UT).  

Ultrasonic tomography is applied to reconstruct the image of the region of interest-based on the spatial distribution 

of acoustic impedance [1]. A basic structure of an ultrasonic tomogram system consists of a sensor array, data acquisition, 

ABSTRACT 

This paper presents a simulation study of imaging and visualizing of the three-phase mixture (oil, air, and 

water) using an invasive ultrasonic tomography approach. Therefore, sound wave propagation phenomena 

of ultrasonic transducers and its conditions passing through different component have been studied and 

utilized to simulate and reconstruct the images for the mixture. The change of wave pressure and direction 

happens when waves go through the interface of two materials boundaries. In this study, 16 transducers 

have been mounted around the column invasively in order to improve the quality of measurement and 

spatial resolution of the reconstructed images. Finite Element Method (FEM) has been used to model the 

system, conduct a feasibility study of the performance, and analysis by simulation using COMSOL 

Multiphysics simulation software. Transmission mode sensing technique has been proposed in this study. 

Five different operating frequencies (40 kHz, 250 kHz, 333 kHz, 400 kHz, 500 kHz), reconstructing 

algorithms were examined to confirm substantially the suitable frequency for imaging three different 

materials (multiphase mixture) as proposed in this study. Four analytical and statistical image 

reconstruction algorithms (Linear Back Projection algorithm (LBP), Filter-Back Projection 

(FBP), Newton’s One‐Step Error Reconstruction (NOSER), and Tikhonov Regularization algorithm (Tk) 

were applied to visualize the result for the three-phase mixture. Eventually, evaluation of this study was 

assessed by using the Mean Structural Similarity Index (MSSIM). The conclusion of this study provided 

new findings of ultrasonic tomography approach for three-phase mixture research field, where optimum 

operating frequency is 500 kHz and the suitable image reconstruction algorithms for this study is 
Tikhonov.  

 

Keywords: Ultrasonic tomography, Three phase mixtures, Invasive 



Journal of Tomography System & Sensors Application  Vol.5, Issue 1, 2022  

www.tssa.com.my        e-ISSN: 2636-9133 

2 

 
Journal of Tomography System & Sensors Application 

and measurement system, as well as image reconstruction algorithms as shown in Figure 1. For flow measurement, the 

sensor array is normally used as transducers to transmit and receive signals, which is mounted around the pipe or the 

column for data acquisition propose. The measurement system is dependently upon the core of the system and the type 

of desired data to be collected. Finally, the image reconstruction algorithms are used to visualize and represent the 

collected data as an image in the PC. 

 
 

Figure 1. Basic structure of ultrasonic tomography system 

 

Moreover, ultrasound is a branch of acoustics with sound wave above 20 KHz that utilize the mechanical pressure 

wave above the human hearing range [2]. The monitoring of the fluid in the pipeline of the oil industry has importance 

to measure the fluids produced from oil wells accurately for efficient oil exploitation and production. Fluids are widely 

well-known in the oil industry, chemical plant, and other engineering fields. Normally, oil field exploitation produces a 

complex mixture of oil, water, gas, and other fluids that made a difficult to measure the multi-phase fluids. The 

conventional technique is to separate components individually and measurement can be applied to each component using 

a single-phase measurement. Thus, the cost, time, and efforts will be increased. Besides, there has been wide research of 

ultrasonic tomography in identifying multiphase regimes but mostly focus on two-phase regimes like water-oil, water-

air, or oil-air as in Ref. [1], [3]–[6]. Therefore, looking for another approach that can measure internal acoustic distribution 

in three phase regimes is highly recommended, which is capable of extracting information such as mixture concentration 

and mass of flow for each component, without separation. 

Besides, the frequency is the main factor when dealing with ultrasonic solutions in fluids. Thus, transmitted signals 

by the transducers play a great role when it comes to accuracy depends on the media properties. Normally, liquids have 

sonic velocity for approximation 1000\ m/s. Therefore, transducer with a greater frequency of more than 1 MHz can 

resolve objects less than 1mm [7]. However, the cost is high and the equipment is difficult to find. Besides, the greater 

the frequency the smaller the angle of transmission, where the smaller the angle of transmission leads to an increase in 

the number of transducers to view the object from as many angles as possible to obtain complete information of the 

phantoms for each mode [8]. Therefore, this article aims to investigate the optimize frequency of identifying three phase 

regimes with suitable reconstruction algorithms through finite element model simulation approach. The oil will be the 

main medium in the pipe while water and air become the obstacle. 

In addition, the ultrasonic tomography consists of either transmission mode or reflection mode whereas a straight 

line is assumed in the transmission mode [9]. In the same way, the transmission and reflection of signals through two 

materials from the transducer penetrates through the different layers (multiphase mixture). When propagating a signal 

from high acoustic impedance to low acoustic impedance media, reflection and scattering phenomena normally occurred, 

which called the boundaries interfacing of acoustic impedance. Hence, this paper will consider the transmission mode 

with the invasive ultrasonic technique in water, gas and oil mixtures and propose the solution to cater to the problems. 

The invasive technique and transmission mode is applied compared with non-invasive of ultrasonic tomography is to 

improve the spatial resolution of the ultrasonic tomography system. 
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2. Fundamental of Ultrasonic Tomography 

Ideally, the sound pressure (signal amplitude) diminishes with distance  during traveling through materials due to 

wave pervasion (see Figure 2). The sound of amplitude is weakened due to the scattering effect and absorption process 

of sound, where the reflection of sound in the opposite direction of wave propagation direction. The concept of scattering 

is the effects on wave propagation due to an inhomogeneous medium. The abruptly changes of the acoustic impedance 

at the boundary interaction will occurred if the material is not totally homogeneous. Alternately, the absorption is the 

conversion of sound pressure energy to other forms of energy due to wave splitting into various reflections, that repeatedly 

happen for each wave and divided into partial waves that gradually converted into heat.  

 

 
 

Figure 2. Attenuation modelling of an ultrasonic signal 

 

The amplitude change of a decaying plane wave can be expressed as in Eqn. 1 [10]. The A0 is known as initial 

(unattenuated) amplitude, α is the attenuation coefficient of the object field, and x is the distance of transmission. 

 

𝐴 = 𝐴0𝑒−𝛼𝑥 (1) 

Subsequently, the attenuation is also known as the loss in acoustic energy of transmitted waves [11], which caused 

by decrement exponentially when traveling through distance and this loss is following Newton’s law conservation of 

energy. Where a part of the acoustic energy is converted to thermal energy as heat. In this study, the measured voltage 

can be expressed as in Eqn. 2. The vRx is the ultrasonic receiver voltage, vTx is the ultrasonic transmitted voltage, and z is 

the distance of the transmission. 

vRx=vTxe
-αz (2) 

Besides, the boundaries interfacing of acoustic impedance is an important factor, in terms of reflection and 

transmission of signals between two materials. The transmitted signal from the transducer penetrates through the different 

materials layers and reflection is excessive when the propagating signal from high acoustic impedance to low acoustic 

impedance. The impedance and velocity properties of the material are an essential part of the signal behaviour during 

penetration through the materials and interfacing with different materials. The acoustic impedance (Z) is formalized as 

in Eqn. 3 [12].  ρ is density of the medium, and c is the speed sound in the medium.  

 

Z = ρ c (3) 

Table 1 shows the material properties of sound speed, density, and the calculated acoustic impedance of the applied 

material in this research based on Eqn. 3. 
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Table 1. Material properties 

 

 

 

 

 

 

 

 

 

 

In addition, Eqn. 4 and 5 indicate the reflection and transmission relationship that corresponds to the acoustic 

impedance for the mediums involved[6]. The Z1 rand Z2 representing the acoustic impedance of the first and second 

material, respectively.      

Reflection coefficient ,  R = 
Z2-Z1

Z2+Z1

     
(4) 

Transmission coefficient ,         𝐷 =
2𝑍2

𝑍2 +  𝑍1

 
(5) 

 

According to these relations, the example of ratio between transmission and reflection at the boundary interaction is 

shown in Table 2. It can be observed that the reflection of sound waves is dependent on interfacing impedance of 

interacted materials which is the density of material multiplied by the speed of sound. Significantly, the penetration of 

transmission ultrasonic signal is bigger for water - oil interaction but very small for the medium of oil-air interaction or 

air-water interaction.  

 
Table 2. Ratio between transmission and reflection at boundary interaction 

 

Interaction Medium 1 

[Mkg/m2s] 

Medium 2 

[Mkg/m2s] 

Transmission 

(%) 

Reflection 

(%) 

Water – Oil 1.5 0.96 78.05 -21.95 

Oil – Air 0.96 0.00034 0.07 -99.93 

Air – Water 0.00034 1.5 0.05 99.95 

 

Ultrasonic tomography has offered quantifiable images of acoustical parameters such as density, the speed of sound, 

attenuation by utilizing the pressure field measurements[13]. he tomogram of the region of interest can be reconstructed 

in the inverse problem part. There are a variety of types of image reconstruction algorithms implemented in the ultrasonic 

tomography system. The most popular algorithm is the linear back-projection algorithm (LBP). The simplicity and 

straightforward of the LBP algorithm make it an easy choice for image reconstruction in a few fields of tomography. 

Although its reconstruction accuracy is not that perfect, LBP has the advantage of being quite fast, in practice requiring 

only the multiplication of a fixed reconstruction matrix times the vector of measurements as in Ref. [14], [15]. The LBP 

algorithm can be applied by using Eqn. 10 as detailed explain Ref. [14]. Another non-iterative algorithm implemented in 

this research is filter back projection algorithm (FBP). As explained in Ref. [16]. Besides, the comparison also had been 

carried out by using iterative algorithm such as Newton’s One-Step Error Reconstruction (NOSER) and Tikhonov 

Regularization as in Ref. [17]. 

 

3. Methodology 

The modelling ultrasonic system had been done by using finite element software which is Comsol Multiphysics 

software. The authors implemented 16 ultrasonic transducers that mounted around the pipe invasively but non-intrusive. 

It means that the sensor is only placed in the inner part of the pipe but not protrudes into the medium[18]. The reason for 

using the invasive approach is because the emitted ultrasound waves will be focused on the mixture directly.                   

Figure 3 illustrates the transducer arrangement of the ultrasonic tomography model. In this modeling, the geometry 

of the system includes the inner diameter and circumference of the pipe is 60 mm and 188.5 mm, respectively. 

Simultaneously, the 16 transducers had been placed equally around the pipe with the degree of rotation is 22.5 degrees, 

and the transducer diameter is 11.78 mm each.  

The divergence angle of the transducer depends totally on frequency propagation as detailed explained in Ref. [19]. 

Consequently, different frequencies were tested included 40 KHz, 250 KHz, 333 kHz, 400 kHz, and 500 kHz. Figure 4 

shows an example when TxR1 becomes a transmitter when all channel becomes a transmitter and meshing of the model 

Material Speed of sound 

[m/s] 

Density 

[kg/m3] 

Acoustic Impedance 

[Mkg/m2s] 

Water 1500 1000  1.5 

Oil (Crude Oil ) 1200 800   0.96 

Glycerol 2730 1190 3.25 

Air 340 1 0.00034 
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of ultrasonic tomography with existing obstacles. Here, the divergence angle of the transducer becomes 110 °. The fan 

beam projection had been applied. When channel 1 becomes a transmitter, other channels become the receiver. This 

complete cycle will be done when all transducers become transmitters and receivers. The continuous sound wave 

approach has been utilized in designing and evaluating the system to investigate and analyze the internal interaction and 

distribution of the mixture. The sensor readings performance was then analyzed and used for the image reconstruction 

part. 

 
Figure 3. Transducer arrangement  

 

 

 
 

Figure 4. Projection model:(a) Single projection, (b) Full projection, (c) Example mesh with existing of obstacle 

 

 

(a) 
(b) 

(c) 



Journal of Tomography System & Sensors Application  Vol.5, Issue 1, 2022  

www.tssa.com.my        e-ISSN: 2636-9133 

6 

 
Journal of Tomography System & Sensors Application 

4. Results and Discussion 

The frequency is an impact factor when dealing with ultrasonic solutions in fluids. Thus, transmitted signals by the 

transducers play a great role when it comes to accuracy depending on the media properties. Normally, liquids have sonic 

velocity for an approximation of 1 mm/us. Therefore, a transducer with a greater frequency more often than 1 MHz can 

resolve objects less than 1mm[7]. Table 3 shows the projection angle with a different value of frequencies. It can be seen 

that; the increment of frequency will decrease the beam angle for each of the transmitters. The 500 kHz has a smaller 

angle and 40 kHz has a wider angle.  

 
Table 3. Projection angles of different frequencies 
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Furthermore, the analysis of the signal propagation for each medium also has been done. The behavior of the signals  

during the penetration of different phases or layers can be shown in Table 4. The 500 KHz had been used as a reference 

for this simulation analysis. The medium oil (see Table 4 (a)) was used as the main medium in this research. It can be 

observed that the penetration of the signal in oil was without fluctuations compared to the medium that exists of air and 

water interfacing. The signal showed different patterns because of the change in the density of different mixtures. 

Moreover, when the different channel was set as the transmitter, Tx, it can be seen that the signal passes through the air 

as shown in Table 4.2 (c) and Table 4.2 (d) showed the lowest amplitude compared when it passes through water or oil. 

It shows that the signal in a low-density medium has low fluctuated amplitude. 

 
Table 4. Ultrasonic propagation signal in different medium 
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The 128 x 128 pixels of tomograms using the LBP algorithm for distinguishing conditions had been carried out in 

this research to observe the performance of the optimization frequency obtained. Moreover, the other three algorithms 

named FBP, NOSER, and Tikhonov are also introduced and used to compare the result with the Linear Back projection 

(LBP).  

Table 5 illustrates the tomograms of phantom A that can be assumed in the vertical position with different frequencies 

and image reconstruction algorithms. The size of air and water is 7 mm in diameter. It is indicated that the reconstructed 

image clarity and similarity to the real phantom were depending on the frequency applied and image reconstruction 

algorithm. The reconstructed images in Table 5 at 250 kHz using filter back projection (FBP) are clearer and it easy to 

distinguish the three phases. 

 
Table 5. Tomograms of phantom A at a different frequency and image reconstruction algorithm for vertical pipe 

 

Phantom A 
Freq 

(KHz) 
LBP FBP NOSER Tikhonov 

 

 

40 

    

250 

    

333 

    

400 

    

500 

    

 

Subsequently, Table 6 illustrates the tomograms of phantom B in the pipe at the horizontal position. The results can 

be concluded that the reconstructed images clearness was also depending on the frequency applied to the phantom and 

the image reconstruction algorithm used. As shown in Table 6, the reconstructed image at 500 kHz using linear back 

projection (LBP) is distinguished as the three-phase mixture compared to other frequencies and algorithms. 

Later, the mean structural similarity index for measurement (MSSIM) as introduced by Zhou Wang et al. [20]–[23] 

had been applied to know how much the tomogram is similar to the reference image. The MSSIM results in between 0 

and 1. If the value is near 1, it means that the image is almost similar to the reference image. Figure 5 and Figure 6 show 

the MSSIM values for both phantom A and phantom B. Generally, even though the conclusion made from the 

visualization of tomograms were not the same as what obtained in Table 5 and Table 6, the Tikhonov algorithm showed 

the highest value of MSSIM for all frequencies and other algorithms applied. It is because the basic algorithm was based 

on the LBP algorithm. Thus, the smearing effect exists from the LBP algorithm influence the results obtained for others 

algorithm. Also, the 500 KHz gave the highest value of MSSIM for both phantom A and phantom B.  
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Table 6. Tomograms of phantom B at a different frequency and image reconstruction algorithm for horizontal pipe 

 

Phantom B 
Freq 

(KHz) 
LBP FBP NOSER Tikhonov 

 

 

40 

    

250 

    

333 

    

400 

    

500 

    

 

 
 

 
 

Figure 5. MSSIM of phantom A  
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Figure 6. MSSIM of phantom B 

 

5. Conclusion 

In short, the demonstrated results of the simulation of different frequencies have been applied for different models 

with different phantoms. It can be concluded that the higher the frequency the higher the spatial resolution. Moreover, 

this finding is dependently limited to the size of the transducer and the media of propagation (accuracy condition). The 

result of image reconstructing for different algorithms and frequencies shows that the Tikhonov algorithm has the highest 

value over all the algorithms at the frequency of 500 kHz for the same algorithm. The Tikhonov algorithm has repeatedly 

the highest value according to the MSSIM evaluation and suitable for visualizing a three-phase mixture. Future research 

will include different testing of phantom conditions and a thresholding approach to improve the tomograms of the region 

of interest. 
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