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Abstract—Crude Oil Mixture has been a concern research 

area for many researchers and organization. Because of the 

importance of oil and its component, in order to separate and 

measure its components, which considered as black gold for 20th 

century till now. Non-invasive ultrasonic tomography has been 

applied to investigate and differentiate the verity of crude oil 

components have some limitations in terms of the wave 

penetration through the pipes and reflection of signals. Thus, the 

approach that has been proposed in this project is by using 

invasive ultrasonic tomography method to visualize the structure 

distribution and deliver some information such as mixture 

concentration and mass of flow components of different 

materials. Ultrasonic wave propagation with various frequencies 

of the transmission signal has been implemented in software 

platform (FEM), to evaluate the design and investigate the result. 

Therefore, the main consideration in designing of an ultrasonic 

system is the efficiency of the ultrasonic sensor and the frequency 

of propagated signals. The contribution in this project is 

developing a three-phase measurement for a mixture using 

invasive Ultrasonic technique to improve the accuracy of the 

system and implement Linear Back Projection Algorithm 

(LBPA). The conclusion of this paper has shown the capability 

of ultrasonic transducers of visualizing the internal distribution 

of multi-phase mixture.  

 

Index Terms—Crude Oil Mixture; Propagated Signals 

Invasive; Ultrasonic Approach. 

 

I. INTRODUCTION 

 

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 [1]. 
Fluids are widely well-known in the oil industry, chemical 

plant, and other engineering fields. Which the efficiency and 

accuracy are essential factors of those systems [2]. Normally, 

oil fields exploitation produce a complex mixture of oil ,water 

,gas  and other  fluids ,which made a difficult in measuring 

the multi-phase fluids. The normal technique is to separates 

each component individually, and measurement can be 

applied to each component using single phase measurement. 

Thus, the cost, time and efforts will be increased. Therefore, 

looking for another approach is highly recommended, which 

is capable of measuring the flow rate and extracting 

information such as mixture concentration and mass of flow 

components for each component, without separation. In this 

study, we are going to design a ring of ultrasonic sensors that 

use the basics of ultrasound sensor tomography in order to 

measure the distribution of concentration for the mixture in 

the pipelines, which is multi-phase flow measurement by 

using invasive ultrasonic approach. The previous researchers 

have been through this issue, where some projects have been 

done to implement a good solution for this problem. A few 

decades back, significant efforts have been done to design 

and develop multiphase flow meters. For instance, the 

National Engineering Laboratory, UK (NEL) has developed 

various MPF meters particularly in gas–oil-water flows for 

oil and gas industries. Nevertheless, most of those systems 

are applicable to deal with homogeneous fluids only, which 

considered as a limitation for the systems [3-18]. 

 

II. FUNDAMENTALS OF ULTRASONIC 

 

Ultrasound is a branch of acoustics with soundwave above 

20 KHz that utilize the mechanical pressure wave of above 

human hearing range. The basic principle of ultrasound is 

transmitting a sound wave signal and receive the reflection as 

shown in Figure 1. 

 

 
 

Figure1: Basic of ultrasound 

 

Generally, there are three distinguish modes commonly 

used in ultrasound application, in order to collect signal data. 

First is transmission mode, where the signal is transmitted as 

a fan-shaped beam by the transducer and received by the 

opposite one [19,20]. The second type is reflection mode. The 

main goal of reflection signal is to reconstruct a cross-

sectional image, showing a particular parameter and propriety 

of material under the testing process by using the collected 

data from the reflected signal. Some parameters must be 

taken in account when dealing with the nonhomogeneous and 

multiphase mixture, such as detection of discontinuity which 

known as a material interface that can be assessed by 
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amplitude and the time of flight of the reflected signal. 

Interface or interaction point between materials occurred 

whenever there are non-homogeneities. Where each material 

has different impedance and sound velocity [6-17].  By other 

words, the reflection occurs in the boundary, because of both 

yields high acoustic impedance, the technique of reflection 

mode is highly recommended to use highly sensitive 

transducer in designing an ultrasonic system to be able to 

measure the backscattering signal at high signal-to-noise 

ratios accurately [4-11]. Finally, diffraction or refraction 

mode of the signal at a discrete or continuous interface. 

Ultrasonic has the ability to propagate longitudinal waves, 

share waves, surface waves and plate waves. Longitudinal 

waves (compressional) are capable of propagation through 

fluids in an equilibrium state according to [5]. 

 

 
 

Figure 2: Signal propagation and material interface 

 

To investigate the signal propagation of ultrasonic waves 

in multiphase mixture. The impedance and velocity 

properties of the material are an essential part of the signal 

behavior during penetration through the materials and 

interfacing different materials [21-23]. 

 

Reflection coefficient, 𝑹 =
𝑷𝒓

𝑷𝒆
=  

𝒁𝟐−𝒁𝟏

𝒁𝟐+𝒁𝟏
 (1) 

  

Transmission coefficient, 𝑫 =
𝐏𝐝

𝑷𝒆
=  

𝟐𝒁𝟐

𝒁𝟐+ 𝒁𝟏
 (2) 

  

Z = ρ c (3) 

 

where: 𝒁𝟏 = Impedance of first material 

 𝒁𝟐 = Impedance of second material 

 ρ = Material density 

 c = Speed of sound 

 Pe   = Incident wave 

 Pr  = Reflected wave 

 Pd = Transmitted wave sound pressure 

 

A significant parameter is vitally considered in designing 

ultrasonic system, which is choosing an appropriate 

ultrasonic sensor with suitable specifications to meet the 

objectives of the application. 

 

III. SYSTEM DESIGN  

 

Essentially, process tomography technique has several 

categories depends on the core of the systems which is clearly 

the sensor array. 

 

A. Structure 

As a sample of the tomographic system structure can be 

divided into three parts, sensor array, data acquisition and 

measurement system and image reconstruction algorithm as 

shown in Figure 3. Inflow measurement, the sensor array is 

normally used as transducers to transmit and receive signals 

from the system, 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 type 

of desired data [9-12]. Finally, the image reconstruction 

algorithms to visualize and represent the collected data. 

 

 
 

Figure 3: Structure of the system 

 

B. Prototype  

The system that has been proposed in this design has 

sixteen ultrasonic transducers are mounted around the pipe 

intensively as a ring. The 16 sensors are placement with a 

diameter of 60 mm as shown in Figure 4. 

 

 
 

Figure 4: Prototype design 

 

The mathematical specification calculation of the model as 

below. 

 

Circumference = 𝟐𝛑𝐫  =2* 30* 𝛑=188.5 mm (4) 

  

Degree of rotation is   
𝟑𝟔𝟎

𝟏𝟔
   =22.5 degree (5) 

  

Angle sector = (𝟐𝟐. 𝟓𝛑/𝟏𝟖𝟎)𝐫= 11.78 mm (6) 

 

C. Materials Properties 
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. Where reflection is excessive when the propagating 

signal from high acoustic impedance to low acoustic 

impedance. Besides, this study will consider the transmission 

mode technique and invasive ultrasonic method [24]. The 

material properties of the targeted media to be imaged and 

visualized, where the image could be acquired is listed in 

Appendix A. 
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Table 1 

Material Properties 

 

Material Speed of Sound Density 

Water 1500 [m/s] 1000 [kg/m^3] 

Oil (Crude Oil ) 1200 [kg/m^3] 800 [kg/m^3] 

High-strength alloy steel 5920 [kg/m^3] 7850 [kg/m^3] 

Glycerol 2730 [m/s] 1190 [kg/m^3] 

Air 340 [m/s] 1 [kg/m^3] 

 

By referring to the Equations (1) and (2), the reflection 

coefficient   and transmission coefficient can be calculated to 

approximately the amount of the signal that can be 

transmitted and penetrated the interfacing between two 

materials, which in this project, there are three cases of 

interfacing as follow.  

 

Case1: 

R(Glycerol/oil)=
𝟖𝟎𝟎  [

𝐤𝐠

𝐦𝟑]− 𝟏𝟏𝟗𝟎[𝐤𝐠/𝐦^𝟑]

𝟖𝟎𝟎  [
𝐤𝐠

𝐦𝟑]+ 𝟏𝟏𝟗𝟎[
𝐤𝐠

𝐦𝟑]
∗ 𝟏𝟎𝟎 =  −𝟏𝟗. 𝟓𝟗𝟕% 

 

Case 2:   

R(oil/ water)  =
𝟏𝟎𝟎𝟎  [

𝐤𝐠

𝐦𝟑]− 𝟖𝟎𝟎[𝐤𝐠/𝐦^𝟑]

𝟏𝟎𝟎𝟎  [
𝐤𝐠

𝐦𝟑]+ 𝟖𝟎𝟎[𝐤𝐠/𝐦^𝟑]
=  𝟏𝟏. 𝟏𝟏% 

 

Case 3:   

R(oil/Gas)  =
𝟖𝟎𝟎  [

𝐤𝐠

𝐦𝟑]− 𝟑𝟒𝟎[𝐤𝐠/𝐦^𝟑]

𝟖𝟎𝟎  [
𝐤𝐠

𝐦𝟑]+ 𝟑𝟒𝟎[
𝐤𝐠

𝐦𝟑]
= 𝟒𝟎. 𝟑𝟓 % 

 

where: R (oil/Gas) = Reflection coefficient between 

oil and gas 

 R(oil/ water) = Reflection coefficient between 

oil and water 

 R(Glycerol/oil) = Reflection coefficient between 

Glycerol and oil 

 

As can be noted the reflection of sound waves is totally 

depends on interfacing impedance of interacted materials 

which is the density of material multiplied by the speed of 

sound. The scattered waves from oil to air is the lowest, which 

means (40.35%) of sound waves have been reflected, where 

the percentage of the reflection is very high compared to the 

percentage of reflection between oil and water.  

 

IV. RESULT AND DISCUSSION  

 

The ultrasonic tomography system of the multiphase 

mixture for visualizing internal impedance that proposed in 

this paper has been proved using a simulation of final element 

method (FEM)[5-10]. The transmission mode and linear back 

projection algorithm have been used in order to reconstruct 

the image clearly and approximately as the real Phantom [40-

19]. Transmission mode has the concept of transmitting the 

pressure signal from the transmitter and other transducers act 

as receivers as shown in Figure 5.  

 

 
 

Figure 5: Continuous sound wave approach for 500 KHz 

 

The continuous sound wave approach has been utilized in 

designing and evaluation the system to clearly investigate and 

analysis the internal interaction and distribution of the 

mixture component. As shown in Figure 5, where the 

transducer No 1 is transmitting a continuous sound wave with 

500 KHz signal and other transducers are receiving. 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 

depends on the media properties [25,26]. Normally, liquids 

have sonic velocity for approximation 1mm 𝐮𝐬 −𝟏. Therefore, 

transducer with greater frequency more than 1 MHz has the 

ability to resolve objects less than 1mm [27].  

      Linear back projection algorithm in Equation (7) proved 

its capability, accuracy and contribution in ultrasonic system 

tomography to visualize the multiphase components [28-41]. 

 

𝑽𝑳𝑩𝑷(𝒙, 𝒚) = ∑  

𝒏

𝑻𝒙=𝟏

∑  𝑺𝑻𝒙, 𝑹 ∗ 𝑴𝑻𝒙, 𝑹𝒙(𝒙, 𝒚) 

𝒏

𝑹𝒙=𝟏

 (7) 

 

where: VLBP(x,y) = Voltage distribution 

 STx,Rx = Sensor loss voltage 

 MTx, Rx = Sensitivity maps 

 

The sensitivity map that shown as 3D in figure, is a matrix 

of 128x128 pixels where data has been collected and the 

coding of the linear back projection algorithm was used to 

reconstruct the image as shown in the appendix A. the 3D 

image in Appendix A has shown the different between three 

components, where the oil is the lowest level as background 

of the system , and two phantoms of different material (water 

and gas ) have been adding to simulate three-phase mixture. 

Two cases have been carried out in this study. First is case No 

1, where the oil is the lowest level as background the phantom 

and water is shown as an oval and gas is presented as a circle 

in the phantom No 1. Moreover, the height of the shapes that 

represent materials depends on the density of that materials 

and speed of sound (acoustic impedance). As a result, the 

height of the shapes in 3D is inversely proportional to 

acoustic impedance. Second, phantom No 2 shows the two 

gas columns and oval that represent water, it could be noted 

to two gas columns has the same height and water has less 

than that because of the higher density. Therefore, using 

ultrasonic tomography for the multiphase mixture is an 

effective technique for monitoring and visualizing the 

internal distribution of three-phase mixture.  
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APPENDIX A 

 

 Phonam LBP 3D image Thresholding 

1 

   

2 
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