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ABSTRACT- Pipeline deposits are a worldwide problem facing the process industry affecting all 

phases of production, transmission and distribution causing problems to the pipeline operations 

up to the customer delivery point. Therefore, monitoring the propagation of such deposits at 

different points of the pipeline network will help taking more adequate preventive actions. 

Several good technologies are available in the market nowadays for monitoring deposits but 

Electrical Capacitance Tomography (ECT) technique in particular promises superior advantages 

as it is considered fast, compact, safe, easy to interpret and cost effective. However, ECT still 

suffers from one disadvantage being the poor resolution, thus this study suggest the use of ECT 

with limited region tomographic image reconstruction using a narrowband pass filter to enhance 

the resolution of the produced images. The experimental results showed that different deposits 

regimes and fine deposits could be detected with high definition and high resolution. 
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1 INTRODUCTION 

 

Different forms of deposits continue to present in pipelines of many modern process 

industries especially the oil and gas sector. The type of deposits depends on the pipeline material 

and the composition of the transported material in the pipeline. Examples of deposits are mineral 

scales [1], paraffin (wax) [2-3] and black powder [4-5].  

Scale is the accumulation of deposits that coat the interior of pipelines and other production 

facilities such as casing, perforation valves and pumps. Black Powder is a general term for 

contaminants in gas pipelines; it is comprised of numerous forms of iron sulfide, iron oxide and 

iron carbonate. Sometimes these main components are mixed with other contaminants in the gas 

pipeline such as rouge, asphaltenes, sand, liquid hydrocarbons, metal debris and/or salt. The 

combinations of these contaminants appear in black dry powder, liquid or sludge suspension, 

depending on pipeline conditions; however the term “powder” is general.  

Black powder consists of sub-micron sized particles making it easy to transport inside 

pipeline system causing problems not only in pipeline operations but also at the customer 

delivery point such as fouling of compressors, contamination of instrumentation and control 

valves or even plugging filter systems. On the other hand scale and wax formation over time can 

cause pipeline failures with critical consequences such as serious environmental impact, safety 

concerns, and added costs for clean up, maintenance and unscheduled production shutdown. Also, 



it can cause pressure drop that lowers the flow rate by building up on the inner pipeline walls 

forming a flow restriction, this requires additional horsepower to achieve the same flow rates 

which is an additional operating expense. 

A subsurface image of the pipe will surely help assessing the condition of the pipe in terms 

of deposits, and therefore help to monitor and possibly automate the process for both quality 

assurance and field inspections, thus increasing productivity, efficiency and safety. However, in 

order to achieve this goal, the imaging technique should be non-destructive, non-intrusive, cost 

efficient, accurate and safe. There are various techniques available for process tomography for 

imaging the subsurface properties of materials. A comprehensive review of the different process 

tomography techniques was conducted by [6], and a specific review of all state of the art 

inspection technologies for condition assessment of pipelines were given by [7-9]. However, not 

all techniques are applicable for deposit detection, especially hydrocarbon deposits, which often 

present in oil refineries or polymer producing plants [10]. Thus, in the process industry, most 

commercial technologies such as radiographic, ultrasonic or electromagnetic are used for pipe 

inspection purposes where pits, cracks and damages in metallic pipelines are the primary concern. 

 Today, in the oil and gas industry in particular, operators use three techniques to avoid 

blockage caused by deposits, 1- chemical injection in the pipeline flow, which is a costly method, 

2- periodic pigging of the pipeline, which disturbs the production and/or 3- separation techniques 

(e.g. filtering and cyclones), which disturbs the flow. However, instead of waiting for a problem 

to occur, detecting the formation of deposits in the early stages will help preventing many of the 

discussed problems. The monitoring can be done in critical places where deposits are more likely 

to exist or/and before customer delivery point as a quality assurance procedure. Continuous 

monitoring methods for pipelines are in the stage of research and this paper in one step further to 

provide a solution to this problem.  

Table 1 gives a comparison between the most popular imaging techniques used for 

inspecting pipelines non-destructively for deposits, namely visual inspection, ultrasonic, 

radiography and infrared thermography. Table 1 summarizes the principle of operation of each 

technique, their commercial availability, their advantages and disadvantages. All of the compared 

techniques in table 1 share the advantage of being non-invasive and non-intrusive. However, their 

individual advantages should be weighed carefully against their disadvantages before choosing 

the proper technique for a particular application. For instance, some of the eminent techniques 

used in the process industry for non-destructive testing such as ultrasonic, radiography and 

thermography techniques are mostly suitable for metallic pipes. Although some promising 

research work was conducted in different companies and universities laboratories to try to adapt 

them for poly or/and concrete pipes [11], these techniques are still commercially available for 

metallic pipes only. Also most of the techniques are relatively slow and requires a trained 

operator to set up the test and interpret the results properly.  

On the other hand, ECT technique offers the combined advantage of being fast, compact, 

safe, easy to interpret and cost effective. Thus, ECT is considered in this paper to image the 

internal cross section of a poly pipe to detect the formation of deposits. Poly pipes are 



superseding their metallic and concrete counterparts and are being more popular in industries 

such as oil, gas and water due to their advantages of being resistant to chemical processes, cost 

effective, light and easy to install [12]. However ECT has the prominent drawback of offering 

low-resolution images due to the ill-posedness, ill-conditioning and non-linearity of the ECT 

problem. Therefore, this paper aims to present a new enhanced technique based on limited region 

tomographic image reconstruction for ECT to detect deposits in poly pipes. 

In this paper, section 2 introduces the ECT system, section 3 describes the image 

reconstruction method used and developed while section 4 shows the experimental results from 

the laboratory experiments. Section 5 gives an analysis of the results and explains why the 

particular limited region imaging works better for deposit inspection.  

 
Table 1 Common non-destructive imaging techniques used for inspecting deposits in pipelines. 

Imaging 

method 

Principle of operation Commercial 

availability 

Advantages Disadvantages 

Visual 

inspection 

A CCTV camera and 

lighting device (or laser) 

attached on a mechanical 

or electronic carrier. 

Different types 

are commercially 

available for 

research and 

process 

applications i.e 

pan and tilt and 

Side scanning 

evaluation 

technology 

(SSET). 

 High definition video of 

the inspection can be 

achieved. 

 The survey can be done 

online or ff-line. 

 The operator has full 

control of the inspection 

(pan, tilt or zoom the 

camera) 

 Easy interpretation of 

the images. 

 The speed of the carrier is 

relatively slow (15-30 cm/s) to 

capture an analysable video.  

 The carrier must stop at multiple 

adjacent locations for inspection. 

 Only large pipes that can 

accommodate the carrier and the 

camera can be inspected. 

 The inspection requires the 

process to be stopped and the 

pipe to be emptied.  

Ultrasonic 

[13] 

High frequency sound 

waves are applied at the 

exterior of the pipe. The 

sound waves will travel 

through the pipe and 

then reflect back to their 

source when 

encountering a boundary 

with another medium 

(any fluid inside the 

pipe).  The reflected 

sound waves are used to 

determine the thickness 

of the pipe.  

Different types 

are commercially 

available for 

research and 

process 

applications i.e 

contact technique 

(requires a 

couplant) and 

Non-contact 

techniques (Laser 

and Electro 

Magnetic 

Acoustic 

Transducers 

(EMAT) [14]). 

 Good resolution. 

 Access to only one side 

of the pipe is required 

when the pulse-echo 

technique is used. 

 Deep penetration into 

the pipe, which permits 

detecting deep flaws and 

deposits.  

 High sensitivity, which 

allows the detection of 

small deposits and flaws. 

 Can cover high range of 

the inspected pipe. 

 No need to shut down 

the pipeline for the 

inspection. 

 Requires a trained operator in 

order to set up the test and 

interpret the results properly. 

 Complex pipe geometries are 

more challenging to inspect. 

 Calibration with respect to the 

pipe material is required prior to 

the inspection. 

 Generally requires contact 

medium (couplant). 

 

 

 

Radiography  A source of radiation 

emits photons/neutrons 

through the pipe and 

onto a photographic film 

or a digital camera that 

record the absorbed 

radiation, which is used 

to reconstruct an image.  

Different types 

are commercially 

available for 

research and 

process 

applications i.e 

Gamma rays 

X-rays. 

 High resolution images 

can be achieved 

 Ability to inspect 

complex pipe 

geometries. 

 High sensitivity to 

changes in the pipe 

density. 

 Potential health hazards 

associated with the inspection. 

 Relatively expensive. 

 Relatively slow. 

 Sensitive to the flaw orientation. 

 

 

Infrared 

Thermography 

According to the black 

body radiation law, all 

objects above absolute 

zero kelvin emit thermal 

infrared radiation. 

Different types 

are commercially 

available for 

research and 

process 

 Non-contact technique. 

 Easy interpretation of 

the images (given that 

they are accurate) 

 Large areas can be 

 Relatively expensive. 

 In active thermography, the pipe 

is heated first before inspection, 

which makes the process slower. 

 The operating condition that 



Consequently, 

thermographic cameras 

are used to detect 

radiation in the thermal 

infrared range of the 

electromagnetic 

spectrum (900–14,000 

nm) and produce 

corresponding images. 

Since the amount of 

radiation emitted by an 

object increases with 

temperature (warm 

bodies stand out against 

cooler backgrounds), an 

external heat source is 

usually used to heat the 

inspected pipe (active 

thermography). 

applications i.e 

pulse 

thermography, 

lock-in 

thermography, 

stepped heating 

thermography, 

and vibro-

thermography.  

 

scanned at once. 

 

 

must be considered is somewhat 

drastic i.e wind speed, cloud 

cover, solar radiation, dust etc. 

 Tricky to interpret since it is only 

able to detect direct surface 

temperature and from external 

images the interior of a pipe can 

be predicted [15] (i.e wall loss 

caused by corrosion will emit 

more heat) 

 Performing thermographic 

inspections does not require a 

certified or licensed operator, 

however, a trained operator is 

essential to operate the device 

and interpret the results.  

 Accuracy depends on several 

factors i.e emissivity value, 

compensation of the reflected 

temperature, ambient 

temperature, distance, angle of 

view etc.  

 Not efficient for concrete and 

poly pipes [7,10]. 

 

 

2 ECT SYSTEM 

 

Electrical capacitance tomography is one method of process tomography used in industrial 

process monitoring for imaging cross-sections of a pipe/vessel. It measures the external 

capacitance of the enclosed objects to determine the internal permittivity distribution, which is 

then used to reconstruct an image of the process. Electrical Capacitance Tomography (ECT) was 

first developed in the late 1980’s to image a two-phase flow [16]. Afterwards, ECT systems were 

used successfully in numerous research investigations for industrial multi-phase processes 

including gas/solid distribution in pneumatic conveyors [17], fluidized beds [18-20], flame 

combustion [21-23], gas/liquid flows [24], water/oil/gas separation process [25], water hammer 

[26], determining the characteristic of the molten metal in Lost Foam Casting process [27], and 

many others. This paper presents a new application area for ECT as a novel detection tool for 

deposits and scale formation in pipelines. 

A distribution of different materials with different permittivity inside a pipe or a vessel leads to a 

random distribution of their permittivity.  By measuring the capacitance of the media in a specific 

region, the permittivity distribution can be found, which then is used to reconstruct an image 

representing the same region. Mainly, ECT systems are used to image a non-conductive media. 

However, some conducting medias, such as water, are being recently investigated with different 

conditions. Fig. 1 illustrates a typical ECT system, which consists mainly of three subsystems; 

the capacitance sensor, data acquisition unit and computer unit.   

 

 



 
(a) 

 
(b) 

 
Fig. 1. The ECT Sensor array and system (a) schematic of the ECT system (b) ECT system in the University of Bath 

Engineering Tomography Lab  

 

The capacitance sensor consists of electrodes, an external shield, an axial, and a radial guards. 

Typically, several electrodes are mounted equidistantly on the periphery of a non-conductive 

process pipe or vessel. Only non-conductive pipes can be imaged non-invasively.  The 

neighbouring electrodes are separated from each other by a small slice of copper called the axial 

guard. The electrodes are covered by a screen (conductive) to reduce external electrical noise, 

eliminate the effects of external grounded objects and protect the electrodes from damages. In 

case of conductive pipelines (i.e metallic), the sensor can be instead mounted internally, using the 

conductive internal wall of the pipeline as a screen. Alternatively, the sensor with an insulating 

pipe can be installed inline with the process. An insulating material must fill the gap between the 



electrodes and the screen. The sensor also includes radial guards in order to reduce the standard 

capacitance between adjoining electrode pairs. Numerous combinations of different 

configurations of the radial and axial guards were suggested to improve the system performance. 

The screen and the radial guards are always maintained at earth potential. Fig. 3 illustrates a 

cross-sectional view of the typical 12-electrode ECT sensor. Other shapes of ECT sensors have 

been used, however, circular sensors are the most common.  

For an N electrode system, various measurement protocols can be used. However, in a typical 

ECT system, electrodes 1 to N are used successively as source electrodes, and the capacitance 

values between all single electrodes combinations are measured. Hence, for one measurement 

cycle, electrode 1 is first excited with a fixed positive voltage making it the source electrode 

while electrode 2 to 12 are held at earth potential (zero) by 11 capacitance transducers making 

them the receiving electrodes. Then the capacitances between 1-2, 1-3, …, 1-12 are measured 

simultaneously using the transducers. Next, electrode 2 is selected as the source electrode and 

electrodes 3 to 12 as the detecting electrodes, while electrode 1 is connected to earth making it 

inactive because of reciprocity (measurement 2-1 is same as 1-2). This process continues until, 

electrode 11 is selected as the source electrode and electrode 12 as the detecting electrode, while 

electrodes 1 to 10 are held inactive. Generally, the number of independent capacitance 

measurements is the number of N-electrode combinations, taking 2 at a time as:  

 

𝑴 =
𝑵(𝑵−𝟏)

𝟐
   (1) 

In an ECT system, the electrodes must be sufficiently large to provide a measureable change in 

capacitance. This is considered a challenge in this type of tomography, since only few electrodes 

can be used (usually 8 or 12), which results in limited independent measurements. This makes the 

image reconstruction process more challenging to produce high-resolution images.  

The capacitance measurement unit plays a very important role in measuring and 

conditioning the signals that are achieved from the capacitance sensor (Fig. 1).  This forms a 

main part of the ECT system (block diagram of Fig. 2). The capacitance measuring bridge is an 

alternating current AC bridge, which is used for measuring the inter-electrode capacitances of the 

sensor. Shielded SMB cables are used to connect the sensor and measurement unit. The data 

acquisition unit works according to the following sequence events: 

1. Apply a fixed voltage, 𝑉𝑐, to the source electrode to excite it while keeping the rest of the 

detecting electrode at zero potential. 

2. Measure the induced current in the receiving electrodes, and capacitive component by use 

of phase sensitive detector. 

3. Deduce the capacitance measurement values 𝐶 from the given potential difference 𝑉𝑐 and 

the measured current (charge) Q according to 𝐶 =
𝑄

𝑉
. 

4. Convert the capacitance measurement values into voltage signals using a type of 

capacitance to voltage converter,  

5. Condition (amplify, filter, multiplex…etc.) and digitalize the voltage signals 



6. Send the conditioned and digitalized voltage signals to a computer for processing and 

display.  

 
 

 

 
 
 

Fig. 2. A schematic drawing of the capacitive measurement unit as part of ECT data acquisition 

system 

 

The received voltage signals (from the data acquisition unit) are interpreted into 

capacitance measurements in the computer unit in order to use them in the image reconstruction 

algorithm to deduce the permittivity distribution (image). The measured capacitance values 𝐶 

between a source electrode 𝑖 and a receiving electrode 𝑗 can be represented in a matrix as: 

 

𝑪𝒊,𝒋 =

[
 
 
 
𝑪𝟏,𝟐 𝑪𝟏,𝟑 … 𝑪𝟏,𝑵

𝑪𝟐,𝟑 … 𝑪𝟐,𝑵

⋱ ⋮
𝑪𝑵−𝟏,𝑵]

 
 
 

        𝒇𝒐𝒓 (
𝒊 = 𝟏,… ,𝑵 − 𝟏
𝒋 = 𝒊 + 𝟏,… ,𝑵

)   (2) 

 

Although, ECT technology is still at the stage of laboratory research, it is being rapidly 

developing in both the hardware design and the image reconstruction quality. This is because the 

promising advantages of such technologies in the process industries. 

 

3 IMAGE RECONSTRUCTION 

3.1 The Forward Problem  

 

In order to solve the inverse ECT problem, the ECT forward problem needs to be solved. 

The ECT mathematical system model can be treated as an electrostatic field problem and hence 

Sensor 
array  

Amplifier 
Phase 

Sensitive 
Detector 

Signal 
conditioning/ 
capacitance 

reading 

Excitation 
Signals 



can be modelled by Poisson’s equation. Assuming no free charges within the field, Poisson’s 

equation can be simplified to Laplace's equation: 

 

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

where 𝜀𝑜 is the free space permittivity, 𝜺 (𝒙, 𝒚) and 𝝓(𝒙, 𝒚) are the 2D permittivity distribution 

and the electrical potential distributions respectively. Laplace's equation is solved with the 

following Dirichlet boundary conditions: 

 

𝝓𝒊 = {
𝑽𝒄

𝟎
  
    ∀(𝒙, 𝒚) ⊆ 𝚪𝒊     𝒘𝒉𝒆𝒓𝒆 (𝒊 = 𝟏,… , 𝑵 − 𝟏) 

     ∀(𝒙, 𝒚) ⊆ 𝚪𝒌(𝒌 ≠ 𝒊),  𝚪𝒈𝒖𝒂𝒓𝒅𝒔 𝐚𝐧𝐝 𝚪𝒔𝒄𝒓𝒆𝒆𝒏
  (4) 

 

where 𝑉𝑐 is a fixed voltage applied to the source electrode (electrode 𝑖= 1,…, 11 one at a time), Γ𝑖 

is the spatial location of electrode 𝑖,  Γ𝑔𝑢𝑎𝑟𝑑𝑠 and Γ𝑠𝑐𝑟𝑒𝑒𝑛 are the spatial location of the guards and 

screen respectively. On other words, equation (4) basically states that the boundary condition is 

some fixed voltage, 𝑉𝑐 , applied for the source electrode and zero for the sensing electrodes, 

guards and screen. To further relate the permittivity distribution to the capacitance, we use the 

fact that the electric field is given by: 

 

𝑬 = − 𝛁𝝓(𝒙, 𝒚)       (5) 

 

also by applying Gauss law, the charge sensed by the detecting electrode  when the source 

electrode 𝑖 is fired can be found by: 

𝑸𝒊𝒋 = ∫ 𝜺𝒐𝜺 (𝒙, 𝒚) 𝑬. 𝒏̂
𝜞𝒋

𝒅𝜞𝒋         𝒇𝒐𝒓 (
𝒊 = 𝟏,… ,𝑵 − 𝟏
𝒋 = 𝒊 + 𝟏,… , 𝑵

)   (6) 

where 𝜞𝒋 is the surface of the receiving electrode and 𝑛̂  is a unit vector normal to Γ𝑗. Hence, the 

capacitance of the electrode pairs 𝒊 − 𝒋 (inter electrode capacitances) can be calculated by: 

𝑪𝒊𝒋 =
𝑸𝒊𝒋

𝑽𝒊𝒋
 𝒇𝒐𝒓 (

𝒊 = 𝟏,… ,𝑵 − 𝟏
𝒋 = 𝒊 + 𝟏,… , 𝑵

)      (7) 

 

where 𝑽𝒊𝒋 is the voltage difference between detector electrode and the source electrode 𝑖 (𝑉𝑖 − 𝑉𝑗). 

As it can be noticed from equation (5) to (7), the measured capacitance can be linked to the 

permittivity distribution as: 

 

𝑪𝒊𝒋 = −
𝜺𝒐

𝑽𝒊𝒋
∫ 𝜺 (𝒙, 𝒚) 𝛁𝝓𝒒(𝒙, 𝒚). 𝒏̂
𝚪𝒋

𝒅𝚪𝒋       𝒇𝒐𝒓 (
𝒊 = 𝟏,… ,𝑵 − 𝟏
𝒋 = 𝒊 + 𝟏,… ,𝑵

)  (8) 

 

where 𝝓𝒒 is the electrical potential distribution of node 𝒒 in the measuring electrodes.  The finite 

element method (FEM) is used to calculate the capacitance and the sensitivity distribution (the 

Jacobian matrix).  

 

j



3.2 The Inverse Problem  

 

In linearization, the change in capacitance measurements for small changes of permittivity can be 

approximated in a linear manner. Linearization assumes that the permittivity inside each pixel is 

constant because of the small size of pixels. The linearization of a nonlinear function is the first 

order term of its Taylor expansion near the point of interest. Therefore, the linearized system can 

be written as 

 

𝑪 ≈ 𝑭(𝜺𝒃) + 𝛁𝑭(𝜺𝒃)(𝜺 − 𝜺𝒃)   (9 a) 

taking     ∆𝑪 = 𝑪 − 𝑭(𝜺𝒃)     (9 b) 

   ∆𝜺 = (𝜺 − 𝜺𝒃)      (9 c) 

and   𝐬 = 𝛁𝑭(𝜺𝒃)      (9 d) 

equations (9 a-d) can be expressed as    

∆𝑪 = 𝒔∆𝜺      (9 e) 

Equation (9 e) represents the change in capacitance ∆𝐶 in response to a change in permittivity 

∆𝜀 , where 𝜀𝑏  is the point of interest, and 𝐬  is the Frechet derivative, which represents the 

sensitivity of the capacitance in response to the permittivity distribution (the Jacobian). There are 

M equations of the form of equation (9 e) corresponding to M measurements.  

The sensitivity matrix, capacitance and permittivity were normalized before processing the data 

in an image reconstruction algorithm so it can be used universally for different pipes with 

different scales. This was done to reduce systematic errors and produce better outcome. The 

normalized capacitance 𝜆𝑖,𝑗 for each capacitance measurement and the normalized permittivity 

𝑔𝑝 are given by: 

𝝀𝒊,𝒋 =
𝑪𝒊,𝒋−𝑪𝒊,𝒋

(𝒍𝒐𝒘)

𝑪𝒊,𝒋
(𝒉𝒊𝒈𝒉)

−𝑪𝒊,𝒋
(𝒍𝒐𝒘)   (10) 

𝒈𝒑 =
𝜺𝒑−𝜺(𝒍𝒐𝒘)

𝜺(𝒉𝒊𝒈𝒉)−𝜺(𝒍𝒐𝒘)   (11) 

where 𝐶𝑖,𝑗  is the absolute capacitance measurement and 𝐶𝑖,𝑗
(ℎ𝑖𝑔ℎ)

  and 𝐶𝑖,𝑗
(𝑙𝑜𝑤)

are the absolute 

capacitances when the pipe is full with high permittivity (target to be imaged) and low 

permittivity (empty) respectively. 𝜀𝑝  is the absolute permittivity for pixel p, and 𝜀(ℎ𝑖𝑔ℎ)  and 

𝜀(𝑙𝑜𝑤) are the absolute permittivity of the target to be imaged and an empty pipe respectively. The 

normalized form of equation (9 e) is given by 

 

𝝀 = 𝑺𝒈    (12) 

where ∆𝝀 is a 𝑀 × 1 vector, ∆𝑔 is a 𝑃 × 1 vector and 𝑺 is a 𝑀 × 𝑃 matrix which represents the 

discretized sensitivity distribution of M electrode pairs. 

Where 𝝀  is the normalized capacitance vector, 𝑺  is the sensitivity distribution matrix of the 

normalized capacitances with respect to normalized permittivity distribution, and 𝒈  is the 



normalized permittivity vector,  𝒈 represents the image which can be constructed by an image 

reconstruction algorithm. 

3.3 Limited Region Tomography (LRT) 

 

Numerous inversion algorithms were suggested for ECT image reconstruction [28-47]. 

However, due to the Ill-posedness, Ill-conditioning and Non-linearity of the ECT problem, the 

quality of the reconstructed images is still under research for enhancement. In this study, the 

Levenberg–Marquardt method was employed to reconstruct the permittivity distribution. First, to 

find the initial image, standard Tikhonov regularization is used for minimizing the objective 

functional: 

 

𝐚𝐫𝐠𝐦𝐢𝐧
𝒈

𝑱(𝒈) = ‖𝑺𝒈 − 𝝀‖𝟐
𝟐 + 𝜶‖𝑳𝒌(𝒈 − 𝒈̅)‖𝟐 

𝟐   (13) 

 

where 𝛼 > 0 is the regularization parameter, 𝐿𝑘 is a finite difference operator with 𝑘 ≥ 0 and 𝒈̅ 

is the estimated solution based on a priori information. By solving the optimization equation (13) 

for 𝒈̅ = 𝟎 and k=0 (giving 𝐿0 = 𝐼, where I is the identity matrix), an explicit solution, denoted by

, is obtained: 

𝒈̂ = (𝑺𝑻𝑺 + 𝜶𝑰)−𝟏𝑺𝑻𝝀     (14) 

 

The Levenberg–Marquardt method was successfully applied to ECT before; however, this paper 

suggests a modification to the method taking into account prior knowledge regarding the 

geometry of the pipe to produce a high definition image. The proposed method is based on a 

limited region tomographic image reconstruction using a narrowband pass filter [48-49]. Fig 3.a 

shows the narrowband pass filter applied to a test pipe for deposits and scale detection.  Only the 

“limited region” within the inner surface of the pipeline will be reconstructed to monitor the 

deposits and scaling condition of the pipe. The limited region is selected to be larger than the test 

pipe inner radius (R1) so that it can tolerate a small displacement error of the pipe from its center. 

This narrowband region has a relatively uniform sensitivity due to the circular cross-section of 

the pipe and the equal distances from ECT electrodes. This fact makes the limited region better 

conditioned compared to the traditional Full Region Tomography (FRT) where the sensitivity 

varies moderately throughout the imaging region (sensitivity increases closer to the electrodes 

and reduces towards the center). This particular limited region is a favourable one, making it well 

suited for pipe detection. The principle of the LRT is to increase the accuracy by limiting the 

imaging area, which consequently reduces the number of unknown pixels and thus enhance the 

resolution as shown in Fig. 3.b, where the region of interest (ROI) is now a fraction of the whole 

region. Other than the better accuracy, another advantage of the LRT over FRT is the faster 

performance due to the reduction of pixels used in the reconstruction. Also, because of the 

reduced number of pixels, the inverse problem becomes better posed in the LRT, and so is 

considered more robust than the FRT.   

g




 
(a)                                                                             (b) 

Fig. 3. Limited Region Imaging Technique for deposit detection, (a) pipe cross section view, (b) spatial narrowband 

pass filter 

 
The FEM mesh model are also used for the inverse problems, 1367 and 12184 three-

noded nonhomogeneous triangular elements corresponding to 739 and 6219 nodes were 

generated to create the mesh for the FRT and LRT respectively.  However, only 691 elements of 

the dense LRT mesh were used to construct the limited region ring as shown in Fig. 4. 

 
(a)    (b) 

 
(c) 

Fig. 4. FEM mesh for a) FRT b) LRT dense mesh c) Limited region ring used for the LRT 



4 EXPERIMENTAL EVALUATION OF PIPELINE INSPECTION 

 

The 12-electrode sensor used in the experiments is built in the University of Bath 

Engineering Tomography Lab (ETL) and has an inner diameter of 151mm (Fig. 1.b). Whilst the 

data acquisition unit used is a commercial PTL300E-TP-G Capacitance Measurement Unit from 

Process Tomography Limited, Fig. 5.a. The unit can collect sets of capacitance data at 100 

frames per second with an effective resolution of 0.1 fF and measurement noise level better than 

0.07 fF. Typically, sample concentrations down to 1% of the upper calibration value 

(corresponding to the case where the sensor is filled with the higher permittivity material) can be 

measured. MATLAB is used for data collection, image reconstruction and processing. Two 

experimental models mimicking the pipeline and pipeline deposits were prepared in the 

laboratory in order to simulate scale/wax and black powder deposits in real processes. The test 

pipe is made of polyethylene, which has a relative permittivity of 2.25. The inner and external 

diameter of the test pipe are 77 mm and 88mm respectively (Fig. 5.b) and it was placed in the 

center of the ECT sensor as shown in Fig. 3. This is because the sensitivity of the measurements 

in the middle of the imaging region is almost uniform. 

 

 
 

(a) 

 
 

(b) 
Fig. 5.  (a) Block diagram of the ECT system,(b)the dimensions of the test pipe sample used for tesing deposite detection  

 
 



4.1 Scale and Wax Detection 

 

To simulate the scale and wax formation inside the pipe, typical printer papers with relative 

permittivity of 3.85 (Fig. 6) were used to investigate 4 different cases.  

 In case 1:  a pile of 24 pieces of paper, which are 52.5mm wide and 297mm long, were 

placed internally in one side of the test pipe.  

 In case 2: the two piles of paper used in case 1 were placed internally in two opposite 

sides of the test pipe.  

 In case 3: 20 papers of a typical A4 size (210mm X 297mm) were piled and rolled inside 

the inner surface of the test tube.  

 In case 4: case 1 and 3 were combined by adding the pile of paper used in case 1 to the 

setting of case 3.  

For the sake of comparison, both LRT and FRT were constructed for all cases and are shown in 

Fig. 7 along with the LRT image after threshold processing. The threshold images are all set to 

97% of the mean values of reconstructed permittivity in limited region.  

 

 
Fig. 6. The paper-folds with their dimensions 
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(d) 

 

Case 4 

 

  
 Experemental setting Full Region Tomography (FRT) Limited Region Tomography (LRT) 

Fig. 7. Reconstruction of paper samples as models of scale and wax deposits (a) case 1, 

(b) case 2, (c) case 3 and (d) case 4 

 

4.2 Black Powder Detection 

In an attempt to simulate black powder deposits in pipelines, very fine sand (0.0625 – 

0.125 mm diameter) with relative permittivity of 2.5-3.5 was used. Six Different layers of sand 

with varying thicknesses, namely, 0.5, 1, 2, 3, 4 and 5 mm were investigated and shown in Fig. 8. 

As it can be seen in Fig. 8 all location of deposit has been identified in both sets of images from 

LRT and FRT, the LRT provides superior results in identifying level of deposit. We decided not 

to show the thersholded images of  deposit in LRT as it can be subjective, but the scale of 

reconstructed value shows that when thersholded with the same level will produce information 

about the level of deposit.  
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 Experemental setting Full Region Tomography (FRT) Limited Region Tomography (LRT) 

 

Fig. 8. Reconstruction of sand grains samples as models of black powder deposits with various layers of sand. 

 

5 DISCUSSION 

 

From Fig. 7 and 8, it can be noticed that both LRT and FRT were able to detect fine deposits 

and give information about their location. However, the LRT could remarkably detect a layer of 

deposits as small as 0.5 mm without noise and generally provides a more robust solution in all 

experimental scenarios presented here. Nevertheless, in such 2D ECT imaging, the deposits to be 

imaged must cover the entire length of the ECT sensor, whilst in real applications, the deposits 

may be smaller or non-uniform especially in the case of black powder flowing in gas pipelines. In 

such cases, the proposed method can be employed for 3D ECT, which can promise better real life 

solutions.   

As mentioned earlier the limited region chosen in the LRT, shown in Fig. 3.a, has a relatively 

uniform sensitivity due to its concentric location. To illustrate the advantage of this orientation, a 

singular value decomposition (SVD) analysis of the Jacobian matrix for the LRT and FRT was 

carried out, normalized and then compared, as shown in Fig.  10. In order to visualize the 

superiority of this technique, a new limited region was created according to Fig. 9 where the 

region of interest is now a shifted circle to the right. According to the Picard condition, the 

number of singular values above the noise level of the measurements represents the amount of 

information that can be extracted from the inverse model. It can be seen from Fig.  10 that only 

29 singular values for the circle orientation (Fig. 9) were above the noise level, while both the 



LRT and FRT had 57 and 52 singular values above the noise level respectively. 

 
Fig. 9. New limited region, an example of a circle in the corner, created for the sake of comparison with the proposed LRT 

 

 

 
Fig. 10. Singular value decomposition (SVD) analysis of the Jacobian matrix for the LRT, FRT and new LRT 

 

The experimental results in Fig. 7 show that different deposits regimes can be detected along 

the inner wall of the pipe. This conclusion is promising in terms of detecting deposits 

accumulation inside pipelines, which increases the interior pipe wall roughness and leads to other 

more serious problems. Also from Fig. 8, it can be seen that ECT can be used successfully to 

image accumulated grains as small as sand grains with 0.5 mm thickness of the deposited layer. 

This indicates that the proposed LRT method allows a detection of deposit with the resolution of 

0.085 percent of the entire imaging region, which makes the ECT a very good method of 

detection of deposits.   

Concluding from the results here, the ECT system with proposed LRT algorithm provides a 

non-invasive inspection method for plastic pipes. This inspection can help improve the accuracy 

of flowmeters; it can allow early detection and early removal of deposit which can be cost 



effective. Further investigations are needed to develop methods that allow deposit detection in the 

present of a flow inside of a pipe.  ECT sensors can be designed in almost any geometrical forms, 

so proposed method could be extended to other geometries allowing inspection of deposit inside 

tanks and other types of vessels.  It is envisaged that the LRT could provide superior resolution, 

but this has to be investigated in depth for a given situation. 

 

 

6 CONCLUSION  

 

In this study, a non-invasive and non-intrusive method for deposits and scales detection in 

pipelines was presented. The proposed method is based on ECT with limited region tomographic 

image reconstruction using a narrowband pass filter. Laboratory experiments were carried out 

using the suggested LRT and compared to the traditional FRT. The experimental results showed 

that different deposits regimes and small deposits as 0.5 mm could be detected. It is worth 

mentioning that the experiments conducted in this paper were static, which means no actual 

process flow was present in the test pipe, however, this method could be extended to detect 

deposits in the presence of a flow. Because of the promising results achieved in this study, further 

work will be carried out in order to develop an ECT deposit monitoring method with the presence 

of industrial flows of various phases. Also, the proposed method can be employed by other 

electrical tomography techniques for the detection of conductive deposits or deposits in metallic 

pipes, as ECT is only suitable for imaging the inside of dielectric materials non-invasively. 
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