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ABSTRACT 

 

Damage caused by flow accelerated corrosion (FAC) in piping systems is a major problem 

that many industries face. Industries must wait until shutdown time in order to inspect the 

pipes for FAC damage. Because the pipes can only be inspected during certain periods and 

the inspection time during these periods is limited, a new method that can continuously 

monitor FAC in piping is needed to address these concerns. An online method that can 

continuously monitor FAC in piping is introduced. The method uses piezoelectric 

substrates to continuously measure the resonance frequencies of the bent pipe as its walls 

thin due to FAC. The resonance frequencies of the pipe were then used to determine the 

rate of FAC. Previous testing has shown that this method works for a straight pipe. This 

research project has shown that this method can work for a bent pipe as well. Experiments 

have been done for a pipe with a 60° and 20° bend angles. The results from these 

experiments show that there is a strong linear correlation between the change in pipe’s 

resonance frequencies and the change in average pipe’s wall thickness. These results 

validate this method as a viable means of monitoring FAC in piping. Further development 

of this method is needed to improve its capabilities.  
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Chapter 1 Introduction 

 

Damage caused by corrosion is one of the main problems within many industries. In 

industrial piping, the most common form of corrosion is called flow-accelerated corrosion 

(FAC). The current method of monitoring FAC in pipes is an ultrasonic test. Ultrasonic 

tests are performed during a scheduled shutdown. This method presents some problems. 

For example, there is only a limited amount of time to inspect the pipes during the 

scheduled shutdown so only certain sections of piping are inspected. The safety of the plant 

can be improved by increasing the shutdown time so that more sections of the pipe can be 

inspected. However, this would also decrease the productivity of the plant. Finding a 

method to monitor the pipes without the need to have the plant shutdown will increase both 

the safety and the productivity of the plant. 

 

A method that involves using piezoelectric substrates to continuously measure the 

frequency response of the pipe to determine the damage caused by FAC is chosen. 

Previously, it had been shown that this method can work for a straight pipe, but it is not 

known whether it works for a bent pipe. Thus, the purpose of this study is to determine the 

validity of using this method on a bent pipe. The piezoelectric substrates do this by 

measuring the change in bent pipe’s resonance frequencies as the bent pipe corrodes due 

to FAC. The effects of wear in bent pipes caused by FAC on the resonance frequencies of 

the pipe are studied to determine the validity of this method. A secondary objective of this 

study is to investigate the non-uniform FAC rate in the bent pipe. 
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A high-pressure and high-temperature water loop was used to simulate the conditions in an 

industrial plant. The bent pipe was subjected to a number of flow rates of water for 

specified periods of time. An average wall thickness of the pipe was used in this experiment 

because the bent pipe experiences non-uniform wear along its length due to variation in 

local mass transfer and shear stress. The resonance frequencies of the pipe were measured 

by piezoelectric substrates. Electrical resistivity of the pipe was calibrated before the 

experiment. Electrical resistance was measured for the duration of the experiment, and then 

converted to the average wall thickness. These data were analyzed to determine the 

correlation between the change in the pipe’s resonance frequencies and the change in the 

pipe’s average wall thickness.  

 

This thesis is divided into six chapters. Chapter 1 gives an introduction to this research 

project. It explains the importance of this research, the scope of the research, and a general 

procedure of how the research was done. Chapter 2 gives the literature review on this 

project. It summarizes the process of flow accelerated corrosion, and various methods of 

structural monitoring with a major portion of the methods about vibrational monitoring of 

pipes. Chapter 3 gives a brief discussion of the theory behind how the piezoelectric 

substrates are used to obtain the resonance frequencies of a structure. It also gives a 

discussion on the apparatus and the experimental procedure. Chapter 4 gives the results 

from the experiment and its discussion. The main result that is critical to the research 

project is a plot of the pipe’s resonance frequencies vs. time and a plot of the pipe’s average 

wall thickness vs. time. A discussion is made on the characteristics of these plots. The 
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secondary result is a profile of the inner diameter of the pipe before and after the 

experiment. A discussion is made on how the FAC rate is distributed in a bent pipe such as 

where the FAC rate is the highest and where it is the lowest. A discussion is also included 

on the pH and conductivity of the loop water and how the pipe’s frequency response 

changes with temperature. Chapter 5 gives the process that determines the strength of the 

correlation between the resonance frequencies and the average pipe wall thickness. It first 

summarizes the theory and goes over the procedure for the correlation method. It then 

shows the results from the correlation method. Chapter 6 gives the conclusion to this 

research project. It summarizes all the information from Chapter 1 to Chapter 5. It also 

suggests the future work to expand the capabilities of online FAC monitoring using 

piezoelectric substrates. 
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Chapter 2 Literature Review 

 

2.1 Flow Accelerated Corrosion in Bent Piping 

 

The phenomenon of FAC is due to several processes. The most common processes are: 

oxidation of the metal due to contact with the fluid forming a magnetite layer on top of the 

metal, diffusion of the ferrous species from the metal to the boundary fluid layer through 

the magnetite layer, dissolution of the oxides in the magnetite layer to the boundary fluid 

layer, mass transfer of the ferrous ions in the boundary fluid layer to the bulk fluid, and 

eroding of crystallites by fluid shear stress and increased local turbulence. These processes 

would reach steady-state and would gradually decrease the pipe wall thickness [1]. The 

FAC process is shown in Figure 1. 

 

 

Figure 1: Illustration of FAC Process 
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There are many factors that affect the rate of FAC. First, increasing the flow velocity and 

turbulence in the pipe increases the FAC rate [1, 2]. This is mainly because the higher flow 

velocity and turbulence allow the bulk fluid to remove more of the ferrous ions and 

crystallites in the boundary fluid layer. Second, increasing the content of chromium that 

constitutes the pipe decreases the FAC rate [1, 2, 3, 4]. Third, increasing the presence of 

dissolved oxygen in the fluid decreases the FAC rate [1, 3, 4]. This is partly because oxygen 

has replaced water as the oxidant, thus raising the potential and stopping the oxide 

dissolution. Fourth, increasing the pH of the fluid decreases the FAC rate [1, 3, 4, 5]. Fifth, 

at certain temperatures (usually around 673.15 K), the FAC rate reaches a maximum [4, 

5]. The temperature of peak FAC rate changes with pH level. 

 

Several studies have been made on the nature of FAC in bent pipes. It has been widely 

shown that FAC occurs more severely in bent pipes than in straight pipes and that FAC 

occurs at different rates throughout the surface of the bent sections of the pipe [6, 7, 8, 9]. 

It has been observed that at the intrados of the bend, the FAC occurs more severely near 

the start of the bend than the end of bend. Conversely at the extrados of the bend, the FAC 

occurs more severely near the end of the bend than at the start of bend [6, 7, 8]. 

Furthermore, the FAC distribution in the bent section is also affected by several factors. 

One of the factors is the radius of the bend. A smaller bend radius would produce two areas 

of high FAC rate, one at the intrados near the start of the bend and one at the extrados near 

the end of the bend. A larger bend radius would produce one area of high FAC rate which 

is at the extrados in the middle of the bend [7]. Another factor is the presence of an orifice 

upstream of the bent section. When an orifice is placed upstream near the start of the bend, 
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while it would increase the overall FAC rate past the orifice, the increase of the FAC rate 

at the extrados is significantly greater than the increase at the intrados [9]. 

 

2.2 Vibrational Testing and Structural Monitoring of Piping 

 

There have been many studies on monitoring various structures using different methods. 

A short review of studies done in the areas of structural monitoring of pipes, structural 

monitoring using vibrational methods, and structural monitoring of pipes using vibrational 

methods is summarized below. 

 

Several methods of pipe structural monitoring have been proposed. One such method has 

been developed by Safizadeha and Azizzadeh [10]; it uses a laser diode with an optical ring 

pattern generator and a CCD camera attached to a moving platform. As the moving 

platform moves through the pipe, the light projected on the inside of the pipe by the laser 

diode changes in intensity as it encounters a defect and is recorded by the CCD camera. 

This method improves the accuracy of detecting a defect on the inside of the pipe, but it 

can only inspect non-flooded pipes. Thus, this method still presents some of the problems 

associated with previous corrosion monitoring methods.  

 

Jyrkama and Pandey [11] proposed a modification of the current ultrasonic testing of FAC 

in pipes by using a probabilistic approach. This method first acquires a sample of data in a 

small circular patch on the area of the pipe that has the lowest thickness. Using this data 

sample, the future minimum pipe wall thickness can be predicted using the least square 
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method, and the uncertainty of this prediction can be determined from the standard 

deviation of the sample. The advantage of this method over the current ultrasonic testing 

is that it solves the error associated with manually aligning the ultrasonic probe to specific 

locations. However, this method only works if the thinnest pipe wall section can be easily 

located and the FAC rate in the pipe remains relatively uniform so that the thinnest wall 

section is always the most critical section.  

 

Verma, Mishra, Balasubramaniam, and Rajagopal [12] studied the use of ultrasonic guided 

waves to inspect pipes with bends of various angles. The results from this experiment show 

that it is indeed possible to inspect a bent pipe for faults using ultrasonic guided waves. 

However, it is unlikely that this method can detect the gradual wall thinning by FAC as 

this method is based on wave reflection.  

 

Inaudi and Glisic [13] proposed use of distributed fiber optic sensing to measure 

temperature and strain along a pipeline. This method works by using a single optic fiber 

that is wrapped around the length of the pipeline that can measure these parameters at any 

point along its length and circumference using a phenomenon called the Brillouin 

scattering effect. This method would allow an easy way to monitor long stretches of 

pipelines.  

 

Pargen, Magerstaedt, Larink, Monster, and Rentmeister [14] used a new type of strain and 

vibration sensor called dielectric elastomer sensor. This new sensor uses smart materials to 

monitor pipes for damages. The advantage of these new sensors is that they allow an easy 
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way to continuously monitor the strain and vibration of pipelines. Some strain sensitivity 

tests have been done on this sensor, but it is not certain if it is greater than that of 

piezoelectric substrates.   

 

Use of vibrational testing to monitor structures has been studied by several researchers. A 

study done by Zhao and DeWolf aims to determine if analyzing the modal flexibilities of 

a structure can be used to monitor damages that occur in said structure [15]. This method 

is then compared to the standard method of using the resonance frequency or the mode 

shape of the structure to monitor damages. The results show that not only can modal 

flexibilities be used to monitor damages in structures, but it can perform better than using 

either the resonance frequency or the mode shape.  

 

Zou, Tong, and Steven analyzed the pros and cons of monitoring damages in structures 

using the following methods: modal analysis methods, frequency domain methods, time 

domain methods, and impedance domain methods [16]. The results showed that for the 

modal analysis method, the advantages are that they can be used for a wide variety of 

structures and it is very easy to obtain the necessary modal information, while the 

disadvantages are that they can only detect particular forms of damage, they need to store 

a large amount of data for complex structures, and they cannot detect small damages. For 

the frequency domain method, one advantage is that they are very cost-effective, one 

disadvantage is that they cannot detect small and large damages. For the time domain 

method, one advantage is that they detect damage on both the large scale and the small 

scale. For the impedance domain method, one advantage is that they are very effective at 
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detecting planar defects, one disadvantage is that this method does not work if the 

impedance of the structure becomes stiffness-controlled.  

 

Several methods that use vibrational testing to monitor pipe have been proposed. Some 

researchers have shown that the vibrational characteristic of a pipe can be measured using 

devices such as a MPU6050 six degree of freedom (6DOF) sensor or an accelerometer 

which can then be used to monitor damage on the pipe [17, 18, 19, 20].  

 

Further research on using piezoelectric substrates to monitor pipes has been performed. 

One such study by Razi and Taheri investigated whether piezoelectric substrates can 

monitor a submerged pipe's girth-weld [21]. The result from this experiment confirms the 

validity of this method. Another research by Monaco et al. [22] studied whether 

piezoelectric patches can be used to measure the corrosion on a flat plate. Testing showed 

that this method is successful. Further research by Eslami-Majd and Rahbar-Ranji [23] in 

the area of vibrational analysis of corroded plates involves using finite element software to 

model various steel plates with various corrosion levels to determine their resonance 

frequency and mode shapes. The results of this experiment gave further insights on the 

vibrational response of structures under various degrees of corrosion. 

  

There has already been some progress on development of a method that can monitor FAC 

rate in industrial piping online without shutting down the plant. Research was done by A. 

Martin to show whether vibrational analysis can monitor the FAC rate for a straight pipe 

[24]. The method used in this research to monitor FAC rate involved attaching piezoelectric 
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substrates to the outside of the pipe to induce a vibration in the pipe and then measuring its 

resonance frequency. As the pipe thins due to corrosion, the resonance frequencies that are 

sensitive to the pipe’s thickness change. The change in the pipe’s resonance frequency can 

then be used to determine the degree of FAC in the pipe. The result of this research 

confirms that the method works for straight sections of pipe. The research discussed in this 

thesis is a continuation of the research by A. Martin but for a bent pipe instead. 
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Chapter 3 Methodology 

 

3.1 Piezoelectric Substrate Determination of Resonance Frequencies 

 

It is important to understand the theory behind how the piezoelectric substrate is used to 

determine the resonance frequencies of the bent pipe. This can be understood by analyzing 

how the vibrational characteristics of a structure can be determined. Currently, there is little 

information available on the vibrational characteristics of the bent pipe. Therefore, the 

vibrational characteristics of a straight pipe is discussed to get an idea on what the 

vibrational characteristics of the bent pipe might be like. 

 

3.1.1 General Determination of Vibration Characteristics 

 

Vibrational characteristics of a structure can be determined by using the vibration of 

continuous system method. This method works in the following ways. An infinitesimal 

element of the structure is first taken, and a free body diagram of the element is analyzed. 

The force and moment balance on the element are then used to get the equation of motion 

of the structure. In the simplest case, the equation of motion takes on the form shown 

below. 

 

𝑐1

𝜕2𝑤

𝜕𝑥2
=

𝜕2𝑤

𝜕𝑡2
     (1) 
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Where: 

 

𝑐1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑤 = 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

 

The displacement functions tell how each point on the structure is moving as the structure 

undergoes vibration. For the simplest case shown in equation (1), there is only one 

displacement function (w). For a more general case, there are three displacement functions, 

u, v, and w that describes the movement in the x, y, and z direction respectively. The 

displacement functions are generally in terms of x, y, z, and time. For structures that can be 

modeled as a one or two dimensional structure, such as plates and beams, some of the terms 

in the displacement functions can be ignored. To solve for the displacement functions, the 

displacement functions can be broken into a product of several functions. An example of 

this is shown below. 

 

𝑤(𝑥, 𝑦, 𝑧, 𝑡) = 𝑊(𝑥, 𝑦, 𝑧)∅(𝑡)     (2) 

 

Equation (2) is substituted into the equation of motion in order to solve W(x,y,z), and Ø(t). 

The simplest case is a structure that can be modeled as a one-dimensional structure and the 

most simplistic form of W(x) and Ø(t) is shown below. 

 

𝑊(𝑥) = 𝐴 sin 𝛼𝑥 + 𝐵 cos 𝛼𝑥     (3) 

∅(𝑡) = 𝐶 sin 𝜔𝑡 + 𝐷 cos 𝜔𝑡     (4) 
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Where: 

 

𝐴, 𝐵, 𝐶, 𝐷, 𝛼, 𝜔 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠 𝑡ℎ𝑎𝑡 𝑛𝑒𝑒𝑑 𝑡𝑜 𝑏𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 

 

The boundary conditions are used to obtain the constants α and ω. The constant α takes the 

general form shown below. 

 

𝛼 = 𝑎1 ∗ 𝑚     (𝑚 = 1,2, … , ∞)     (5) 

𝜔 = 𝑎2 ∗ 𝛼 = 𝑎2 ∗ 𝑎1 ∗ 𝑚    (𝑚 = 1,2, … , ∞)     (6) 

 

Where: 

 

𝑎1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑎2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑚 = 𝑚𝑜𝑑𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 

 

Equations (5) and (6) show that there is an infinite number of possible α and ω values, each 

corresponding to a different mode of vibration. The constants A, B, C, and D are 

determined from the boundary conditions and how the vibration was induced in the 

structure. A vibration can be induced in the structure in several ways. One way is to give 

an initial displacement and/ or velocity to the structure, and another way is to apply a force 

onto the structure. Also, for the A, B, C, and D constants, it is often necessary to combine 
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two or more of them into one constant. This is to reduce the number of constants needed 

to be determine so that there are enough equations to solve all the constants. 

 

Equations (3) and (4) are then substituted into equation (2). Accounting for the infinite 

possibilities of α and ω values, this would lead to the equation below. 

 

𝑤𝑚(𝑥, 𝑡) = (𝐴𝑚 sin 𝛼𝑚𝑥 + 𝐵𝑚 cos 𝛼𝑚𝑥)(𝐶𝑚 sin 𝜔𝑚𝑡 + 𝐷𝑚 cos 𝜔𝑚𝑡)     (7) 

 

Equation (7) is the displacement function for the mth mode shape. The complete 

displacement function would be the sum of all the infinite number of mode shapes as shown 

below. 

 

𝑤(𝑥, 𝑡) = ∑ (𝐴𝑚 sin 𝛼𝑚𝑥 + 𝐵𝑚 cos 𝛼𝑚𝑥)(𝐶𝑚 sin 𝜔𝑚𝑡 + 𝐷𝑚 cos 𝜔𝑚𝑡)

∞

𝑚=1

     (8) 

 

Equation (8) is only for the most simplistic form of structure. For other types of structures, 

the displacement function would be more complex but the method to obtain them would 

be the same. 

 

From equation (8), the term (Amsin(αmx) + Bmcos(αmx)) corresponds to the mth mode shape 

and the term ωm corresponds to the mth resonance frequency of the structure. Also, from 

equation (8), there are an infinite number of mode shapes and resonance frequencies. Each 

of the mode shapes corresponds to a resonance frequency. 
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It should be noted that the boundary conditions have a significant influence on the 

vibrational characteristics of a structure. This is because the boundary conditions are used 

to determine the constants in the displacement functions of the structure (ex. A, B, C, D, α, 

and ω from equations (3) and (4)). This would mean that changing the boundary conditions 

would change the value of the amplitude of the mode shape and the value of the resonance 

frequency. The boundary conditions would not influence how the equation of motion and 

the displacement functions are formulated.   

 

The example above only has one set of mode shapes (m = 1,2, …, ∞). This is because in 

the example the structure is modeled as a one-dimensional structure. A one-dimensional 

structure can only vibrate along one axis, but a two-dimensional structure can vibrate along 

two axes and a three-dimensional structure can vibrate along three axes. This would mean 

that when the structure is modeled as a two or three dimensional structure, there would be 

more than one set of mode shapes. A two-dimensional structure would have two mode 

shape indices, designated as m and n ((m = 1,2, …, ∞), (n = 1,2, …, ∞)). A three-

dimensional structure would have three mode shape indices, designated as m, n, and i ((m 

= 1,2, …, ∞), (n = 1,2, …, ∞), (i = 1,2, …, ∞)). The circumferential, axial, and torsional 

mode shapes for a straight thin-walled and thick-walled pipe are given in Figure 2. This is 

to give a visualization of the kind of vibration that is occurring at these modes. 
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Figure 2: Circumferential, Axial, and Torsional Mode Shapes for Straight Pipe [25] 
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In Figure 2, the circumferential modes are radial displacement that varies along the 

circumference. The axial modes are radial displacement that varies along the length of the 

pipe. The torsional modes are angular displacement that varies along the length of the pipe. 

There are also compression – tension modes not shown in Figure 2. There is currently no 

way to analytically solve for the mode shapes and the resonance frequencies of a bent pipe. 

Because of this, an approximation method such as the Ritz [26] method should be used to 

get an approximate solution. For a straight thick-walled pipe, analytical solutions do exist 

but cannot satisfy most realistic boundary conditions. Thus, the Ritz method should, again, 

be used. For a straight thin-walled pipe, on the other hand, the mode shapes and the 

resonance frequencies can be solved analytically using the method outlined in this section. 

 

As shown in this section, the resonance frequencies are highly dependent on the geometry 

and the boundary conditions of the structure. This means that as FAC wears the bent pipe, 

it would change its geometry and thus change its resonance frequencies. 

 

3.1.2 Forced Vibration 

 

Subjecting a structure to an external force causes the structure to vibrate. This external 

force has to be factored into the force balance. One way to solve the equation of motion 

with the added forcing function is to treat the forcing function as a sum of components as 

shown below. This is called the eigenfunction superposition method. 
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𝐹𝑜𝑟𝑐𝑖𝑛𝑔 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝑝(𝑥, 𝑦, 𝑧, 𝑡) = ∑ ∑ ∑ 𝑋𝑚𝑛𝑖(𝑥, 𝑦, 𝑧)𝑝𝑚𝑛𝑖(𝑡)

∞

𝑖=1

∞

𝑛=1

∞

𝑚=1

     (9) 

 

It can then also be assumed that the displacement function’s mode shapes are the same as 

the Xmni function in the forcing function. 

 

𝑤(𝑥, 𝑦, 𝑧, 𝑡) = ∑ ∑ ∑ 𝑋𝑚𝑛𝑖(𝑥, 𝑦, 𝑧)∅𝑚𝑛𝑖(𝑡)

∞

𝑖=1

 

∞

𝑛=1

∞

𝑚=1

     (10) 

 

For now, only the case where p varies only with x and time is considered. The other cases 

work in similar ways. It is then assumed that the forcing function varies with time 

sinusoidally. 

 

𝑝(𝑥, 𝑡) = ∑ 𝑋𝑚(𝑥)𝑝𝑚(𝑡)

∞

𝑚=1

= ∑ 𝑋𝑚(𝑥)𝑃𝑚 sin Ω𝑡

∞

𝑚=1

     (11) 

 

Equation (10) and (11) are then substituted into the equation of motion to determine Ø(t). 

For the simplest case, Ø(t) takes the form shown below. 

 

∅𝑚(𝑡) = 𝐴𝑚 sin Ω𝑡 − 𝐵𝑚 cos Ω𝑡     (12) 

 

Where: 
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𝐴𝑚 =

𝑐2 (1 − (
Ω

𝜔𝑚
)

2

)

(1 − (
Ω

𝜔𝑚
)

2

)

2

+ (2𝜁𝑚 (
Ω

𝜔𝑚
))

2 

𝐵𝑚 =

𝑐2 (2𝜁𝑚 (
Ω

𝜔𝑚
)

2

)

(1 − (
Ω

𝜔𝑚
)

2

)

2

+ (2𝜁𝑚 (
Ω

𝜔𝑚
))

2 

𝑐2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝜁𝑚 = 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 

 

To get the displacement function, equation (12) is substituted into equation (10) to get the 

equation below. 

 

𝑤(𝑥, 𝑡) = ∑ 𝑋𝑚(𝑥)(𝐴𝑚 sin Ω𝑡 − 𝐵𝑚 cos Ω𝑡)  

∞

𝑚=1

   (13) 

 

Equation (12) shows that when the Ω of a forcing function approaches ωm, then the 

constant, Am, becomes very high assuming the damping is small (ζ ≈ 0). This would cause 

the amplitude of the mth mode shape to be significantly higher than other modes. This 

shows how an external force can excite the mode shapes and produce resonance. This also 

shows that while there are an infinite number of resonance frequencies, only some are 

observed in the forced response because those mode shapes are excited more than others. 

This is essentially how the piezoelectric substrate can be used to determine the resonance 

frequencies of a structure. The piezoelectric substrates can exert a force on a structure just 
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by sending an electrical signal to it. The piezoelectric substrates can also receive a force 

from a structure and send an electrical signal in response. So, when an electrical signal is 

sent to a piezoelectric substrate attached to a structure, this would cause the piezoelectric 

substrate to exert a force with a frequency Ω on the structure. The Ω of the exerted force 

can be varied by varying the input electrical signal. As Ω is varied, so too is the vibration 

of the structure. If Ω is close to a resonance frequency, then the structure is going to vibrate 

at the mode corresponding to that resonance frequency, and the response amplitude will be 

higher. If Ω is not close to any resonance frequency, then the level of displacement 

response of the structure is lower. Another piezoelectric substrate attached to the structure 

is able to detect the changes in response level at different frequencies of the vibrating 

structure.  

 

3.1.3 Effects of Adding Piezoelectric Substrates 

 

The piezoelectric substrates attached to the bent pipe influence the measured resonance 

frequencies. This is because the piezoelectric substrates also have their own resonance 

frequencies. This would mean that there exist an infinite set of frequencies that would cause 

the piezoelectric substrates to vibrate at resonance. As the frequency of the input signal 

sweeps a certain frequency range, it would not only excite the mode shapes of the pipe but 

also the mode shapes of the piezoelectric substrates. Thus, the output signal not only 

contains the resonance frequencies of the pipe but also the resonance frequencies of the 

piezoelectric substrates as well.  
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3.2 Experimental Apparatus 

 

3.2.1 Circulating Water Loop 

 

 

 

Figure 3: Flow Diagram of Experimental Setup 

 

Figure 3 shows a diagram of the loop that was used for this experiment. De-ionized (DI) 

water is the fluid circulating in this loop. The components of the loop are: a water tank, a 
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pump, a pre-heater, a heater, a test section, a cooler, a back-pressure reducing valve (BPR), 

and an ion-exchange column. The DI water flows through each components in the 

sequential order listed previously. The purpose of each component is as follows. The water 

tank stores all of the DI water used in the loop. The pump moves the water around the loop 

and controls its flow rate. The interchanger heats the inlet water by heat transfer from the 

outlet heated water going back to the water tank. The pre-heater and heater raises the 

temperature of the loop water to the desired value. The test section is where the experiment 

is done. The cooler cools the water back to room temperature before the water returns to 

the tank. The BPR controls the pressure of the water in the loop. The BPR would cause the 

water upstream of the BPR to be pressurized at a set value while the water downstream of 

the BPR to be at near atmospheric pressure. The cooler and the BPR together enables the 

DI water at a section of the loop to be at standard temperature and pressure. This is so that 

samples of the loop water can be taken safely for testing its chemistry. The ion-exchange 

column removes any dissolved ions in the loop. The ion-exchange column compromises 

two columns that have resin in them. The water goes into these columns and the resin filters 

the dissolved ion in the water. 

 

3.2.2 FAC Probe 

 

The FAC probe comprises a carbon steel bent pipe with 4 piezoelectric substrates and 4 

silver leads attached to it. The FAC probe is attached to the loop in the test section. As the 

loop water flows through the bent pipe and FAC occurs, the piezoelectric substrates and 
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the silver leads periodically take measurements of the bent pipe. Figures 4 and 5 show the 

FAC probe.  

 

 

Figure 4: Simplified Schematic of the Bent Pipe 
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Figure 5: Picture of FAC Probe 

 

The piezoelectric substrate (PZT-5H, APC 851) was used in the vibrational analysis of the 

bent pipe. The piezoelectric substrate is a half-cylinder and is shown in Figure 6. 

 

 

Figure 6: Piezoelectric Substrate (scale units in cm) 
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The vibrational analysis was performed by sending a swept sinusoidal electrical signal to 

one of the piezoelectric substrates on one end of the bent section to induce vibration. 

Second, the piezoelectric substrates on the other end of the bent section detect the 

vibrational response of the pipe and send the data to the computer for processing; the pipe’s 

resonance frequencies are determined by identifying local peaks in the frequency response 

plot.  

 

The silver leads are used in the resistance measurement of the bent pipe. This was 

performed by first using one silver lead on the inlet and one on the outlet to pass a constant 

current through the bend section. Then, the other two silver leads on the inlet and the outlet 

are used to measure the voltage drop at the bend section. By knowing the voltage drop 

across the bent section and the current applied, the resistance of the bent section can then 

be determined. A correlation between the electrical resistance of the bent section and the 

pipe’s wall thickness would then need to be established. However, the FAC rates in the 

bent pipe are not evenly distributed. This means that only an average pipe wall thickness 

can be determined. 

 

The probe was made in the following process: First, a carbon steel cylinder was drilled 

with a 1.6 mm diameter hole through its length. This is shown in Figure 7. 
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Figure 7: Dimensions of FAC Probe before Bend (not to scale) 

 

Second, the tube was then bent at its center to the desired angle. The device used to bend 

the tube is shown in Figure 8. 

 

 

Figure 8: Bender Assembly 
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One end of the tube was secured in the probe holder while the other end lies on the glider. 

A rod is inserted into the glider through its hole. The rod is then pulled manually in the 

direction of the glider slot to bend the tube. Third, the silver leads were then attached to the 

tube using a technique called silver brazing. Two silver leads were attached near the inlet 

of the bent section and two silver leads were attached near the outlet of the bent section as 

shown in Figure 4. Fourth, each of the four piezoelectric substrates was soldered to a low-

impedance shielded coaxial cable using a lead-based solder. Fifth, the four piezoelectric 

substrates were then attached to the bent tube using an electrically conductive epoxy. Two 

piezoelectric substrates were attached to the area just before the bend start and two 

piezoelectric substrates were attached to the area just after the bend end. The two 

piezoelectric substrates at either end of the bend were arranged so that one piezoelectric 

substrate was at the extrados and the other at the intrados as shown in Figure 4. 

 

3.3 Instrumentation and Data Acquisition 

 

3.3.1 Vibrational Monitoring of FAC Rate 

 

The vibrational method of monitoring FAC rate uses an Agilent DSO-X 2004A 

oscilloscope and a Keysight 33500B waveform generator. The waveform generator is used 

to produce an input sinusoidal signal to the piezoelectric substrate and the oscilloscope 

receives the output signal of the substrates. The signal that was sent to the oscilloscope first 

passes through a high frequency amplifier to amplify the signal before it reaches the 
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oscilloscope. The waveform generator and the oscilloscope are synchronized to initialize 

the oscilloscope's acquisition of the response signal. 

 

Both the oscilloscope and the waveform generator have two channels (channel 1 and 

channel 2). The two channels of the waveform generator correspond to the two input 

piezoelectric substrates on the pipe, and the two channels of the oscilloscope correspond 

to the two output piezoelectric substrates on the pipe shown in Figure 4. Channel 1 of the 

waveform generator corresponds to the piezoelectric substrate at the extrados and channel 

2 of the waveform generator corresponds to the piezoelectric substrate at the intrados. The 

same order also applies to the oscilloscope. The channels of the waveform generator and 

the oscilloscope receives the designations shown in Table 1. 

 

Table 1: Waveform Generator & Oscilloscope Channel Designation 

Waveform Generator & Oscilloscope Channel Designation 

Waveform Generator Channel 1 inChannel 1 

Waveform Generator Channel 2 inChannel 2 

Oscilloscope Channel 1 outChannel 1 

Oscilloscope Channel 2 outChannel 2 

 

Since both the oscilloscope and the waveform generator have two channels, there is a total 

of four different ways of connecting the oscilloscope to the waveform generator. The four 

combinations are: inChannel 1 to outChannel 1; inChannel 1 to outChannel 2; inChannel 

2 to outChannel 1; inChannel 2 to outChannel 2. All four combinations need to be tested. 
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The sinusoidal signal sent by the waveform generator starts at a certain frequency and 

sweeps linearly up to the end frequency. Referring to section 3.1.3, as the input signal 

frequency Ω sweeps from one frequency to another, it excites any mode shapes within this 

frequency range. From these excited mode shapes, the resonance frequency of the bent pipe 

can then be determined. The waveform generator is set to deliver 4 swept sine signals. A 

forward and backward sweep, each encompassing a frequency range of 200 kHz to 500 

kHz for one combination of in and out channel is performed followed by, another set of 

forward and backward sweep, each encompassing a frequency range of 400 kHz to 700 

kHz. An approximation is used as an accurate substitute for the Fast Fourier Transform. 

To do this, the envelope of the signal is obtained by first taking the absolute value of the 

original output signal and then applying a low-pass filter to remove any signal with 

frequency higher than 1500 Hz. The linear sweep rate of the input signal is then multiplied 

by the relative time of the sweep to determine the corresponding excitation frequency. 

Provided that the sweep rate is not too fast, the result will approximate the frequency 

response of the signal. Figure 9 illustrates this process.  
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Figure 9: Approximation of Fourier Transform using Low-Pass Frequency Filter 
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The result of this is the frequency response function (FRF) of the bent pipe. The FRF of 

the forward and backward sweeps for the 200 kHz – 500 kHz range are averaged to get a 

single FRF. This is also done for the 400 kHz – 700 kHz range sweeps. The combined FRF 

for 200 kHz – 500 kHz range and the 400 kHz – 700 kHz range are stitched to get a single 

FRF in the range of 200 kHz – 700 kHz. This is then repeated for the next combination of 

in and out channels until all four combinations are completed. Finally, this procedure is 

repeated for another run until all the necessary data are obtained. The time it takes to 

complete all the sweeps for one run is around 70 seconds. There is a time interval of 10 

minutes between the starts of consecutive runs. 

 

3.3.2 Resistance Monitoring of FAC Rate 

 

The resistance method of monitoring FAC uses a Keithley Model 2400 source meter. The 

source meter uses a 4-wire sensing technique to measure the resistance. A schematic of the 

4-wire technique is shown in Figure 10. 
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Figure 10: Four - Wire Resistance Method 

 

The ammeter, voltmeter, and battery are all provided in the source meter. The voltmeter 

measures the voltage drop across the bent section while the ammeter measures the current 

flowing through the bent section. There is some error due to the voltage drop from the 

wires connecting the voltmeter to the pipe. However, these errors are insignificant because 

the current flowing through these wires is very small. A temperature measurement of the 
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pipe was also carried out, using thermocouples, along with the resistance monitoring. This 

is because in order to get the average pipe wall thickness from the pipe’s electrical 

resistance, the temperature of the pipe also needs to be known. Since the silver leads are 

attached to the ends of the bent section of the pipe, this method can only measure the 

average pipe wall thickness at the pipe bent section 

 

3.4 Experimental Method 

 

3.4.1 Experiment Structure 

 

Two probes are tested, one has a pipe bend angle of 60 degrees and the other has a bend 

angle of 20 degrees as shown in Figure 11. 

 

 

Figure 11: Bend Angle of 60 & 20 Degree Pipe 

 



 

34 

 

Table 2 and Table 3 show the conditions in the loop that the two pipes are subjected to 

throughout the experiment. Table 2 shows the conditions that are unchanged throughout 

the experiment. These conditions apply for both the pipes. Table 3 gives a general outline 

of the conditions that are changed throughout the experiment. The actual experimental 

procedures for each of the bent pipes are slightly different from that outlined in Table 3. 

This is due to unforeseen circumstances that occurred during the experiment that required 

adjustments in the experimental procedures. The two pipes were tested one at a time 

starting with the 60 then ending with the 20 degree pipe. 

 

Table 2: Fixed Experimental Variables 

Pipe inner diameter 1.6 mm 

Temperature 140 oC 

DI water pH Neutral 

DI water conductivity < 1 µS/cm 

 

Table 3: Experimental Matrix 

Pipe 1 (bend angle 60o)  Obs Txa Txb Txc Txd Obs 

Pipe 2 (bend angle 20o) Obs Txa Txb Txc Txd Obs 

 

Observation (Obs): All of the observations in this experiment were made using a computer 

that collects data from the FAC probe in the test section of the loop. The FAC probe sends 

data periodically to the oscilloscope and then to the computer at a 10-minute interval 

throughout the experiment. The data stored in the computer can be read at any time. The 

variables that were collected are the average wall thickness of the pipe and the frequency 

response function of the pipe.  
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Treatment A (Txa): Water flows through the pipe at 2.4 L/min for a period of 7 days or 

more. 

 

Treatment B (Txb): Water flows through the pipe at 1.6 L/min for a period of 7 days or 

more.  

 

Treatment C (Txc): Dissolved oxygen was injected into the water in order to stifle the FAC 

in the pipe for a period of 7 days or more. The flow rate of the water remained at 1.6 L/min. 

 

Treatment D (Txd): Dissolved oxygen was purged from the water using argon in order to 

resume the FAC process in the pipe for a period of 7 days or more. The flow rate of the 

water remained at 1.6 L/min. This was to further confirm that the decrease in wall thickness 

and the changes in resonance frequency are primarily due to FAC. 

 

3.4.2 Flow Condition Monitoring 

 

Most of the instrumentation that monitors flow conditions is controlled by a PC-based 

control system that is written in Visual Basic called "FAC LOOP V". This control system 

interacts with the loop through a Keithley DAS-1800HC board in conjunction with a 

Keithley 1800HC PCI card within the main computer. An Anafaze MLS controller is also 

connected to the Keithley board. The purpose of the Anafaze controller is to deliver power 
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to both the pumps and the heaters and to activate the various safety system in the loop when 

necessary. 

 

The pressure is controlled by an Omega PX309-5KGV pressure transducer, a Hart SMAR 

LD301 M51ITU00011Z pressure transmitter, and a Tescom ER3000 electropneumatic 

pressure controller. The pressure transducer is used to both monitor the pump's outlet 

pressure and to activate the loop's safety system when the pressure goes above a certain 

point. The pressure transmitter and the electropneumatic pressure controller are used 

together to maintain pressure within the high-pressure section of the loop and to regulate 

the internal pressure of argon. 

 

The temperature is controlled by 2 OMEGA type k thermocouples. The first thermocouple 

is used to monitor the temperature in the loop and the second thermocouple is used to 

protect the loop from over-heating by triggering an alarm when the loop reaches above a 

certain temperature. The thermocouple used for monitoring is directly connected to the 

Keithley board while the thermocouple used for loop safety is connected to the Anafaze 

controller. 

 

The level of dissolved oxygen in the fluid is measured by a Mettler-Toledo 58 037 010 

high performance 70mm dissolved oxygen probe, a Mettler-Toledo 357-201 probe pre-

amplifier, and a Thorton 770MAX analyzer system. The dissolved oxygen probe is located 

on the low-pressure section of the loop. It monitors the concentration level of dissolved 

oxygen in the flow and sends the data to the analyzer system for processing. The signal 
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from the probe is amplified by the pre-amplifier before it reaches the analyzer system. The 

probe is connected to 2 of the 4 channels on the analyzer system. One channel is used for 

dissolved oxygen measurement and the other is for temperature measurement. The 

temperature measurement of the probe is mainly used for calibration purposes. Both the 

dissolved oxygen measurement and the temperature measurement are displayed on the 

analyzer system. 
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Chapter 4 Results 

 

4.1 60 Degree Probe 

 

4.1.1 Preliminary Test 

 

Before the start of the experiments, some preliminary tests on the pipe were made. First, 

the pipe’s inlet and outlet diameter needed to be accurately measured. Second, the pipe’s 

FRF needed to be measured at various temperatures. Finally, a resistance calibration 

needed to be done. 

 

4.1.1.1 Actual Inlet & Outlet Diameter 

 

The inlet and outlet pipe diameters needed to be measured because there might be some 

inaccuracy during the fabrication of the pipe. The pipe was made by taking a solid steel 

cylinder and drilling a hole through it along the centerline and bending it to the desired 

angle. An error that could occur is during the drilling; the drill could wobble when drilling 

through the cylinder and thus create a pipe inner diameter a bit greater than 1.6 mm. 

 

The inlet and outlet pipe diameters were measured using the following steps. First, both 

inlet and outlet outer pipe diameters were measured with an electronic caliper. Second, an 

enlarged picture of the inlet and outlet hole was obtained using an electronic microscope. 
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Third, the enlarged images taken from the electronic microscope were analyzed to get a 

ratio of the inner diameter to the outer diameter. This can be done by simply measuring the 

length in pixels of the outer and inner diameter from the images as shown in Figure 12.  

 

 

Figure 12: Close-up of Probe 60 Inlet & Outlet 

 

The length in pixels of the inner diameter (66 pixels for inlet and 75 pixels for outlet) is 

then divided by the length in pixels of the outer diameter (255 pixels for inlet and 265 

pixels for outlet) to get the ratio of inner diameter to outer diameter. Fourth, the ratio of 

inner diameter to outer diameter was multiplied by the outer diameter to get the actual inner 

diameter. Table 4 shows the result of this process. 

 

Table 4: Probe 60 Actual Inlet & Outlet Diameter 

 Inlet Outlet 

Outer Diameter 6.36 mm 6.36 mm 

Inner Diameter to Outer Diameter Ratio 66 : 255 75 : 265 

Actual Inner Diameter 1.646 mm 1.8 mm 

Average Initial Inner Diameter 1.723 mm 
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4.1.1.2 Calibration of Piezoelectric Substrate Response with Temperature 

 

Calibration of the piezoelectric substrate response at different temperatures needed to be 

done because, during loop operations, the temperature in the loop fluctuates ±1°C. 

Therefore, it is necessary to see how the FRF of the pipe changes with respect to 

temperature. Since the desired temperature of the loop is 140 oC, the range of temperatures 

to be tested is between 130 oC and 150 oC. This test was done by first putting the pipe in a 

Thermo Scientific Thermolyne F47915 muffle furnace and heating it to a desired 

temperature. FRF of the pipe at a given temperature was obtained using the method 

described in section 3.3.1. The temperature was then changed by 1 oC and this process was 

repeated until all the desired temperature are done (i.e. 130 oC, 131 oC, 132 oC, …, 140 oC, 

…, 150 oC). It takes some time for the pipe to raise its temperature to the desired level. 

Therefore, it is necessary to first wait around 1 hour for the pipe to heat from room 

temperature to 130 oC. When the pipe reached 130 oC, it was necessary to wait around 20 

minutes for any temperature change in the range of 130 oC to 150 oC (allowing enough 

time between consecutive temperatures to reach steady state). The results from the 

temperature test are shown in Figures 13, 14, 15, and 16. 
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Figure 13: Probe 60 inChannel1 outChannel1 Temperature Test 

 

 

Figure 14: Probe 60 inChannel1 outChannel2 Temperature Test 
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Figure 15: Probe 60 inChannel2 outChannel1 Temperature Test 

 

 

Figure 16: Probe 60 inChannel2 outChannel2 Temperature Test 
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Figures 13, 14, 15, and 16 shows that the amplitude of the peaks fluctuates as the 

temperature changes. The changes in the peak’s amplitude with respect to temperature do 

not seem to show a discernable pattern. It is seen that some peaks in the FRF increase as 

temperature increases while others decrease. This is true for all four combinations. The 

exact reason for this behavior is not yet known, but it is likely due to small changes in the 

piezoelectric properties of the piezoelectric substrates and the bent pipe with temperature. 

 

The frequencies of these peaks, however, does exhibit a noticeable trend.  From the graphs, 

it is shown that as the temperature increases the frequencies of all the peaks decrease. This 

trend is true for all four combinations. This behavior is in agreement with other experiments 

that tried to find how temperature affects the resonance frequencies of a structure [27, 28, 

29]. 

 

4.1.1.3 Resistance Calibration Test 

 

A resistance calibration test was performed immediately before the experiment began. The 

purpose of this is to relate the resistivity of the pipe to its temperature. The resistivity is 

calculated using the formula below. 

 

𝜌 =
𝑅 ∗ 𝐴

𝑙
     (14) 

Where: 

𝜌 = 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 
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𝑅 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

𝐴 = 𝐶𝑟𝑜𝑠𝑠 − 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 

𝑙 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝐵𝑒𝑡𝑤𝑒𝑒𝑛 𝑆𝑖𝑙𝑣𝑒𝑟 𝐿𝑒𝑎𝑑𝑠 

 

Figure 7 shows that the length between the silver leads and the outer diameter are 0.0125 

m and 0.0049 m respectively. Table 4 shows that the actual inner diameter is 0.001723 m. 

The cross-sectional area of the pipe is calculated below. 

 

𝐴 =  𝜋 (
𝑂𝐷

2
)

2

− 𝜋 (
𝐼𝐷

2
)

2

= 𝜋 (
0.0049 𝑚

2
)

2

− 𝜋 (
0.001723 𝑚

2
)

2

= 1.6526 × 10−5 𝑚2     (15) 

Where: 

𝑂𝐷 = 𝑂𝑢𝑡𝑠𝑖𝑑𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 

𝐼𝐷 = 𝐼𝑛𝑠𝑖𝑑𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 

 

This calibration was done by setting the temperature to a specified value and then 

measuring the electrical resistance of the pipe for a period of 20 minutes. The temperature 

is then set to another specified value and the process repeated until all the desired 

temperature values were tested. Since the actual temperature might not be the same as the 

set temperature, the actual temperature is also measured throughout the calibration. The 

average actual temperature and their corresponding average electrical resistance and 

resistivity are listed in Table 5. 

 



 

45 

 

Table 5: Probe 60 Resistance Method Calibration Data 

Average Actual 

Temperature (deg C) 

Average Electrical Resistance 

(µΩ) 

Average 

Resistivity (µΩ.m) 

125.20 258.55 0.34182 

133.94 265.13 0.35052 

144.99 274.72 0.36319 

155.10 285.48 0.37742 

149.96 284.17 0.37569 

140.26 273.72 0.36187 

130.79 266.42 0.35222 

 

A plot of average resistivity vs. average temperature is made to obtain an equation relating 

the two variables. The plot is shown in Figure 17 below. 

 

 

Figure 17: Probe 60 Resistance Calibration Plot 
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The error bars in Figure 17 are determined by first getting the standard deviation of each 

of the points on the graph and average them together. This value is the range of the error 

bars on Figure 17. 

 

4.1.2 Periodic Loop Water Sample Test 

 

Samples of the loop water must be obtained periodically to determine the pH and 

conductivity of the loop water. This is to make sure that the equipment used in the 

experiment is working properly. Since there is a limited amount of water in the loop, 

sampling of the loop water cannot be done too often. The sampling frequency is usually 

around once per week, but during the first couple of weeks in the experiment the sampling 

frequency should be 3 times or more per week. This is to make sure that the pH and 

conductivity are stable at the start of the experiment. Both pH and conductivity were 

measured three times, and their average value over the span of the experiment is presented 

in Figure 18.  
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Figure 18: Probe 60 pH & Conductivity 

 

From Figure 18, the pH and conductivity fluctuate in the range of 5.5 – 6.6 and 0.4 – 1 

µS/cm respectively. The range in the pH and conductivity are narrow enough to deem the 

pH and conductivity of the loop water constant throughout the experiment. The reason why 

the pH is not at neutral is because the process of taking samples of the loop water for pH 

and conductivity measurement exposes the samples to the atmosphere. This introduces CO2 

to the loop water samples and is why the measured pH is around 6 and not 7. The actual 

pH of the loop water should be closer to 7 than 6 because of the ion exchange column 

filtering the loop water. 
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4.1.3 FAC Test Condition 

 

The actual parameters for the experiment of the 60 degree pipe are shown in Table 6 and 

Table 7.  

 

Table 6: Probe 60 Fixed Variables 

 Actual Values Planned Values 

Pipe inner diameter 1.723 mm 1.6 mm 

Pipe bend 57.8o 60 o 

Temperature ~ 140 oC 140 oC 

pH ~ 6 Neutral 

Conductivity ~0.6 µS/cm < 1 µS/cm 

 

Table 7: Probe 60 Experimental Matrix 

Treatment 
Flow rate (L/min) Time (Days) Dissolved Oxygen (ppb) 

Actual Planned Actual Planned Actual Planned 

A 2.4 2.4 16 7 0 0 

B 1.6 1.6 17 7 0 0 

C (stifle) 1.6 1.6 13 7 8000 8000 

D 1.6 1.6 4 7 0 0 

 

For most of the parameters, there is only a slight difference between their actual value and 

their planned value. The exception is the time parameter where there is a significant 

difference between the actual and planned value. The difference in the actual and planned 

time for treatment A to C is due to waiting for the corrosion rate to stabilize. The difference 

for treatment D is due to the resonance frequencies immediately start changing when the 

FAC is unstifled and thus it is not necessary to do the full 7 days. 
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4.1.4 Data Processing 

 

The waveform generator settings are shown in Table 8. 

 

Table 8: Probe 60 Waveform Generator Setting 

Sweep 1 200 kHz – 500 kHz 

Sweep 2 500 kHz – 200 kHz 

Sweep 3 400 kHz – 700 kHz 

Sweep 4 700 kHz – 400 kHz 

Voltage 0.15 V 

Sample Frequency 2.5 MSa/s 

Number of Points per Sweep 500,000 

Delay Time Between each Run 10 minutes 

 

The resonance frequencies of the pipe can be found from the pipe’s FRF. As seen in Figure 

19, the pipe’s FRF has several peaks marked by a circle. Each of the peaks represents the 

resonance frequency of one of the vibrational modes of the pipe. The data is processed by 

first plotting the FRF of the pipe for each run and then identifying the frequency that 

corresponds to each of the peaks on the FRF. 
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Figure 19: Peak Detection of Pipe's FT 

 

Figure 20 shows a close up of a peak to confirm that the peak detection method does 

identify the true peak. The peaks were determined using Matlab’s “findpeaks” function. 

The findpeaks functions works by finding the prominence of every peak in the graph and 

detects the peaks that have high enough prominence. The prominence of a peak is the area 

enclosed by the peak from the tip of the peak all the way down to the base of the peak. This 

would mean that larger peaks would enclose more area and thus have higher prominence 

and smaller peaks would enclose less area and thus have lower prominence. 
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Figure 20: Peak Detection Confirmation 

 

This step was repeated for all the runs. Once all the runs were processed, a plot of all the 

resonance frequencies of the pipe vs. time was obtained.  

 

The results for all 4 combinations of inChannel and outChannel are in Figures 21, 22, 23, 

and 24. On all the four combinations, there are two brief anomalies that occur at around 

day 22 and day 35 where the peak frequencies behave differently from the rest of the data. 

This was due to two power outages that occurred during those times and shut down the 

loop.  
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Figure 21: Probe 60 inChannel1 outChannel1 Peak Frequency vs. Time  

 

 

Figure 22: Probe 60 inChannel1 outChannel2 Peak Frequency vs. Time 
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Figure 23: Probe 60 inChannel2 outChannel1 Peak Frequency vs. Time 

 

 

Figure 24: Probe 60 inChannel2 outChannel2 Peak Frequency vs. Time 
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Figure 25 gives a visualization of what the above graphs represent. 

 

 

Figure 25: Peak Shifts with Time 

 

Figure 25 plots the FRF and its peaks at 13, 14, and 15 days into the test. This figure shows 

that some peaks move as the experiment progresses. Figures 21, 22, 23, and 24 plots the 

frequencies of these peaks over all the times. 

 

It is seen that all the changes in the resonance frequencies occur between the range 400 

kHz – 700 kHz. The resonance frequencies below 400 kHz do not show any significant 

change. It can be reasoned that any resonance frequencies that are below 400 kHz are 

insensitive to the changes in the pipe wall thickness. Therefore, for the 20 degree probe, 

the sweep frequency range covers between 400 kHz – 700 kHz. 
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The average wall thickness of the pipe was determined using the equation from the 

calibration test. The equation that was used is the trendline equation from Figure 17 shown 

below. 

 

𝜌 = 0.0012037𝑇 + 0.19183     (16) 

Where: 

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

This equation can then be rearranged to get it in terms of electrical resistance, temperature, 

and average pipe wall thickness. 

 

Step 1: Substitute equation (14) into equation (16) 

 

𝑅𝐴

𝑙
= 0.0012037𝑇 + 0.19183     (17) 

 

Step 2: Substitute equation (15) into equation (17) 

 

𝑅

𝑙
(𝜋 (

𝑂𝐷

2
)

2

− 𝜋 (
𝐼𝐷

2
)

2

) = 0.0012037𝑇 + 0.19183     (18) 

𝐼𝐷 = √𝑂𝐷2 −
4𝑙

𝑅𝜋
(0.0012037𝑇 + 0.19183)    (19) 
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Step 3: Knowing that the wall thickness of a pipe is just one half of the difference between 

the outside diameter and the inside diameter. 

 

𝑊𝑎𝑙𝑙 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =
𝑂𝐷 − 𝐼𝐷

2
     (20) 

 

Step 4: Substitute equation (19) into equation (20) 

 

𝑊𝑎𝑙𝑙 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =
𝑂𝐷 − √𝑂𝐷2 −

4𝑙
𝑅𝜋

(0.0012037𝑇 + 0.19183)

2

=
0.0049 − √2.401 × 10−5 −

0.015915
𝑅

(0.0012037𝑇 + 0.19183)

2
     (21) 

 

Using equation (21), the average pipe wall thickness can then be determined by just 

knowing the temperature and the electrical resistance. The results from the resistance 

measurement of the pipe’s average wall thickness are shown in Figure 26. 
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Figure 26: Probe 60 Average Pipe Wall Thickness 

 

The accuracy of the resistance measurement of wall thickness is determined by comparing 

the final resistance measurement with the actual wall thickness at the end of the experiment. 

The actual final wall thickness of the probe is found by removing the probe from the water 

loop when the experiment is done and sectioning it to directly measure its wall thickness. 

The final wall thickness from the resistance measurement is around 1.2 mm and the actual 

wall thickness at the bend section is around 1.16 mm. Therefore, the resistance 

measurement of wall thickness is in good agreement with the actual wall thickness. 
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Figures 21, 22, 23, 24, and 26 show a general trend of decreasing resonance frequencies 

with exposure to FAC. However, there are some peaks that do not show any changes. There 

are a few reasons for this. First, the piezoelectric substrates used here can excite the 

compressional mode of the pipe. Since the only change to the pipe’s shape is a decrease in 

wall thickness, the effects on the compressional modes would not be as noticeable as for 

the other modes. This reason would account for most of the unchanged resonance 

frequencies. Second, as explained in section 3.1.3, attaching the piezoelectric substrates to 

the pipe alters the measured vibrational response of the probe. This would mean that the 

resonance frequencies measure from the probe are from both the bent pipe and the 

piezoelectric substrates attached to it. Because some resonance frequencies are from the 

piezoelectric substrates and not from the pipe itself, decreasing the wall thickness of the 

pipe had no effect on these peaks. This reason would account for only a small number of 

the unchanged resonance frequencies. Figures 21, 22, 23, and 24 also show that at the 

stifled condition, all the resonance frequencies stop changing. This confirms that the 

changes in resonance frequency that are seen are solely due to FAC. The results that are 

seen here are very similar to the results in the straight pipe where the resonance frequencies 

of some of the vibrational modes also decrease. 

 

4.1.5 Pipe Section Analysis 

 

After the experiment was finished, the pipe was removed from the loop and sectioned in 

half. The purpose of this is to see how the pipe has corroded. High-resolution microscopy 
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images were stitched together, and the result is presented as a composite picture in Figure 

27. 

 

 

Figure 27: Probe 60 Sectioned View 

 

A profile of the inner diameter of the pipe before and after the experiment is shown in 

Figure 29. Figure 28 divides the pipe into three sections: section A, section B, and section 

C. Section A is the inlet while section C is the outlet.  
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Figure 28: Probe 60 Microscopy View 

 

 

Figure 29: Probe 60 Final Wall Thickness [30] 

 

Figure 29 shows that at the inlet of the pipe, there is a high rate of FAC. The FAC rate then 

decreases further down the pipe. At the pipe bent section, the FAC rate at the intrados is 

the highest near the inlet and lowest near the outlet while the FAC rate at the extrados is 

highest near the outlet and lowest near the inlet. After the bent section, that FAC rate evens 

out. 
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A Laser Raman Spectroscopy (LRS) analysis was used to determine the surface 

composition of the pipe’s inner wall. The LRS analysis was done on the inlet, center (bend), 

and outlet section of the probe. At each section, several measurements around the 

circumference were taken to see if the LRS showed similar oxide composition in those 

particular section. The LRS measurement locations around the circumference are shown in 

Figure 30. 

 

 

Figure 30: Location of LRS Measurements around Circumference of Sectioned Probe 

 

The sectioned pipe is divided into 3 equal areas (area 3, area 5, and area 8). First, a 

measurement is taken at the middle of area 5. Second, another measurement is taken about 

50 microns beside the first measurement of area 5. This would produce two LRS. If the 
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two LRS are the same, then it means that the LRS at area 5 is uniform. If the two LRS are 

different then several more measurements are taken to see if there are more distinct LRS at 

area 5. This process is repeated for area 3 and area 8. 

 

Nine locations (labeled A-I) along the length of the sectioned probe are shown in Figure 

31 and Figure 32 shows all the measured LRS at location A (inlet). 

 

 

Figure 31: Sectioned Probe Locations A-I 
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Figure 32: All LRS at Section A 
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At location A (inlet) there are only two distinct LRS. Figure 33 shows all the distinct 

LRS of the inlet, center (bend), and outlet of the 60 degree probe. 

 

 

Figure 33: Probe 60 Laser Raman [30] 
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The letters at the top right corner of each graph tells whether magnetite, hematite, or 

lepidocrocite is present (i.e. “M” – magnetite, “H” – hematite, and “L” – lepidocrocite). 

Figures 27 and 33 shows that the inner wall is covered with a layer mostly compromised 

of black magnetite. 

 

4.2 20 Degree Probe 

 

4.2.1 Preliminary Test 

 

4.2.1.1 Actual Inlet & Outlet Diameter 

 

Figure 34 shows a measurement of the outer and inner diameter of both the inlet and outlet 

of the 20 degree pipe in pixels. The procedure described in section 4.1.1.1 is used to 

calculate the actual inner diameter of the 20 degree probe. 

 

 

Figure 34: Close-up of Probe 20 Inlet & Outlet 
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Table 9 shows the result of this process 

 

Table 9: Probe 20 Actual Inlet & Outlet Diameter 

 Inlet Outlet 

Outer Diameter 6.36 mm 6.36 mm 

Inner Diameter to Outer Diameter Ratio 599 : 2303 657 : 2562 

Actual Inner Diameter 1.654 mm 1.631 mm 

Average Initial Inner Diameter 1.643 mm 

 

4.3.1.2 Calibration of Piezoelectric Substrate Response with Temperature 

 

The results from the temperature test are shown in Figures 35, 36, 37, and 38. 

 

 

Figure 35: Probe 20 inChan1 outChan1 Temperature Test 
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Figure 36: Probe 20 inChan1 outChan2 Temperature Test 

 

 

Figure 37: Probe 20 inChan2 outChan1 Temperature Test 
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Figure 38: Probe 20 inChan2 outChan2 Temperature Test 

 

Figures 35, 36, 37, and 38 shows again that there is no discernable pattern in the amplitude 

fluctuation of the peak frequencies. It also shows that the peak frequencies decrease with 

an increase in temperature. This is true for all four combinations. This is very similar to the 

results from the 60 degree probe. 

 

4.2.1.3 Resistance Calibration Test 

 

Figure 39 shows the calibration plot that is used to convert the pipe resistance to the average 

pipe wall thickness. 



 

69 

 

 

Figure 39: Probe 20 Resistance Calibration Plot 

 

4.2.2 Periodic Loop Water Sample Test 

 

Figure 40 shows how the conductivity and pH changes throughout the experiment. 
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Figure 40: Probe 20 pH & Conductivity 

 

The pH and conductivity fluctuate in the range of 5 – 6.5 and 0.5 – 3.5 µS/cm respectively. 

The fluctuation here is much higher than for the 60 degree probe. Figure 40 shows that the 

cause of this higher fluctuation is due to an increase in the conductivity to 3.5 µS/cm and 

a decrease in pH to 5 during the 10 – 30 day time period. This abnormal change in pH and 

conductivity is because the ion-exchange column that was used to filter out the dissolved 

ion in the loop water was not working properly. In the experiment for the 20 degree probe, 

only one column in the ion-exchange column was used. This was because it was suspected 

there was some leak in one of the columns. Therefore, the suspected column was isolated, 

and all the ion filtering was solely done by the other column. It appears that the column 
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that was being used had become defective. To fix this, the defected column was closed off 

and the loop water re-routed to the other column. To mitigate any possible chance of a leak 

in this column, all the column’s connection joints were wrapped up in Reflectix foil tape. 

After the columns were switched, the pH and conductivity of the loop water started to 

return to normal and there did not appear to be any signs of leak happening in the loop. 

 

4.2.3 FAC Test Condition 

 

Table 10 shows the variables that are constant throughout the experiment. 

 

Table 10: Probe 20 Fixed Variables 

 Actual Values Planned Values 

Pipe inner diameter 1.643 mm 1.6 mm 

Pipe bend 17.8o 20 o 

Temperature ~ 140 oC 140 oC 

pH ~ 5.5 Neutral 

Conductivity ~ 1.5 µS/cm < 1 µS/cm 

 

At around 11 days into the experiment, an observation was made on the probe and it was 

noticed that the resonance frequencies and the average pipe wall thickness were decreasing 

much faster than usual. At the time of the observation, FAC had already worn away a 

significant amount of the probe. It was decided to skip treatment B due to safety concerns, 

as excessive wear could rupture the probe during the treatment. The experimental matrix 

is shown in Table 11. 
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Table 11: Probe 20 Experimental Matrix 

Treatment 
Flow rate (L/min) Time (Days) Dissolved Oxygen (ppb) 

Actual Planned Actual Planned Actual Planned 

A 2.4 2.4 12 7 0 0 

B (Skipped) Skipped 1.6 Skipped 7 Skipped 0 

C (stifle) 2.4 1.6 24 7 ~ 8000 8000 

D 1.6 1.6 27 7 ~ 10 0 

 

Similar to the 60 degree probe, all of the parameters, except for time, have only slight 

differences between their actual value and their planned value. The difference in the actual 

and planned time for treatment A is due to waiting for the corrosion rate to stabilize. The 

difference for treatment C is due to waiting for the corrosion rate to stabilize and that it 

took more time than usual to reach the desired oxygen level. The difference for treatment 

D is due to waiting for the corrosion rate to stabilize and that the resonance frequencies 

and the average pipe wall thickness remains mostly unchanged. 

 

4.2.4 Data Processing 

 

The waveform generator settings are shown in Table 12 and the results for all 4 

combinations of inChannel and outChannel are in Figures 41, 42, 43, and 44. 

 

Table 12: Probe 20 Waveform Generator Setting 

Sweep 1 400 kHz – 700 kHz 

Sweep 2 700 kHz – 400 kHz 

Voltage 0.15 V 

Sample Frequency 2.5 MSa/s 

Number of Points per Sweep 500000 

Delay Time Between each Run 10 minutes 
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Figure 41: Probe 20 inChannel1 outChannel1 Peak Frequency vs. Time 

 

 

Figure 42: Probe 20 inChannel1 outChannel2 Peak Frequency vs. Time 
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Figure 43: Probe 20 inChannel2 outChannel1 Peak Frequency vs. Time 

 

 

Figure 44: Probe 20 inChannel2 outChannel2 Peak Frequency vs. Time 



 

75 

 

The results from the resistance measurement of the pipe’s average wall thickness are shown 

in Figure 45.  

 

 

Figure 45: Probe 20 Average Pipe Wall Thickness 

 

The final wall thickness from the resistance measurement is around 1.2 mm and the actual 

wall thickness at the bend section is around 1.24 mm. Therefore, resistance measurement 

of wall thickness is in good agreement with the actual wall thickness. 

 

Figures 41, 42, 43, 44, and 45 shows that, similar to the results of the 60 degree probe, 

there is a general trend of decreasing resonance frequencies with exposure to FAC. Also 
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similar to the results from the 60 degree probe is that, at the stifled condition, all the 

resonance frequencies stop changing. Figures 41, 42, 43, 44, and 45 also show that during 

the time that FAC is occurring (12 days into the experiment), the resonance frequencies 

and the average wall thickness are both decreasing at a much faster rate than the 60 degree 

probe (12.17 mm/year for the 20 degree probe and around 3.42 mm/year for the 60 degree 

probe). When the FAC is resumed (day 37), both the resonance frequencies and the average 

wall thickness do not show any immediate changes, unlike in the 60 degree probe 

experiment. Later into the experiment, some resonance frequencies start to show slight 

decreases, but most still stay the same. The average wall thickness remains unchanged. 

Because of this, the experiment was stopped. This would indicate that the FAC is still 

somewhat stifled even after the dissolved oxygen is removed from the loop’s water. To 

determine the cause of these anomalies, the cross-section of the 20 degree probe must be 

examined. Despite the anomalies, the results shown here are again very similar to a straight 

pipe in that the resonance frequency decreases as average pipe wall thickness decreases.  

 

4.2.5 Pipe Section Analysis 

 

A picture of the sectioned pipe is shown in Figure 46. 
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Figure 46: Probe 20 Sectioned View 

 

Figure 46 shows severe corrosion at the inlet. A zoomed in view at the transition point 

between the severely corroded inlet and the mildly corroded interior of the probe is shown 

in Figure 47. 

 

 

Figure 47: Probe 20 Transition between Severely Corroded Inlet and the Interior of Pipe 
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Figure 48 shows the profile of the inner diameter of the pipe before and after the 

experiment.  

 

 

Figure 48: Probe 20 Final Wall Thickness 

 

Figure 49 shows all the distinct LRS of the inlet, center (bend), and outlet of the 20 degree 

probe. 
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Figure 49: Probe 20 Laser Raman [30] 

 

Figures 46 and 49 shows that the inner wall is covered with a layer mostly composed of 

hematite. Furthermore, the inlet of the pipe is shown to be severely corroded while the rest 

of the pipe shows normal levels of corrosion. The reason for this is most likely due to the 
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inlet of the pipe’s being not properly connected to the loop. There might be a gap at the 

connection point between the inlet and the loop. This would significantly increase the 

turbulence at the inlet and thus increases the FAC rate at that area.  

 

This would explain the unusually high rate of decrease of resonance frequencies and 

average pipe wall thickness during the first 12 days of the experiment. This also explains 

the layer of hematite instead of magnetite on the inner wall. This is because a large portion 

of carbon steel at the inlet has been removed and scattered in the loop water. The iron from 

this removed carbon steel is then dissolved in the loop water. This high amount of dissolved 

iron would be carried into the pipe and, in combination with the high dissolve oxygen level, 

would cause hematite to form. The hematite would then be deposited on the inner surface 

of the pipe thus forming the hematite layer. This hematite layer would act as a protective 

layer that reduces FAC rate. This explains why the resonance frequencies and the average 

pipe wall thickness did not change even after the dissolved oxygen is purged from the loop 

water.  

 

In addition, Figure 46 also explains why there are some resonance frequencies that start to 

decrease days after the FAC resumes while the average pipe wall thickness continues to 

remain unchanged. The reason for this is that the piezoelectric substrate measures all of the 

pipe while the electrical resistance method only measures the bent section of the pipe and 

did not pick up the changes at the inlet. The reason the electrical resistance method can 

only measure the bent section of the pipe and not elsewhere is because the silver leads that 

send and receive electrical signals are at the location where the bend starts and at where 



 

81 

 

the bend ends. Therefore, the electrical resistance method can only measure the section of 

the pipe that is between the silver leads.  

 

Figure 47 shows that at the severely corroded inlet, the hematite layer has an equal 

distribution of lighter and darker shades of red. However, at the probe interior, the hematite 

layer is mostly dark red with a few lighter patches. This indicates that after FAC is revived, 

the inlet experiences FAC while the rest of the probe did not.  

 

Figure 48 shows that at the bent section the FAC rate at the intrados is the highest near the 

inlet and lowest near the outlet while the FAC rate at the extrados is highest near the outlet 

and lowest near the inlet. This FAC distribution is similar to that of the 60 degree probe. 

However, the FAC rate distribution of the 20 degree probe at the bent section is much more 

uniform than that of the 60 degree probe. This is because the 20 degree probe has a smaller 

bend angle than the 60 degree probe thus making it closer to a straight pipe. This causes 

the FAC distribution in the 20 degree probe to be more like a straight pipe and thus more 

uniform. Figure 48 also shows that the extrados experiences more overall FAC than the 

intrados. This is most likely due to the 20 degree probe’s having a smaller bend angle than 

the 60 degree probe. In the literature review, it is shown that having a large bend radius 

causes more of the FAC to occur at the extrados [8].  

 

The findings from the cross-section view of the 20 degree probe paint a picture of what 

happened during its testing. The experiment begins at the unstifled condition and the gap 

in the connection between the inlet of the pipe and the loop increases the turbulence which 
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in turn increases the FAC rate. The FAC is then stifled by injecting dissolved oxygen into 

the loop water. During this time the dissolved oxygen combines with the iron ions to form 

hematite. The hematite then begins to deposit on the inner wall of the pipe. The FAC then 

resumes but the layer of hematite prevents any FAC from occurring. At the inlet however, 

the high turbulence due to the gap causes FAC to occur in that area. 
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Chapter 5 Correlation 

 

5.1 Correlation Theory 

 

The Pearson product-moment correlation coefficient was used to determine the relationship 

between the pipe’s average wall thickness and its resonance frequencies. This correlation 

coefficient determines how the two variables are correlated with each other. The correlation 

coefficient goes from 1 to -1 with 1 being a complete positive correlation, 0 being no 

correlation, and -1 being a complete negative correlation. The direction within which the 

two variables are related is not critically important since only the strength of the 

relationship determines if a correlation is possible between them. Therefore, the absolute 

value of the correlation coefficient was examined to see how close it was to either 1 or 0. 

 

5.2 Correlation Procedure 

 

The correlation was obtained by first mapping out the resonance frequencies with a 

trendline. This is because the resonance frequencies in the plots do not show a continuous 

line but several separate line segments that together give a general behavior of the 

resonance frequencies. Therefore, a trendline that follows the general pathway of these line 

segments is needed to do the calculation. This trendline was made by detecting a line 

segment near the beginning of the experiment and then finding a general equation that can 

trace its path. The trendline starts by following this path as time increases until it intersects 
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another line segment. The equation of that line segment is then obtained and the trendline 

starts to follow that path until it intersects another line segment. This process repeats until 

a complete trendline is mapped from the start of the experiment to the end of the 

experiment. Matlab script was used to perform the above steps. In the 60 degree probe plot, 

it can be seen that resonance frequencies below 350000 Hz are not affected by changes in 

the pipe’s average wall thickness, therefore those frequencies were not processed. This 

procedure is illustrated in the form of a flow chart in Figure 50. An example of this trendline 

method is shown in Figure 51. A simplified overview of the Matlab code is shown in 

Appendix A and the Matlab code itself is shown in Appendix B. 
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Figure 50: Resonance Frequency Trendline Determination Flow Diagram 
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Figure 51: Resonance Frequency Trendline Example 

 

Finally, each of the lines in Figure 51 was compared with the average pipe wall thickness 

data. The formula used to compute the correlation coefficient using these two sets of data 

is shown below. 

 

𝑟 =
𝑛 ∑(𝑥 × 𝑦) − (∑ 𝑥)(∑ 𝑦)

√(𝑛 ∑(𝑥2) − (∑ 𝑥)
2

)(𝑛 ∑(𝑦2) − (∑ 𝑦)
2

)

     (22) 

Where: 

𝑟 = 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑟𝑚𝑠 

𝑥 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑖𝑝𝑒 𝑤𝑎𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

𝑦 = 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 
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A sample calculation of the average correlation coefficient is shown in the Appendix C. 

 

5.3 Sensitivity Test & Parameter Selection 

 

There are several parameters in this correlation method that need to be determined in order 

to get the optimal result. These parameters are listed in Table 13. 

 

Table 13: Resonance Frequency Trendline Calculation Parameter Description 

Parameter Name Description 

Trendline number Number of trendlines desired. 

Trendline spacing How far apart trendlines should be spaced from one another. 

Starting line 

segment length 

When starting a new trendline, the starting line segment must have 

a minimum number of data points. 

Line segment 

detection range 

(Above) 

The frequency range in which if the frequency difference between 

the end point of the trendline and a line segment lies below this 

range, then the trendline is able to detect this line segment and 

start following its path. This is for if the frequency of the line 

segment is greater than the frequency of the trendline 

Line segment 

detection range 

(Below) 

The same as for the “Line segment detection range (Above)” 

parameter except that it is only for if the frequency of the line 

segment is less than the frequency of the trendline 

Minimum 

detection length 

The minimum number of data points of a line segment needed to 

be able to be detected by the trendline. 

 

A sensitivity test was done on these parameters to see how changing their values affects 

the final correlation result. The plot for the 60 degree probe inChannel1 outChannel2 was 

used to do the sensitivity test. In this test, a reference value is given to each of the 

parameters. One parameter is then selected to be changed while the other stays at the 

reference value. An average correlation coefficient is calculated for each of the changes. 
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The average correlation coefficient is just the value when the correlation coefficients of all 

the Trendlines are averaged together. This is repeated until all six parameters have been 

selected. The results of this test are shown in Table 14.  

 

Table 14: Resonance Frequency Trendline Sensitivity Test 

Parameter Values Average Correlation Coefficient 

Trendline number 

5 (ref.) 0.5036 

10 0.6172 

15 0.6398 

20 0.4665 

Trendline spacing 

5000 Hz (ref.) 0.5036 

10000 Hz 0.5036 

20000 Hz 0.7062 

50000 Hz 0.7169 

100000 Hz 0.1988 

Starting line segment length 

100 (ref.) 0.5036 

200 0.7072 

300 0.4439 

Line segment detection range 

(Above) 

1000 Hz (ref.) 0.5036 

2000 Hz 0.7082 

3000 Hz 0.4997 

Line segment detection range 

(Below) 

1000 Hz (ref.) 0.5036 

2000 Hz 0.8099 

3000 Hz 0.4304 

Minimum detection length 

2 (ref.) 0.5036 

10 0.5194 

50 0.9267 

100 0.9263 

200 0.9034 

 

Based on these results, it can be seen that increasing the minimum detection length caused 

the greatest change in the average correlation coefficient. Increasing the other parameters 

caused approximately the same amount of change in average correlation coefficient. It is 

also seen that all the parameters have a parabolic relation with the average correlation 
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coefficient. Each of the parameters has a value that would produce the highest average 

correlation coefficient value and any deviation from this value would produce a lower 

average correlation coefficient value. Also, it is seen that increasing the minimum detection 

length past 50 only causes a slight decrease to the average correlation coefficient, which 

still remains at around 0.9. This is unlike the other parameters where increasing them 

beyond a certain point causes a significant decrease in their value. Setting the minimum 

detection length to 50 and leaving all other parameters at their reference value produces 

the highest average correlation value. These parameters were used to determine the average 

correlation coefficient for the 60 and 20 degree probes. However, one change that was 

made is to set the trendline number to 10 instead of 5 so that more data can be used in the 

correlation process. These values are listed in Table 15. 

 

Table 15: Ideal Parameter 

Parameter Name Values used for Correlation 

Trendline number 10 

Trendline spacing 5000 Hz 

Starting line segment length 100 

Line segment detection range (Above) 1000 Hz 

Line segment detection range (Below) 1000 Hz 

Minimum detection length 50 

 

5.4 Correlation Results 

 

The plots of the trendlines for the 60 degree probes are shown in Figures 52, 53, 54, and 

55. The plots of the trendlines for the 20 degree probe are shown in Figures 56, 57, 58, and 

59. 
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Figure 52: Probe 60 Correlation inChannel1 outChannel1 

 

 

Figure 53: Probe 60 Correlation inChannel1 outChannel2 
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Figure 54: Probe 60 Correlation inChannel2 outChannel1 

 

 

Figure 55: Probe 60 Correlation inChannel2 outChannel2 
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Figure 56: Probe 20 Correlation inChannel1 outChannel1 

 

 

Figure 57: Probe 20 Correlation inChannel1 outChannel2 
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Figure 58: Probe 20 Correlation inChannel2 outChannel1 

 

 

Figure 59: Probe 20 Correlation inChannel2 outChannel2 
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A list of the correlation coefficients for the two probes are shown in Table 16. 

 

Table 16: Average Correlation Coefficients 

Probe Bend Degree Channel Combination Average Correlation Coefficient 

60 

inChannel1 outChannel1 0.3026 

inChannel1 outChannel2 0.8717 

inChannel2 outChannel1 0.9379 

inChannel2 outChannel2 0.8623 

20 

inChannel1 outChannel1 0.5578 

inChannel1 outChannel2 0.4761 

inChannel2 outChannel1 0.8484 

inChannel2 outChannel2 0.5039 

 

These results show that there is a fairly high correlation present in the 60 degree probe but 

less so in the 20 degree probe. In the 60 degree probe, inChannel1 outChannel1 shows a 

weak correlation whereas the other combinations show strong correlations. In the 20 degree 

probe, only inChannel2 outChannel1 shows a strong correlation whereas the other 

combinations show mild correlations. The lower correlation values on some of the 

combinations could be due to some resonance frequencies that are increasing as the average 

pipe wall thickness decreases. This would cause some trendlines to be inversely 

proportional to the average wall thickness and thus lower the average correlation 

coefficient. For the 20 degree probe, the lower correlation values could also be due to the 

fact that near the end of the experiment, some of the measured resonance frequencies are 

changing while the measured average wall thickness is not changing. However, in each of 

the plots there is always a significant number of trendlines that show a high correlation 

value (>0.7). Therefore, it can be concluded that there is a significant correlation between 

the resonance frequencies and the average pipe wall thickness of a bent pipe. 
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5.5 Equation Relating Resonance Frequency with Average Wall 

Thickness 

 

Now that it is shown that there is a strong correlation between these two variables, it is 

necessary to find an equation that can relate these two variables. This is done by plotting a 

resonance frequency trendline with the average pipe wall thickness to get a plot of 

resonance frequency vs. average pipe wall thickness. A trendline was obtained from this 

plot along with its equation. This equation allows the average wall thickness of the bent 

pipe to be determined by just knowing its resonance frequency. An example of this, using 

a trendline in the 60 degree probe inChannel1 outChannel2, is shown in Figure 60. 

 

 

Figure 60: Average Pipe Wall Thickness vs. Resonance Frequency 
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A linear trendline is found to be the best in describing the relationship between the 

resonance frequency and the average wall thickness. All the trendlines in each of the 

combinations that have a correlation coefficient of 0.7 or greater were averaged together 

to get a general equation. A list of the general equations for each of the four combinations 

of the 60 and 20 degree probe is shown in Table 17. 

 

Table 17: General Equation Relating Resonance Frequency to Average Wall Thickness 

Probe Bend Degree Channel Combination General Equation 

60 

inChannel1 outChannel1 y = 5.6327*10-6 x – 1.5249 

inChannel1 outChannel2 y = 4.942*10-6 x – 1.1511 

inChannel2 outChannel1 y = 5.7091*10-6 x – 1.751  

inChannel2 outChannel2 y = 3.2677*10-6 x – 0.2591 

20 

inChannel1 outChannel1 y = 3.6035*10-7 x + 0.0093 

inChannel1 outChannel2 y = 7.5270*10-7 x – 0.0125 

inChannel2 outChannel1 y = 1.0756*10-6 x + 0.0446 

inChannel2 outChannel2 y = 7.4459*10-7 x + 0.0382 

 

The average slope for the 60 degree probe is 4.8879*10-6 and the average slope for the 20 

degree probe is 7.3331*10-7. This means that a decrease in 1 Hz of the resonance frequency 

corresponds to a decrease in 4.8879*10-6 mm of wall thickness for the 60 degree probe and 

7.3331*10-7 mm of wall thickness for the 20 degree probe. The slope for the 60 degree 

probe is significantly higher than the 20 degree probe. 
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Chapter 6 Conclusion 

 

6.1 Project Summary 

 

In conclusion, a method that uses vibrational analysis to monitor the FAC rate in a bent 

pipe has been presented. This method uses piezoelectric substrates attached onto the pipe 

to measure its vibrational response which can then be used to determine the FAC rate in 

the pipe. The experimental procedure consisted of taking two bent probes that have 

different bend angles (60 and 20 degrees) and subjecting each of them to a series of flow 

conditions. The vibrational response of the pipe was monitored throughout the test using 

the piezoelectric substrates.  

 

The results from the experiments show that as the average wall thickness of the pipe 

decreases, its resonance frequencies decrease for the two bend angles. The average 

correlation coefficient for most of the combinations ranges from strong to fair. There are 

reasons why some correlation coefficients are not that strong (i.e. correlation coefficient < 

0.7). One reason is that some resonance frequencies are increasing as average pipe wall 

thickness decreases. Another reason is that the entrance effect in the 20 degree probe causes 

some of the measured resonance frequencies to change while keeping the measured 

average wall thickness unchanged near the end of the experiment. In general, the 

correlation coefficients are high enough to confirm that a relationship exists between the 
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two variables. These results confirm the validity of this method to monitor FAC rate in 

bent pipes up to 60 degrees. 

 

The FAC wear distribution at the bend for the 60 degree probe shows that at the intrados, 

the FAC rate was higher near the inlet than near the outlet while at the extrados, the FAC 

rate was higher near the outlet than near the inlet. The FAC wear distribution at the bend 

for the 20 degree probe shows similar characteristics. The similarity is that at the intrados, 

both probe experience higher FAC rate near the inlet than near the outlet and that at the 

extrados, both probes experience higher FAC rate near the outlet than near the inlet. One 

difference between the probes is that at the intrados or the extrados surface of the bend, 

there is a more even FAC distribution in the 20 degree probe than the 60 degree probe. 

Another difference is that the extrados of the 20 degree probe shows significantly more 

FAC than the intrados whereas for the 60 degree probe the extrados and the intrados have 

similar overall levels of FAC. The literature review on FAC in bent pipes shows similar 

results. 

 

6.2 Future Work 

 

Further work is needed to develop a commercial device that uses this method to monitor 

the FAC rate in pipes. Future work includes: testing to see if this method can work on other 

forms of pipe obstructions such as valves; finding out if this method can map the uneven 

wear distribution in the pipes so that the point where the pipe’s wall is the thinnest can be 
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known; and developing a numerical model that can accurately relate the resonance 

frequencies of the pipe to its average wall thickness. 

 

Using this method to locate which specific area of a pipe that is experiencing the greatest 

FAC rate will be challenging. This is because currently it is not certain how this can be 

determined from the resonance frequency vs. time plot. However, a clue as to how this can 

be done is shown in the results for the 20 degree probe. Near the end of the experiment for 

the 20 degree probe, the inlet of the probe is severely corroding while the rest of the probe 

is not corroding. It can be seen on the resonance frequency vs. time plot that at this time 

some resonance frequencies are changing while others are not. It can then be inferred that 

certain resonance frequencies of the probe could correspond to different sections of the 

probe. If there is more FAC occurring at a certain section of the probe then the resonance 

frequency corresponding to that section would change much faster than the other 

frequencies. This could help in determining which area of the pipe has the most severe 

FAC. 
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Appendix - A Simplified Trendline Algorithm 

 

Step 1: 

All the resonance frequencies and their respective time are stored in an excel file. The 

Matlab code reads this excel file and store all of its data in a matrix called "Plot". The 

“Plot” matrix is shown in Table 18. The first row of the "Plot" matrix gives the time in 

seconds. The values below each of the time value represent all the resonance frequencies 

at that time. For example, at 3.6 seconds into the experiment, the resonance frequencies of 

the probe are 223272.2 Hz, 243045.3 Hz, 457407.6 Hz, ... etc. 

 

Table 18: Plot Matrix 

Plot 

3.6 401.1 797.1 1194.6 1593.3 1994.7 2392.4 2788.2 3188.7 

223272.2 242957.1 243059.7 243029.1 243122.1 243327.3 243209.1 241136.7 224118.8 

243045.3 458290.2 458290.2 458047.2 457853.4 457729.8 459228.6 457776.6 244195.5 

457407.6 506097.1 506909.5 506745.7 507671.5 507413.5 507645.1 506129.5 416356.7 

506376.1 523797.7 523672.3 523543.9 523447.9 523656.1 523428.7 523154.5 451148.4 

523695.1 573696.8 574376.6 573500.6 536169.1 536995.3 536631.7 554079.2 489554.5 

573250.4 594300.8 594110.0 594514.4 573673.4 574157.6 574167.8 573993.2 504982.9 

594407.0 605957.6 605535.2 605821.4 595232.0 595978.4 595163.6 594126.8 519251.5 

605879.6 636056.1 634700.7 636344.1 605998.4 605993.6 606621.9 635667.9 590873.0 

636680.1 666926.7 666132.9 666671.1 634736.1 636380.1 636256.5 667146.9 613441.5 

666366.9 0 0 0 667609.5 667020.9 668502.9 0 636792.9 

 

Step 2: 

It is necessary to ignore any resonance frequencies that are below 350000 Hz due to the 

ramp up and ramp down effect during a sinusoidal sweep. The ramp up and ramp down 
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effect prevents the lower frequencies to from changing. Therefore, it is not necessary to 

obtain the correlations for these resonance frequencies. The resonance frequencies that are 

above 350000 Hz are shown in the "Plot2" matrix. The “Plot2” matrix is shown in Table 

19. 

 

Table 19: Plot2 Matrix 

Plot2 

457407.6 458290.2 458290.2 458047.2 457853.4 457729.8 459228.6 457776.6 416356.7 

506376.1 506097.1 506909.5 506745.7 507671.5 507413.5 507645.1 506129.5 451148.4 

523695.1 523797.7 523672.3 523543.9 523447.9 523656.1 523428.7 523154.5 489554.5 

573250.4 573696.8 574376.6 573500.6 536169.1 536995.3 536631.7 554079.2 504982.9 

594407.0 594300.8 594110.0 594514.4 573673.4 574157.6 574167.8 573993.2 519251.5 

605879.6 605957.6 605535.2 605821.4 595232.0 595978.4 595163.6 594126.8 590873.0 

636680.1 636056.1 634700.7 636344.1 605998.4 605993.6 606621.9 635667.9 613441.5 

666366.9 666926.7 666132.9 666671.1 634736.1 636380.1 636256.5 667146.9 636792.9 

0 0 0 0 667609.5 667020.9 668502.9 0 0 

 

Step 3: 

The resonance frequencies of the first column in the "Plot2" matrix is taken and is used to 

get the first column of the "Lines" and "Place" matrix. This is shown in Table 20. The 

"Lines" matrix is where all the resonance frequencies in the "Plot2" matrix is grouped into 

line segments. The "Place" matrix manages the location of the resonance frequencies 

between the "Plot" matrix and the "Lines" matrix. 

 

 

 

 



 

105 

 

Table 20: First Column of Lines and Place Matrix 

Lines Place 

457407.6 1 

506376.1 2 

523695.1 3 

573250.4 4 

594407.0 5 

605879.6 6 

636680.1 7 

666366.9 8 

 

The resonance frequency 457407.6 Hz in the "Lines" matrix is used as an example to 

illustrate how the “Place” matrix works. 457407.6 Hz is located in row #1 column #1 of 

the "Lines" matrix. The value at row #1 column #1 of the "Place" matrix is 1. The 1 at the 

"Place" matrix tells which row in the "Plot2" matrix does the 457407.6 Hz comes from. 

Also, 457407.6 Hz is at the first column of the "Lines" matrix which means that 457407.6 

Hz comes from the first column in the "Plot2" matrix. The row and column number of the 

457407.6 Hz in the "Plot2" matrix is then known. 

 

Step 4: 

The Matlab code groups together the resonance frequencies from "Plot2" that are close to 

each other into line segments. This is done by reading two columns in the "Plot2" matrix 

that are next to each other. The column on the left is stored in a matrix called "Column1" 

and the column on the right is stored in a matrix called "Column2".  An example of this is 

shown in Table 21 using the first and second column of the "Plot2" matrix. The first column 

from "Plot2" is read first and is stored in "Column1", then the second column from "Plot2" 

is read second and is stored in "Column2". 
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Table 21: Column1 and Column2 Matrix for First and Second Column of Plot2 Matrix 

Column1 Column2 

457407.6 458290.2 

506376.1 506097.1 

523695.1 523797.7 

573250.4 573696.8 

594407.0 594300.8 

605879.6 605957.6 

636680.1 636056.1 

666366.9 666926.7 

 

The Matlab code starts at the first row of the "Column1" matrix which has a value of 

457407.6 Hz and cycles through all the values in the "Column2" matrix to see if there is 

any value that is within a certain range of 457407.6 Hz. The range that this code is set to is 

±2000 Hz. Only the value 458290.2 Hz from the "Column2" matrix is within the range of 

457407.6 ± 2000 Hz. Therefore the value 457407.6 Hz and 458290.2 Hz gets grouped 

together to form a line segment. If there are no values in "Column2" that is within range of 

a certain value in "Column1", then that line segment ends. This is done for all the resonance 

frequencies in "Column1". The result of this computation adds another column in the 

"Lines" matrix and the "Place" matrix. This is shown in Table 22. 
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Table 22: First Two Columns of Lines and Place Matrix 

  Lines Place 

Line Segement 1 => 457407.6 458290.2 1 1 

Line Segement 2 => 506376.1 506097.1 2 2 

Line Segement 3 => 523695.1 523797.7 3 3 

Line Segement 4 => 573250.4 573696.8 4 4 

Line Segement 5 => 594407.0 594300.8 5 5 

Line Segement 6 => 605879.6 605957.6 6 6 

Line Segement 7 => 636680.1 636056.1 7 7 

Line Segement 8 => 666366.9 666926.7 8 8 

 

This process is then repeated but with the second column of "Plot2" stored in "Column1" 

and the third column of "Plot2" stored in "Column2" instead. This process continues until 

all the data from "Plot2" have been read. If there are resonance frequencies in "Column2" 

that does not match with any resonance frequencies in "Column1", then the unmatched 

resonance frequencies in "Column2" would each be the starting value of a new line 

segments. An example of this is where the fourth column of "Plot2" is stored in "Column1" 

and the fifth column of "Plot2" is stored in "Column2". This is shown in Table 23. 

 

Table 23: Column1 and Column2 Matrix for Fourth and Fifth Column of Plot2 Matrix 

Column1 Column2 

458047.2 457853.4 

506745.7 507671.5 

523543.9 523447.9 

573500.6 536169.1 

594514.4 573673.4 

605821.4 595232.0 

636344.1 605998.4 

666671.1 634736.1 

0 667609.5 
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From the example above, 536169.1 Hz from "Column2" did not match any values from 

"Column1" so therefore 536169.1 Hz becomes the starting value of a new line segment. 

The addition of the new line segment is shown in Table 24 

 

Table 24: Lines Matrix with a New Line Segment Starting at the Fifth Column 

 Lines 

Line Segment 1 => 457407.6 458290.2 458290.2 458047.2 457853.4 

Line Segment 2 => 506376.1 506097.1 506909.5 506745.7 507671.5 

Line Segment 3 => 523695.1 523797.7 523672.3 523543.9 523447.9 

Line Segment 4 => 573250.4 573696.8 574376.6 573500.6 573673.4 

Line Segment 5 => 594407.0 594300.8 594110.0 594514.4 595232.0 

Line Segment 6 => 605879.6 605957.6 605535.2 605821.4 605998.4 

Line Segment 7 => 636680.1 636056.1 634700.7 636344.1 634736.1 

Line Segment 8 => 666366.9 666926.7 666132.9 666671.1 667609.5 

Line Segment 9 (new) => 0 0 0 0 536169.1 

 

The completed "Lines" and "Place" matrix are shown in Table 25 and 26. 
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Table 25: Lines Matrix 

Lines 

457407.6 458290.2 458290.2 458047.2 457853.4 457729.8 459228.6 457776.6 0 

506376.1 506097.1 506909.5 506745.7 507671.5 507413.5 507645.1 506129.5 504982.9 

523695.1 523797.7 523672.3 523543.9 523447.9 523656.1 523428.7 523154.5 0 

573250.4 573696.8 574376.6 573500.6 573673.4 574157.6 574167.8 573993.2 0 

594407.0 594300.8 594110.0 594514.4 595232.0 595978.4 595163.6 594126.8 0 

605879.6 605957.6 605535.2 605821.4 605998.4 605993.6 606621.9 0 0 

636680.1 636056.1 634700.7 636344.1 634736.1 636380.1 636256.5 635667.9 636792.9 

666366.9 666926.7 666132.9 666671.1 667609.5 667020.9 668502.9 667146.9 0 

0 0 0 0 536169.1 536995.3 536631.7 0 0 

0 0 0 0 0 0 0 554079.2 0 

0 0 0 0 0 0 0 0 416356.7 

0 0 0 0 0 0 0 0 451148.4 

0 0 0 0 0 0 0 0 489554.5 

0 0 0 0 0 0 0 0 519251.5 

0 0 0 0 0 0 0 0 590873.0 

0 0 0 0 0 0 0 0 613441.5 

 

Table 26: Place Matrix 

Place 

1 1 1 1 1 1 1 1 0 

2 2 2 2 2 2 2 2 4 

3 3 3 3 3 3 3 3 0 

4 4 4 4 5 5 5 5 0 

5 5 5 5 6 6 6 6 0 

6 6 6 6 7 7 7 0 0 

7 7 7 7 8 8 8 7 8 

8 8 8 8 9 9 9 8 0 

0 0 0 0 4 4 4 0 0 

0 0 0 0 0 0 0 4 0 

0 0 0 0 0 0 0 0 1 

0 0 0 0 0 0 0 0 2 

0 0 0 0 0 0 0 0 3 

0 0 0 0 0 0 0 0 5 

0 0 0 0 0 0 0 0 6 

0 0 0 0 0 0 0 0 7 
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In the completed "Lines" matrix, when a line segment ends with a zero, it means that the 

line segment has ended. Take for example line segment 9 on the completed "Lines" matrix. 

The first four columns are zeros and a resonance frequency appears at column 5. Looking 

back at the "Plot" matrix, it can be seen that column 5 corresponds to a time value of 1593.3 

seconds. This means that line segment 9 starts at 1593.3 second into the experiment. The 

resonance frequency continuous till column 7 and at column 8 is a values of zero. Looking 

back at the "Plot" matrix, it can be seen that column 7 corresponds to a time value of 2392.4 

seconds. This means that line segment 9 ends at 2392.4 seconds into the experiment. 

 

Step 5: 

The Matlab code used the "Lines" matrix to obtain the trendlines that traced the resonance 

frequencies. The trendlines are stored in a matrix called "Lines_Continuous". The code has 

set the starting line segment length to 8. This means that any line segment in the "Lines" 

matrix that has a length less than 8 cannot start a trendline. Therefore, line segment 1, 2, 3, 

4, 5, 7, and 8 are used as the starting point of the trendlines. The trendline is calculated by 

taking a starting line segment and using equation (39) and (40). 

 

𝑆𝑙𝑜𝑝𝑒 =
𝑛 ∑(𝑥 × 𝑦) − (∑ 𝑥)(∑ 𝑦)

𝑛 ∑(𝑥2) − (∑ 𝑥)2
     (39) 

𝑂𝑓𝑓𝑠𝑒𝑡 =
∑ 𝑦 − 𝑆𝑙𝑜𝑝𝑒(∑ 𝑥)

𝑛
     (40) 

Where: 

𝑦 = 𝑙𝑖𝑛𝑒 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 
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𝑥 = 𝑡𝑖𝑚𝑒 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑎𝑡 𝑙𝑖𝑛𝑒 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑟𝑚𝑠 𝑖𝑛 𝑙𝑖𝑛𝑒 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 

 

An example of this for line segment 1 is shown in Table 27, 28, and 29. 

 

Table 27: First Line Segment 

line segment 1 

457407.6 458290.2 458290.2 458047.2 457853.4 457729.8 459228.6 457776.6 

 

Table 28: Time Corresponding to First Line Segment 

time corresponding to line segment 1 

3.6 401.1 797.1 1194.6 1593.3 1994.7 2392.4 2788.2 

 

Using the equations 10 and 11 on line segment 1, its slope is 0.16156 and its offset is 

457852.48. Using the slope and the offset, the first trendline can be computed. 

 

Table 29: First Row of Lines_Continuous Matrix 

Lines_Continuous 

457853.1 457917.3 457981.3 458045.5 458109.9 458174.8 458239.0 458303.0 458367.7 

 

The value of the first column is 457853.1. This is obtained using "slope*time + offset = 

0.16156*3.6 + 457852.48 = 457853.1". The values in the other columns are obtained in the 

same way. The trendline continues past the end point of the starting line segment. The 

trendline follows this equation until it intersects another line segment. When the trendline 

intersects another line segment, that line segment's equation would be calculated and the 
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trendline would follow that equation from now on. The Matlab code determines when a 

trendline intersects a line segment by the following process. When a new resonance 

frequency is added to the "Lines_Continuous" matrix, that new resonance frequency is then 

compared with the all the resonance frequencies in the same column number of the "Plot2" 

matrix. If there is a resonance frequency in "Plot2" that is close to it, then it means that the 

trendline has intersected that line segment. An example of this using the resonance 

frequency in column 9 of the "Lines_Continuous" matrix is shown in Table 30. 

 

Table 30: Comparison of Row 1 and Column 9 of Lines_Continuous Matrix to Column 9 of Plot2 

Matrix 

Lines_Continuous (Column 9) Plot2 (Column 9) 

458367.6924 

416356.7 

451148.4 

489554.5 

504982.9 

519251.5 

590873.0 

613441.5 

636792.9 

 

First, the resonance frequency 458367.7 Hz is added to the ninth column of the 

"Lines_Continuous" matrix. Second, the 458367.7 Hz is then compared to every resonance 

frequencies in the ninth column of the "Plot2" matrix to see if any lies within a certain 

range of it. This range is called the "line segment detection range (above & below)". Both 

the above and below detection range are set at 1000 Hz in this code. It can be seen in that 

no resonance frequency in the ninth column of the "Plot2" matrix is within the range of 

458367.7 ± 1000 Hz. This means that the trendline has not intersected any line segments 



 

113 

 

yet. This trendline procedure is then performed on line segment 2, 3, 4, 5, 7, and 8. The 

completed "Lines_Continuous" matrix is shown in Table 31. 

 

Table 31: Lines_Continuous Matrix 

Lines_Continuous 

457853.0 457917.3 457981.3 458045.5 458109.9 458174.8 458239.0 458303.0 458367.7 

523789.7 523721.2 523652.8 523584.2 523515.4 523446.2 523377.5 523309.2 523240.1 

573557.7 573641.7 573725.5 573809.5 573893.9 573978.7 574062.8 574146.5 574231.2 

594367.3 594470.6 594573.6 594676.9 594780.5 594884.9 594988.3 595091.1 595195.2 

666341.5 666543.0 666743.8 666945.3 667147.5 667351.0 667552.7 667753.3 667956.4 

506885.9 506830.3 506775.0 506719.4 506663.6 506607.5 506551.9 506496.6 506440.6 

635794.0 635834.8 635875.4 635916.1 635957.0 635998.2 636038.9 636079.5 636120.6 
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Appendix - B Correlation Matlab Code 

clc 
clear all 

  
Plot = zeros; 
[Plot_m Plot_n] = size(Plot); 
ii = 1; 

  
%Set trendline parameters from sensitivity test 
Trendline_number = 10; 
Trendline_spacing = 5000; 
Starting_line_segment_length = 100; 
Line_segment_detection_range_above = 1000; 
Line_segment_detection_range_below = 1000; 
Minimum_detection_length = 50; 

  
%Read resonance frequency from an excel file and store it in a variable 
%call "Plot" 
for i = 1:4:29 
    A = xlsread('Probe60 Matlab Plots',i); 
    [A_m A_n] = size(A); 

     
    if ii == 2 
        A(1,:) = A(1,:) + 952680; 
    elseif ii == 3 
        A(1,:) = A(1,:) + 1831620; 
    elseif ii == 4 
        A(1,:) = A(1,:) + 1986540; 
    elseif ii == 5 
        A(1,:) = A(1,:) + 2157000; 
    elseif ii == 6 
        A(1,:) = A(1,:) + 3022560; 
    elseif ii == 7 
        A(1,:) = A(1,:) + 3552540; 
    elseif ii == 8 
        A(1,:) = A(1,:) + 3892080; 
    end 

     
    if A_m > Plot_m 
        Plot(A_m,1) = 0; 
    elseif Plot_m > A_m 
        A(Plot_m,1) = 0; 
    end 
    Plot = horzcat(Plot,A); 
    [Plot_m Plot_n] = size(Plot); 
    ii = ii + 1; 
end 

  
Plot = Plot(:,2:end); 

  
%Get all trendlines for the plot and store it in a variable called 
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%"Lines_Continuous" 

  
%Initial calculation to get procedure started 
i = 1; 
w = 1; 
while i <= length(Plot(2:end,1)) && Plot(i+1,1) ~= 0 
    if Plot(i+1,1) > 350000 
        place(w,1) = w; %This variable ("place") help manages the 

location of resonance  
                        %frequencies between the "Plot" matrix and the 

"Lines_Continuous" matrix 
        Lines(w,1) = Plot(i+1,1); 
        Lines_Start(w) = 1; 
        w = w + 1; 
    end 
    i = i + 1; 
end 

  
%Continue procedure for the rest of the data 
Max_Lines = w - 1; 
Begin_Lines_Continuous = 0; 
Taken(1:15000) = 0; 
Trace_Lines_Transition = 0; 
uu = 1; 
for i = 1:8311 
%Group the resonance frequencies that are close to each other into a 
%line segment and store it in a variable called "Lines" 

     
%Example Plot  = [ 1  2  3 14 15 16 
%                 22 12 13 25 26 42 
%                 62 23 24 44 43 57 
%                  0 61 45 59 58  0 
%                  0  0 60  0  0  0] 
% 
%        Lines = [ 1  2  3  0  0  0  <= line segment 1 
%                 22 23 24 25 26  0  <= line segment 2 
%                 62 61 60 59 58 57  <= line segment 3 
%                  0 12 13 14 15 16  <= line segment 4 
%                  0  0 45 44 43 42] <= line segment 5 
%    
%        place = [ 1  1  1  0  0  0  <= line segment 1 
%                  2  3  3  2  2  0  <= line segment 2 
%                  3  4  5  4  4  3  <= line segment 3 
%                  0  2  2  1  1  1  <= line segment 4 
%                  0  0  4  3  3  2] <= line segment 5 

     
%Get data for column number "i" of the "Plot" matrix and store it in a 
%variable called "Column1" 
    j = 1; 
    w = 1; 
    Column1 = zeros; 
%Remove any zeros and any resonance frequencies below 350000 Hz from 
%the "Plot" matrix 
    while j <= length(Plot(2:end,i)) && Plot(j+1,i) ~= 0 
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        if Plot(j+1,i) > 350000 
            Column1(w,1) = Plot(j+1,i); 
            Column(w,i) = Plot(j+1,i); 
            w = w + 1; 
        end 
        j = j + 1; 
    end 
    j = 1; 
    w = 1; 
%Get data for column number "i"+1 of the "Plot" matrix and store it in a 
%variable called "Column2" 
    Column2 = zeros; 
%Remove any zeros and any resonance frequencies below 350000 Hz from 
%the "Plot" matrix 
    while j <= length(Plot(2:end,i+1)) && Plot(j+1,i+1) ~= 0 
        if Plot(j+1,i+1) > 350000 
            Column2(w,1) = Plot(j+1,i+1); 
            w = w + 1; 
        end 
        j = j + 1; 
    end 

  
%Start arranging the resonance frequencies into line segments 

     
    j = 1; 
    o = 1; 
    p = 1; 
%Create the values in column "i" of the "place" matrix. Using the 

"place" 
%matrix, arrange the resonance frequencies to their the desired order 
%in column "i" of the "Lines" matrix 
    while j <= length(Column1) 
        if p <= length(place(:,i)) 
            if place(p,i) ~= 0 
                place_values(o,i) = place(p,i); 
                j = j + 1; 
                o = o + 1; 
            end 
        else 
            for jj = 1:length(Column1) 
                same = 1; 
                for jjj = 1:o-1 
                    if jj == place_values(jjj,i) 
                        same = 0; 
                    end 
                end 
                if same == 1 
                    place(p,i) = jj; 
                    place_values(o,i) = jj; 
                    Lines(p,i) = Column1(jj,1); 
                    Lines_Start(p) = i; 
                    o = o + 1; 
                    break 
                end 
            end 



 

117 

 

            j = j + 1; 
        end 
        p = p + 1; 
    end 

     
    u = 1; 
    t = 1; 
    v = 1; 
    ii = 1; 
    Taken_(1:length(Column2)) = 0; 
%Take the values of column "i"+1 and compare it to the valuse of column 
%"i" to see if any values between the two column are close to each 
%other. If the values are close to each other then they form a line 
%segment. If a value from column "i" does not find a value from column 
%"i"+1 that is close to it, then that line segment ends 
    while ii <= length(Column1) 

  
        if place(u,i) == 0 
            G = 0; 
        else 
            G = 1; 
        end 

         
        iii = 1; 
        while iii <= length(Column2) && G == 1 
            if abs(Column1(place(u,i))-Column2(iii)) < 2000 && 

Taken_(iii) == 0 
                Taken_(iii) = 1; 
                Lines(u,i+1) = Column2(iii); 
                place(u,i+1) = iii; 
                continuous = 0; 
                if i == 8311 
                    Lines_End(u) = i + 1; 
                end 
                break 
            else 
                Lines(u,i+1) = 0; 
                place(u,i+1) = 0; 
                Lines_End(u) = i; 
                continuous = 1; 
            end 
            iii = iii + 1; 
        end 

         
        if G == 1 
            ii = ii + 1; 
        end 

         
%Detect if any line segments are large enough to start a trendline. 
%This will stop if a certain number of trendlines exist. 
        Lines_Continuous_Holder = zeros; 
        Time_Holder = zeros; 
        if continuous == 1 && Lines_End(u) - Lines_Start(u) >= 

Starting_line_segment_length && uu <= Trendline_number 
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            OK = 1; 
            for iii = 1:uu-1 
                if Begin_Lines_Continuous == 1 && 

Lines(u,Lines_Start(u)) <= Start_Continuous(iii) + Trendline_spacing && 

Start_Continuous(iii) - Trendline_spacing <= Lines(u,Lines_Start(u)) 
                    OK = 0; 
                    break 
                end 
            end 
            if OK == 1 
%Get general equation of line segment to start trendline 
            Lines_Continuous_Holder = 

Lines(u,Lines_Start(u):Lines_End(u)); 
            Time_Holder = Plot(1,Lines_Start(u):Lines_End(u)); 
            slope(uu,1) = 

(length(Time_Holder)*sum(Lines_Continuous_Holder.*Time_Holder)-

sum(Lines_Continuous_Holder)*sum(Time_Holder))/(length(Time_Holder)*sum(

Time_Holder.^2)-sum(Time_Holder)^2); 
            offset(uu,1) = (sum(Lines_Continuous_Holder)-

slope(uu,1)*sum(Time_Holder))/length(Time_Holder); 
            Lines_Continuous(uu,Lines_Start(u):Lines_End(u)) = 

Time_Holder.*slope(uu,1) + offset(uu,1); 
            Trace(uu) = 0; 
            cc(uu) = 1; 
            continuous = 0; 
            Start_Plot(uu) = Lines_Start(u); 
            Start_Continuous(uu) = Lines(u,Lines_Start(u)); 
            uu = uu + 1; 
            Begin_Lines_Continuous = 1; 
            end 
        end 

        
        u = u + 1; 
    end 

     
%If a trendline is started, then this will trace its path until it 
%intersects another line segment whcih will then start to trace its 
%path instead 
    if Begin_Lines_Continuous == 1 
        for jj = 1:uu-1 
            if Trace(jj) == 0 
%Detect if the trendline intersects a line segment 
                for jjj = 1:length(Lines(:,i+1)) 
                    if Plot(1,i+1)*slope(jj,cc(jj)) + offset(jj,cc(jj)) 

- Lines(jjj,i+1) <= Line_segment_detection_range_below && 

Plot(1,i+1)*slope(jj,cc(jj)) + offset(jj,cc(jj)) - Lines(jjj,i+1) >= -

(Line_segment_detection_range_above) && Lines(jjj,i+1) ~= 0 && 

Taken(jjj) == 0 
                        Trace(jj) = jjj; 
                        Start_Trace_Lines(jj) = i + 1; 
                        Taken(jjj) = 1; 
                        break 
                    else 
                        Lines_Continuous(jj,i+1) = 

Plot(1,i+1)*slope(jj,cc(jj)) + offset(jj,cc(jj)); 
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                    end 
                end 
            end 
%When a line segment is detected, trace the line segment until 
%it ends 
            if Trace(jj) ~= 0 
                if Lines(Trace(jj),i+1) == 0 || i == 8311 
                    Trace_Lines_Transition = 1; 
                end 
            end 
%Get the equation of the traced line segment and continue the 

%trendline using that equation 
            if Trace_Lines_Transition == 1 
                T = Trace(jj); 
                n_ = length(Lines(T,Lines_Start(T):Lines_End(T))); 
%Detect if the line segment is greater or equal the minimum 
%detection length 
                if n_ >= Minimum_detection_length 
                    cc(jj) = cc(jj) + 1; 
                    Line = Lines(T,Lines_Start(T):Lines_End(T)); 
                    Time = Plot(1,Lines_Start(T):Lines_End(T)); 
                    slope(jj,cc(jj)) = (n_*sum(Line.*Time) - 

sum(Time)*sum(Line))/(n_*sum(Time.^2) - sum(Time)^2); 
                    offset(jj,cc(jj)) = (sum(Line) - 

slope(jj,cc(jj))*sum(Time))/n_; 
                end 
                Lines_Continuous(jj,Start_Trace_Lines(jj):i+1) = 

Plot(1,Start_Trace_Lines(jj):i+1)*slope(jj,cc(jj)) + offset(jj,cc(jj)); 
                Trace_Lines_Transition = 0; 
                Trace(jj) = 0; 
            end 
        end 
    end 

     
end 

  
%Create a trendline that traces the resistance plot and store it in a 
%variable called "z" 
for i = 1:8312 
    if i <= 5196 
        z(i) = -5.7737*10^(-5)*i + 1.6; 
    elseif i <= 7596 && i > 5196 
        z(i) = 1.3; 
    else 
        z(i) = -1.2552*10^(-4)*i + 2.25345; 
    end 
end 

  
%Get the correlation for each trendline and store it in a variable 

called 
%"LC" 
for i = 1:uu-1 
    r = length(Lines_Continuous(i,Start_Plot(i):end)); 
    S_Res_Freq = sum(Lines_Continuous(i,Start_Plot(i):end)); 
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    S_thickness = sum(z(Start_Plot(i):8312)); 
    S_Res_Freq_Power = sum(Lines_Continuous(i,Start_Plot(i):end).^2); 
    S_thickness_Power = sum(z(Start_Plot(i):8312).^2); 
    S_Res_Freq_thickness = 

sum(Lines_Continuous(i,Start_Plot(i):end).*z(Start_Plot(i):8312)); 
    LC(i,1) = ((r)*S_Res_Freq_thickness-

S_Res_Freq*S_thickness)/sqrt(((r)*S_Res_Freq_Power-

S_Res_Freq^2)*((r)*S_thickness_Power-S_thickness^2)); 
end 

  
%Plot the resonance frequencies using line segment matrix "Lines" 
[m n] = size(Lines); 
for i = 1:m 
    A = 0; 
    B = 0; 
    for j = 1:n     
        if Lines(i,j) ~= 0 && B == 0       
            B = 1; 
            Start = j; 
        end 
        if Lines(i,j) == 0 && B == 1 
            B = 0; 
            End = j-1; 
            break 
        end 
        if j == 8312 
            B = 0; 
            End = j; 
            break 
        end 
    end 

     
%Don't plot any line segment that have 10 or less data points 
    if End - Start + 1 >= 10 
        A = 1; 
    end 
    j = 1; 
    while j <= n && A == 1 
        if Lines(i,j) > 0 
            plot(Plot(1,j)/(3600*24),Lines(i,j),'b.') 
            hold on 
        end 
        j = j + 1; 
    end 

  
end 

  
%Plot the trendlines 
ii = 1; 
for i = 1:uu-1 
%Color code the trendlines based on their strength 
    if LC(i) >= 0.7 
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plot(Plot(1,Start_Plot(i):8312)/(3600*24),Lines_Continuous(i,Start_Plot(

i):end),'g','LineWidth',2) 
        hold on 
%Get the equation relating the resonance frequency to the wall 
%thickness using trendlines that have a correlation greater than 
%0.7 
        TL_AWT = 

sum(Lines_Continuous(i,Start_Plot(i):end).*z(1,Start_Plot(i):end)); 
        S_AWT = sum(z(1,Start_Plot(i):end)); 
        S_TL = sum(Lines_Continuous(i,Start_Plot(i):end)); 
        nn = length(Plot(1,Start_Plot(i):8312)); 
        slope_(ii) = (nn*TL_AWT - 

S_TL*S_AWT)/(nn*sum(Lines_Continuous(i,Start_Plot(i):end).^2) - S_TL^2); 
        offset_(ii) = (S_AWT - slope_(ii)*S_TL)/nn; 
        ii = ii + 1; 
    elseif LC(i) >= 0.4 && LC(i) < 0.7  
        

plot(Plot(1,Start_Plot(i):8312)/(3600*24),Lines_Continuous(i,Start_Plot(

i):end),'y','LineWidth',2) 
        hold on 
    elseif LC(i) >= 0 && LC(i) < 0.4 
        

plot(Plot(1,Start_Plot(i):8312)/(3600*24),Lines_Continuous(i,Start_Plot(

i):end),'r','LineWidth',2) 
        hold on 
    else 
        

plot(Plot(1,Start_Plot(i):8312)/(3600*24),Lines_Continuous(i,Start_Plot(

i):end),'k','LineWidth',2) 
        hold on 
    end 

  
end 

  
title('Probe60 Correlation inChannel1 outChannel2','FontSize',20) 
xlabel('Time (Days)','FontSize',20) 
ylabel('Resonance Frequency (Hz)','FontSize',20) 
set(gca,'FontSize',20) 
lgd = legend('Green: Correlation >= 0.7','Yellow: 0.7 > Correlation >= 

0.4','Red: 0.4 > Correlation >= 0','Black: 0 > Correlation'); 
lgd.FontSize = 20; 

  
%Get the average correlation for all the trendlines and the average 
%equation for trendlines that have a correlation greater than 0.7 
Avg_Correlation = sum(LC)/length(LC) 
Avg_slope = sum(slope_)/length(slope_) 
Avg_offset = sum(offset_)/length(offset_) 
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Appendix - C Correlation Calculation 

 

These values are summarized in Table 32. 

 

Table 32: Sample Calculation Values 

Term x (thickness) y (frequency) x*y x2 y2 

1 1.5905 mm 5.7640*105 Hz 9.1676*105 2.5297 2.8928*1011 

2 1.5849 mm 5.7640*105 Hz 9.1354*105 2.5119 2.8928*1011 

3 1.5962 mm 5.7640*105 Hz 9.2005*105 2.5479 2.8928*1011 

: 

: 

: 

: 

: 

: 

: 

: 

: 

: 

: 

: 

8226 1.2632 mm 4.8050*105 Hz 6.0697*105 1.5957 2.0003*1011 

Sum ∑ 11827 mm 3.5592*109 Hz 5.1405*109 17090 1.5492*1015 

 

Substituting the values into equation (22) yields: 

 

𝑟 =
8226 × (5.1405 × 109) − (11827) × (3.5592 × 109)

√(8226 × (17090) − (11827)2)(8226 × (1.5492 × 1015) − (3.5592 × 109)2)

= 0.8286
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