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Abstract 
 

 Medium voltage (MV) electric cables are used extensively in industrial settings, 

including nuclear power plants (NPPs). In NPPs, these cables provide supplementary 

power for safety systems to continue operating during emergency events. Despite efforts 

to maintain these cables, premature failure is known to occur, with the predominant 

causal factor being water tree-induced degradation of the cable’s insulation component. 

To better understand the effects of this degradation source, this thesis presents a 

parametric evaluation of various water tree and cable parameters using finite-element 

analysis (FEA). The parameters being evaluated for a MV cable insulated with ethylene 

propylene rubber (EPR) are water tree depth, composition, and geometry, as defined by 

aspect ratio (AR), and cable operating frequency and temperature. Evaluation is 

performed in five separate but interrelated areas pertaining to the measurement of 

degradation: global capacitance, global resistance, voltage and electric field distribution, 

localized specific energy absorption rate, and localized temperature rise. Results show 

that the rate of water tree-induced degradation is affected by each parameter. In general, 

rate of degradation was found to be directly related with water tree depth and AR, and 

cable temperature, but inversely related with cable operating frequency. Although values 

differed, these trends were largely maintained regardless of water tree composition. The 

results and findings of this parametric evaluation have provided an advanced 

understanding of water tree degradation in MV EPR-insulated cables. In addition, an 

argument for further use of FEA in conjunction with physical cable testing was presented, 

with the conclusion being that there exists a strong motivation to pair the two together.    
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CHAPTER ONE: 

INTRODUCTION 
 

1.1 Background on Electric Cables  
 

 Electric power cables are typically categorized into one of three groups depending 

on their operating voltage: low voltage (LV) cables, which operate in the range of 2 kV 

and lower; medium voltage (MV) cables, which operate in the range of 2 kV to 35 kV; 

and high voltage (HV) cables, which operate in the range of 35 kV and higher [1]. 

Because of their small operating voltages, LV cables produce a less intense electric field 

than MV or HV cables. For this reason, they are commonly used in many building 

applications including lighting systems, sound and video devices, and alarm systems 

[2,3]. MV cables, which are the focus of this thesis, differ from LV cables in that they are 

constructed with a higher degree of precision that provides them extra protection [1]. 

These cables are typically found in many industrial settings including chemical plants, 

wind farms, and nuclear power plants (NPPs). MV cables are often used in industrial 

plants to provide backup power in the event of a power outage or plant emergency [4]. 

Cables classified as HV are used to distribute large amounts of power and are found in 

applications like radar systems, satellite propulsion, and transmission lines [5]. 

 

Figure 1. Visual representation of operating voltage categories. 
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Figure 2. Cross-sectional view of a typical underground MV cable found in a NPP. 

 

 A typical MV cable consists of the following components starting from the 

cable’s center: conductor, conductor shield, insulation, insulation shield, metallic shield, 

and jacket, as shown in Figure 2. The innermost component is the conductor, which 

typically consists of either a single solid strand made from aluminum or copper, or 

several wires of the same material neatly organized to form a roughly round shape. The 

purpose of the conductor is to carry the electrical current from the power source to the 

device being powered. The following layer that covers the conductor is known as the 

conductor shield. The conductor shield is a thin compound typically made from a semi-

conductive polymer material containing carbon black. It works to provide a smooth 

circular boundary around the conductor which in turn reduces the stress concentration at 

the insulation interface [6]. The next layer is the insulation which is typically made from 

a polymer material and is the primary cable component this thesis is concerned with. The 

insulation acts as a barrier between the charged conductor and the grounded component 

by restricting the flow of electrical current through the cable. It must be constructed of a 
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material having a breakdown strength greater than the maximum electric field strength 

experienced during standard operation in order to prevent cable breakdown. For the 

majority of MV cables, the insulation is made of a thermosetting material like cross-

linked polyethylene (XLPE) or ethylene propylene rubber (EPR), as shown in Figure 3.  

 

Figure 3. Distribution of insulation materials among MV cables from a Nuclear Energy 

Institute (NEI) survey conducted in 2005 [7]. 

 

 After the polymer insulation comes the insulation shield, which functions 

similarly to the conductor shield. The insulation shield is typically made from a semi-

conductive polymer material containing carbon black and works to provide a smooth and 

radial electric field in the cable. It is important for the insulation shield to be easily 

removed so that it can be terminated and spliced, but must also be securely bonded to the 

polymer insulation to prevent air voids from forming during operation. Air voids on their 

own are not particularly dangerous, but if water or moisture were to enter these voids, a 
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partial discharge (PD) inside the insulation could occur [8]. The next layer is the metallic 

shield, which is usually made from copper but occasionally from aluminum. The metallic 

shield has three main purposes: providing a path for the electrical current to flow to the 

grounded source, providing a path for the flow of fault currents, and lessening the touch 

potential in the case of accidentally hitting the cable during digging operations [8]. In 

addition, the metallic shield acts as a Faraday cage by confining the electric field inside 

the cable [6]. The outermost component of the cable is the polymer jacket, typically made 

from a thermoplastic like polyvinyl chloride (PVC) or a thermoset like Neoprene made 

by the company DuPont de Nemours. The role of the polymer jacket is that of protection; 

it provides mechanical strength to the cable, resistance to water ingress and oxidation 

damage, and a defense against unfavorable environmental conditions after installation, 

among other safeguarding measures [9].    

1.2 Electric Cable Degradation 
 

 MV electric cables play an important role in the safety and wellbeing of NPPs. 

They provide supplementary power for safety systems to continue operating during 

emergency events, thus allowing for uninterrupted reactor operations for a short period of 

time [10]. Because of their critical importance to NPP operations, MV cables are 

typically installed in locations like underground concrete ducts or electrical conduits that 

work to lessen their exposure to the environment [10]. Although these cables are not 

operating continuously, they must still meet the same reliability and lifetime performance 

requirements of LV instrument and control cables located in-plant, which are rated for 40 

years of operation from the initial plant start date in the United States [10]. For this 
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reason, and because of the harsh environments they typically operate in, all MV cables 

used in the operation of NPP safety systems are qualified before installation to determine 

their expected lifetimes [10]. In addition, many of these cables are tested periodically 

during plant shutdowns, though this testing and the testing that occurred prior to 

installation do not consider extreme accident conditions which may result in failure.  

 

Figure 4. Failed underground electric cable [11].   

 

 Despite the significant effort taken to protect MV cables, the possibility of 

premature failure, shown in Figure 4, is still present and is an area of concern for cable 

degradation researchers and NPP operators. Shown in Figure 5 are the results of a NEI 

survey conducted in 2005 that highlights the prevalence of premature underground MV 

cable failure in the NPP industry. The primary function of the failed cables from the 

survey was the operation of safety systems like fire protection and backup power in the 

event of a plant blackout. Of the 47 NPPs that replied to the survey, 15 experienced at 

least one underground MV cable failure, with the most likely cause of failure being the 

result of extended submersion in a wet environment. Of the 50 reported failures, over 
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one-third occurred 19 years or less after starting operation, with the earliest reported 

failure occurring after only five years.  

 
Figure 5. MV cable failure results from a 2005 NEI survey [7]. 

 

 Given the significant number of failures reported and the potential plant 

interruptions they can cause, a better understanding of the methods of failure and the 

effects of environmental-induced degradation is required. The result will be improved 

accuracy of lifetime service predictions for cables which will help to inform their 

maintenance schedules. One issue preventing these cables from achieving their 40-year 

lifetime is the enhanced rate of degradation caused by various environmental stressors 

present in NPPs. These stressors have the potential to degrade the electrical and 

mechanical properties of the cables, which leads to accelerated aging and the potential for 

premature failure well before their rated lifetimes.  

 As shown in Figure 6, there are several categories of reported causes or causal 

factors related to premature cable failure. The most prominent categories from the study 

are: “Water/Moisture,” which includes all failures related to the presence of water inside 
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the cable, including water treeing and general water intrusion (40% of the total 

responses); “Manufacturing Defect,” which includes all failures related to defective cable 

components, including broken conductor wires, voids in the insulation, and jacket 

damage [12] (17% of the total responses); and “Human Error,” which includes any failure 

that involves human interaction, including improper cable installation and maintenance 

(11% of the total responses). Seeing that the “Water/Moisture” category makes up the 

majority of reported cable failures, it is therefore worthwhile to further explore 

degradation mechanisms of this kind and develop a better understanding of how the 

health of a cable is affected by extended exposure to water.  

 
Figure 6. Categories of cable failures and number of responses [13].   

 

1.3 Overview of Insulation Treeing 
 

 Insulation treeing is an umbrella term encompassing pre-breakdown phenomena 

associated with MV cable failure due to degraded insulation [14]. The word “treeing” 

comes from the tree-like structure and outward growth pattern typically associated with 
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this degradation mechanism. The formation of an insulation tree almost always occurs at 

defective points inside the cable insulation where the material is degraded or contains 

some defect such as a void or protrusion [14]. Insulation trees are usually not found in 

LV cables because the electric field inside cables of this type is not intense enough for 

tree formation. The average electric field for tree formation must be at least 2.8 kV mm-1 

which is much greater than the 0.6 kV mm-1 electric field typically found in LV cables 

[15]. Similarly, insulation trees are usually not found in HV cables because they are 

manufactured to such a high standard due to their voltage rating, which eliminates most 

defects in the material. With little to no defects present in the material, the chance of an 

insulation tree forming and actually damaging an HV cable is not as significant as that for 

MV cables.  

 Insulation treeing can be broken down into three types depending on the solution 

and formation method of the tree: water treeing, electrical treeing, and electrochemical 

treeing. Water trees always occur in the presence of an electrically charged solution 

inside the insulation material whereas electrical trees can form with or without the 

presence of a solution. It is also possible for a water tree to evolve into an electrical tree, 

but typically not the other way around. Electrochemical treeing is commonly used 

interchangeably with water treeing in literature but is always defined as an insulation tree 

composed of an electrically charged solution containing ions from a particular salt. For 

the purpose of this thesis, all insulation trees containing an electrically charged solution 

with salt ions, such as aqueous copper sulfate (CuSO4), will be classified as water trees.           
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 The tree-like appearance typically associated with insulation trees is not entirely 

unusual. In fact, these tree-like structures were first noticed in 1777 by Georg Christoph 

Lichtenberg who was studying branching discharge patterns on dielectric materials. 

Because of Lichtenberg’s work, branching discharge patterns (known today as 

Lichtenberg figures, shown in Figure 7) are known to occur inside certain solids, liquids, 

and gases during dielectric breakdown. Additionally, there are naturally occurring 

Lichtenberg figures like lightning, also shown in Figure 7, that develop tree-like 

structures similar to those of insulation trees.  

  
Figure 7. (a) Lichtenberg figure encased in a block of clear acrylic [16]; (b) lightning 

strike with tree pattern [17]. 

 

 The first reported occurrence of insulation treeing in cables was in the mid-1930s 

when previously failed paper insulation was examined, and a tree-like structure was 

observed inside [18]. Shortly after this observation, polyethylene (PE) began to take a 

more prominent role as the premier insulation material for underground cables because of 

its strong dielectric properties, long lifetime, and low cost [14]. These favorable features 

created the illusion that PE-insulated cables would last for a significant amount of time 

under most conditions, and were essentially immune from insulation-related failures. This 
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illusion was shattered in 1971 by Vahlstrom and Lawson who discovered several recently 

failed PE-insulated underground cables that were all affected to some extent by insulation 

treeing. Although it was suspected that insulation treeing was not the direct cause of 

failure, the discovery was significant enough to warrant an expansion of research into the 

reason why insulation trees form inside a cable’s insulation in the first place.  

1.3.1 Water Treeing 
 

 Of the three insulation tree types, water trees are the most prominent and are 

considered to be the primary degradation mechanism for underground MV cables [19]. In 

the absence of other degradation stressors, water treeing does not directly cause failure in 

a cable. It is even possible for a water tree to completely bridge the insulation from the 

insulation shield to the inner conductor and still not cause a failure [19]. Instead, water 

treeing has the function of weakening the dielectric strength of the insulation material 

over time which can eventually lead to a dielectric breakdown in the form of localized 

PDs in the material [19]. Additionally, there exists the possibility that a water tree will 

transform into an electrical tree which may directly lead to cable failure.  

 The physical geometry of a water tree can be defined as a collection of micro-

sized cylindrical pathways connected to form a single structure [20]. These pathways, 

also known as branches, vary in size and shape but typically have diameters in the range 

of 5 to 300 micrometers [20]. The geometry of a particular water tree varies depending on 

the type of tree it is, which is related to its structure and growth pattern. The three 

primary water tree types are bow-tie, vented, and bush, all shown in Figure 8. Each water 

tree type typically develops in areas of defective insulation containing voids or 
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protrusions but possess differing growth patterns. A bow-tie water tree, aptly named for 

its resemblance to the necktie of the same name, will grow in two separate directions. 

Vented water trees only grow in a single direction and are believed to be the predominant 

water tree type leading to eventual breakdown of the insulation [21]. A bush water tree is 

defined as a collection of vented water trees possessing the same growth pattern as that of 

the tree type it is composed of [21]. Additionally, bow-tie water trees can form at any 

point inside the insulation whereas vented and bush water trees usually initiate at the 

interface of the insulation and insulation or conductor shield components.  

  

 
Figure 8. (a) Bow-tie water tree [22]; (b) vented water trees [23]; (c) bush water tree [24]. 
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 Water tree formation and growth requires the presence of both an electrically 

charged solution and a significantly intense electric field in the cable’s insulation. The 

required electric field intensity is approximately 2.8 kV mm-1, which is a value much less 

than that required for electrical tree formation. In addition, a void or protrusion must be 

present for water tree formation to occur. There are two prevailing theories as to the 

specific process of water tree formation and its subsequent growth through the insulation. 

The first theory states that water trees form due to radical creation in areas of insulation 

containing voids or protrusions because of water dissociation [25,26]. The radicals react 

with the insulation material thus forming polymer radicals through chain scission [25,26], 

with oxidation also being a potential contributor. The broken chains reconnect with 

nearby chains which expands the initial void or protrusion into the beginning structure of 

a water tree [25,26]. The cable’s applied electric field creates mechanical stress on nearby 

polar chains resulting in segmented motion and the creation of extra volume in the 

insulation [25,26]. The extra volume allows for new oxidation sites to appear and 

provides additional transportation routes for water molecules [25,26]. Similar to the first 

theory, the second theory of water tree formation and growth also states that water trees 

form due to the expansion of voids or protrusions in the insulation, but instead of radical 

creation through water dissociation, the process occurs because of mechanical forces 

created by the cable’s electric field [25,27]. After water tree formation, continued growth 

occurs through the merger of several voids or protrusions which are each filled with an 

electrically charged solution and thus are partially conductive [25,27]. The effect of being 
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partially conductive results in an intensified electric field at the pole of the water tree, 

which promotes inward growth toward the cable’s conductor component [25,27].       

1.3.2 Electrical Treeing 
 

 Electrical treeing, an example of which is shown in Figure 8 along with a bush 

water tree, can occur in both alternating current (AC) and direct current (DC) systems, 

and either with or absent a water tree. Unlike the water treeing phenomenon, the presence 

of electrical trees in cable insulation has the possibility of directly causing failure due to 

insulation breakdown [28]. The probability of electrical tree formation and time to 

breakdown are a function of several factors including magnitude and frequency of the 

applied voltage, electrode geometry, temperature of the cable [29], as well as the 

presence of anti-treeing chemicals inside the insulation. Electrical trees typically form in 

areas of insulation defects such as voids, protrusions, and imperfections, or may develop 

directly from a water tree already present in the insulation [30]. The factors that influence 

the transformation of a water tree to an electrical tree include the size of the water tree 

[31], the level of degradation currently presented by the water tree structure [32,33], the 

magnitude and frequency of the applied voltage [34], and the temperature of the cable 

[35]. Whether formed in the area of an insulation defect or from the transformation of a 

water tree, the shape of an electrical tree is highly dependent on the intensity of the 

electric field present in the area where the tree is formed. High intensity electric fields 

produce electrical trees with a somewhat bushy shape whereas low intensity electric 

fields produce electrical trees containing branch-like structures [25].    
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 The lifecycle of an electrical tree is composed of three primary phases: formation, 

growth, and breakdown of the cable insulation. As with water trees, electrical trees 

typically start in areas of high electrical stress such as voids or protrusions in the 

insulation. Because the formation phase requires a significantly intense electric field 

(approximately 100 kV mm-1 for PE), electrical tree formation usually occurs in one of 

the previously mentioned defect areas [36]. These defect areas may exhibit an electric 

field intensity far greater than that found in other areas of the insulation, making them 

ideal locations for electrical tree formation. A significantly intense electric field in these 

defect areas leads to electron emission and the subsequent injection of electrons into the 

insulation [36]. This results in the accumulation of space charge which is then preserved 

in the defect areas as a heterocharge [36]. The buildup of heterocharge in the defect areas 

causes an additional increase in the intensity of the electric field which leads to localized 

degradation of the insulation material and the formation of an electrical tree [36]. 

Following the formation phase is the continued growth of the electrical tree because of a 

stream of electrons that result in the creation of the first channel of the tree [36]. In 

addition to injection, electrons are also removed from the insulation causing a 

phenomenon known as an electron avalanche [36]. An electron avalanche is a process 

where free electrons in the presence of an electric field accelerate and subsequently 

collide with other nearby atoms, thereby ionizing them and releasing additional electrons 

which furthers the growth process [37]. In cable insulation, this allows for randomized 

electrical tree growth in all directions and the formation of additional tree channels 

starting from the first channel [36]. The subsequently formed tree channels have a higher 
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than normal inner gas pressure which is known to reduce the magnitude of an electron 

avalanche [36]. This provides for a reduction in growth of the electrical tree with this 

effect being more profound in trees with a bushy shape than those consisting of branch-

like structures [36]. Lastly, after a certain degree of growth has occurred, the electrical 

tree will rapidly produce a complete breakdown in the insulation and the cable will be 

short circuited.      

1.4 Current Methods for Evaluating Cable Degradation 
 

 Several methods exist for evaluating electric cable degradation as well as 

predicting the remaining life of those cables currently in operation. They range from 

those that are nondestructive and allow for continued cable operation, to those that are 

potentially destructive and require the cable to be taken offline. The following test 

methods are discussed in this section: visual inspection, thermal infrared imaging, voltage 

withstand testing, leakage current testing, partial discharge testing, time domain 

reflectometry, polarization and depolarization current testing, and dissipation factor 

testing.  

1.4.1 Visual Inspection 
 

 The simplest and most cost-effective method for evaluating the condition and 

health of a cable is visual inspection. This method makes use of a qualified visual 

inspector who checks both the cable itself and its surrounding environment for signs of 

damage, contamination, or the presence of environmental stressors like temperature or 

moisture [38]. The inspector is mainly looking for changes in color, crack propagation, 

and evidence of cable surface changes such as contamination in the form of water, 
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chemicals, or dirt [38]. Most of the information gathered through visual inspection is 

qualitative, but some defects like crack width and depth can be tracked over time to 

reveal the crack’s rate and direction of growth [38]. The visual inspection is typically 

done by the naked eye of the inspector, but can be assisted using items like a camera, 

flashlight, or magnifying glass.  

 One major challenge with visual inspection is that the cable must be easily 

accessible by the inspector, which is difficult when cables are located underground as is 

typical of MV cables in NPPs. With the assistance of a device called an illuminated 

borescope, these cables can be inspected below ground without having to disrupt their 

placement [38]. This device allows the inspector to see into underground areas like 

concrete ducts or electrical conduits where cables are present. Additionally, this device 

has the capability to record pictures or videos of what it is viewing, which is very helpful 

when documenting cable degradation over time [38].   

1.4.2 Thermal Infrared Imaging 
 

 Thermal infrared imaging (TIRI) is a nondestructive test commonly found in 

many industries and is used to create a heat map of a particular object or person [39]. 

TIRI is also frequently used in conjunction with other test methods to detect degradation 

in electrical systems including cables. Although TIRI cannot quantitatively measure the 

dielectric properties of a cable, it provides useful information regarding the cable’s health 

by identifying areas with unusually high resistivity or surface temperature [40]. Because 

an ideal cable operating in a homogeneous environment will radiate heat uniformly and 

in a predictable fashion, any deviations from uniformity, like unusually high resistivity or 
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surface temperature, are causes for concern as they are typically indicative of localized 

dielectric losses [38,40].  

 
Figure 9. Thermal scan of a 13.8 kV cable with a temperature spread of 28 to 32°C [41]. 

  

 There are two primary issues with using TIRI testing for underground MV cables. 

The first issue is that the cables must be accessible by the operator, which as previously 

noted is difficult with underground MV cables that are enclosed in concrete ducts or 

electrical conduits. Recent literature has yielded potential resolutions to this issue; instead 

of measuring the temperature of the cable directly, the temperature of the structure the 

cable is located in or that of the surrounding soil can be measured, and the cable’s 

temperature can be inferred based off these measurements [42,43]. The second issue is 

that it may not be possible to detect water-related degradation such as water treeing, 

which as Figure 6 shows, is the most prominent factor leading to cable failure [38]. Two 

potential resolutions for this were proposed in a 2015 report by Sandia National 

Laboratories. First, instead of directly looking for water tree degradation in the cable 

insulation, the cable jacket could be examined for water ingress using an applied 
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temperature gradient and TIRI [38]. If water is present in the jacket, that may indicate 

that water is also present in the insulation. At the very least, further testing of the cable 

should be performed to confirm or deny that possibility. Second, testing at high 

frequencies such as those above 800 Hz could intensify dielectric losses in the cable more 

so than those at low frequencies, which would result in temperature deviations that could 

be detected by a TIRI tester [38]. The locations of these temperature deviations would 

then be interpreted as areas where water tree degradation may be occurring.   

1.4.3 Voltage Withstand 
 

 Voltage withstand testing is considered the most straightforward method for 

detecting cable degradation, but has disadvantages of being potentially destructive both in 

the short and long term, and requiring that the cable be taken offline while testing occurs 

[40,44]. During the test, a voltage that is around two or three times greater than the 

cable’s usual operating voltage, U0, is applied for a finite amount of time [7,38]. This 

leads to the formation of an electric field far more intense than the field experienced by 

the cable during normal operation. If the resulting electric field strength surpasses the 

breakdown strength at any point inside the cable insulation, a breakdown will occur at 

that specific point and the test is thereby destructive. Generally, the specific section of 

insulation where the breakdown occurred can be located, repaired, and retested to 

confirm that it meets the requirements of the withstand test [40]. In the case that 

additional breakdowns occur after repairing and retesting the insulation, it is advised that 

the entire segment of insulation be replaced before bringing the cable back online [44].   
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 The majority of voltage withstand testing occurs using one of three voltage types: 

DC, AC, and AC very low frequency (VLF) [7,38,40,44]. DC withstand testing has 

historically been the industry-preferred test type, but has since fallen out of favor after it 

was shown to have certain issues [38,40,44]. The test results have shown no correlation 

with the presence of insulation trees or defects, and it has been determined that high DC 

voltage can accelerate degradation in XLPE insulation because of the accumulation of 

space charges [7,38,40,44]. Although this accumulation does not occur in rubber-based 

insulations like EPR, the prevalence of XLPE insulation in cables connected to electric 

distribution systems makes this concern justified [7]. AC voltage withstand testing has 

the advantage of stressing the cable insulation in the same fashion as during operation, 

making it the preferred test type [7]. The test occurs in the frequency range of 20 to 300 

Hz, making it an ideal test type for a wide array of cable systems [40]. Additionally, the 

polarity of AC voltage is reversed after every half cycle unlike DC voltage, which 

prevents the accumulation of space charges in the insulation that could potentially cause 

premature failure [7,38,40,44]. VLF voltage withstand testing operates in the frequency 

range of 0.01 to 1 Hz and can be used to test all categories of cable insulation [40]. 

Advantages of VLF include ease of mobility because of the relatively small size of the 

testing equipment, and the ability to generate faster growth for some defects compared to 

that of normal operating frequencies [40]. As with standard AC testing, VLF voltage 

withstand testing uses an alternating polarity which prevents the build-up of space 

charges and stresses the insulation in a similar way as during normal cable operation [7].     
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Figure 10. Setup for VLF voltage withstand testing [45].  

 

1.4.4 Leakage Current  
 

 Considered to be one of the simplest and most cost-effective methods for testing 

cables in operation, leakage current testing is useful in determining the extent to which a 

cable has been degraded by quantifying the electrical resistance of the insulation. A DC 

voltage lower than what is normally used in withstand testing is applied in a stepwise 

manner to an offline cable, and the leakage current flowing through the insulation is 

measured over a period of approximately ten minutes. The leakage current is heavily 

dependent on a variety of cable parameters and conditions, including cable size, operating 

temperature, water ingress, and level of oxidation. Knowing both the applied voltage and 

leakage current inside the insulation, the resistance can be calculated and compared to 

that of a healthy cable. A lower resistance through the insulation is correlated with a 

higher leakage current, and is indicative of the presence of moisture or a conductive 

contaminant inside a defect or void. Because the test results are highly sensitive to 

various environmental factors, which tend to be quite variable, it is difficult to document 
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degradation over time. This leads to the test generally being classified as pass or fail 

depending on the calculated resistance. The variable nature of the test gives rise to the 

possibility that a healthy cable could be classified as a fail, or vice versa, depending on 

the present conditions of the cable’s environment.   

1.4.5 Partial Discharge  
 

 PD testing originated in the 1970s and has been used ever since to test cable 

insulation for defects and degradation related to environmental and operational 

conditions, manufacturing, and damage caused during installation [38,40]. PD testing 

begins in the following way: starting from zero, voltage is applied to a cable and 

inevitably spreads to defective areas in the insulation. As the voltage continues to 

increase, a PD occurs, which is where the defective areas conduct, and voltage is 

distributed to the surrounding insulation [7]. A single PD occurrence usually does not 

have a considerable effect on the health of a cable, but multiple PDs over the course of 

months and years can potentially lead to a failure. 

 PD testing can be performed with the cable either online or offline, with the 

former using a voltage of U0 and the latter using a voltage higher than U0 [40]. Online PD 

testing is advantageous because the cable does not have to be taken out of operation to 

perform the test, which alleviates downtime and the extra cost associated with it. One 

disadvantage of online PD testing is that by using U0 as the test voltage, there is no 

chance of initiating a PD in defects that require a voltage higher than U0. This 

disadvantage is mended with offline PD testing, which can cause initiation of defects 

normally not present during online PD testing conditions. Disadvantages of offline PD 
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testing include having to take the cable offline to perform the test and causing defects to 

activate that could have been indefinitely inert in normal operating conditions.   

 PD testing is considered to be a stochastic process because the test results are 

highly dependent on several factors, including insulation type, testing voltage, 

temperature, and defect geometry and location [7,40]. Consequently, the test results are 

highly variable and occasionally produce inaccurate conclusions. The absence of a PD 

does not necessarily rule out the presence of a defect in the cable; in fact, it is quite 

possible that a defect is present but does not have the specific characteristics required to 

initiate a PD. This is especially true in the case of water tree defects, which may not 

possess the required magnitude of electrical stress for a PD to occur [7].    

1.4.6 Time Domain Reflectometry 
 

 Time domain reflectometry (TDR) is a method commonly used to detect 

degradation in both overhead and underground cables. This method can also be used to 

determine the total length of a cable in operation [46]. TDR works in the same manner as 

a radar system, relying on reflected signals to determine points of interest inside a cable. 

The points of interest, in this case being defects or faults, are found by determining the 

locations of the reflected signals which correspond to areas where the cable’s electrical 

impedance is distorted. The TDR test starts in the following manner: an energy pulse in 

the form of a voltage is applied to the cable, which creates a wave that propagates along 

the length of the cable being tested. If the cable is healthy, it will have a uniform 

electrical impedance throughout; if the cable is degraded, there will be a distortion in the 

electrical impedance, which will cause the wave to reflect to its starting position. The 
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energy pulse is reflected when it reaches one of the following: the end of the cable, a 

defect inside the cable, or the location of some other fault that causes a distortion of the 

cable’s electrical impedance. If an electrical impedance distortion is found within the 

cable, the travel time of the wave to and from said distortion can be converted to a 

distance, which is used to determine the location of a defect or fault accurate to within 

one foot.  

 

Figure 11. Setup for TDR testing with electrical impedance characteristics [46]. 

  

1.4.7 Polarization-Depolarization Current  
 

 Polarization-depolarization current (PDC) testing is another nondestructive 

method used to assess cable health by evaluating the moisture content and electrical 

conductivity of the cable’s insulation [47]. Ever since its introduction in the 1990s, PDC 

testing has been widely popular in the field of cable testing because of its simplicity and 

swiftness in gathering measurements [40,47]. PDC testing starts with the application of a 

relatively low DC voltage (as low as 30 V) to an offline cable for a predetermined 

amount of time. The polarization current, which is the charging current that flows 
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through the cable as the voltage is applied, is measured and recorded during this time. 

After the polarization current is measured, the cable is intentionally short circuited for a 

brief period of time to discharge the capacitive current flowing in the cable. The 

discharging capacitive current, known as the depolarization current, is also measured and 

recorded under a short circuit circumstance for a period of time equivalent to that of the 

polarization current measurement. The measured currents are then assessed and 

compared to those of known healthy cables to determine if the tested cable has degraded. 

Common analysis techniques include comparing the polarization current per unit length 

of aged and new cables, and comparing the depolarization currents at different voltages to 

verify the current changes at the same rate as the voltage [40].  

 Although convenient for its simplicity and ease of use, PDC testing does have its 

disadvantages. Because small currents are affected by environmental conditions [40], 

they may not be entirely accurate when measured which could lead to an incorrect 

assessment of the cable’s health. PDC testing requires a longer cable length than other 

test methods to generate a sufficiently large enough signal to measure [40]. To generate a 

sufficient polarization, the cable must be energized prior to measuring the currents, and 

be completely discharged after testing has concluded [40]. Considering these 

disadvantages, it may be prudent to use PDC testing in conjunction with other cable 

testing methods to develop a more accurate and authentic assessment of a cable’s health. 

1.4.8 Dissipation Factor  
 

 Dissipation factor, also known as tan delta, is a parameter commonly correlated to 

a materials’ ability to hold in energy, or in other words, to act as an insulator [48]. The 
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dissipation factor at a given voltage and frequency is defined as the ratio of the resistive 

and capacitive currents emanating from the cable, which is equivalent to the tangent of 

the dielectric loss angle [40,48]. Generally, a low dissipation factor is indicative of 

healthy insulation material that can efficiently store energy, whereas a high dissipation 

factor indicates an aged cable that is inefficient in storing energy [48]. The value of a 

cable’s dissipation factor is influenced by a variety of environmental factors, including 

temperature, humidity, water ingress, and ultraviolet light [48]. The results of dissipation 

factor testing are most effectively analyzed when compared over a period of time or at 

different voltages [40]. Because dissipation factor tends to increase as the cable ages and 

starts to degrade, it is possible to predict the rate of aging by determining the change in 

dissipation factor over time or at different voltages.  

 Testing for dissipation factor occurs when the cable is offline using an applied AC 

voltage at a frequency typically in the range of 0.1 to 300 Hz [40]. Unlike voltage 

withstand or PD testing, dissipation factor testing can be performed at voltages lower 

than U0 while still obtaining valuable results. The ability to test at voltages lower than U0 

is one advantage of dissipation factor testing because it prevents inadvertent cable aging 

caused by testing with voltages of U0 or higher. Because dissipation factor is a function 

of the AC voltage frequency [40], its value will vary depending on the frequency used for 

the test. For this reason, it is difficult to create a standard criterion for correlating 

dissipation factor to cable health. In addition, values of dissipation factor depend on the 

formula of the insulation material being tested which varies based on the presence of 

different filler materials. This makes EPR materials difficult to analyze because of the 
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wide range of filler materials used in the different EPR formulas, with each possessing a 

different loss behavior [40].  

1.5 Simulation of Cable Degradation 
 

 Another tool capable of evaluating degradation in cables is finite-element analysis 

(FEA). Instead of physically testing a cable currently in operation, which can be 

expensive, time-consuming, and result in plant downtime, FEA can be utilized to model 

the physical cable and predict the effect of common environmental stressors such as 

temperature, radiation, and water ingress on the health and operability of the cable. In 

situations where an operational cable cannot be easily accessed or would be burdensome 

to take offline, FEA results, such as those presented in this thesis, can fill the void by 

providing an initial assessment of the cable’s health. This initial assessment, albeit 

limited in accuracy, can then be interpreted by cable degradation testers to determine if a 

more thorough test, such as those discussed in the previous section, is required.  

 In addition to producing quick results with little to no cost beyond the initial 

purchase of software, FEA has the capability to simulate a wide variety of specific 

conditions and scenarios that may eventually present themselves in physical cables. The 

effects of these conditions and scenarios may be unknown to physical cables tests, but not 

to the extremely versatile realm of FEA where they can easily be simulated and better 

understood. The advantages of FEA, as well as the plethora of data and information that 

can be collected through its use, provide a motivation for its further use in conjunction 

with physical cable tests to provide a more comprehensive understanding of cable 
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degradation. The final result of such a combination will inevitably be improved outcomes 

in the long run for cable testers and operators of NPPs.  

1.6 Thesis Objectives 
  

 This thesis has six primary objectives which were developed after reviewing 

literature relevant to the water treeing phenomenon. The objectives are as follows:  

• Develop a better understanding of water tree degradation in EPR-insulated MV 

cables.  

• Determine the influence of water tree geometry on the rate of cable degradation.  

• Compare rates of water tree degradation using pure distilled water (H2O) and 

CuSO4 compositions.  

• Examine the degradation effects of changing temperature and cable operating 

frequency in the presence of water treeing.  

• Predict a range of values from common cable and water tree parameters that result 

in permanent cable degradation. 

• Provide an argument for further use of FEA in conjunction with physical cable 

testing.     

1.7 Thesis Summary 
 

 Chapter One provided a background on electric cables and cable degradation, a 

discussion regarding the formation, growth, and types of insulation trees, a thorough 

overview of the most prominent physical cable degradation testing methods, a brief 

introduction to the advantages of using FEA to simulate cable degradation, and the 

objectives of this thesis.  
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 Chapter Two serves as a brief review of literature relevant to this thesis. The areas 

of focus include the simulation of electric cable degradation, the various water tree 

geometries used in previous simulation work, the role of ionic solutions in cable 

degradation, a brief overview of experimental testing of water tree degradation, and the 

temperature and frequency dependency of a cable’s electrical properties.  

 Chapter Three details the preliminary simulation work done for this thesis 

including the FEA software that was used and the various models that were created. 

Additionally, the validation and verification process used for the preliminary simulations 

is described, including comparison to known analytical solutions, related literature, as 

well as direct comparison between the two software that were used.  

 Chapter Four describes the updated cable model used for the primary simulation 

work of this thesis. The materials and dimensions of the model are provided along with a 

discussion of mesh refinement and convergence. Additionally, the simulation 

methodology, setup for the parametric study, and rationale regarding the parameters and 

values used in the study are provided.  

  Chapter Five provides the results of the parametric study along with an 

interpretive discussion and analysis of the key findings. Additionally, a brief discussion 

comparing the results to physical cable tests is provided at the end.    

 Chapter Six presents the conclusions of this thesis and a discussion regarding their 

relevance to the electric cable testing industry. Suggestions for future research in this area 

are also provided.  
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CHAPTER TWO: 

REVIEW OF RELEVANT LITERATURE 
 

2.1 Summary of Literature Review 
 

A thorough search of literature relevant to this thesis was conducted to determine 

the current status of the subject. The following areas provided the focus of the literature 

search: simulation of cable degradation using FEA, different water tree geometries used 

in the simulation literature, the effect of ionic solutions on cable degradation, 

experimental testing of water tree degradation in cables, and the effects of temperature 

and frequency on the rate of cable degradation. Various shortcomings and problems with 

the existing literature are discussed, and the motivation for this thesis is provided at the 

end of the chapter.  

2.2 Simulation of Electric Cable Degradation  
  

 There have been many studies conducted in the area of simulating electric cable 

degradation using FEA. Typically, either Ansys Electronics Desktop (Ansys) or 

COMSOL Multiphysics (COMSOL) FEA software have been used because of their 

significant capabilities in solving complex electromagnetic problems. In addition, each 

software possesses built-in solid modeling features which have been used extensively in 

the literature for designing the electric cable models being simulated. These cable models 

have tended to be in the two-dimensional (2D) geometrical configuration because of the 

simplicity in using a 2D model rather than a three-dimensional (3D) model.  

 Most of the existing literature has focused on the following areas of degradation 

in the cable’s insulation component: mechanical, thermal, and electrical. Wang et al. used 
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COMSOL to simulate a XLPE-insulated cable model with the goal of studying the effect 

of changing the ratio of height to width of an elliptical water tree on the electric field 

strength and stress caused by a dielectrophoretic force at the water tree poles [49]. They 

found that as the height to width ratio increases, causing the water tree to narrow, so does 

the electric field strength and stress at the water tree poles. Khouildi et al. used COMSOL 

to study the effect of internal insulation cavities containing air or water on the 

temperature distribution of a XLPE-insulated cable at various operating temperatures 

[50]. They found that the internal insulation cavities resulted in further degradation and 

aging as the operating temperature increased. Xia et al. also looked at the temperature 

distribution of a cable containing various water cavities scattered around the insulation 

material, finding that the temperature inside and around the cavities was lower compared 

to the temperature in areas of healthy insulation [51]. It should be noted that this result is 

not consistent with what is found in this thesis, which is that the temperature inside and 

around an insulation cavity is higher than that of the surrounding insulation.  

  Electrical degradation, specifically degradation of the insulation material’s 

electrical properties, has been the primary area of focus for cable degradation researchers 

using simulation software. Chen et al. simulated water tree degradation in a XLPE-

insulated cable using COMSOL to determine the effect of increasing water tree depth on 

the capacitance of the cable [20]. They found that capacitance increases with water tree 

depth, which validated the mathematical model they proposed in the study. Burkes et al. 

did a similar study using an XLPE-insulated cable and found the same relationship 

between capacitance and water tree depth [52]. They also determined that a cable’s 
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resistance is relatively constant up until the water tree impacts the conductor which 

results in a significant decrease in the value of the resistance. Alsharif et al. [53] and Liu 

et al. [54] both used FEA to observe a cable’s voltage and electric field distribution in the 

presence of an insulation defect. Both studies found that the presence of a defect inside 

the insulation works to distort the voltage and electric field distribution, but only in the 

area around the defect, which was confirmed in a similar study conducted by Sandia 

National Laboratories [38]. Promvichai et al. indirectly built upon this result by 

determining that the electric field around a defective area such as a water tree is 

intensified with an increasing intensity observed as the water tree grows closer to the 

conductor [55]. Kachi et al. [56] and Jin-feng et al. [57] provided further insight in this 

area by using FEA to determine how the electric field intensity is affected by the size and 

geometry of the water tree region.   

2.3 Water Tree Structure and Simulation Geometry  
 

 The structure of a physical water tree is known to be random and complex. As 

with electrical trees, a water tree’s structure is highly dependent on a variety of factors 

including the cable’s electric field intensity, operating frequency, the content of the 

composition inside the water tree region, and the specific water tree type based on its 

growth pattern [21]. Even if these factors are known, there exists other factors and 

considerations that make predicting the exact structure of the corresponding water tree 

next to impossible. As a result, there exists no standard definition for the structure of a 

water tree thus making it difficult to declare definitive conclusions regarding water tree 

degradation in cables. For this reason, water tree modeling with FEA has generally relied 



32 

 

on the approach of using a simple geometry such as an ellipsoid or a cylindrical region to 

represent the entire area that a physical water tree occupies. Although not physically 

accurate, these simple geometries are sufficient to generate approximate relationships 

between water tree growth and degradation of a cable’s electrical properties.   

 In the current literature related to the simulation of water tree degradation, an 

ellipsoid geometry has predominantly been used to represent the region of a water tree. 

Famakin and Kim extensively discussed considerations related to water tree modeling 

using FEA and argued that the structure of a water tree is best represented by an ellipsoid 

[21]. This argument is tested in studies by Burkes et al. [52] and Chen et al. [20] who 

both used a 2D ellipsoid geometry to represent the structure of a vented water tree in their 

simulations. Their rationale for using an ellipsoid geometry was based on experimental 

work by Maeda et al. who showed that water trees exhibited a spherical shape under the 

standard operating frequency of 60 Hz (50 Hz for European countries) [58], as well as the 

assumption that water trees grow longer and narrower as they approach the cable’s 

conductor. Similarly, Wang et al. used a 3D ellipsoid geometry to represent an insulation 

defect, showing that the same conclusions regarding insulation degradation could be 

drawn [49]. Although an ellipsoid geometry has been used in many studies, others have 

attempted to model the structure of a physical water tree more accurately by using 

complex geometrical shapes. Khouildi et al. made used of one or more circular sectors 

along with the outlines of two physical water trees to create their water tree models [50]. 

Using a similar approach, Jin-feng et al. used a combination geometry consisting of 

conical and spherical shapes connected together to form their water tree model [57].  
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2.4 Ionic Solutions and Electric Cable Degradation 
 

 Electric cables are buried in a wide array of environments that contain many 

different chemical components. As a result, it is quite common to find water tree regions 

inside cable insulation composed of a mixture of water and soluble salts like sulfates, 

nitrates, and chlorides. These mixtures, known as ionic solutions, contain positively and 

negatively charged ions known as cations and anions, respectively, which are not found 

in pure distilled water (H2O). The presence of these charged ions is hypothesized to result 

in an accelerated rate of water tree degradation either because of reactions between the 

insulation material and the ions, or intercalation of the ions further into the material 

which facilitates the flow of electrical current.  

 Various studies have been conducted to better understand the effect of ionic 

solutions on electric cable degradation. Promvichai et al., referenced previously in the 

preceding section, used FEA to evaluate electric field intensity around a water tree region 

for various ionic solutions including CuSO4, iron sulfate, and sodium chloride [55]. Of 

the simulated ionic solutions, they found that CuSO4 provided the greatest electric field 

intensity and contributed the most to a water tree’s growth. Another study by Promvichai 

et al. provided additional insight into this result, hypothesizing that CuSO4 is effective in 

accelerating water tree growth because of its high pH and electrical conductivity [59]. 

The effect of cations and anions present in ionic solutions was investigated by Qureshi et 

al. [60], and Boonraksa and Marungsri [61], with each study concluding that both ion 

types have an impact on the growth of water trees in XLPE insulation. Further research 

by Huimin et al. examined if water tree growth is affected by an ionic solution’s molar 
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concentration by developing and validating a model that describes ion-to-ion interactions 

in a solution [62]. They found that ion-to-ion interactions using a concentration of 0.1 M 

have a strong impact on water tree growth, but results were inconclusive using a 

concentration of 0.5 M.    

2.5 Experimental Testing of Water Tree Degradation 
 

 There exists an expansive amount of literature related to experimental testing of 

water tree degradation in physical electric cables. Because the focus of this thesis is the 

degradation of the cable’s insulation component (specifically, degradation of the 

insulation’s electrical properties), literature relevant to that issue is discussed in this 

section.  

 In a study conducted by Al-Arainy et al., water trees were artificially created 

inside XLPE insulation using accelerated aging techniques including temperature cycling 

[63]. The goal of this study was to determine the effect of temperature on the distribution 

of water trees and their corresponding lengths. It was discovered that although less water 

trees were produced in the insulation when subjected to temperature cycling, the water 

tree length was on average greater than that of water trees produced in a room 

temperature setting. This proved that individual water tree growth is accelerated at higher 

and prolonged temperatures, thus creating a higher probability of permanent insulation 

degradation. In a similar study, Mauseth et al. created artificial water trees in XLPE 

insulation to determine the relationship between water tree length and accelerated ageing 

time [64]. As was predicted, water tree length increased as time progressed with 

permanent degradation of the insulation material occurring after three weeks of testing. 
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Another similar study by Radu et al. used artificially created water trees in XLPE 

insulation to show that both the relative permittivity and electric field intensity around the 

water tree region are time-dependent with each property increasing throughout the period 

of water tree growth [65]. Additional studies by Bulinksi et al. [66] and Garton et al. [67], 

also using XLPE insulation, provided evidence that the breakdown strength of the 

insulation material decreases as accelerated aging progresses, with the decrease being 

more profound at higher frequencies.  

2.6 Effect of Temperature on Electric Cable Degradation 
  

 It is widely known that temperature has a significant effect on electric cable 

degradation. As previously referenced, Khouildi et al. studied the effect of cable 

operating temperature on XLPE insulation using COMSOL [50]. In addition to the 

simulation work, they also experimented with a physical cable heated to temperatures of 

100 and 120°C for a set period of time. From the experimental work, they found that PD 

activity in the cable increased after heating, thus confirming their initial hypothesis, and 

validating the simulation work. In another study, Lei et al. studied the effect of cable 

operating temperature on EPR insulation using experimental tests [68]. Using artificially 

created spherical insulation cavities and temperatures ranging from 25 to 200°C, the 

breakdown strength and PD activity of the EPR insulation was evaluated. They found that 

breakdown strength decreased, and PD activity increased along with temperature, both 

indications of an accelerated rate of degradation. The decrease in EPR breakdown 

strength with increasing temperature was also discovered in work done by Duckworth et 

al. using harvested EPR-insulated cables from an actual NPP [69]. In addition, 
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Duckworth et al. showed that time to insulation failure decreases with increasing 

temperature, which is also shown in the work of Cao and Grzybowski [70], also using an 

EPR-insulated cable.   

2.7 Effect of Frequency on Electric Cable Degradation 
 

 As with temperature, the operating frequency of an electric cable will influence 

the cable’s degradation. As noted in ASTM D149 [71], frequencies above 800 Hz have 

the potential to cause heating of the dielectric material because of molecular dipole 

rotation [72]. The consequence of dielectric heating is an accelerated rate of degradation 

which further synergistically increases the rate of cable failure. In addition, it is known 

that a cable’s electrical properties are affected by changes in frequency. To better 

understand this effect, many studies have been conducted to qualitatively determine the 

relationship between frequency and various electrical properties of insulation materials 

including relative permittivity, dissipation factor, and electrical conductivity. Two studies 

by Lei et al. did just this for EPR in the frequency range of 0.01 Hz to 1 MHz [68,73]. 

Both studies noted the following observations regarding the material properties of EPR: 

relative permittivity decreases continually in the frequency range of 0.01 to 

approximately 100 Hz, and is nearly constant for frequencies after this range; dissipation 

factor decreases continually as the frequency increases, with the decrease being more 

profound at higher temperatures; and electrical conductivity increases continually as the 

frequency increases. Another similar study by Wu et al. looked at the effect of frequency 

on the breakdown strength of XLPE [74]. They found that breakdown strength drastically 

decreased when their XLPE samples were tested under AC voltage compared to DC 
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voltage. AC voltage tests were conducted with operating frequencies ranging from 50 to 

2500 Hz, with the result being that breakdown strength decreases with increasing 

operating frequency.                  

2.8 Shortcomings of Current Literature 
  

 Several shortcomings exist in the current literature that this thesis hopes to 

address. First and foremost, the vast majority of electric cable degradation work using 

simulation software has made use of only XLPE as the insulation material. Seeing that 

EPR insulation is used in approximately 79% of cables currently in service, as shown in 

Figure 3, it is worthwhile to further explore the effects of water tree degradation in cables 

of this variety.  

 Second, there is an insufficient understanding regarding the effect of water tree 

structure on the rate of cable degradation. In the simulation area specifically, existing 

literature has typically relied on using only a single physical water tree structure to create 

the geometry of the water trees used in the simulation models. Given the complexity and 

randomness of water tree growth, along with the study by Wang et al. that showed that 

the narrowing of a water tree region results in increasing electric field strength and stress 

values at the water tree poles, it is clear that water tree geometry has some effect on the 

rate of water tree degradation and is an important consideration when interpreting results 

obtained from simulation software.  

 Third, a comparison of water tree degradation using a variety of compositions 

including H2O and ionic solutions like CuSO4 is necessary to better understand the effect 

of the environment a cable is housed in. This comparison will also help to validate the 
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existing hypothesis in literature that water trees containing ionic solutions have an 

accelerated rate of degradation compared to those containing nonionic solutions like H2O. 

 Fourth, the effects of temperature and frequency in the presence of water treeing 

in EPR-insulated MV cables is not sufficiently understood. As previously discussed, both 

parameters do affect the rate of degradation in both XLPE and EPR insulation under 

accelerating aging conditions. The effects of these parameters on the rate of water tree 

degradation is an area that requires additional insight to develop a better understanding of 

the water treeing phenomenon.   

 Lastly, establishing a known set of values from the parameters of temperature, 

frequency, water tree geometry, water tree composition, and water tree depth through the 

insulation that results in permanent degradation will help cable researchers and testers 

better predict when a cable is at risk for potential failure. It is hypothesized that each of 

these parameters have some effect on cable degradation, which will be tested through the 

work of this thesis. Providing further insight into the potential effects of these parameters, 

along with the other literature shortcomings, will help create a more comprehensive 

understanding of both the water treeing phenomenon and how it affects EPR-insulated 

cables in particular.         

2.9 Thesis Motivation 
  

 In addition to establishing a more comprehensive understanding of the water 

treeing phenomenon in EPR-insulated MV cables, the motivation of this thesis is also to 

present an argument for further use of FEA in conjunction with physical cable testing. 

With FEA, a wide array of cable conditions and scenarios can be simulated with ease, 
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including those which may be characterized as uncommon occurrences in physical 

cables. Using the results of these simulations, it becomes possible to predict when a cable 

containing water trees will experience permanent degradation of the insulation material 

and is therefore at risk of failing. Additionally, it is also possible to establish a correlation 

between simulation and physical testing results in order to better predict the evolution of 

a cable’s lifecycle. For example, global values of a cable’s resistance obtained from 

simulation can be directly compared to the results obtained from the leakage current test 

performed on physical cables. Because leakage current testing is heavily dependent on a 

variety of factors including a cable’s operating environment, it is difficult to track 

degradation of the insulation over time. This difficulty can be alleviated with the use of 

FEA which can speed up the degradation process to better predict how and when the in-

service cable may fail. With FEA as a companion component, the results obtained from 

physical cable tests can be better understood and less prone to error and uncertainty.  
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CHAPTER THREE: 

PRELIMINARY SIMULATIONS, VALIDATION, VERIFICATION 
 

3.1 Summary of Simulation Software and Preliminary Models 
  

 As stated in Chapter Two, most of the literature related to the simulation of cable 

degradation as a result of water treeing makes use of either Ansys Electronics Desktop 

(Ansys) or COMSOL Multiphysics (COMSOL) FEA software. Both Ansys and 

COMSOL offer streamlined approaches to solving complex electromagnetic problems 

and possess a variety of features related to parametric evaluation, making them ideal for 

the work of this thesis. Additionally, both software packages have built-in solid modeling 

features, which eliminates the need for a separate software to design and build the 

simulation models. For these reasons, Ansys and COMSOL are used for all the 

simulation work in this thesis, with COMSOL being the software of choice used more 

extensively.   

 To develop proficiency with both Ansys and COMSOL, as well as 

electromagnetic simulation in general, a variety of elementary models were designed and 

simulated. These elementary models were of two different geometry types: a parallel 

plate capacitor and a coaxial cable. Each model was designed in both 2D and 3D 

geometrical configurations using either a single dielectric material or a mixed dielectric. 

The distinction between single and mixed dielectric materials is discussed in a subsequent 

section.  

 The choice of geometry types was related both to the simplicity of the models and 

the availability of straightforward analytical solutions. Additionally, the coaxial cable 
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geometry was selected knowing in advance that this particular geometry would be built 

upon and made into a more complex cable model for the primary simulation work of this 

thesis. Other than developing proficiency with both software packages, the objectives of 

these preliminary simulations were to verify the consistency of results between models 

and assess the capabilities of each software.  

 Additional preliminary simulations, including inserting a rectangular section of 

water or air inside the insulation material of a single dielectric model, were also 

performed but are not thoroughly discussed other than in Chapter 3.4.2. The goal of these 

simulations was to determine the effects of increasing water or air ingress on the 

capacitance, resistance, and voltage and electric field distribution of the cable.  

3.2 Variation in Meshing Techniques  
  

 Ansys and COMSOL both utilize automatic adaptive meshing based on the 

geometry of the simulation model. Without any action from the user, each software can 

create a final mesh that meets the design requirements of the particular simulation 

method being used. In Ansys, the process of automatic adaptive meshing starts with the 

generation of an initial mesh that is used to perform the preliminary field calculations 

[75]. From there, the solution error of these preliminary field calculations is determined, 

and, if found to be greater than the default acceptable error set by the software, the mesh 

is refined in areas showing the largest amount of solution error [75]. The field 

calculations are again performed, and the process is repeated until either reaching an 

acceptable amount of solution error, or exceeding the default number of refinement 

passes [75]. In COMSOL, the process of automatic adaptive meshing starts with the 
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generation of a physics-controlled mesh adapted to the particular geometry being 

simulated. The default “Normal” mesh setting is used, which generates more mesh 

elements than required for maximum solution accuracy [76]. An iterative approach 

similar to that of Ansys where areas of high solution error are refined will then occur 

until reaching an acceptable amount of solution error [77].     

 The different default meshing techniques employed by Ansys and COMSOL are 

worth examining further in the context of solution accuracy. As will be discussed in a 

forthcoming section, the variation in default mesh generation between the software may 

have inadvertently led to a finer mesh being generated in COMSOL compared to that of 

Ansys. Consequently, it is hypothesized that the results obtained from COMSOL were 

more closely aligned with analytical solutions than those of Ansys because of this finer 

mesh. Because mesh refinement was not a critical component or goal of the preliminary 

simulations discussed in this chapter, the default mesh settings were left unchanged in 

both Ansys and COMSOL, therefore leaving open the possibility of variations in mesh 

quality. The level of mesh refinement and method of convergence for the primary 

simulation work using COMSOL are both discussed in Chapter 4.1.3.     

3.3 Preliminary Simulations using Ansys Electronics Desktop 
 

 Shown in Figure 12 are the 2D and 3D coaxial cable models created using Ansys. 

In each of the models, copper is used as the material for the conducting bodies and XLPE 

for the dielectric(s), both considered to be at room temperature (20°C). The models 

shown in (a) and (b) of Figure 12 are designed with a single dielectric in-between the two 

conducting bodies, whereas the models in (c) and (d) utilize a mixed dielectric material 
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with permittivities starting from the outermost body of 2.25, 2.00, and 1.75 (labeled #1, 

#2, and #3, respectively, on each figure). Using multiple dielectrics with varying relative 

permittivities acts as a simple representation of the effects of water tree degradation on 

cable insulation. It is known that the relative permittivity of a water tree is greatest at the 

formation point and decreases as the water tree grows inward towards the conductor, 

which is what was simulated in the mixed dielectric models.  

   Both geometry types and settings were simulated in Ansys using the Maxwell 

and Q3D electromagnetic field designs. The Maxwell design calculates solutions to 

electromagnetic field problems by solving Maxwell’s equations in the finite area defined 

as the model, while the Q3D design utilizes the method of moments. Each Maxwell 

design setup consists of one or more selected solver types that are used to calculate 

various field parameters including capacitance and conductance. For the 2D models, the 

Electrostatics and AC Conduction solver types from the Maxwell design were used to 

calculate the capacitance and resistance, respectively, of the model. For the 3D models, 

the Q3D design, which does not require the selection of a solver type, was used to 

calculate both the capacitance and resistance.  
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Figure 12. (a) 2D coaxial cable model with a single dielectric using Ansys; (b) 3D coaxial 

cable model with a single dielectric using Ansys; (c) 2D coaxial cable model with a 

mixed dielectric (relative permittivities of 2.25, 2.00, 1.75 from the outermost dielectric) 

using Ansys; (d) 3D coaxial cable model with a mixed dielectric (relative permittivities 

of 2.25, 2.00, 1.75 from the outermost dielectric) using Ansys. 

 To simulate using the Maxwell design, voltage excitations must be added to the 

model, as well as a matrix parameter that provides the direction of flow for the electrical 

current. The particular values of the voltage excitations are of little importance as long as 

there is a difference between them. For the sake of simplicity, a voltage excitation of one 

volt was added to the conductor, and the outer metallic shield was grounded. The Q3D 

design requires the selection of a signal net and a ground net, which for consistency were 

chosen to be identical to the voltage excitations in the Maxwell simulations. As for mesh 

creation, the default settings of amount of acceptable error and number of refinement 

passes were left unchanged at 1.0% and 10, respectively.    

a b 

c d 

#1 

#2 

#3 

#1 

#2 

#3 



45 

 

 Shown in Figure 13 are the 2D and 3D parallel plate capacitor models created 

using Ansys. These models use the same materials, methods, and simulation setups as the 

coaxial cable models previously shown. With respect to the voltage excitations, the top 

plate is the charged body with an applied voltage of one volt and the bottom plate is 

grounded. Other than geometry, the only major difference between the two sets of models 

is the equations used to validate the simulation results, which can be found in Appendix 

A.   

  

  
Figure 13. (a) 2D parallel plate model with a single dielectric using Ansys; (b) 3D 

parallel plate model with a single dielectric using Ansys; (c) 2D parallel plate model with 

a mixed dielectric (relative permittivities of 2.25, 2.00, 1.75 from the outermost 

dielectric) using Ansys; (d) 3D parallel plate model with a mixed dielectric (relative 

permittivities of 2.25, 2.00, 1.75 from the outermost dielectric) using Ansys. 
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3.4 Preliminary Simulations using COMSOL Multiphysics 
 

 Shown in Figure 14 are the 2D and 3D coaxial cable models created using 

COMSOL. The materials and geometries of these models are the same as their respective 

equivalents used in Ansys, which allows for direct comparison of results between the 

simulation software. The selection of voltage excitations is also identical to that of Ansys 

with the conductor carrying one volt and the outer metallic shield being grounded. As 

with those in Ansys, no mesh refinement or convergence was performed for the 

simulations in COMSOL.     

  

  
Figure 14. (a) 2D coaxial cable model with a single dielectric using COMSOL; (b) 3D 

coaxial cable model with a single dielectric using COMSOL; (c) 2D coaxial cable model 

with a mixed dielectric (relative permittivities of 2.25, 2.00, 1.75 from the outermost 

dielectric) using COMSOL; (d) 3D coaxial cable model with a mixed dielectric (relative 

permittivities of 2.25, 2.00, 1.75 from the outermost dielectric) using COMSOL. 
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 Although very closely related, Ansys and COMSOL differ in their methods of 

preparing a model for simulation. Instead of choosing a base design to simulate with, 

COMSOL requires the selection of one or more physics branches along with a particular 

study type that defines how the model will be analyzed. The Electric Currents and 

Electrostatics physics branches, along with the Stationary study type, were used to 

calculate the resistance and capacitance, respectively, of the cable model. Additional 

discussion regarding these physics branches and study type is provided in Chapter 4.1.2.    

 Shown in Figure 15 are the 2D and 3D parallel plate capacitor models created 

using COMSOL. As with those created using Ansys, these models use the same 

materials, methods, and simulation setups as the coaxial cable models previously shown. 

Additionally, the placement of the voltage excitations is identical to what was done in 

Ansys, with the top plate acting as the charged body carrying an applied voltage of one 

volt and the bottom plate being grounded.   
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Figure 15. (a) 2D parallel plate model with a single dielectric using COMSOL; (b) 3D 

parallel plate model with a single dielectric using COMSOL; (c) 2D parallel plate model 

with a mixed dielectric (relative permittivities of 2.25, 2.00, 1.75 from the outermost 

dielectric) using COMSOL; (d) 3D parallel plate model with a mixed dielectric (relative 

permittivities of 2.25, 2.00, 1.75 from the outermost dielectric) using COMSOL. 

3.5 Validation and Verification  
 

 Validation and verification (V&V) are critical steps in evaluating the credibility 

of an FEA model. Validation deals with how accurate the model is and how well it 

correlates with the physical phenomena being simulated; verification concerns the 

accuracy of the results computed by the model and the amount of acceptable error in 

comparison to known values or facts. V&V also concerns refinement and convergence of 

the generated mesh used in the simulations. As previously noted, mesh refinement and 

convergence were not critical components or goals of the preliminary simulations and are 

not discussed here.  
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 With regards to validation, both model types correlate well with known physical 

phenomena. The materials used in the models and their respective properties, most 

notably relative permittivity and electrical conductivity, accurately correspond to those of 

known cable components. The geometry used for the coaxial cable models is consistent 

with that of a simplified physical cable, while the geometry for the parallel plate 

capacitor models is consistent with basic physical examples. Lastly, the placement of the 

voltage excitations is typical to that which is found in physical cables as well as basic 

parallel plate capacitor designs. Specifically, the conductor is selected to be the charged 

body, and the other component, which for the coaxial cable models is the outer metallic 

shield and for the parallel plate capacitor models is the bottom plate, is selected to be the 

grounded body. Additional discussion of model validation including rationale for the 

selection of the parameters used for the parametric study and their respective ranges is 

found in Chapter Four.    

 For the purpose of this thesis, verification of the preliminary simulations occurs in 

three areas: comparison of simulation results to known analytical solutions, comparison 

of simulation results to those found in related literature using XLPE as the insulation 

material, and comparison of simulation results between Ansys and COMSOL. Further 

discussion and rationale for each area of verification will be given in the forthcoming 

sections. Satisfactory verification in each of these areas will provide a high level of 

confidence in both the setup of the primary simulations as well as the results that are 

produced from the parametric study.  
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3.5.1 Comparison to Analytical Solutions 
 

 Because the geometries used in the preliminary simulations are quite common, 

there exists known analytical solutions for various calculated parameters that can be 

directly compared to the results obtained from the simulations. Values for the various 

calculated parameters (i.e. capacitance and resistance) are provided in Appendix B, which 

also includes the percent differences between the analytical and simulation values. The 

following paragraphs will discuss the findings from this verification approach and the 

conclusions that can be inferred.  

 For both the 2D and 3D coaxial cable models, it was found that there was less 

than 0.1% difference between the analytical and simulation capacitance values using a 

single dielectric, and less than 2% difference being found for the mixed dielectric models. 

The resistance values found using Ansys had a 0.5% difference with the analytical 

values, but the values obtained using COMSOL were identical to those calculated using 

the analytical approach, thus yielding a difference of zero. It is worth mentioning that 

resistance was not found for the 3D coaxial cable models using Ansys because of 

simulation errors with this particular geometry. Regardless, the Ansys results from the 2D 

models are well aligned with results obtained from the analytical approach. Overall, with 

the exception of the mixed dielectric models, COMSOL produced values more closely 

aligned with the corresponding analytical values than Ansys.  
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Figure 16. Capacitance (“C”) and resistance (“R”) values obtained from the analytical 

solution, Ansys, and COMSOL for the coaxial cable geometry type.   

 For the 2D parallel plate capacitor models, it was found that there was little to no 

difference between each simulation value when compared to the corresponding value 

determined from the analytical approach. As a result, percent differences between the 

simulation and analytical values were either zero or negligible. The 3D parallel plate 

capacitor models produced capacitance values identical to those calculated using the 

analytical approach, but resistance values varied between the two software. The percent 

differences were found to be 7% and 6% for the single dielectric and mixed dielectric 

models, respectively, using Ansys, whereas the resistance values determined from 

COMSOL were identical to the corresponding analytical values. Overall, the simulation 

and analytical values were analogous for each model and software with the only 

exception being the resistance values for the 3D models in Ansys.   
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Figure 17. Capacitance (“C”) and resistance (“R”) values obtained from the analytical 

solution, Ansys, and COMSOL for the parallel plate geometry type.    

 It can be concluded that the Ansys and COMSOL simulations were successfully 

verified using the approach of comparison to analytical solutions. Although quite similar, 

and even identical for some models, the results obtained from the COMSOL models were 

more closely aligned with the corresponding analytical results than those obtained from 

the Ansys models. One possible explanation for this outcome is inconsistent mesh quality 

between each software, which is known to affect the accuracy of simulation results. It is 

possible that the automatically generated mesh in COMSOL may have been finer than the 

mesh generated in Ansys leading to slightly more accurate results. As previously noted, 

mesh refinement was not a critical component or goal of the preliminary simulations, so 

the truth or lack thereof for this explanation is of little importance. Mesh refinement of 
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the updated cable model, which is of significant importance for the primary simulation 

work of this thesis, is discussed in Chapter 4.1.3.   

3.5.2 Comparison to Literature 
 

 As previously addressed in Chapter Two, there has been a significant amount of 

research done regarding the simulation of cable degradation. The vast majority of 

research has used XLPE as the insulation material in part because of its strong dielectric 

and mechanical properties when compared to EPR [78]. Additionally, the wide range of 

filler materials typically present in EPR make it a challenging material to provide 

definitive conclusions for and thus limit its use in cable simulation literature [79]. Despite 

these facts, the critical material properties used in the simulations for this thesis, which 

are relative permittivity and electrical conductivity, are similar for both XLPE and EPR. 

This allows for comparison between these two materials when considering results 

obtained using the simulation methods presented in this thesis.  

 When comparing the capacitance values of the mixed dielectric models to those of 

the single dielectric models, it was found that the value of the capacitance for the mixed 

dielectric models is always less than that of the single dielectric models. This result can 

be compared with a variety of literature sources that simulate water tree degradation in 

XLPE cables, some of which were previously discussed in Chapter 2.2. In these sources, 

as the water tree grows inward towards the conductor, the effective relative permittivity 

of the insulation material is increasing which leads to an increase in the value of the 

capacitance. The effective relative permittivity of the mixed dielectric models is less than 

that of the single dielectric models, which explains the decrease in capacitance for each 
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simulation case. As for the resistance values, no change is observed between the single 

and mixed dielectric models for a particular geometry because resistance is not a function 

of relative permittivity and the electrical conductivity of the insulation material is not 

changing. If the electrical conductivity were to change, which is what typically occurs 

when a water tree grows through the insulation, there would be a change in the value of 

the cable’s resistance, as shown in various literature sources [52,80]. 

 The preliminary simulations previously mentioned but not discussed in detail are 

those that include a rectangular section of water or air inside the insulation material of a 

single dielectric model. The water or air section would increase in depth through the 

insulation material, thus simulating the growth pattern of a physical water tree. The 

resulting relationships between capacitance, resistance, and voltage and electric field 

distribution versus section depth could be determined and compared to those 

relationships found in the literature for XLPE-insulated cables. From these simulations, it 

was found that as the depth of the water or air section increases, the capacitance 

increases, the resistance decreases, and the distortion of the voltage and electric field 

distribution increases only in the area where the water or air section is located. These 

results are confirmed when compared to similar simulations found in various literature 

sources [52,80].  

3.5.3 Comparison between FEA Software 
 

 At the beginning of the work for this thesis, the FEA software that would be used 

had not been decided. Ansys and COMSOL emerged as the primary candidates because 

of the many advantageous features they possess, and their solid reputation for being able 
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to solve complex electromagnetic problems such as those presented in this thesis. After 

much consideration and testing, COMSOL was selected in part because of its more 

streamlined multiphysics framework compared to Ansys. Although COMSOL would be 

used for the primary simulation work of this thesis, it was decided that both COMSOL 

and Ansys would be used concurrently for the preliminary simulations in order to verify 

the simulation setups and results from each software in comparison to each other.  

 As shown in Figures 16 and 17, the preliminary simulation results for each 

geometry type and configuration were fairly consistent between Ansys and COMSOL. 

The largest differences occurred with the single and mixed dielectric 3D parallel plate 

capacitor models, but only for the resistance values. As previously noted, one possible 

explanation for these differences is inconsistent mesh quality between each software. 

COMSOL’s automatically generated mesh may have been finer than the mesh generated 

by Ansys, particularly for the 3D models which are larger than the 2D models and thus 

require more area to be meshed. It was also determined that the preliminary simulations 

mentioned but not discussed in detail yielded identical trends for capacitance, resistance, 

and distortion of the voltage and electric field distribution for both Ansys and COMSOL. 

Although the specific values were slightly different between each software, the trends 

between the values and depth of the air or water section were consistent, which provides 

a high level of confidence in the simulation setups. Overall, it can be concluded that each 

of the preliminary simulation setups in both Ansys and COMSOL are accurate 

representations of each other and can produce consistent results.     
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3.6 Concluding Remarks 
 

 A variety of preliminary simulations were performed using two FEA software, 

Ansys and COMSOL. Two geometry types, a parallel plate capacitor and a coaxial cable, 

were created and simulated in both 2D and 3D configurations, and with a single and 

mixed dielectric setup. XLPE was used as the insulation material of the models because 

of its widespread use in related literature, as well as the fact that it possesses comparable 

material properties to those of EPR. The goals of these preliminary simulations were to 

develop proficiency in electromagnetic simulation, assess the capabilities of each 

software, and validate and verify the results against known solutions, related literature, 

and direct comparison between software. Upon completion of the preliminary simulations 

and collection of the results, it was determined that each goal was successfully achieved. 

Additionally, the simulation results from each software were found to be well aligned 

with the results from each of the three verification areas, which provides a high level of 

confidence in each of the simulation setups.   

 Based on what was learned from the preliminary simulations, it was decided that 

COMSOL would be the software of choice for the primary simulation work of this thesis. 

In addition to a more streamlined multiphysics framework, COMSOL has parametric 

evaluation features that appeared to be more intuitive than those found in Ansys. Of the 

geometry types and configurations that were simulated, the 2D coaxial cable model was 

selected to be updated for the primary simulation work. The 2D configuration was 

selected based on the accuracy of the results in comparison to those obtained from the 

same geometry type but in the 3D configuration. Additionally, the 2D model provides a 
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better visual representation of the effects of water tree degradation and requires less 

computer resources compared to the 3D model. Going forward, the 2D coaxial cable 

model will be transformed into a more comprehensive model that is representative of a 

physical underground MV cable such as the one shown in Figure 2. The materials and 

dimensions of the updated cable model, as well as the iterative design approach that took 

place, are described in further detail in the following chapter.    
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CHAPTER FOUR: 

SIMULATION METHODOLOGY AND SETUP OF THE 

PARAMETRIC STUDY 
 

4.1 Simulation Methodology 
  

 This section provides a detailed description of the simulation methodology with 

discussions regarding the updated cable model, simulation methods using COMSOL, 

mesh refinement and convergence, setup of the parametric study, the simulated 

temperature and frequency ranges, and the geometry and composition of the water tree 

region.  

4.1.1 Updated Electric Cable Model 
  

 The materials and dimensions of the cable model components used in the 

simulations are based on those of a physical NPP MV and are provided in Table 1. 

Instead of the cable conductor being made of multiple conducting strands, as is typical in 

a physical cable, it is modeled in the simulations to be a single strand with a voltage 

rating of 15 kV. From initial testing, it was determined that the electrical properties of the 

cable are nearly identical when using either multiple strands or a single strand as the 

conductor. To lessen use of computer resources and simplify the model, a single strand 

conductor made of aluminum was used. The conductor and insulation shields were both 

made of a semi-conductive EPR-backed material rated for use with MV cables. The cable 

insulation was made from EPR, which is the most common insulation material used in 

MV cables. The grounded metallic shield was made from copper, and the cable jacket 

was made from PVC. The cable model was surrounded by an air medium to allow proper 

calculation of the cable’s electric field.     
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Table 1. Cable components, outer radii from the cable center, and materials.   

Cable Component Outer Radius (mm) Material 

Conductor 13.98 Aluminum 

Conductor Shield 14.98 Electrical Tape 

Insulation 19.65 EPR 

Insulation Shield 21.04 Electrical Tape 

Metallic Shield 21.32 Copper 

Jacket 23.50 PVC 

  

 Multiple iterations of this cable model were created and tested to insure 

equivalency of results. For each iteration, V&V was performed by comparing common 

electrical properties of the cable to analytical solutions and results found in literature for 

XLPE-insulated cables. The cable model was made progressively more complex after 

each iteration until reaching the final model shown in Figure 18.    

 

Figure 18. EPR-insulated cable model without any water treeing.  

 

 

+15kV 
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4.1.2 Simulation Methods 
 

 The Electric Currents, Electrostatics, and Heat Transfer in Solids physics 

branches in COMSOL were used for the simulations. The Electric Currents branch is 

commonly used to simulate AC and DC electric currents in capacitive and conductive 

applications [81]. It uses the electrical conductivities of the various materials to calculate 

the electric current flowing through the cable which is used to calculate the resistance 

[80]. The Electrostatics branch is used primarily to simulate charge conservation in 

dielectric materials like cable insulation under static conditions [81]. Instead of the 

electrical conductivity, this physics branch uses the relative permittivities of the materials 

to calculate the capacitance of the cable. The mathematical characterization defining the 

cable’s electric field using both the Electric Currents and Electrostatics physics branches 

are described by the following governing equations:                                                         

∇ ∙ 𝐽 = 𝑄𝑗,𝑣               𝐽 = 𝜎𝐸 + 𝑗𝜔𝐷 + 𝐽𝑒             𝐸 = −∇𝑉                                (1) 

∇ ∙ 𝐷 = 𝜌𝑣            𝐸 = −∇𝑉                                                                                   (2)                                                           

where, J  is conduction charge density (A m-2), V  is applied voltage (V), Qj,v  is charge 

density (C m-3), σ  is electrical conductivity (S m-1), ω is angular frequency (rad s-1), 

E  is electric field (V m-1), D  is electric displacement (C m-2); Je  is external charge 

density (A m-2), and ρv  is volumetric charge density (A m-2). 

 The Heat Transfer in Solids branch is used to determine the localized temperature 

rise (LTR) around the water tree region produced by electromagnetic heating. For the 

simulations using this physics branch, the conductor was set to an initial temperature of 

70°C, while the other cable components all have an initial temperature of 20°C.  
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 The Stationary study type was used to calculate the capacitance and resistance of 

the cable. For this study type, the field variables do not change over time, which allows 

for the computation of static electric fields. Because the field variables are constant, the 

term jωD in the second Electric Currents equation is canceled out. The Frequency 

Domain study type was used to calculate the electric field strength at the pole of the water 

tree region. This study type requires a frequency value to be inputted by the user and in 

doing so creates a voltage source with an AC sinusoidal waveform, which is 

representative of physical cable operation. For the simulations involving heat transfer and 

LTR, a Frequency-Transient study type was used with a time duration of ten seconds. 

The frequencies used in the simulations are provided in a forthcoming section. 

4.1.3 Mesh Refinement and Convergence 
 

An important aspect of every FEA work is creating an adequately refined mesh. 

This is accomplished through a process called mesh convergence, which is used to 

determine the required number of elements in a model to ensure accurate results. Mesh 

convergence takes an initially coarse mesh with a large element size and smooths it into a 

finer mesh having a smaller element size. This is done through an iterative approach 

where a solution is repeatedly calculated and compared against a known solution until the 

error between the two reaches an acceptable amount. The overall simulation error is 

minimized by refining localized areas of high error found within the model. The level of 

refinement is heavily dependent on the model being simulated and the required accuracy 

of the simulation results.  
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The mesh for the primary simulations was refined by decreasing the global 

element size until the difference between solutions was minimized. In addition, extra 

refinement was added to the pole of the water tree region closest to the conductor, which 

is the calculation point for the electric field strength and LTR. Prior to refinement, the 

global element size ranged from a minimum value of 0.028 mm to a maximum value of 

63 mm. After refinement, the global element size ranged from a minimum value of 0.04 

mm to a maximum value of 2 mm. Additionally, the extra refinement provided at the pole 

of the water tree region decreased the maximum element size in that area to 0.10 mm. 

Mesh comparison prior to and after refinement is visually shown in Figure 19.   

  

Figure 19. (a) Model prior to mesh refinement; (b) model after mesh refinement. 

a b 

Mesh 

Refinement 
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Since the pole of the water tree region is the calculation point, greater emphasis 

was placed on decreasing the element size around that particular area. This was done to 

account for the increasing error that occurs as the water tree aspect ratio (AR), defined as 

the ratio of the major axis to the minor axis of the ellipse, increases. As the AR increases, 

the element size required for sufficiently accurate calculations at the pole of the water 

tree region becomes continuously smaller.  

4.2 Setup of the Parametric Study 
   

 Parametric studies are advantageous in that they allow for quick analysis of 

multiple parameters at varying ranges and are easily automated using simulation software 

such as COMSOL. The parameters being evaluated in this parametric study are cable 

temperature, water tree geometry, water tree composition, and cable operating frequency. 

Each combination of parameter values was simulated, but for the sake of limiting 

redundant observations due to minimal differences, only results using a subset of 

combinations are provided in this thesis. The ranges and rationale concerning the use of 

each parameter are provided in the following sections.     

4.2.1 Temperature Range 
 

 A temperature range of 0 to 200°C in increments of 20°C was used for the 

simulations. This range was chosen because the vast majority of cable operations occur 

between the minimum and maximum values of the given range [38]. With the exception 

of the simulations to determine LTR, a constant temperature was used for the entire area 

of the cable model, which would not be true for a physical cable. It should also be noted 
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that temperatures around 140°C are typically only reached during emergency operating 

conditions and only for short periods of time [82].  

 Relative permittivity and electrical conductivity, both indicators of a material’s 

ability to conduct electricity, change with temperature. This fact must be considered 

when examining the effect of changing temperature on the rate of cable degradation 

caused by water treeing. For cable conductors made from copper or aluminum, 

temperature and electrical conductivity are inversely related, with no considerable 

relationship between temperature and relative permittivity. For the EPR insulation, 

temperature and electrical conductivity are directly related, with temperature and relative 

permittivity being inversely related. Additionally, calculation of the LTR required 

thermal conductivity and isobaric specific heat capacity values for EPR, which were 

taken at a temperature of 20°C [83].   

4.2.2 Frequency Sweep 
 

 To determine the effect of operating frequency on the rate of water tree 

degradation, a frequency sweep ranging from 0.01 Hz to 1 MHz was added as a 

component of the parametric study. The frequencies of 0.01, 60, and 800 Hz that provide 

a portion of the results given in Chapter Five are based on those used for physical cable 

tests in the field. A frequency of 0.01 Hz is typically used for VLF voltage withstand 

testing, and for the purpose of this thesis can be considered effectively equivalent to DC 

operation. A frequency of 60 Hz is the standard operating frequency for MV AC cables in 

the United States. From ASTM D149, the maximum recommended frequency for cable 

testing is 800 Hz, and frequencies greater than that value are known to potentially cause 
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dielectric heating which accelerates the aging process of the cable [71]. The results of 

simulating with frequencies above 800 Hz, specifically 10,000 and 1,000,000 Hz, are also 

provided in Chapter Five and are discussed in a theoretical context.  

4.2.3 Water Tree Geometry and Composition 
  

 An ellipse was used to represent the geometry of the water tree region in the 

simulations. Although physical water trees are composed of a collection of connected 

micro-sized cylindrical pathways [20], the overall structure of these pathways is typically 

well-encompassed in the shape of an ellipse, as shown in Figure 20. Because of the 

varying geometry of water trees, also shown in Figure 20, the AR of the ellipse, defined 

as the ratio of the major axis to the minor axis, was varied from one to 60 in increments 

of six in order to understand the effect of narrower water trees on the electrical properties 

of the cable. The depth of the water tree region, starting from the outer edge of the 

insulation and working towards the conductor, was varied between 10 and 100% in 

increments of 10%. This growth path is representative of that of a vented water tree, 

which is shown in Figures 8 and 20.    

 
Figure 20. Water trees with varying elliptical geometries [84].          

AR ≈ 4 

AR ≈ 6 
AR ≈ 6 

AR ≈ 30 



66 

 

 To match the experimental work of the project of which this thesis is associated 

with, the composition of the water tree region was varied between pure distilled water 

(H2O) and aqueous copper sulfate (CuSO4) (constant concentration of 1.23 M across the 

temperature range). H2O was selected because it represents the most basic composition of 

a water tree and is easily obtainable in a laboratory setting for use in physical cable 

testing. CuSO4, which is a known ionic solution, was selected because of the current 

hypothesis in cable degradation literature that the presence of ionic solutions results in an 

accelerated rate of water tree degradation.  

 Electrical and thermal properties of the two compositions varied with temperature 

and were taken from ASTM D1125 and related literature [85-92].  Both compositions 

exhibit the same relationships between temperature and relative permittivity, and 

temperature and electrical conductivity. Temperature and relative permittivity are 

inversely related, with increasing temperature producing a decreasing relative 

permittivity; temperature and electrical conductivity are directly related, with increasing 

temperature producing an increasing electrical conductivity. These relationships are 

visually shown in Appendix C. 

 The following assumptions are made regarding the electrical properties of the 

water tree model:  

1. The entire composition of the water tree region is either H2O (assumed to be 

saturated) or CuSO4 in aqueous form.  

2. The relative permittivity and electrical conductivity values are constant across the 

entire length of the water tree region.  
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 The primary purpose of these two assumptions is to simply the setup and analysis 

portions of the simulation work. It should be noted that a physical water tree will have 

varying relative permittivity and electrical conductivity values across its length, and the 

composition of the water tree region will be a mixture of aqueous solution and insulation 

material. This mixture, which is based on the principles of effective medium theory, will 

create a composition having composite relative permittivity and electrical conductivity 

values that are somewhere between those of both the aqueous solution and the insulation 

material. Because this thesis is primarily interested in degradation trends rather than 

individual values, these assumptions will not have a significant effect on the results and 

conclusions. 

   

Table 2. Simulation parameters and values used for the parametric study. 

Simulation Parameters and Values 

Frequency (Hz) 0.01; 60; 800; 10,000; 1,000,000 

Temperature (°C) 0; 20; 40; 60; 80; 100; 120; 140; 160; 180; 200 

Water Tree Aspect Ratio 

(AR) 
1; 6; 12; 18; 24; 30; 36; 42; 48; 54; 60 

Water Tree Depth (%) 10; 20; 30; 40; 50; 60; 70; 80; 90; 100 

Water Tree Composition H2O; CuSO4 
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CHAPTER FIVE: 

RESULTS AND DISCUSSION 
 

5.1 Overview of Results 
  

 The results for this thesis are derived from five separate but interrelated areas 

each pertaining to the measurement of cable degradation caused by water treeing: 

• Global Capacitance  

• Global Resistance  

• Voltage and Electric Field Distribution  

• Localized Specific Energy Absorption Rate   

• Localized Temperature Rise 

 The first area consists of global capacitance measurements in the temperature 

range of 0 to 200°C taken at various instances along the water tree’s growth path towards 

the conductor. A comparison of the capacitance measurements between the pure distilled 

water (H2O) and aqueous copper sulfate (CuSO4) compositions is also provided. The 

second area consists of global resistance measurements using the same temperature range 

and water tree growth path as the first area, along with a similar comparison between the 

compositions. The third area consists of a variety of 2D surface plots showing the cable’s 

voltage and electric field distribution for different conditions from the parameters of 

water tree depth, water tree aspect ratio (AR), water tree composition, operating 

frequency, and temperature. These plots are visually analyzed and compared to one 

another to determine differences in the amount of observable distortion for the various 

conditions. The fourth area consists of a variety of plots comparing localized specific 
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energy absorption rate (SAR) measurements, water tree depth, water tree AR, 

temperature, and operating frequencies for compositions of H2O and CuSO4. Because the 

maximum electric field intensity occurs at the pole of the water tree region, this position 

serves as the calculation point for the electric field strength which is then used in the 

calculation of the SAR. The fifth area consists of a discussion and analysis regarding the 

occurrence of a localized temperature rise (LTR) at the water tree pole. In addition, 

because SAR is known to be directly related with LTR, an effort is made to compare the 

temperature change at the pole of the water tree region with the SAR measurements 

previously taken.        

 

Figure 21. Five areas of results pertaining to the evaluation of water tree degradation. 



70 

 

 After presenting each area of results separately, an overall discussion comparing 

all five areas is provided. Although each area on its own provides a significant amount of 

information regarding the effects of water treeing in EPR-insulated MV cables, when 

taken together, the results provide a more comprehensive understanding of the water 

treeing phenomenon. Additionally, each area will be compared to physical tests to show 

that results obtained from both FEA and physical testing can be correlated.  

5.2 Model Assumptions 
 

 Before presenting the results of this thesis, it is worth reviewing the pertinent 

assumptions that characterize the simulation model: 

• The conductor is defined as a voltage source with a value of 15 kV, and the 

metallic shield is grounded. AC voltage with a sinusoidal waveform is used for 

the voltage and electric field distribution, SAR, and LTR areas of results, whereas 

DC voltage is used for the global capacitance and global resistance areas. 

• The current conservation boundary condition is active for the non-conducting 

cable components, which implies that their electrical conductivity and relative 

permittivity values are equivalent to those of the component materials.   

• The cable model is surrounded by an air medium to allow proper calculation of 

the electric field. The material properties of the air medium do not change with 

temperature.  

• The electrical properties of the water tree are equivalent to those of the 

composition being simulated (H2O or CuSO4).  
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• The electrical properties of the cable components and water tree are homogeneous 

and do not vary within the areas they occupy.  

• Each area of results except LTR assumes a constant initial temperature for the 

entire cable which is equivalent to that which is being simulated. For LTR only, 

the conductor is set to an initial temperature of 70°C, while the other cable 

components and water tree all have an initial temperature of 20°C. 

• LTR measurements are recorded after 10 seconds of exposure to the cable’s 

electric field.  

5.3 Global Capacitance  
  

 Figures 22 and 23 show the logarithm of the cable’s global capacitance versus 

water tree depth for compositions of H2O and CuSO4, respectively. A base-10 

logarithmic transformation was applied to the global capacitance measurements to match 

the other areas of results. The global capacitance is defined as the total measure of 

capacitance for the entire system being simulated. Because the capacitance measurements 

were found to be largely independent of water tree AR, only a single AR (AR = 6) is 

used. The temperature of the cable is varied from 0 to 200°C in increments of 20°C. The 

Electrostatics physics branch and Stationary study type in COMSOL, which assume 

nonchanging field variables and a static electric field, were used to calculate the global 

capacitance at each temperature and water tree depth percentage. In comparison to those 

studies that used XLPE as the insulation material, the global capacitance results presented 

in this thesis using EPR exhibit a similar trend with respect to water tree depth 

[20,52,80].  
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Figure 22. Logarithmic capacitance versus water tree depth using H2O. The arrow 

denotes the direction of temperature increase corresponding to the order of data sets. 

  

Figure 23. Logarithmic capacitance versus water tree depth using CuSO4. The arrow 

denotes the direction of temperature increase corresponding to the order of data sets. 

0°C 

200°C 

0°C 

200°C 



73 

 

 For both compositions, it is observed that capacitance increases as the water tree 

grows inward from the outer edge of the insulation toward the conductor. This is 

explained by the fact that as the two conducting bodies (water tree and conductor) grow 

closer to one another, the attraction between their respective charges becomes greater 

which leads to an increase in the overall capacitance of the system. For both 

compositions, although the capacitance is continually increasing throughout the water 

tree’s growth path, the magnitude of increase between depths of 10 and 70% is smaller 

compared to that which is found between depths of 70 and 100%. For a temperature of 

200°C, the percent difference in capacitance between depths of 10 and 70% is 

approximately 1.3% and 1.5% for H2O and CuSO4, respectively, whereas the percent 

difference between depths of 70 and 100% is approximately 3.2% and 3.9% for H2O and 

CuSO4, respectively. Based on these results, it can be stated that the capacitance increases 

with a greater magnitude once the water tree has grown to a depth of 70% towards the 

conductor.  

 Another observation from Figures 22 and 23 is that the cable’s capacitance is 

affected by temperature, with an increase in temperature producing a decrease in 

capacitance. This can be explained when considering the relationship between 

temperature and the relative permittivity of EPR. As temperature increases, EPR’s 

relative permittivity decreases because of its change in density [93]. It is known that the 

density of certain polymers such as EPR generally decreases with increasing temperature 

[93]. This decrease in density leads to a reduction in the average number of dipoles 

contributing to dielectric polarization, which produces a decrease in relative permittivity 
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[93]. Because relative permittivity is directly related to the calculation of capacitance in a 

cable such as what was simulated, a decreasing relative permittivity results in a 

decreasing capacitance, which is what is shown in Figures 22 and 23.     

 Figure 24 shows the logarithm of the difference in the cable’s capacitance 

between the CuSO4 and H2O compositions versus water tree depth. Overall, capacitance 

values for the compositions are nearly equivalent with the largest percent difference 

between them being approximately 0.8% at a water tree depth of 100% and temperature 

of 200°C. Nevertheless, there does exist a noticeable relationship between the difference 

in capacitance and water tree depth. It can be observed that as water tree depth increases, 

the difference in capacitance between the compositions also increases, with the minimum 

and maximum differences occurring at water tree depths of 10 and 100%, respectively. 

As the water tree grows inward, the region of the cable containing either H2O or CuSO4 

becomes larger which makes the difference in electrical properties between the 

compositions become more profound. Because of this, the difference in capacitance 

between the compositions becomes greater as the region containing the water tree 

becomes larger with increasing depth.  
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Figure 24. Logarithmic difference in capacitance between CuSO4 and H2O versus water 

tree depth. The arrow denotes the direction of temperature increase corresponding to the 

order of data sets. 

 

 Based on what is shown in Figure 24, there also exists a noticeable relationship 

between the difference in capacitance and the temperature of the cable. It can be stated 

that there is a relationship between the two parameters, with an increasing temperature 

producing a greater difference in capacitance. This relationship is illustrated when 

examining the percent differences in capacitance at the minimum and maximum 

temperatures using measurements taken at a water tree depth of 100%. At the temperature 

minimum of 0°C, the percent difference in capacitance is approximately 0.05%, whereas 

at the temperature maximum of 200°C, the percent difference is approximately 0.8%. 

Although small, it is quite possible that the difference in capacitance is large enough to 

affect the cable’s performance, particularly at higher temperatures.  

0°C 

200°C 
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 Apart from 0°C, each temperature in the simulated range produced a difference in 

capacitance that favored CuSO4 over H2O across the water tree’s growth path. This is 

explained when considering how the relative permittivity of each composition changes 

across the simulated temperature range. It is known that 0°C is the only temperature 

where the relative permittivity of H2O is greater than that of CuSO4. For each 

temperature in the range of 20 to 200°C, the opposite is true; the relative permativity of 

CuSO4 is greater than that of H2O. Because capacitance is a function of relative 

permittivity, the composition with the greater relative permittivity will produce a larger 

capacitance value. At a temperature of 0°C, H2O has the greater relative permittivity and 

thus produces a larger capacitance value, whereas for each temperature after, CuSO4 has 

the greater relative permittivity and thus produces the larger capacitance value.  

 Upon analysis of 3D surface plots comparing global capacitance, water tree AR, 

and temperature at different water tree depths, it was determined that capacitance 

decreases with increasing water tree AR, with the effect being fairly insignificant but 

more profound at greater water tree depths. Because the only other noticeable 

relationships from these surface plots is that which was already observed in Figures 22 

through 24, they are not presented in this thesis.  

5.4 Global Resistance  
 

 Figures 25 and 26 show the logarithm of the cable’s global resistance versus 

water tree depth for compositions of H2O and CuSO4, respectively. A base-10 

logarithmic transformation was applied to the global resistance measurements in order to 

better visualize the changes occurring across the simulated temperature and depth ranges. 
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The global resistance is defined as the total measure of resistance for the entire system 

being simulated. As with the capacitance measurements, the AR of the water tree region 

is equal to six and left constant, while the temperature of the cable is varied from 0 to 

200°C in increments of 20°C. The Electric Currents physics branch and Stationary study 

type in COMSOL, which assume steady current flow and a static electric field, were used 

to calculate the global resistance at each temperature and water tree depth percentage. In 

comparison to those studies that used XLPE as the insulation material, the global 

resistance results presented in this thesis using EPR exhibit a similar trend with respect to 

water tree depth [52,80].    

 

Figure 25. Logarithmic resistance versus water tree depth using H2O. The arrow denotes 

the direction of temperature increase corresponding to the order of data sets.    
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Figure 26. Logarithmic resistance versus water tree depth using CuSO4. The arrow 

denotes the direction of temperature increase corresponding to the order of data sets.    

 

 For both compositions, it is observed that the resistance of the system is relatively 

constant up to a water tree depth of 80%. In actuality, the resistance in this depth range is 

decreasing for each temperature, but not to a significant extent. Between 80 and 90% 

depth, there is a sudden decrease in resistance followed by a slight decrease between 90 

and 100% depth. In the depth range of 10 to 80%, the water tree is confined completely 

inside the insulation and thus is unable to act as a pathway for the flow of electrical 

current. Upon reaching a depth of 90%, the water tree has partially entered the area 

containing the conductor shield, which is made from a semi-conductive material bonded 

around the charged conductor. The connection between the semi-conductive conductor 

shield and the water tree creates a pathway for the flow of leakage current out of the 
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conductor, which produces a noticeable reduction in the resistance of the system. The 

system’s resistance is further reduced as the water tree grows to a depth of 100% and 

completes the connection between the conductor and the insulation. As shown for both 

compositions, the decrease in resistance between 90 and 100% is noticeably less than the 

decrease that occurred as the water tree grew from 80 to 90% depth.  

 Temperature is observed to have a noticeable effect on the resistance of the 

system, as shown in Figures 25 and 26. For both compositions, the following relationship 

between temperature and resistance is observed: as temperature increases, the overall 

resistance of the system decreases. This is explained when considering how resistance, 

electrical conductivity, and temperature are related. There is a direct relationship between 

temperature and electrical conductivity, and an inverse relationship between electrical 

conductivity and resistance. Combining these two relationships yields the initial 

observation of decreasing resistance as temperature increases.  

 The magnitude of change in resistance as temperature increases is similar for both 

compositions up to a water tree depth of 80%. Between 80 and 100% depths is where the 

two compositions vary in this regard. For the H2O composition in this depth range, the 

relationship between magnitude of change in resistance and temperature is similar to that 

which is found between 10 and 80% depth. In contrast, the CuSO4 composition in the 

depth range of 80 to 100% exhibits a noticeably different relationship than that found 

between 10 and 80% depth. When comparing the percent differences in resistance 

between 0 and 200°C for water tree depths of 90 and 100%, there exists a significant 

difference between the compositions. The resistance measured using H2O decreased by 
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approximately 60% as temperature increased from 0 to 200°C at both 90 and 100% 

depths, whereas the resistance using CuSO4 decreased by only 1.4% and 2.2% for the 

same temperature increase at 90 and 100% depths, respectively. A possible explanation 

for this variation is found when comparing the electrical conductivities of the two 

compositions. When compared to H2O, the electrical conductivity of CuSO4 is much 

greater on account of the presence of charged ions. For this reason, it is possible that the 

effect of temperature on the resistance is minimized for water tree compositions having 

significantly high electrical conductivities when they come within a certain distance of a 

charged body such as a cable’s conductor.      

 Figure 27 shows the logarithm of the difference in the cable’s resistance between 

the CuSO4 and H2O compositions versus water tree depth. There is little to no difference 

in resistance between the compositions in the depth range of 10 to 80%, but there is a 

noticeable difference between 80 and 100% depth. In this depth range, the resistance 

measured using a water tree composed of H2O is greater than that of a water tree 

composed of CuSO4, which corresponds to less leakage current flow. Additionally, the 

resistance difference in this depth range grows larger with decreasing temperature, with 

the largest difference occurring at 0°C and the smallest difference occurring at 200°C. 

These observations are confirmed when considering the results shown in Figures 25 and 

26 which show that for H2O in this depth range, the resistance was greater at lower 

temperatures, and for CuSO4 there was minimal difference across the simulated 

temperature range.  
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Figure 27. Logarithmic difference in resistance between CuSO4 and H2O versus water 

tree depth. The arrow denotes the direction of temperature increase corresponding to the 

order of data sets.    

 

  Analysis of 3D surface plots comparing global resistance, water tree AR, and 

temperature at different water tree depths yielded the conclusion of a direct relationship 

between resistance and AR, with the effect being fairly insignificant at depths between 10 

and 80%. Because the only other noticeable relationships from these surfaces plots is that 

which was already observed in Figures 25 through 27, they are not presented in this 

thesis. The two water tree depths that provide the most significant change in resistance as 

water tree AR increases are 90 and 100%, which are shown for both compositions in 

Figure 28.  
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Figure 28. Surface plots comparing logarithmic resistance, water tree AR, and 

temperature for (a) H2O composition at 90% depth; (b) H2O composition at 100% depth; 

(c) CuSO4 composition at 90% depth; (d) CuSO4 composition at 100% depth. 

 

 For each composition at both 90 and 100% water tree depths, there exists a 

noticeable relationship between resistance and water tree AR, which is that increasing 

water tree AR produces an increase in resistance. This relationship is explained when 

considering the effect narrowing of the water tree region has on the amount of leakage 

current flowing out of the conductor. As AR increases and the water tree narrows, the 

amount of area inside the conductor shield that the water tree occupies decreases and thus 

the pathway for the flow of leakage current is made smaller. With less leakage current 
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flowing out of the conductor, the global resistance of the system does not decrease as 

significantly as it does when a larger water tree with a smaller AR is present.   

5.5 Voltage and Electric Field Distribution  
 

 Another way to examine the effects of water tree degradation is by observing how 

the voltage and electric field distribution of a cable changes with increasing water tree 

depth, which is known to occur [38,53,54,80]. Shown in Figure 29 is the voltage and 

electric field distribution for the cable model in the absence of water treeing. The colors 

displayed on the surface plot correspond to the voltage reading throughout the cable, and 

the arrows represent the electric field. The voltage reading is at a maximum value of 15 

kV in the area containing the conductor and conductor shield, and it slowly decreases 

until reaching a value of zero at the grounded metallic shield. By acting as a Faraday 

cage, the metallic shield confines the electric field inside the cable and prevents any 

voltage buildup in areas outside the cable. Since the electric field consists of both a 

magnitude and direction at any given location, it can be defined as a vector quantity and 

is thus represented by an arrow with a length proportional to the strength of the electric 

field at that location. The direction of the electric field vectors is identical to that of the 

flow of electrical current, which is from the charged conductor to the grounded metallic 

shield.  
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Figure 29. Voltage and electric field distribution for the simulation model without water 

treeing. The color bar on the right side is a measure of voltage and is in units of volts.  

 

 When a water tree enters the insulation, the cable’s voltage and electric field 

distribution begins to distort. The primary distortionary effects are a disruption of the 

normal flow of voltage through the insulation, and a change in the intensity and direction 

of the electric field particularly in the area surrounding the water tree region. The 

forthcoming plots provided in Figures 30 through 39 visually show these distortionary 

effects using various parameter values and either H2O or CuSO4 as the water tree 

composition. These parameters, specifically water tree depth, water tree AR, operating 

frequency, and temperature, are varied to determine what effect if any they have on the 

rate of water tree degradation. To best represent the changes that are occurring, only a 

subset of values from each parameter are used to generate the plots provided in this 

thesis: 
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• Water Tree Depth: 10%; 50%; 70%; 90%; and 100% 

• Water Tree AR: 6; 60 

• Operating Frequency: 0.01 Hz; 60 Hz; 10,000 Hz; and 1,000,000 Hz 

• Temperature: 0°C; 200°C 

When distribution plots using an operating frequency of 60 Hz were compared to those at 

800 Hz, no change was visually apparent. For this reason, distribution plots at 800 Hz are 

excluded from this thesis. Likewise for temperature, no change was visually apparent as 

temperature increased in 20°C increments. For this reason, the temperature extremes of 0 

and 200°C, which exhibit the greatest difference in distribution among the temperature 

combinations, were selected for inclusion in this thesis.    

 Trends and observations with regards to distortion of the cable’s voltage and 

electric field distribution are presented in the following sections. Each section is devoted 

to a single water tree depth using the parameter values previously given. In addition to 

describing the effects of each parameter being studied, a discussion regarding the overall 

trend in distortion as water tree depth increases is provided.     

5.5.1 Distribution Distortion at 10% Water Tree Depth 
 

 Figures 30 and 31 show voltage and electric field distribution plots at a water tree 

depth of 10% for H2O and CuSO4 compositions. For these plots, along with those 

provided in Figures 32 through 39, an elliptical shape has been added around the region 

containing the water tree for better visibility. At this depth, the water tree is visibly 

present inside the insulation but has no significant distortionary effect on the voltage and 

electric field distribution. When comparing water tree ARs, it is observed that there is 
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slightly more voltage distortion for an AR of six versus that for an AR of 60. This 

observation is noticeable when comparing the first and second rows, and third and fourth 

rows, of Figures 30 and 31. Because the water tree with an AR of six occupies more area 

inside the insulation, it is expected that it will have a greater distortionary effect 

compared to the other AR. In addition to the observable voltage distortion, there is also a 

slight directional change of the electric field vectors closest to the water tree region. 

Instead of pointing directly at the grounded source, these vectors are now angled slightly 

inwards toward the water tree. Although there is no noticeable change in length of these 

vectors, the slight directional change indicates that distortion has begun to occur. Because 

the water tree has only just started to grow, this directional change is barely visible, but 

more so in the plots for an AR of six. As for the other parameters, there is no visible 

change in the cable’s distribution when temperature, frequency, and composition are 

contrasted. Nonetheless, these parameters do cause some change in the distribution, with 

the primary effects being increased voltage distortion and an enhanced electric field 

around the water tree region.   

 As the water tree grows from a depth of 10 to 40%, the amount of observable 

distortion in the voltage and electric field distribution, particularly in the area inside and 

around the water tree region, continues to increase. To limit redundant observations, plots 

in this depth range are not presented in this thesis. Instead, the next section will examine 

the cable’s distribution after the water tree has grown to a depth of 50%.  
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Figure 30. Voltage and electric field distribution plots at 10% water tree depth and frequencies (“f”) of 0.01 and 60 Hz.   
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Figure 31. Voltage and electric field distribution plots at 10% water tree depth and frequencies (“f”) of 10,000 and 1,000,000 Hz.  

Depth: 10% 

AR: 6 

f: 10,000Hz              

T: 0°C 

Depth: 10% 

AR: 6 

f: 10,000Hz              

T: 200°C 

Depth: 10% 

AR: 6 

f: 10,000Hz              

T: 0°C 

Depth: 10% 

AR: 6 

f: 10,000Hz              

T: 200°C 

Depth: 10% 

AR: 60 

f: 10,000Hz              

T: 0°C 

Depth: 10% 

AR: 60 

f: 10,000Hz              

T: 200°C 

Depth: 10% 

AR: 60 

f: 10,000Hz              

T: 0°C 

Depth: 10% 

AR: 60 

f: 10,000Hz              

T: 200°C 

Depth: 10% 

AR: 6 

f: 1,000,000Hz              

T: 0°C 

Depth: 10% 

AR: 6 

f: 1,000,000Hz              

T: 200°C 

Depth: 10% 

AR: 6 

f: 1,000,000Hz              

T: 0°C 

Depth: 10% 

AR: 6 

f: 1,000,000Hz              

T: 200°C 

Depth: 10% 

AR: 60 

f: 1,000,000Hz              

T: 0°C 

Depth: 10% 

AR: 60 

f: 1,000,000Hz              

T: 200°C 

Depth: 10% 

AR: 60 

f: 1,000,000Hz              

T: 0°C 

Depth: 10% 

AR: 60 

f: 1,000,000Hz              

T: 200°C 

H2O CuSO4 



89 

 

5.5.2 Distribution Distortion at 50% Water Tree Depth 
 

 Now that the water tree has grown a considerable distance through the cable, 

significant distortionary effects are beginning to occur. When the water tree was 

examined at 10% depth, the distortionary effects were present but insignificant due to the 

small size of the water tree. Because of this, the effects of changing water tree AR, 

frequency, and temperature were not readily apparent on the distribution plots. Having 

reached a depth of 50%, the effects of these parameters are now more visually apparent.  

 Figures 32 and 33 show voltage and electric field distribution plots at a water tree 

depth of 50% for H2O and CuSO4 compositions. Compared to the previous distribution 

plots at 10% depth, these plots show a significant change in voltage distortion and a 

noticeable increase in electric field intensity in the region occupied by the water tree. 

When comparing water tree ARs at each frequency, there is noticeably more voltage 

distortion in the plots containing a water tree with an AR of six because of the larger area 

it occupies in the cable. Because of its contact with the grounded metallic shield, the 

voltage inside and around the water tree is approximately zero. 

 At a frequency of 0.01 Hz, there is no noticeable difference in voltage or electric 

field distortion with changing temperature and water tree composition. For each plot 

using this frequency, the electric field vectors around the water tree have changed 

direction again and are now pointed directly inward towards the region occupied by the 

water. This coincides with a further increase in electric field intensity around the water 

tree region.   



90 

 

 At a frequency of 60 Hz, there is no noticeable difference in voltage or electric 

field distortion with changing temperature and water tree composition for an AR of six. 

This conclusion also applies for CuSO4 using an AR of 60 at both temperatures, but not 

for H2O under the same conditions. The distributions plots for H2O show noticeably less 

voltage distortion and more outward-pointing electric field vectors at 0°C compared to 

200°C. This is the first visual indication that temperature influences the distortion of the 

voltage and electric field distribution. With regards to frequency, there is no noticeable 

difference in distortion for both compositions as frequency increases from 0.01 to 60 Hz.   

 At a frequency of 10,000 Hz, the trend of increasing temperature producing more 

voltage distortion is now observed for H2O using both water tree ARs. In addition, at this 

frequency and composition for a water tree with an AR of 60, it is observed that the 

electric field vectors are more inward pointing for a temperature of 200°C but not for 

0°C. This observation indicates that the electric field is less intense around the water tree 

at 0°C compared to 200°C. There is also noticeably less voltage distortion at this 

frequency for a water tree AR of six and temperature of 0°C compared to the previous 

frequency and same parameter values. This is the first visual indication that frequency 

influences the distortion of the voltage and electric field distribution, at least for H2O. 

When observing the plots for CuSO4 at this frequency, there is still no noticeable 

difference in voltage or electric field distortion with changing temperature and water tree 

AR. Additionally, there is no noticeable difference in distortion for CuSO4 as frequency 

increases.   
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 At a frequency of 1,000,000 Hz for H2O, the same trend between water tree AR 

and distortion as was found for the previous frequency exists, but the opposite trend is 

observed between temperature and distortion. There is slightly less voltage distortion at 

200°C compared to 0°C, which is contrary to the trend of the previous frequency which 

was that increasing temperature produces more voltage distortion. As with the previous 

frequency for CuSO4, no noticeable difference in voltage or electric field distortion exists 

with changing temperature and water tree AR. Additionally, like the previous frequency, 

there is no noticeable change in distortion for CuSO4 as frequency increases.  

 For this depth, the following overall trends are observed for H2O: as water tree 

AR and frequency increase, voltage distortion decreases, and the electric field vectors 

become more outward pointing from the water tree, which indicates a reduction in the 

electric field intensity; as temperature increases, voltage distortion appears unchanged at 

frequencies of 0.01 and 60 Hz, with an increase and decrease in distortion observed at 

frequencies of 10,000 and 1,000,000 Hz, respectively. As for the trend between 

temperature and electric field distortion, the electric field vectors tend to be more inward 

pointing with increasing temperature, with the exception being those at a frequency of 

1,000,000 Hz. Although the vectors around the water tree do no change significantly in 

length, the directional change indicates an increasing electric field intensity in that area. 

As for CuSO4, no noticeable trends in distortion between temperature, water tree AR, and 

frequency were found to exist. In the next section, the voltage and electric field 

distributions using the same parameters and values at a water tree depth of 70% will be 

observed.    
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Figure 32. Voltage and electric field distribution plots at 50% water tree depth and frequencies (“f”) of 0.01 and 60 Hz.  
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Figure 33. Voltage and electric field distribution plots at 50% water tree depth and frequencies (“f”) of 10,000 and 1,000,000 Hz.  
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5.5.3 Distribution Distortion at 70% Water Tree Depth 
 

 Figures 34 and 35 show voltage and electric field distribution plots at a water tree 

depth of 70% for H2O and CuSO4 compositions. Compared to the previous distribution 

plots at 50% depth, the general observation is that the amount of voltage and electric field 

distortion has increased because of the water tree’s continued advancement through the 

cable. Trends similar to those at 50% depth are also observed here: as water tree AR and 

frequency increase, voltage distortion decreases, and the electric field vectors become 

more outward pointing from the water tree; as temperature increases, voltage distortion 

appears unchanged at a frequency of 0.01 Hz, increases at frequencies of 60 and 10,000 

Hz, and decreases at a frequency of 1,000,000 Hz. As for the trend between temperature 

and electric field distortion, the electric field vectors tend to be more inward pointing 

with increasing temperature, with the exception being a frequency of 1,000,000 Hz. With 

regards to the plots using CuSO4, there is still no noticeable difference in voltage or 

electric field distortion as the values of the parameters are changed. 

 When examining the electric field vectors distributed throughout the cable, it is 

observed that the vector lengths are shorter than those of previous depths. Based on the 

relationship between vector length and electric field magnitude, this appears indicative of 

a reduction in electric field intensity. On the contrary, the electric field intensity around 

the water tree area closest to the conductor has increased to such an extent that it makes 

the surrounding areas appear less intense. COMSOL uses automatic vector scaling when 

generating distribution plots, which leads to the appearance of a reduction an electric 

field intensity at this depth when in fact the opposite is true.     
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 When taking a closer look at the length and direction of the electric field vectors, 

it is observed that the maximum electric field intensity always occurs at the location 

where the water tree pole is present. This observation holds true regardless of water tree 

depth. As a result, the area of insulation surrounding the water tree pole will be the first 

to experience a permanent breakdown. Although the breakdown location cannot be 

visually observed on the voltage and electric field distribution plots, it can be inferred 

based on the length of the electric field vectors at the water tree pole compared to those in 

other areas of the cable. Using the first two rows of plots in Figure 35 as an example, it is 

observed that the electric field vectors at the water tree pole are much longer than those in 

other areas of the cable. Knowing that vector length is proportional to the strength of the 

electric field in that area, it is clear that electric field intensity is at a maximum at the 

water tree pole and thus permanent breakdown will first occur at that location.  

 Upon reaching a depth of 90%, the water tree partially enters the conductor shield 

and creates a pathway for the flow of leakage current out of the conductor. The flow of 

leakage current produces drastically different distortionary effects than those observed for 

previous depths when the water tree was completely enclosed inside the insulation. In the 

next section, the distortionary effects caused by the flow of leakage current will be 

visually observed using distribution plots at the same parameter values.  
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Figure 34. Voltage and electric field distribution plots at 70% water tree depth and frequencies (“f”) of 0.01 and 60 Hz.  
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Figure 35. Voltage and electric field distribution plots at 70% water tree depth and frequencies (“f”) of 10,000 and 1,000,000 Hz.  
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5.5.4 Distribution Distortion at 90% Water Tree Depth 
 

 Figures 36 and 37 show voltage and electric field distribution plots at a water tree 

depth of 90% for H2O and CuSO4 compositions. Up to this point, the water tree has been 

completely enclosed inside the insulation as it has grown closer to the conductor. Having 

now reached 90% depth, the water tree has partially entered the conductor shield, 

creating a pathway for the flow of leakage current out of the conductor. Compared to 

those at depths of 50 and 70%, each of the H2O plots at 90% depth appear to exhibit 

significantly less voltage distortion at each combination of water tree AR, frequency, and 

temperature. There is very little observable difference between each of the H2O plots at 

this depth, with the only noticeable relationships being the following: as water tree AR 

and frequency increase, voltage distortion decreases with no noticeable change in the 

length or direction of the electric field vectors surrounding the water tree region.  

 With each of the previous depths, the CuSO4 plots showed no noticeable 

difference in voltage or electric field distortion as the values of the parameters changed. 

Now, having partially entered the conductor shield, trends between the distortionary 

effects and changing water tree AR and temperature can be observed. As water tree AR 

increases, voltage distortion decreases along with a minimal increase in length of the 

electric field vectors surrounding the water tree, with no noticeable directional change. 

As temperature increases, voltage distortion increases, with no noticeable change in 

length or direction of the electric field vectors. Compared to the previous depths, this 

distortion is no longer causing an approximate zero voltage inside and around the water 

tree, but an elevated voltage which correlates with a decrease in resistance and increase in 
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leakage current flowing out of the conductor. Additionally, there is an elevated voltage in 

the area where the insulation shield is connected to the water tree, which is also caused 

by the flow of leakage current. The increased voltage distortion produced by decreasing 

water tree AR and increasing temperature have the same explanations as those given in 

the previous discussion regarding global resistance: a larger water tree AR results in a 

narrower water tree region and thus a smaller pathway for the flow of leakage current, 

while a rising temperature increases the electrical conductivity of the composition, thus 

creating a decrease in resistance and increase in leakage current. With respect to 

frequency, there is no noticeable change in voltage or electric field distortion as 

frequency increases.   

 As previously noted, a composition having a greater electrical conductivity will 

produce a more significant decrease in resistance and thus a larger amount of leakage 

current. Because CuSO4 has a greater electrical conductivity than H2O, there is a greater 

amount of leakage current flowing through the water tree and thus more distortion of the 

voltage distribution when this composition is present. Although the H2O plots in Figures 

36 and 37 exhibit significantly less voltage distortion than previous depths, there is still 

leakage current flowing through the water tree at this depth, as indicated by Figure 25, 

but it is not significant enough to be visualized on the distribution plots. As the water tree 

grows further through the conductor shield, these trends in distortion between the 

compositions will continue to hold. This will be further examined in the next section 

where the water tree grows to a depth of 100% and completes the connection between the 

conductor and the insulation.  
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Figure 36. Voltage and electric field distribution plots at 90% water tree depth and frequencies (“f”) of 0.01 and 60 Hz.  
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Figure 37. Voltage and electric field distribution plots at 90% water tree depth and frequencies (“f”) of 10,000 and 1,000,000 Hz.  
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5.5.5 Distribution Distortion at 100% Water Tree Depth 
 

 Figures 38 and 39 show voltage and electric field distribution plots at a water tree 

depth of 100% for H2O and CuSO4 compositions. At this depth, the water tree has now 

grown completely through the conductor shield and is in contact with the charged 

conductor. Because of the connection between water tree and conductor, the amount of 

leakage current flowing out of the conductor has increased which correlates with a further 

decrease in the resistance of the system. When observing the distribution plots for H2O, it 

can be stated that the same parameter trends found at 90% depth still apply: as water tree 

AR increases, there is slightly less voltage distortion and a minimal increase in length of 

the electric field vectors; as temperature increases, there is no noticeable difference in 

voltage distortion, and no noticeable change in the length or direction of the electric field 

vectors; as frequency increases, voltage distortion decreases with only a minimal 

reduction in length of the electric field vectors.  

 Similarly, the same parameter trends found at 90% depth for CuSO4 also still 

apply: as water tree AR increases, there is significantly less voltage distortion because of 

the narrowing of the water tree region, along with a minimal increase in length of the 

electric field vectors with no noticeable directional change; as temperature increases, 

voltage distortion increases with no noticeable change in length or direction of the 

electric field vectors; as with the previous water tree depths, there is no noticeable 

difference in voltage or electric field distortion as frequency increases. Additionally, the 

elevated voltage in the insulation shield that was observed at 90% depth is also present 

for the CuSO4 distribution plots at this depth.      
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Figure 38. Voltage and electric field distribution plots at 100% water tree depth and frequencies (“f”) of 0.01 and 60 Hz.  
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Figure 39. Voltage and electric field distribution plots at 100% water tree depth and frequencies (“f”) of 10,000 and 1,000,000 Hz.  
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5.5.6 Summary of Major Observations  
 

 This section presented voltage and electric field distribution plots for H2O and 

CuSO4 compositions at varying water tree ARs, frequencies, and temperatures for depths 

of 10, 50, 70, 90, and 100%. The following is a list of major observations found through 

visual examination of the distribution plots, and extrapolation for the entire range of 

water tree depths: 

• For both compositions, distribution distortion increases as the water tree grows 

from a depth of 10 to 80%, with the effects being an approximate zero voltage 

inside and around the water tree region, and an increase in the electric field 

intensity in the same area. These relationships are identical to those which are 

found when using XLPE as the insulation material [80]. 

• Between depths of 10 and 80%, as water tree AR increases, voltage and electric 

field distortion for both compositions decreases because of the reduction in area 

being occupied by the water tree region.  

• Between depths of 10 and 80%, as frequency increases, voltage and electric field 

distortion for H2O decreases; frequency has no noticeable effect for CuSO4.  

• Between depths of 10 and 80%, as temperature increases, voltage and electric 

field distortion for both compositions increases, with this trend being visually 

apparent only at certain frequency and depth combinations for H2O. The 

exception to this trend for H2O occurs at a frequency of 1,000,000 Hz where the 

opposite is observed: as temperature increases, voltage and electric field distortion 

appears to decrease.    
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• For both compositions at depths of 90 and 100%, the water tree has entered the 

conductor shield and created a pathway for the flow of leakage current out of the 

conductor. The flow of leakage current creates an elevated voltage inside and 

around the water tree, with the effect being more apparent for CuSO4 because of 

its greater electrical conductivity. 

• For H2O at depths of 90 and 100%, voltage distortion is less compared to previous 

depths. At both depths, the following trends exist: as water tree AR increases, 

there is slightly less voltage distortion and a minimal increase in length of the 

electric field vectors; as temperature increases, there is no noticeable difference in 

voltage distortion, and no noticeable change in the length or direction of the 

electric field vectors; as frequency increases, voltage distortion decreases with 

only a minimal reduction in length of the electric field vectors and no noticeable 

change in direction.   

• For CuSO4 at depths of 90 and 100%, noticeable distortion of the voltage 

distribution exists because of the leakage current flowing through the water tree. 

At both depths, the following trends exist: as water tree AR increases, there is 

significantly less voltage distortion because of the narrowing of the water tree 

region, along with a minimal increase in length of the electric field vectors with 

no noticeable directional change; as temperature increases, voltage distortion 

increases with no noticeable change in length or direction of the electric field 

vectors; there is no noticeable difference with increasing frequency.   
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5.6 Localized Specific Energy Absorption Rate  
  

 The effects of water tree degradation can be visualized when examining a cable’s 

voltage and electric field distribution. As shown in the previous section, it is even 

possible to describe degradation trends by visual comparison of distortion of the cable’s 

distribution at different environmental and operational conditions. That being said, 

attempting to quantify these effects and how they change with varying conditions is a 

difficult task using only a visual, qualitative assessment. Additionally, visual observation 

alone cannot identify specifically when permanent breakdown of the insulation occurs. 

As previously noted, permanent breakdown of the insulation first occurs at the pole of the 

water tree region closest to the conductor. Because the maximum electric field intensity 

occurs in this area, as shown in Figure 40 and verified in literature [49], it will be the first 

to exceed the breakdown strength of the insulation, thus resulting in a permanent 

breakdown of the material. Directly related to the electric field intensity is the specific 

energy absorption rate (SAR) experienced in this area of insulation, which this thesis uses 

as a measure of the rate of cable degradation caused by water treeing.    

 

Figure 40. Maximum electric field intensity at the pole of the water tree region.   

15 kV 
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 SAR can be defined generally as a measure of the amount of energy absorbed per 

unit of mass. It has traditionally been used to quantify the amount of energy absorbed by 

dielectric substances such as human tissue when exposed to a radio frequency 

electromagnetic field (RF-EMF). Common RF-EMF-emitting devices that are of 

particular interest to researchers using SAR in this manner include cellular phones, 

wireless fidelity routers, and magnetic resonance imaging machines [94,95]. AC electric 

cable insulation, which is a dielectric substance itself, also experiences the effects of a 

RF-EMF and therefore can be evaluated for degradation using SAR as a measurement.   

 Like human tissue, insulation is a lossy dielectric material, which implies both 

that the electrical conductivity of the material is greater than zero and that the material is 

not a good conductor of electricity [94,95]. Additionally, because the insulation material 

is non-ferromagnetic, it is said to be magnetically transparent with a relative permeability 

equal to one [95,97]. Given the fact that the insulation material is both a lossy dielectric 

and magnetically transparent, the SAR can be calculated using the following equation 

[95]:     

 
𝑆𝐴𝑅 =

𝜎|𝐸|2

𝜌
 (3) 

where, σ is electrical conductivity at the water tree-insulation interface (S m-1), E is 

electric field strength (V m-1), and ρ is mass density of the dielectric material (kg m-3). 

 Using this equation, localized SAR values at the pole of the water tree region 

were calculated for various water tree depths, water tree ARs, operating frequencies, and 

temperatures. To best represent the changes that are occurring, 3D surface plots 

comparing SAR, water tree AR, and temperature are provided for each water tree 
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composition at various operating frequencies. The following parameter values are 

represented by the 3D surface plots provided in this thesis:  

• Water Tree Depth: 10%; 50%; 70%; and 80% 

• Water Tree AR: 1; 6; 12; 18; 24; 30; 36; 42; 48; 54; and 60  

• Operating Frequency: 0.01 Hz; 60 Hz; 800 Hz; 10,000 Hz; and 1,000,000 Hz  

• Temperature: 0°C; 20°C; 40°C; 60°C; 80°C; 100°C; 120°C; 140°C; 160°C; 

180°C; and 200°C   

 As with the voltage and electric field distribution plots in the previous section, 

only a subset of water tree depths will be shown in the 3D surface plots provided in this 

thesis. The water tree depths selected for surface plot representation are those that 

provide the most relevant information regarding breakdown of the insulation, and exhibit 

the most apparent relationship between the parameters being compared. Although water 

tree depths of 20, 30, 40, 60, 90, and 100% are excluded, the findings at these depths can 

be inferred when considering both where the water tree is located in the cable at any 

particular depth, and the general relationship between SAR and water tree depth, which 

are both discussed in the following section. Lastly, a base-10 logarithmic transformation 

was applied to the SAR measurements in order to better visualize the changes occurring 

across the simulated parameter ranges. 

5.6.1 Connection between SAR, Water Tree Location, and Depth  
  

 Before observing and discussing the 3D surface plots, the connection between 

SAR, water tree location, and water tree depth must first be understood. In addition to 

being able to infer findings at excluded water tree depths, developing an understanding of 
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this connection will make the 3D surface plots and their differences with respect to each 

other more easily understood. To develop this understanding, SAR will be compared to 

water tree depth using constant values for water tree AR, frequency, and temperature.  

 Figure 41 shows the comparison between logarithmic SAR and water tree depth 

for both H2O and CuSO4 using a water tree AR of six, frequency of 60 Hz, and 

temperature of 20°C. Shown in the middle of the plot is a cutout of the cable model 

spanning from the insulation shield to the conductor with percentages corresponding to 

the depth of the water tree at those locations. Comparing percentages to their 

corresponding water tree locations in the cable, the following observations can be made: 

between depth percentages of 10 and 80, the water tree is completely enclosed inside the 

insulation; at 90% depth, the water tree has grown partially through the conductor shield; 

at 100% depth, the water tree has grown completely through the conductor shield and is 

now in contact with the conductor.  
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Figure 41. Logarithmic SAR versus water tree depth for H2O and CuSO4 using a water 

tree AR of six, frequency of 60 Hz, and temperature of 20°C. The horizontal “Breakdown 

SAR” lines indicate the SAR value where insulation breakdown occurs.     

 

 In the depth range of 10 to 80%, both compositions exhibit a similar relationship 

between SAR and water tree depth, although the SAR values for CuSO4 are greater than 

those for H2O because the former has a higher electrical conductivity than the latter. It is 

observed that SAR increases with increasing water tree depth, which is the same 

relationship found between electric field strength and water tree depth. Between depths of 

10 and 70%, SAR increases approximately 12% in value for H2O, and approximately 6% 

in value for CuSO4. The most significant increase in SAR occurs between depths of 70 

and 80%, which coincides with the water tree growing to a location just outside of the 

conductor shield. Between depths of 70 and 80%, SAR increases approximately 15% in 
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value for H2O, and approximately 8% in value for CuSO4. At 80% depth, the breakdown 

SAR of the insulation, which is represented on the plot by a horizontal line for each 

composition, has been exceeded, causing a permanent breakdown at that location. 

Although it appears that both water tree compositions first experience a permanent 

breakdown at identical depths, this is not correct. Permanent breakdown first occurs for 

CuSO4 and H2O at water tree depths of 74 and 75%, respectively. CuSO4 experiences a 

permanent breakdown before H2O because of its slightly greater electric field strength in 

that area of the insulation. The water tree grows through the conductor shield between 

depths of 80 and 100%, which produces a rapid decrease in SAR for both compositions. 

In this depth range, the water tree is approaching the conductor where inside an electric 

field cannot exist because of the absence of free electron movement. As a result, the SAR 

values experience a continual decrease as the water tree grows through the conductor 

shield until reaching a value of zero inside the conductor. Although interesting, the values 

and trends of SAR in this area of the cable are not particularly relevant to the primary 

area of concern for this thesis, which is the effect of water treeing on the insulation 

component. Localized permanent breakdown of the insulation previously occurred just 

prior to the water tree entering this area, which has created an increased probability of 

cable failure as a result.  

5.6.2 3D Surface Representations of SAR using Pure Distilled Water 
 

 Having reviewed the relationship between SAR, water tree location, and water 

tree depth, the 3D surface representations can now be observed and discussed more 

clearly. Figures 42 through 46 show surface plots comparing logarithmic SAR, water tree 
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AR, and temperature for H2O at water tree depths of 10, 50, 70, and 80%, and 

frequencies of 0.01, 60, 800, 10,000, and 1,000,000 Hz, respectively. Each plot contains a 

multi-colored surface of SAR values at different water tree ARs and temperatures, and a 

single-colored surface representing the breakdown threshold. The breakdown threshold 

surface is calculated using known values of breakdown strength (35 kV mm-1) and mass 

density (860 kg m-3) for the EPR insulation, along with a temperature-dependent 

electrical conductivity calculated at the pole of the water tree region. Therefore, the 

breakdown threshold surface indicates the minimum SAR values at different water tree 

ARs and temperatures that will produce a permanent breakdown of the insulation at the 

pole of the water tree region. To put it another way, any point on the multi-colored 

surface at or above the breakdown threshold surface is classified as a permanent 

breakdown, whereas any point below is indicative of degraded but still functional 

insulation material. With respect to water tree AR, the breakdown threshold values 

remain unchanged with increasing water tree AR because the electrical conductivity at 

the water tree pole is constant. As for temperature, the breakdown threshold values 

increase with increasing temperature because of the direct relationship between 

temperature, electrical conductivity, and thus SAR. Taking both relationships into 

account, the following observations are noted for the breakdown threshold surface: in the 

plane comparing logarithmic SAR to water tree AR, a perfectly horizontal line is shown; 

in the plane comparing logarithmic SAR to temperature, an exponential curve trending 

upwards with increasing temperature is shown.  
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Figure 42. Surface plots comparing logarithmic SAR, water tree AR, and temperature for H2O at a frequency of 0.01 Hz.   
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Figure 43. Surface plots comparing logarithmic SAR, water tree AR, and temperature for H2O at a frequency of 60 Hz.    
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Figure 44. Surface plots comparing logarithmic SAR, water tree AR, and temperature for H2O at a frequency of 800 Hz.    
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Figure 45. Surface plots comparing logarithmic SAR, water tree AR, and temperature for H2O at a frequency of 10,000 Hz.    
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Figure 46. Surface plots comparing logarithmic SAR, water tree AR, and temperature for H2O at a frequency of 1,000,000 Hz.  
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 It is observed that for each frequency, the general relationship between SAR and 

water tree depth is the same. As water tree depth increases from 10 to 80%, the number 

of water tree AR and temperature combinations producing a SAR value above the 

breakdown threshold increases. Using Figure 42 as a discussion example, there already 

exists many water tree AR and temperature combinations that produce a permanent 

breakdown in the insulation at 10% depth. In fact, each water tree AR equal to a value of 

18 and above produces a permanent breakdown across the entire range of temperature 

values. With regards to the magnitude of SAR with respect to water tree AR and 

temperature, it is observed that SAR increases with both increasing water tree AR and 

temperature, which is logical considering the relationships between water tree AR and 

electric field strength, and temperature, electrical conductivity, and SAR. The largest 

SAR value occurs at the maximum values for water tree AR and temperature (60, 200°C), 

whereas the smallest occurs at the minimum values (1, 0°C).  

 As the water tree grows from 10 to 50 to 70% depth, the number of water tree AR 

and temperature combinations producing a permanent breakdown increases. This is 

visually shown on the surface plots in Figure 42 by the increasing distance between the 

multi-colored and breakdown threshold surfaces as water tree depth increases. It should 

be noted that these observations also apply for surface plots at water tree depths between 

10 and 70%. At 80% depth, it is observed that the multi-colored surface is completely 

above the breakdown threshold surface and thus every combination of water tree AR and 

temperature produces a permanent breakdown. This is reminiscent of Figure 41 which 

compared SAR to water tree depth and showed that for a standard water tree geometry, 
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permanent breakdown always occurs at a depth of 80%. As for depths of 90 and 100%, 

there exists no discernible relationships between the parameters because of the absence of 

a significantly intense electric field when the water tree enters the conductor shield. For 

this reason, surface plots at these depths are not provided in this thesis, but their general 

trends with respect to SAR can be inferred for both compositions based on the results 

shown in Figure 41.         

 As previously mentioned, the general relationship between SAR and water tree 

depth remains the same regardless of frequency. What is affected by frequency is the rate 

of increase in SAR as water tree AR and temperature increase. It is observed that as 

frequency increases, the rate of increase in SAR becomes less. For example, the percent 

difference between the maximum and minimum SAR values at 80% water tree depth is 

approximately 52% for a frequency of 0.01 Hz, but only approximately 35% for a 

frequency of 1,000,000 Hz. At high frequencies, this has the effect of lowering the 

number of parameter combinations producing a permanent breakdown at any given water 

tree depth. In comparison to 0.01 Hz, this effect is first visually noticeable at a frequency 

of 800 Hz, and becomes increasingly more apparent at frequencies of 10,000 and 

1,000,000 Hz. The SAR values at these high frequencies are less than those at low 

frequencies such as 0.01 and 60 Hz, which indicates that less degradation has occurred. 

With that said, this does not account for the possibility of other degradation sources such 

as dielectric heating which is known to occur at frequencies above 800 Hz [71]. Further 

analysis and discussion of the difference in SAR values between frequencies is provided 

later in this chapter. 
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5.6.3 3D Surface Representations of SAR using Aqueous Copper Sulfate 
 

 In contrast to those for H2O, the SAR values using CuSO4 as the water tree 

composition were found to be largely independent of frequency, with only an 

insignificant decrease occurring at a frequency of 1,000,000 Hz. Figures 47 and 48 show 

surface plots comparing logarithmic SAR, water tree AR, and temperature for CuSO4 at 

water tree depths of 10, 50, 70, and 80%, and frequencies of 0.01 and 1,000,000 Hz, 

respectively. To illustrate the observed relationship with frequency, the percent difference 

between the maximum and minimum SAR values at 80% water tree depth is almost 

identical for frequencies of 0.01 and 1,000,000 Hz, whereas for H2O there was a 

noticeable difference between frequencies. Because of the relationship between the 

CuSO4 SAR values and frequency, surface plots at 60, 800, and 10,000 Hz are excluded 

from this thesis.  
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Figure 47. Surface plots comparing logarithmic SAR, water tree AR, and temperature for CuSO4 at a frequency of 0.01 Hz. 
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Figure 48. Surface plots comparing logarithmic SAR, water tree AR, and temperature for CuSO4 at a frequency of 1,000,000 Hz.
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 Overall, the relationship between SAR and water tree depth for CuSO4 is 

analogous to that found for H2O. As water tree depth increases from 10 to 80%, the 

number of water tree AR and temperature combinations producing a SAR value above 

the breakdown threshold increases. Using Figure 47 as a discussion example, there 

already exists many water tree AR and temperature combinations that produce a 

permanent breakdown in the insulation at 10% depth. In fact, each water tree AR equal to 

a value of 18 and above produces a permanent breakdown across the entire range of 

temperature values. With regards to the magnitude of SAR with respect to water tree AR 

and temperature, it is observed that SAR increases with both increasing water tree AR 

and temperature. Like H2O, the largest SAR value occurs at the maximum values for 

water tree AR and temperature (60, 200°C), whereas the smallest occurs at the minimum 

values (1, 0°C).  

 As the water tree grows from 10 to 50 to 70% depth, the number of water tree AR 

and temperature combinations producing a permanent breakdown increases. This is 

visually shown on the surface plots in Figure 47 by the increasing distance between the 

multi-colored and breakdown threshold surfaces as water tree depth increases. It should 

be noted that, like H2O, these observations also apply for surface plots at water tree 

depths between 10 and 70%. At 80% depth, it is observed that the multi-colored surface 

is completely above the breakdown threshold surface and thus every combination of 

water tree AR and temperature produces a permanent breakdown. As for depths of 90 and 

100%, there exists no discernible relationships between the parameters because of the 
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absence of a significantly intense electric field when the water tree enters the conductor 

shield.  

5.6.4 SAR Comparison at Frequency Extremes for Pure Distilled Water  
  

 Figure 49 shows a surface plot comparing logarithmic difference in SAR between 

the frequency extremes of 0.01 and 1,000,000 Hz, water tree AR, and temperature, for 

H2O at 80% water tree depth. Because similar relationships exist for each surface plot 

between depths of 10 and 80%, only the surface plot at 80% depth is provided in this 

thesis. Additionally, of the water tree depths simulated, 80% is where the insulation is 

most at risk of a breakdown, making it ideal for further analysis. As for CuSO4, because 

there was found to be an insignificant difference in SAR values between the frequency 

extremes, no analysis is provided for this composition.  

 

 
Figure 49. Surface plot comparing logarithmic difference in SAR between frequencies of 

0.01 and 1,000,000 Hz, water tree AR, and temperature, for H2O at 80% water tree depth.   
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Depth (60, 200°C) 
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 It is observed that the greatest difference in SAR occurs at the maximum values 

for water tree AR and temperature (60, 200°C), whereas the smallest difference occurs at 

the minimum values (1, 0°C). To expand upon this, it can be stated that the difference in 

SAR between frequency extremes increases with both water tree AR and temperature. 

This is explained when considering the relationships between water tree AR and electric 

field strength, and temperature, electrical conductivity, and SAR. SAR is a function of 

both electric field strength and electrical conductivity, and increases with both 

parameters. Because the largest SAR value occurs at the maximum values for water tree 

AR and temperature, it is logical that the greatest difference in SAR between frequency 

extremes would also occur at this point. Conversely, it is logical that the smallest 

difference in SAR between frequency extremes occurs where the SAR value is smallest, 

which is at the point of minimum values for water tree AR and temperature.  

 

 
Figure 50. Logarithmic difference in SAR between frequencies of 0.01 and 1,000,000 Hz 

versus water tree depth for various water tree AR and temperature combinations. 
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 The aforementioned relationships between difference in SAR, water tree AR, and 

temperature are also shown in Figure 50 which compares the logarithmic difference in 

SAR to water tree depths ranging from 10 to 80%. Because no discernible relationships 

between the parameters exist at depths of 90 and 100%, they are therefore excluded from 

the plot. As shown in Figure 50, the difference in SAR increases as the water tree grows 

further through the insulation, with the greatest increase in difference in SAR occurring 

between depths of 70 and 80%. It is also observed that, as was previously shown in 

Figure 49, the difference in SAR is a function of both water tree AR and temperature, 

with the greatest and smallest differences in SAR occurring at the maximum and 

minimum value combinations of water tree AR and temperature, respectively.       

5.6.5 SAR Comparison between Water Tree Compositions 
 

 Figures 51 through 55 show surface plots comparing the logarithmic difference in 

SAR between CuSO4 and H2O at frequencies of 0.01, 60, 800, 10,000, and 1,000,000 Hz, 

respectively. For each frequency, the largest difference in SAR occurs at a water tree AR 

of 60 and temperature of 0°C (indicated on each plot), whereas the smallest difference in 

SAR occurs at a water tree AR of one and temperature of 200°C. Excluding 0.01 Hz, the 

following relationship between the value of the largest difference in SAR and water tree 

depth is observed: as water tree depth increases from 10 to 80%, the value of SAR at this 

point also increases. It is also observed that the differences in SAR increase as frequency 

changes from 0.01 to 10,000 Hz. Going from 10,000 to 1,000,000 Hz, there is either a 

slight decrease or no change in the difference in SAR depending on the water tree depth, 

with a larger SAR decrease observed at greater water tree ARs and lower temperatures.   
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Figure 51. Surface plots comparing logarithmic SAR difference, water tree AR, and temperature at a frequency of 0.01 Hz. 
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Figure 52. Surface plots comparing logarithmic SAR difference, water tree AR, and temperature at a frequency of 60 Hz. 
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Figure 53. Surface plots comparing logarithmic SAR difference, water tree AR, and temperature at a frequency of 800 Hz.
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Figure 54. Surface plots comparing logarithmic SAR difference, water tree AR, and temperature at a frequency of 10,000 Hz.
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Figure 55. Surface plots comparing logarithmic SAR difference, water tree AR, and temperature at a frequency of 1,000,000 Hz.
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 As frequency increases, the differences in SAR at higher temperatures become 

more apparent. For example, when examining the plots at a frequency of 0.01 Hz, it is 

observed that the difference in SAR does not change drastically at temperatures of 100°C 

and higher for each water tree AR. In contrast, when examining the plots at a frequency 

of 1,000,000 Hz, there is a noticeable change in the difference in SAR across the entire 

temperature range. Also, the difference in SAR at this frequency increases with water tree 

AR, which as previously noted was not the relationship observed for 0.01 Hz.  

5.6.6 Summary of Major Observations 
 

 Figures 41 through 55 demonstrate the relationship between SAR, water tree 

depth, water tree AR, temperature, and frequency for compositions of H2O and CuSO4. 

SAR, which was uniquely used as a measure of cable degradation caused by water 

treeing, was found to vary as the values for each simulation parameter changed. The 

following major observations were found in this section: 

• For both compositions, SAR increases as the water tree grows through the 

insulation between water tree depths of 10 and 80%. At 80% depth, when the 

water tree has grown to a location just outside the conductor shield, permanent 

insulation breakdown occurs for both compositions. Although not shown 

graphically, permanent breakdown first occurs at depths of 74 and 75% for 

CuSO4 and H2O, respectively. After entering the conductor shield at 90% depth, 

there is a significant decrease in SAR because the intensity of the electric field has 

lessened. As the water tree grows completely through the conductor shield and 
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impacts the conductor at a depth of 100%, the intensity of the electric field 

continues to lessen resulting in a further decrease in SAR.  

• When comparing the SAR value magnitudes, it is observed that the SAR values 

for CuSO4 are greater than those for H2O because of the difference in electrical 

conductivities between the compositions. 

• For both compositions, SAR increases with water tree AR and temperature, with 

the largest SAR values occurring at the maximums of the two parameters, and the 

smallest values occurring at the minimums of the two parameters.  

• From the 3D surface plots for both compositions, it is observed that the number of 

water tree AR and temperature combinations that produce a permanent 

breakdown increases with water tree depth. This is represented on the plots by a 

growing distance between the multi-colored SAR and breakdown threshold 

surfaces as water tree depth increases.  

• When comparing the H2O SAR values and surface plots at different frequencies, 

it is observed that the relationship between SAR and water tree depth remains 

unchanged, but the SAR values decrease with increasing frequency. This has the 

effect of decreasing the number of water tree AR and temperature combinations 

that produce a permanent breakdown at any given depth.  

• The greatest difference in H2O SAR values between frequencies of 0.01 and 

1,000,000 Hz occurs at 80% depth for a water tree AR and temperature 

combination of 60 and 200°C, respectively, whereas the smallest difference 

occurs at a combination of one and 0°C, respectively.    
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• When comparing the CuSO4 SAR values and surface plots at different 

frequencies, it is observed that the values are largely independent of frequency, 

with only an insignificant decrease occurring at a frequency of 1,000,000 Hz.  

• When comparing SAR values between the compositions, it is observed that the 

difference in SAR increases as frequency changes from 0.01 to 10,000 Hz, with 

the CuSO4 SAR values being consistently greater than those for H2O. Going from 

10,000 to 1,000,000 Hz, there is either a slight decrease or no change in SAR 

depending on the water tree depth. The largest differences in SAR consistently 

occur with greater water tree ARs and lower temperatures, with the maximum 

difference occurring at the water tree AR and temperature combination of 60 and 

0°C, respectively. With the exception of 0.01 Hz, as water tree depth increases 

from 10 to 80%, the maximum difference in SAR also increases.    

5.7 Localized Temperature Rise  
  

 It is well known that SAR is strongly correlated with a temperature increase due 

to electromagnetic heating inside the dielectric material [95,99,100]. The consequence of 

this correlation is the addition of another degradation source which further synergistically 

increases the rate of cable failure due to insulation breakdown. Because the loss of heat 

due to processes such as conduction is insignificant in electric cable insulation, SAR and 

temperature can be directly related using the following equation [95]: 

 
𝑆𝐴𝑅 = 𝐶

𝑑𝑇

𝑑𝑡
 (4) 

where, C is specific heat capacity of the dielectric material (J kg-1 °C-1), T is temperature 

(°C), and t is the duration of exposure (s). 
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 Given in Figure 56 is a set of distribution plots showing the temperature gradient 

magnitude inside the insulation and around the water tree region using water trees with 

ARs of six and 60, respectively, for H2O. It is observed that the maximum value of the 

temperature gradient magnitude occurs at the pole of the water tree region closest to the 

conductor. This is identical to where the maximum electric field intensity and thus the 

maximum SAR occurs, which verifies the correlation between SAR and temperature 

change. Comparing water tree ARs, it is observed that the high intensity area of the 

temperature gradient magnitude is more widely dispersed inside the insulation for an AR 

of 60 compared to an AR of six. This visual observation is explained when comparing the 

values of the temperature gradient magnitude at the water tree pole. For ARs of 60 and 

six, the value of the temperature gradient magnitude is 167.08 and 76.52 °C m-1, 

respectively, which represents an increase of approximately 118% as AR increases and 

the water tree narrows. This result also proves that, like SAR, localized temperature rise 

(LTR) is related with water tree AR, which will be explored further in this section.       

  
Figure 56. Localized temperature gradient magnitude at the water tree pole for a depth of 

80% using H2O with: (a) water tree AR of six; (b) water tree AR of 60.  

 

 For both H2O and CuSO4, it has been shown that SAR at the water tree pole 

increases with water tree AR. This is explained by the fact that the electric field strength, 
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which is directly related with SAR, increases as the water tree becomes narrower. It has 

also been shown that there is an apparent relationship between LTR at the water tree pole 

and water tree AR. Now, an effort will be made to correlate this LTR with water tree AR 

and SAR using a subset of values from the simulations. Because the primary interest is 

the correlation between the parameters, only SAR values at a temperature of 20°C will be 

used for this analysis. With that said, it is noted that higher temperatures produce greater 

SAR values with the expected result being a greater LTR in these scenarios.        

 Figures 57 and 58 show the LTR at the water tree pole versus water tree depths 

between 10 and 80% for compositions of H2O and CuSO4, respectively, and water tree 

ARs ranging from one to 60. Because the primary focus of this section is correlating LTR 

with SAR and water tree AR, only results using 60 Hz, which is the typical standard 

operating frequency for MV AC cables, are provided in this thesis. That being said, 

frequency is known to affect a variety of material properties including relative 

permittivity and electrical conductivity, and also cause dielectric heating at frequencies 

above 800 Hz. For these reasons, one would expect to see a larger LTR at frequencies 

above 800 Hz, specifically those of 10,000 and 1,000,000 Hz. Lastly, temperatures were 

recorded after only 10 seconds of exposure to the cable’s electric field. Based on the 

relationship between LTR and exposure time, it is noted that longer exposure times such 

as days or months would be expected to produce a more significant LTR than what is 

presented in this thesis.  
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Figure 57. LTR versus water tree depth for H2O. The arrow denotes the direction of AR 

increase corresponding to the order of data sets.  

 
Figure 58. LTR versus water tree depth for CuSO4. The arrow denotes the direction of 

AR increase corresponding to the order of data sets.  
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 As predicted based on its relationship with SAR, it is observed that the LTR 

increases with water tree depth for both compositions. With each incremental depth 

change, the water tree grows closer to the charged conductor which has an operating 

temperature greater than the surrounding cable components. This produces a larger LTR 

at the water tree pole, which is the point closest to the conductor. It is also observed that 

the LTR increases with water tree AR, which was also predicted based on the relationship 

between AR and SAR. Another observation based on this relationship is that the 

difference in LTR between ARs increases as the water tree grows further through the 

insulation. Using Figure 57 as an example, at a water tree depth of 10%, the difference in 

LTR between ARs of one and 60 is approximately 0.1°C, whereas at a water tree depth of 

80%, the difference is approximately 7°C. Because the water tree is closer to the 

conductor at 80% depth, there is more variability in the LTR values with increasing water 

tree AR. Lastly, it is observed that at each water tree depth, the difference in LTR 

between water tree ARs decreases with increasing AR. In other words, at each water tree 

depth, the largest difference in LTR occurs between water tree ARs of one and six, 

whereas the smallest difference occurs between ARs of 54 and 60. This is explained by 

the fact that as the water tree narrows with increasing AR, the region acting as the 

calculation point for the LTR becomes increasingly smaller. Although not tested, it is 

hypothesized that this trend of diminishing difference in LTR would continue at water 

tree ARs greater than 60, with an equilibrium LTR eventually being reached.   

 Figure 59 shows the difference in LTR between H2O and CuSO4 versus water tree 

depth using ARs ranging from one to 60. The overall trend is that the difference in LTR 
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increases with water tree depth, with the largest difference occurring at 80% depth and 

the smallest difference occurring at 10% depth. Apart from a single data point at 10% 

depth, each water tree AR and depth combination produces a LTR that favors H2O over 

CuSO4. This is counter to the expected result based on the relationship between SAR and 

LTR. Because CuSO4 consistently produces SAR values that are larger than those 

produced using H2O, it is expected that CuSO4 would produce a larger LTR as a result. 

Further analysis is required to confirm this result and also to determine if it is sustained at 

higher temperatures than what was simulated for this thesis.    

 
Figure 59. Difference in LTR between H2O and CuSO4 versus water tree depth.   

 

 Figures 60 and 61 show the relationship between logarithmic SAR and LTR at 

water tree depths between 10 and 80% for compositions of H2O and CuSO4, respectively, 

and water tree ARs ranging from one to 60. Comparing the compositions, it is observed 
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that practically identical trends exist between SAR, LTR, and water tree depth and AR. 

For each water tree depth and AR combination, the following relationship exists: SAR 

increases with both water tree depth and water tree AR, and as a result, a larger LTR is 

produced. There does exist a noticeable increase in SAR for an AR of one between water 

tree depths of 70 and 80%. Because the largest increase in electric field strength values 

between 70 and 80% depths occurs for an AR of one, it follows that the largest increase 

in SAR occurs between these depths, as indicated by Figures 60 and 61. That being said, 

the aforementioned relationships of SAR and LTR increasing with water tree depth and 

AR are still valid for the entire range of simulated values. Although these relationships 

have previously been shown in Figures 41 through 48, the direct relationship between 

SAR and LTR has until now not been visualized graphically as it is in Figures 60 and 61.    

 
Figure 60. Logarithmic SAR versus LTR for H2O with water tree depths ranging from 10 

to 80%.   
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Figure 61. Logarithmic SAR versus LTR for CuSO4 with water tree depths ranging from 

10 to 80%.   

5.8 Results Comparison 
 

 Global capacitance and resistance measurements were taken and analyzed at 

various water tree depths and temperatures. It was found that capacitance increases with 

water tree depth, whereas resistance slightly decreases between depths of 10 and 80%, 

followed by a significant decrease at depths of 90 and 100%. The largest change in 

capacitance occurs between depths of 90 and 100%, which corresponds to the depth 

range where resistance is minimized. These findings were true for both H2O and CuSO4. 

Additionally, capacitance and resistance both exhibit similar relationships with 

temperature for H2O and CuSO4, which is that increasing temperature produces smaller 

values for both. When comparing these results to those found from the voltage and 

electric field distribution plots, several similarities can be observed. First, distortion of 
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the cable’s distribution increases steadily as the water tree grows in the depth range of 10 

to 80%. Upon entering the conductor shield at 90% depth, there is a change in the 

distribution which coincides with the significant decrease in resistance. Second, the 

voltage distribution inside and around the water tree region indicated a voltage of 

approximately zero while it was inside the insulation. Considering this observation along 

with the relationship between capacitance, charge, and voltage, it makes sense that a 

reduction in the overall voltage of the system would produce an increase in capacitance. 

Lastly, it was noted that the flow of leakage current out of the conductor is more visually 

apparent when using CuSO4 as the water tree composition, which helps to explain the 

larger decrease in resistance for CuSO4 compared to H2O.  

 Another observation is that localized SAR and LTR are related to the cable’s 

global resistance. When comparing the measurements of SAR to those of resistance, it is 

observed that SAR increases with temperature, while resistance decreases. This is logical 

when considering the relationship between electrical conductivity, which affects both 

SAR and resistance, and temperature. Electrical conductivity increases with temperature, 

thus producing the observations for SAR and resistance that were found. It is also 

observed that the reduction in SAR occurs at the same depth and cable location as the 

reduction in resistance, which is when the water tree first enters the conductor shield. A 

further reduction in both SAR and resistance is observed as the water tree grows 

completely through the conductor shield to a depth of 100%. As for temperature, when 

comparing the difference in value of both SAR and resistance between water tree 
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compositions, the largest difference occurs at the minimum temperature of 0°C whereas 

the smallest difference occurs at the maximum temperature of 200°C.  

 In addition to global resistance, SAR is also related to distortion of the cable’s 

voltage and electric field distribution. As the water tree grows through the insulation 

between depths of 10 and 80%, distortion of the cable’s distribution increases which 

corresponds with increasing SAR in that depth range. It was also observed from the 

distribution plots that, based on the length of the electric field vector in this location, the 

maximum electric field intensity always occurs at the water tree pole. This observation is 

verified when quantifying the electric field strength around the water tree region, which 

by doing so proves that the maximum intensity and thus the maximum SAR occurs at the 

water tree pole. Lastly, the reduction in SAR at 90% depth corresponds to the water tree 

region experiencing an elevated voltage because of the flow of leakage current, which 

continues as the water tree grows further through the conductor shield.    

5.9 Connection to Physical Cable Tests 
 

 The final section of this chapter consists of a discussion regarding the connection 

between the areas of results and physical cable tests. Global capacitance measurements 

are similar to the physical parameters of cabling that are tested with TDR and PDC. Both 

tests make use of capacitance indirectly, with TDR’s electrical impedance measurement 

being a function of capacitance, and PDC using capacitance in the calculation of both 

current types for which it is named. TDR and PDC have similar disadvantages including 

difficulty in detecting certain defects such as early-stage water trees, and requiring the 

cable to be taken offline during testing. The impact of these disadvantages can be 
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lessened by using FEA capacitance measurements in conjunction with physical 

measurements taken with TDR and PDC to create a more accurate assessment of a 

cable’s health. 

 Global resistance measurements can be used to enhance leakage current testing of 

physical cables in operation. This test is used to measure the amount of leakage current 

flowing through the insulation because of defects such as water treeing. Knowing the 

leakage current and voltage rating, the cable’s resistance can be calculated and compared 

against that of a healthy cable, as well as FEA results such as those obtained in this 

thesis. The primary disadvantage of leakage current testing is that the results are affected 

by the environmental conditions of the cable being tested, which makes it difficult to 

measure degradation over time. Although not attempted for this thesis, these 

environmental conditions can be simulated using FEA at various points in time to help 

predict the progression of degradation in a physical cable based solely on its resistance.    

 Voltage and electric field distributions and localized SAR measurements are both 

connected to a physical test not particularly common in the electric cable testing industry. 

This test uses a device called an electromagnetic field meter to measure the electric field 

of an object which can then be compared to that of an identical object in pristine 

condition. Using this test on physical cables, distortions in the voltage and electric field 

distribution can be recorded and potentially compared to FEA results such as the 

distribution plots provided in this thesis. Additionally, results obtained from this test in 

conjunction with electrical conductivity measurements taken from a physical test such as 

PDC can be used to quantify the SAR of a cable, with the possibility of determining 
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specific locations where the SAR is greatest and thus most likely to contain a defect such 

as a water tree.  

 LTR is, by itself, most connected with TIRI testing. In the field of electric cable 

testing, TIRI is used to measure the cable’s temperature distribution to locate regions of 

abnormally high temperature which may indicate the presence of a defect. One 

disadvantage of TIRI is that it is difficult to detect water-related degradation such as 

water treeing, which, as is shown in this thesis, experiences a LTR and thus can be 

classified as a region of abnormally high temperature. Without direct access to the 

insulation, TIRI cannot be used to measure this LTR, as well as predict how it will affect 

the cable’s electrical properties over time. Results taken from FEA simulations of water 

tree degradation, such as those presented in this thesis, can help alleviate this 

disadvantage of TIRI.   
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CHAPTER SIX: 

CONCLUSIONS AND FUTURE WORK 
 

6.1 Conclusions 
  

 This thesis presented a parametric evaluation of the water treeing phenomenon in 

EPR-insulated MV cables using FEA. After reviewing relevant literature related to the 

water treeing phenomenon, a variety of shortcomings were noted, which this thesis set 

out to address. Among these shortcomings was a lack of knowledge regarding the effects 

of various cable and water tree parameters on the rate of cable degradation caused by 

water treeing. To overcome this lack of knowledge, a parametric study was created to 

evaluate the effects of changing water tree depth, water tree AR, water tree composition, 

cable operating frequency, and temperature on the rate of cable degradation. Evaluation 

was performed in five separate but interrelated areas pertaining to the measurement of 

cable degradation: global capacitance, global resistance, voltage and electric field 

distribution, localized specific energy absorption rate, and localized temperature rise. The 

results from each area provided a significant amount of information regarding the water 

treeing phenomenon in general, but also a better understanding of how the parametric 

study parameters affect the rate of degradation.  

 Global capacitance measurements were taken at various locations along a water 

tree’s growth path towards the conductor for both H2O and CuSO4 water tree 

compositions at temperatures ranging from 0 to 200°C. It was determined that 

capacitance decreases with increasing water tree AR, with the effect being fairly 

insignificant but more profound at greater water tree depths. Because similar 
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relationships were observed for each water tree AR, only an AR of six was used for these 

simulations. For both compositions, it was found that capacitance increases as the water 

tree grows closer to the conductor, and that increasing temperature produces a decrease in 

capacitance. When comparing capacitance measurements between the compositions, 

relationships between the difference in capacitance and both water tree depth and 

temperature were found. As water tree depth increases, the difference in capacitance 

between the compositions also increases, with the minimum and maximum differences 

occurring at water tree depths of 10 and 100%, respectively. As for the relationship with 

temperature, it was found that the difference in capacitance between the compositions 

increases with temperature, with each temperature in the simulated range apart from 0°C 

producing a difference in capacitance that favored CuSO4 over H2O. Based on these 

findings, it can be concluded that the rate of cable degradation measured with respect to 

capacitance is influenced to some extent by water tree depth, water tree AR, water tree 

composition, and temperature.   

 In similar fashion, global resistance measurements were taken at various locations 

along a water tree’s growth path towards the conductor for both H2O and CuSO4 water 

tree compositions at temperatures ranging from 0 to 200°C. For both compositions, it was 

found that the resistance is relatively constant up to a water tree depth of 80%. As the 

water tree grows from 80 to 90% depth, there is a sudden decrease in resistance followed 

by a slight decrease going from 90 to 100% depth. These observations are explained 

when considering the location of the water tree at these depths. Between 10 and 80% 

depth, the water tree is completely enclosed inside the insulation, whereas between 80 



149 

 

and 100% depth, the water tree has partially entered the semi-conductive conductor 

shield. Upon entering the conductor shield, the water tree becomes a pathway for the flow 

of leakage current which causes a reduction in resistance. In addition to water tree depth, 

temperature was found to have a noticeable effect on the resistance with an increasing 

temperature producing a decrease in resistance. As for water tree AR, a direct 

relationship between resistance and AR was observed, with the effect being fairly 

insignificant between water tree depths of 10 and 80%, but more so at 90 and 100%. 

When comparing resistance measurements between compositions, there was found to be 

little to no difference in the depth range of 10 to 80%, but there was a noticeable 

temperature-dependent difference between depths of 80 and 100% with H2O producing 

greater resistance values than CuSO4. As with capacitance, it can be concluded that the 

rate of cable degradation measured with respect to resistance is influenced by water tree 

depth, water tree AR, water tree composition, and temperature.  

 Water tree degradation was visually observed on voltage and electric field 

distribution plots at various water tree depths, water tree ARs, operating frequencies, and 

temperatures for both H2O and CuSO4 water tree compositions. For both compositions, it 

was found that voltage and electric field distortion increases between depths of 10 and 

80%, with the effects being an approximate zero voltage inside and around the water tree 

region, and an increase in electric field intensity in the same area. At depths of 90 and 

100%, the water tree enters the conductor shield allowing for the flow of leakage current 

out of the conductor. The flow of leakage current creates an elevated voltage inside and 

around the water tree region, with this effect being more visually apparent for CuSO4. It 
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was also found that for each water tree composition, voltage and electric field distortion 

increases as water tree AR decreases and temperature increases. Except for 90 and 100% 

depths for H2O, this trend was maintained across the entire range of water tree depths. As 

for frequency, it was found that for H2O, voltage and electric field distortion decreased 

with increasing frequency along the entire range of water tree depths, with no noticeable 

change observed for CuSO4. These findings show that water tree degradation works to 

distort the normal voltage and electric field distribution of a cable, and that the level of 

distortion is dependent on each parameter being studied.  

 One additional observation taken from the voltage and electric field distribution 

plots is that the maximum electric field intensity always occurs at the location of the 

water tree pole closest to the conductor. As a result, it was noted that this area of 

insulation will be the first to experience an electric field magnitude that exceeds the 

breakdown strength of the insulation material, thus producing a permanent breakdown. 

Despite knowing the location, visual observation of the distribution plots alone cannot 

determine when and under what conditions a permanent breakdown will occur. To 

alleviate this inadequacy, this thesis conducts a novel quantitative assessment of 

insulation breakdown using a calculated parameter called SAR, which is defined as the 

amount of energy absorbed per unit of mass by a dielectric material such as cable 

insulation. SAR is directly related to the electric field magnitude and was used as both a 

measure of the rate of cable degradation caused by water treeing, and for a determination 

of permanent breakdown based on various cable and water tree conditions defined by the 

parameters being studied.      
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 Using an equation that relates electric field strength, electrical conductivity, and 

mass density, localized SAR values at the water tree pole were calculated for various 

water tree depths, water tree ARs, operating frequencies, and temperatures for both H2O 

and CuSO4 water tree compositions. Both compositions exhibited the same general 

relationship between SAR and water tree depth, which is that SAR increases between 

depths of 10 and 80%, and decreases between 80 and 100%. Permanent breakdown was 

found to occur for both compositions at a location just outside the conductor shield, 

which corresponds to a depth of 80%. Although not shown graphically, permanent 

breakdown first occurs at depths of 74 and 75% for CuSO4 and H2O, respectively. When 

examining the 3D surface representations, relationships were found between SAR and the 

parameters being studied. For both compositions in the depth range of 10 to 80%, SAR 

was found to increase with increasing water tree AR and temperature. In the same depth 

range, SAR was found to decrease with increasing frequency for H2O, but was largely 

independent of frequency for CuSO4, with only an insignificant decrease occurring at 

1,000,000 Hz. No discernible relationships exist between SAR and the study parameters 

at water tree depths of 90 and 100%, so they were excluded from this thesis. These 

findings, along with additional analysis provided in Chapter Five, show that SAR can be 

used as both a measure of the rate of cable degradation caused by water treeing, and as a 

quantitative determination of when and under what cable and water tree conditions a 

permanent breakdown occurs.    

 There exists a connection between SAR, water tree AR, and LTR at the water tree 

pole. Based on the relationship found between SAR and water tree AR, and the fact that 
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SAR is correlated with LTR, it is expected that increasing water tree AR will produce a 

larger LTR. For both water tree compositions, this expectation was found to be accurate. 

It was also determined that LTR increases with water tree depth, which is identical to the 

relationship between SAR and water tree depth. As the water tree grows closer to the 

charged conductor, which has an operating temperature greater than the surrounding 

cable components, the LTR at the point closest to the conductor, being the water tree 

pole, increased after each incremental depth change.   

 The other objective of this thesis was to present an argument for further use of 

FEA in conjunction with physical cable testing. As shown by this thesis, FEA can be 

used to simulate a wide variety of conditions and scenarios related to water tree 

degradation, including some of which may only occur in physical cables under unique 

circumstances. Additionally, FEA has many advantages that together provide a 

motivation for its use as a companion component to traditional physical testing. In 

situations where an operational cable cannot be easily accessed or would be burdensome 

to take offline, FEA can fill the void by providing an initial assessment of the cable’s 

health. This initial assessment, albeit limited in accuracy, can then be interpreted by cable 

degradation testers to determine if more thorough testing is required. FEA can also be 

used to alleviate two common disadvantages found in most physical cable tests, which 

are the inability to track water tree degradation over time and inability to predict future 

cable conditions. Using physical test results as simulation inputs, a realistic model of an 

operational cable can be designed and simulated at various future points in time to predict 

the evolution of the cable’s degradation, including the expected remaining lifetime. 
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Another advantage of FEA in contrast to physical testing is its ability to assess the early 

stages of water tree degradation, including the point at which a water tree is first formed. 

Occasionally, physical tests will return results that are indicative of a healthy cable when 

in fact a defect such as a water tree is present but has not grown to a sufficient extent to 

be noticeable. FEA can determine the degradation characteristics of such a water tree and 

also predict when it will have grown to a sufficient extent to be detectable by physical 

tests. Although not all-encompassing, the advantages of FEA given in this thesis provide 

a motivation for its further use in conjunction with physical cable testing, with the overall 

result being improved outcomes in the long run for cable testers and operators of NPPs.   

 The results and findings presented in this thesis have provided an advanced 

understanding of the water treeing phenomenon in MV EPR-insulated cables under 

changing operational and environmental conditions. In addition, an argument for further 

use of FEA in conjunction with physical cable testing was presented, with the conclusion 

being that there exists a strong motivation to pair the two together. Given the limited time 

associated with this project, several ideas for further research regarding the topic of water 

tree degradation were left unexplored. To close out this thesis, these ideas will be 

described with the hope that future water tree degradation researchers can explore them 

and build upon the findings of this thesis.        

6.2 Future Work 
 

 Although this thesis produced a better understanding of both the water treeing 

phenomenon and its effects on EPR-insulated MV cables using simulation software, there 

exists several ideas left unexplored that future research should address. First, this thesis 
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did not consider the effect of frequency on various material properties including relative 

permittivity and electrical conductivity. Frequency is known to affect these properties for 

both EPR and H2O [73,101,102], and it is hypothesized that similar trends exist with 

those properties for CuSO4. Additionally, the LTR using frequencies greater than 800 Hz 

was not examined in this thesis. Frequencies greater than 800 Hz are known to cause 

dielectric heating with the expected result being a more significant LTR at these 

frequencies. A complete understanding of the water treeing phenomenon requires 

simulating with a physically accurate model, which is accomplished when considering 

the full effects of frequency.   

 Second, this thesis did not consider the effect of different filler materials present 

in the EPR blend. EPR is known to have a complex formulation with varying material 

properties depending on the filler materials that have been added. Filler materials such as 

hard clay, barium sulfate, and calcium carbonate are often added to EPR to improve 

specific properties such as flame retardancy [103]. Additional simulation work using a 

variety of common EPR blends will produce a more accurate characterization of the 

material and a better understanding of how EPR filler materials affect the occurrence of 

water tree degradation.         

 Third, further validation and verification of the simulation results is required to 

enhance their credibility. This can be accomplished through physical testing using similar 

conditions as those defined in the parametric study. Results from physical testing of water 

tree degradation can be compared to those obtained through simulation to improve 

confidence in both the cable model and simulation setup. In addition, findings obtained 
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through physical testing can be incorporated into the simulation work to create a more 

accurate representation of the water treeing environment.   

 Fourth, this thesis only examined a 2D representation of water tree degradation in 

MV cables. Although sufficient for the objectives of this thesis, this does not provide a 

complete understanding of how water tree degradation affects the entire cable length, 

which is only possible with a 3D representation. A 3D representation can also provide 

additional information such as how water tree location and orientation along a cable’s 

length affect the rate of degradation. This information can be used in conjunction with 

physical cable testing results to better inform lifetime service predictions for existing MV 

cables.       

 Fifth, this thesis relied on two assumptions for the water tree region that are 

known to be physically inaccurate. The first assumption was that the entire composition 

of the water tree region is either H2O or CuSO4. In a physical water tree inside cable 

insulation, the water tree region will be a mixture of aqueous solution and insulation 

material, and therefore have composite material properties that are somewhere between 

those of the aqueous solution and the insulation material. The second assumption was that 

the relative permittivity and electrical conductivity are constant across the entire length of 

the water tree region. Because a physical water tree is known to be a collection of micro-

sized cylindrical pathways with varying densities, this assumption is not physically 

accurate. The water tree’s relative permittivity and electrical conductivity will vary across 

its entire length, with the formation point producing the greatest values followed by a 

decrease along the water tree’s length. This has been examined previously in research by 
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Burkes [80], but only to examine how changing water tree depth affects the rate of 

degradation. Further research exploring the effects of the parameters used in this thesis in 

conjunction with length-varying relative permittivity and electrical conductivity values 

will contribute to a more accurate understanding of water tree degradation in MV cables 

insulated with EPR.  

 Lastly, the results of this thesis are truly informative of a cable’s expected service 

lifetime when they can be directly compared to physical measurements taken in the field. 

Although possible for a cable’s capacitance and resistance, quantifying a cable’s SAR 

and determining high electric field-intense locations such as those around a water tree is 

not as easy of a task. The development of a physical measuring technique for SAR in 

cable insulation will provide more relevance to the results of this thesis and allow for a 

more synergistic measure of water tree degradation in cables. Addressing this 

shortcoming along with those previously noted will help build upon the work that was 

done in this thesis and improve the overall understanding of both the water treeing 

phenomenon and its effects on the health of MV electric cables.   
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APPENDIX A: 

ANALYTICAL SOLUTION EQUATIONS USED FOR 

VERIFICATION OF PRELIMINARY SIMULATIONS 

 
 The following equations were used to calculate the capacitance and resistance 

analytical solutions for the purpose of verifying the preliminary simulations described in 

Chapter Three. 

 

Capacitance for the 2D coaxial cable geometry type with a single dielectric: 

 𝐶

𝐿
=

2𝜋𝜀𝑅𝜀0

𝑙𝑛 (
𝑟1

𝑟4
)

 (5) 

where, C is capacitance (F), L is model length (m), εR is relative permittivity of the 

dielectric, ε0 is permittivity of free space (8.854 * 10-12 F m-1), r1 is radius of the 

dielectric (m), and r4 is radius of the conductor (m).  

 

Resistance for the 2D coaxial cable geometry type with a single dielectric: 

 

𝑅𝐿 =
𝑙𝑛 (

𝑟1

𝑟4
)

2𝜋𝜎
 

   (6) 

where, R is resistance (Ω), r1 is radius of the dielectric (m), r4 is radius of the conductor 

(m), σ is electrical conductivity of the dielectric (S m-1), and L is model length (m). 

 

Capacitance for the 3D coaxial cable geometry type with a single dielectric: 

 
𝐶 =

2𝜋𝜀𝑅𝜀0𝐿

𝑙𝑛 (
𝑟1

𝑟4
)

 (7) 

where, C is capacitance (F), L is model length (m), εR is relative permittivity of the 

dielectric, ε0 is permittivity of free space (8.854 * 10-12 F m-1), r1 is radius of the 

dielectric (m), and r4 is radius of the conductor (m). 
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Resistance for the 3D coaxial cable geometry type with a single dielectric: 

 

𝑅 =
𝑙𝑛 (

𝑟1

𝑟4
)

2𝜋𝜎𝐿
 

(8) 

where, R is resistance (Ω), r1 is radius of the dielectric (m), r4 is radius of the conductor 

(m), σ is electrical conductivity of the dielectric (S m-1), and L is model length (m). 

 

Capacitance for the 2D coaxial cable geometry type with a mixed dielectric: 

 𝐶

𝐿
=

2𝜋𝜀0𝜀𝑅1
𝜀𝑅2

𝜀𝑅3

𝜀𝑅2
𝜀𝑅3

𝑙𝑛 (
𝑟3

𝑟4
) 𝜀𝑅1

𝜀𝑅3
𝑙𝑛  (

𝑟2

𝑟3
) 𝜀𝑅1

𝜀𝑅2
𝑙𝑛 (

𝑟1

𝑟2
)
 (9) 

where, C is capacitance (F), L is model length (m), ε0 is permittivity of free space (8.854 

* 10-12 F m-1), εR1 is relative permittivity of dielectric #1, εR2 is relative permittivity of 

dielectric #2, εR3 is relative permittivity of dielectric #3, r3 is radius of dielectric #3 (m), 

r4 is radius of the conductor (m), r2 is radius of dielectric #2 (m), and r1 is radius of 

dielectric #1 (m).  

 

Resistance for the 2D coaxial cable geometry type with a mixed dielectric: 

 
𝑅

𝐿
=

𝑙𝑛 (
𝑟1

𝑟4
)

2𝜋𝜎
 

(10) 

where, R is resistance (Ω), L is model length (m), r1 is radius of dielectric #1 (m), r4 is 

radius of the conductor (m), and σ is electrical conductivity of the dielectric (S m-1).   

 

Capacitance for the 3D coaxial cable geometry type with a mixed dielectric: 

 
𝐶 =

2𝜋𝜀0𝜀𝑅1
𝜀𝑅2

𝜀𝑅3
𝐿

𝜀𝑅2
𝜀𝑅3

𝑙𝑛(
𝑟3

𝑟4
) 𝜀𝑅1

𝜀𝑅3
𝑙𝑛(

𝑟2

𝑟3
) 𝜀𝑅1

𝜀𝑅2
𝑙𝑛(

𝑟1

𝑟2
)
 (11) 
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where, C is capacitance (F), ε0 is permittivity of free space (8.854 * 10-12 F m-1), εR1 is 

relative permittivity of dielectric #1, εR2 is relative permittivity of dielectric #2, εR3 is 

relative permittivity of dielectric #3, L is model length (m), r3 is radius of dielectric #3 

(m), r4 is radius of the conductor (m), r2 is radius of dielectric #2 (m), and r1 is radius of 

dielectric #1 (m). 

 

Resistance for the 3D coaxial cable geometry type with a mixed dielectric: 

 

𝑅 =
𝑙𝑛 (

𝑟1

𝑟4
)

2𝜋𝜎𝐿
 

(12) 

where, R is resistance (Ω), r1 is radius of dielectric #1 (m), r4 is radius of the conductor 

(m), σ is electrical conductivity of the dielectric (S m-1), and L is model length (m). 

 

Capacitance for the 2D parallel plate geometry type with a single dielectric: 

 𝐶

𝐿
=

𝜀𝑅𝜀0

𝑑
 (13) 

where, C is capacitance (F), L is model length (m), εR is relative permittivity of the 

dielectric, ε0 is permittivity of free space (8.854 * 10-12 F m-1), and d is distance between 

the charged plates (m). 

 

Resistance for the 2D parallel plate geometry type with a single dielectric: 

 𝑅

𝐿
=

1

𝜎𝑑
 (14) 

where, R is resistance (Ω), L is model length (m), σ is electrical conductivity of the 

dielectric (S m-1), and d is distance between charged plates (m). 
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Capacitance for the 3D parallel plate geometry type with a single dielectric: 

 
𝐶 =

𝜀𝑅𝜀0𝐴

𝑑
 (15) 

where, C is capacitance (F), εR is relative permittivity of the dielectric, ε0 is permittivity 

of free space (8.854 * 10-12 F m-1), and A is area of the charged plate (m2). 

 

Resistance for the 3D parallel plate geometry type with a single dielectric: 

 
𝑅 =

𝐿

𝜎𝐴
 (16) 

where, R is resistance (Ω), L is model length (m), σ is electrical conductivity of the 

dielectric (S m-1), and A is area of the charged plate (m2). 

 

Capacitance for the 2D parallel plate geometry type with a mixed dielectric: 

 𝐶

𝐿
=

𝜀0

𝑑1

𝜀𝑅1

+
𝑑2

𝜀𝑅2

+
𝑑3

𝜀𝑅3

 
(17) 

where, C is capacitance (F), L is model length (m), ε0 is permittivity of free space (8.854 

* 10-12 F m-1), d1 is width of dielectric #1 (m), εR1 is relative permittivity of dielectric #1, 

d2 is width of dielectric #2 (m), εR2 is relative permittivity of dielectric #2, d3 is width of 

dielectric #3 (m), and εR3 is relative permittivity of dielectric #3.  

 

Resistance for the 2D parallel plate geometry type with a mixed dielectric: 

 𝑅

𝐿
=

1

𝜎𝑑
 (18) 

where, R is resistance (Ω), L is model length (m), σ is electrical conductivity of the 

dielectric (S m-1), and d is distance between charged plates (m). 
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Capacitance for the 3D parallel plate geometry type with a mixed dielectric: 

 
𝐶 =

𝜀0𝐴

𝑑1

𝜀𝑅1

+
𝑑2

𝜀𝑅2

+
𝑑3

𝜀𝑅3

 
(19) 

where, C is capacitance (F), ε0 is permittivity of free space (8.854 * 10-12 F m-1), A is area 

of the charged plate (m2), d1 is width of dielectric #1 (m), εR1 is relative permittivity of 

dielectric #1, d2 is width of dielectric #2 (m), εR2 is relative permittivity of dielectric #2, 

d3 is width of dielectric #3 (m), and εR3 is relative permittivity of dielectric #3.  

 

Resistance for the 3D parallel plate geometry type with a mixed dielectric: 

 
𝑅 =

𝐿

𝜎𝐴
 (20) 

where, R is resistance (Ω), L is model length (m), σ is electrical conductivity of the 

dielectric (S m-1), and A is area of the charged plate (m2). 
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APPENDIX B: 

PRELIMINARY SIMULATION ANALYTICAL RESULTS 
 

 Tables 3 and 4 provide the analytical solution results referenced in Chapter Three, 

while tables 5 and 6 provide the relative errors. For each geometry type, configuration, 

and dielectric setup, capacitance and resistance values obtained through analytical 

calculation, Ansys, and COMSOL, are provided. It is noted that each value uses 

insignificant digits which were required for this comparison.  

 

 Table 3. Preliminary simulation results using the coaxial cable geometry type. 

Coaxial 

Cable 

Analytical 

Solution 
Ansys COMSOL 

Single 

Dielectric, 2D 

C = 367.66 pF m-1 C = 367.25 pF m-1 C = 367.67 pF m-1 

R = 54.184 TΩ m-1 R = 54.245 TΩ m-1 R = 54.184 TΩ m-1 

Single 

Dielectric, 3D 

C = 367.66 pF C = 368.08 pF C = 367.67 pF 

R = 54.184 TΩ  R = 54.184 TΩ 

Mixed 

Dielectric, 2D 

C = 326.47 pF m-1 C = 320.03 pF m-1 C = 320.35 pF m-1 

R = 54.184 TΩ m-1 R = 53.686 TΩ m-1 R = 54.184 TΩ m-1 

Mixed 

Dielectric, 3D 

C = 326.47 pF C = 320.63 pF C = 320.35 pF 

R = 54.184 TΩ  R = 54.184 TΩ 

 

Table 4. Preliminary simulation results using the parallel plate geometry type. 

Parallel 

Plate 

Analytical 

Solution 
Ansys COMSOL 

Single 

Dielectric, 2D 

C = 99.608 pF m-1 C = 99.610 pF m-1 C = 99.610 pF m-1 

R = 200.00 TΩ m-1 R = 200.00 TΩ m-1 R = 200.00 TΩ m-1 

Single 

Dielectric, 3D 

C = 1.4941 pF C = 1.4941 pF C = 1.4941 pF 

R = 13,333 TΩ R = 12,361 TΩ R = 13,333 TΩ 

Mixed 

Dielectric, 2D  

C = 87.613 pF m-1 C = 87.615 pF m-1 C = 87.615 pF m-1 

R = 200.00 TΩ m-1  R = 197.91 TΩ m-1 R = 200.00 TΩ m-1 

Mixed 

Dielectric, 3D 

C = 1.3142 pF C = 1.3142 pF C = 1.3142 pF 

R = 13,333 TΩ R = 12,503 TΩ R = 13,333 TΩ 
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Table 5. Relative errors between Ansys and the analytical solutions, and between 

COMSOL and the analytical solution, respectively, for the coaxial cable geometry type.    

Coaxial 

Cable 
Relative Error Parameter 

Single Dielectric, 

2D Setting 

0.1% / 0.003% Capacitance 

0.1% / Zero Resistance 

Single Dielectric, 

3D Setting 

0.1% / 0.003% Capacitance 

N/A / Zero Resistance 

Mixed Dielectric, 

2D Setting 

2% / 2% Capacitance 

0.5% / Zero Resistance 

Mixed Dielectric, 

3D Setting 

2% / 2% Capacitance 

N/A / Zero Resistance 

 

Table 6. Relative errors between Ansys and the analytical solutions, and between 

COMSOL and the analytical solution, respectively, for the parallel plate geometry type.   

Parallel 

Plate 
Relative Error Parameter 

Single Dielectric, 

2D Setting 

0.002% / 0.002% Capacitance 

Zero / Zero Resistance 

Single Dielectric, 

3D Setting 

Zero / Zero Capacitance 

7% / Zero Resistance 

Mixed Dielectric, 

2D Setting 

0.001% / 0.001% Capacitance 

1% / Zero Resistance 

Mixed Dielectric, 

3D Setting 

Zero / Zero Capacitance 

6% / Zero Resistance 
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APPENDIX C: 

ELECTRICAL PROPERTIES OF WATER TREE COMPOSITIONS 

 
Figure 62. Relative permittivity versus temperature for the H2O composition.  

 

 
Figure 63. Electrical conductivity versus temperature for the H2O composition. 
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Figure 64. Relative permittivity versus temperature for the CuSO4 composition. 

 
Figure 65. Electrical conductivity versus temperature for the CuSO4 composition.  
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