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ABSTRACT  
       One of the problems that face the use of XLPE insulators is the appearance of defects. These defects appear during the 

manufacturing processes of the insulator, and one of these defects is air cavities or voids. The defects presence within the 

insulators of high voltage cables affects the distribution of the electric field within the cable layers. The distortion of the 

electric field due to the presence of air cavities is the main reason for the treeing appearance inside the insulator, which 

eventually leads to the emergence of partial discharges that reduce the life of the cable. In this study, the effect of the 

presence of an air cavity inside an XLPE insulator was studied by changing the dimensions of the cavity, that is, changing 

the ratio of the dimensions of the cavity parallel to the electric field and vertical to it and the effect of this on the value of 

the electric field in the center of the cavity. It was noted that the electric field in the cavity is higher than in the external 

electric field. The increase in the field in the cavity center does not depend on the cavity size, but rather on the ratio of the 

cavity dimensions parallel to the electric field to the vertical to it. The electric field enhancement factor was calculated 

based on the simulation results, which showed a reasonable agreement with the theoretical values. 
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1. INTRODUCTION  

Working at a high voltage level led to the 

emergence of insulation problems in the high 

voltage cables. For this reason, the manufacturing 

process of these cables should be achieved under 

high consideration so that defects such as cavities 

or air voids do not appear in the cable’s layers, and 

that their products should be at a high-quality level 

in terms of the materials used [1]. 

The conducting research on the mechanism of the 

electric treeing found that they begin from 

wherever there are impurities, voids, or cavities 

containing gases or mechanical cracks in the layers 

of the insulating material of the cable, which leads 

to the occurrence of a high electric field 

concentration in a small area and finally lead to 

partial discharge. From this, it can be concluded 

that partial discharge is the cause and electrical 

treeing are the result [2]. Many studies have been 

focused on the effect of defects that occur in 

insulators, which may lead to a reduction the cable 

aging [3-7]. 

PS Patel et al. [8] studied the increase in the 

electric field in the cavity of the XLPE layer, which 

is one of the main reasons for the phenomenon of 

insulation failure. The researchers also studied the 

greatest electric field that occurs in the surface area 

of the cavity close to the side of the central 

conductor. They showed that when the radius of 

the cavity (its size) increases, this leads to an 

increase in the maximum electric field, and when 

the distance between the cavity and the central 

conductor increases, this leads to a decrease in the 

maximum electric field. 

Adawy et al.[9] have represented the XLPE 

conductors by numerical analysis program (Finite 

Element Magnetics Methods software) (FEMM) 

and studied the electric field in the normal state and 

the case of a cavity in a capacitive insulator layer, 

They proved that the electric field increases in the 

center of the cavity because of its relative 

permittivity is less than the relative permittivity of 

the insulating layer. They studied the impact of 

cavity location on the electric field intensity. They 

mailto:dnsaij@uomosul.edu.iq


 74    Raweya Moayed Tawfiq: Role of Void Orientation and Shape on the Electric ….. 

Al-Rafidain Engineering Journal (AREJ)                                               Vol.27, No.1, March 2022, pp.73-80 

 

found as the cavity far from the center of the cable, 

the electric field inside the cavity decrease more.  

K. Emna et al. [10],  investigated the effect of the 

size and location of the void cavities on the shape 

and magnitude of the electric field formed inside 

the insulation layers using COMSOL 

Multiphysics. It has been observed that the 

generated electric field depends in form and value 

on the size and location of those cavities, as the 

larger the size of these cavities and approaching the 

central conductor, the greater the electric field 

generated program.  

Zhu et al. [11], devoted to the study of electric field 

distribution in (DC) XLPE cables using the 

COMSOL Multiphysics program. The electric 

field distribution and its magnitude in the cable 

layers were studied in the presence or absence of 

defects in the cable-layers, and they found that the 

most severe of these effects on increasing the value 

of the electric field is the corona effect. 

Algwari et al [12] and Gao et al [13] used a two-

dimensional plasma model to simulate the impact 

of the presence of charged species inside the void 

on the distribution of the electric field on the inner 

surface of the void and the effect of this on the 

production of rough surfaces, which leads to the 

process of eroding the insulation and finally 

collapse. 

Although there were many studies on the impacts 

of existence the void in high voltage cables on the 

electric field properties but there is no much details 

about the effect of varing the dimensions of the 

cavity inside the insulator, i.e., the ratio of 

changing the orientation of the cavity parallel to 

the electric field and perpendicular to it and the 

effect on the distortion of the electric field at the 

center of the cavity. Therefore, this paper will 

focus on studying the role of void orientation and 

shape on the electric field distortion in high voltage 

cable using the COMSOL Multiphysics program 

[14], which is based on the finite element method. 

 

2. THEORY 

2.1. The electric field in the presence of a 

cavity.  

It is possible to study the behavior of the electric 

field when there is a cavity having a relative 

permittivity εr1 less than the relative permittivity of 

the material of the insulator layer εr. Therefore, the 

electric field inside that cavity, symbolized by Ex1 

volts/meter, increases compared to the electric 

field in the insulator layer, symbolized by Ex as 

follows [15]: 

 

E𝑥1 =
3 E𝑥  εr

(εr1+2 εr)
                            (1)      

                                                   

If the relative permittivity of the insulator is much 

greater than the relative permittivity of the cavity, 

the equation for the electric field inside the cavity 

can be reduced to: 

E𝑥1 = 1.5 E𝑥                                (2)      
 

As for the equation of the electric field in the 

region outside or around the cavity affected by the 

occurrence of the cavity, it is denoted by Ex2 as 

follows:  

 

E𝑥2 =
3 E𝑥  εr1

(εr1+2 εr)
                            (3)   

 

 

These equations lead to the following conclusion, 

which is that inside the cavity is subject to a higher 

electric field than the field on the insulator 

surrounding the void [15]. 

 

2.2. Impact of the shape and size of the cavity. 

The cavity inside the insulator can be represented 

as an ellipsoid as shown in Fig. 1 [16]. The 

presence of a cavity in the insulator layer of the  

cable works to enhance the electric field inside that 

cavity as mentioned earlier, and it is possible to 

calculate the value of this enhanced electric field, 

which could lead to the presence of partial 

discharges inside the cavity from the following 

equation [17]: 

 

E𝑥1 = 𝑓 E𝑥                                    (4)  
                                                   

where f is the electric field enhancement factor and 

is affected by the value of the axis ratio (a/b) and 

the dielectric constant εr of the insulator. It is 

possible to represent the shape of this cavity in the 

a-axis, which is the axis parallel to the direction of 

Figure 1 Schematic diagram of the ellipsoidal   
cavity inside the insulator  



    Raweya Moayed Tawfiq: Role of Void Orientation and Shape on the Electric …..                    75 

Al-Rafidain Engineering Journal (AREJ)                                               Vol.27, No.1, March 2022, pp.73-80 

 

the applied electric field, and the b-axis, which is 

the axis vertical to the direction of the applied 

electric field. The variation of the axes ratio 

function K(a/b) to the ellipsoidal void axis ratio 

can be deduced graphically from Fig. 2, then it is 

possible to find the value of the electric field 

enhancement factor from the following empirical 

relation [17]: 

𝑓 =
𝑘(

a

b
)  ∈r

1+[𝑘(
a

b
)−1]  ∈r

                         (5)  

For the spherical cavity, meaning that a = b (a/b=1) 

of the Fig. 2, k(a/b) =3 and the value of f is: 

 𝑓 =
3 ∈r

1+2 ∈r
= 1.232                    (6)   

For the vertical ellipsoidal void was (a/b) = 0.5, 

then k (a/b) =2 and the value of f is: 

𝑓 =
2 ∈r

1+∈r
= 1.3939                     (7)   

While for the parallel ellipsoidal void was (a/b) =2, 

then k(a/b) =6 and the value of f is: 

𝑓 =
6 ∈r

1 + 5 ∈r

= 1.104               (8)  

Therefore, the greatest field occurs in the center of 

the ellipsoidal cavity perpendicular to the direction 

of the field, and less than it in the spherical cavity 

and the least in the case of the ellipsoidal cavity 

parallel to the field. 

 

3. MODEL DESCRIPTION 

 

3.1. Cable model 

The cable model that was under simulation is an 

XLPE single-phase cable, operating at medium 

voltage 33 kV 50Hz AC voltage, consisting of 

seven layers, starting from the center of the cable 

with the central conductor, the inner 

semiconductor sheath, the XLPE insulator, the 

outer semiconductor sheath, the metal tape, the 

lead tape, and the outer sheath. Each layer has a 

thickness and relative permittivity as shown in 

Table 1 [15]. 

Table 1 Cable layers features [15]. 

Layer 
no. 

Material 
Copper 

Thick. 
(mm) 

Radius 
(mm) 

Relative 
permittivity 

1 Copper  11.12 1 

2 Graphite 
screen 

1.8 12.92 1 

3 XLPE 23 35.92 2.3 

4 Graphite 
screen 

1.5 37.42 1 

5 Copper 
screen 

1.7 39.12 1 

6 Pb-Lead 3 42.12 1 

7 PVC 5 47.12 2.9 

8 Air void  variable 1 

 

The location of the void is in the middle of the 

XLPE insulation layer and it is ellipsoidal so that 

its radii change to form a spherical void once and 

again an ellipsoidal void transverse to the electric 

field lines and finally an ellipsoidal void that is 

along the field lines. 

A fixed reference point has been taken to compare 

the electric field values when changing the shapes 

and dimensions of the void. It is located in the 

center of the voids in all its shapes and on the 

horizontal axis and is 24.5 mm away from the 

center of the cable. Fig. 3a shows the void position 

and its center while fig. 3b shows the mesh 

distribution in the cable-layers.  

Figure 2 Variation of K(a/b) with the ellipsoidal 
axis ratio 
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3.2. Boundary Conditions 

Boundary conditions mean the conditions under 

which an electric field travels between two 

different mediums. These conditions differ 

according to the type of media that the field will 

move between, as follows: 

1- Insulator-insulator: When an electric field is 

transmitted between two mediums that are both 

insulators, but there is a difference in their 

properties, the equations of boundary conditions 

become as follows: 

 

E1t = E2t                                       (9)  

 

D1𝑛 − D2𝑛 = ρs                           (10)   
E1t The component of the electric field tangent to 

the surface of the first insulator, while  

E2t The component of the electric field tangent to 

the surface of the second insulator. 

D1n is the vertical component of the electric field 

density in the first insulating medium, while  

D2n is the vertical component of the electric field 

density in the second insulating medium, and ρs is 

the surface charge density in coulombs/m². 

2- Conductor-insulator: When the electric field is 

transmitted between two mediums, one of them is 

a conductor and the other is an insulator, the 

equations of boundary conditions become as 

follows: 

 

E1t = E2t = 0                              (11)  

 

D2𝑛 = ρs                                       (12)  
 

3- Applied voltage: The alternating voltage is 

applied to the central conductor of the conductor 

while the outer metal layers of the conductor are 

grounded. 

 

4. SIMULATION RESULTS AND 

DISCUSSIONS 

 

Figure 3 the void position and its center (a), the 
mesh distribution in the cable-layers (b). 

(a) 

(b) 

Figure 4 type of the voids, spherical(a), elliptical 
void transverse to the field direction (b) and 
elliptical void along the field direction(c). 

(a) 

(b) 

(c) 
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4.1. Electric field distribution in the presence 

of a cavity 

The interpretation of the change of the electric field 

at the reference point depends on the capacitive 

effect of the void and the number of charges 

accumulated on its surfaces, or in other words, 

depends on the applied voltage and the dimensions 

of the void. As for the applied voltage, the change 

is slight or non-existent when changing the 

dimensions of the void, which is small if compared 

to the dimensions of the insulator surrounding the 

void, so this effect can be neglected and only the 

effect of the dimensions can be maintained. 

The capacitive effect of the void can be 

approximated to the simplest form, which is 

produced by two parallel plates by taking the 

effective area of the surface as well as the effective 

distance between the surfaces on which the charges 

are collected, as in Fig. 1 where it can be assumed 

that the effective area is perpendicular to the 

direction of the electric field while the effective 

distance in the same direction. 

Since the capacitive effect increases with the 

increasing area and decreases with increasing 

distance, three types of voids can be distinguished 

which are spherical, elliptical void transverse to the 

field direction, and elliptical void along the field 

direction as shown in Fig. 4. 

 

 

Case 1: the effect is equal for both the effective 

area and the effective distance, and this is clear if 

the void is in the form of spherical with different 

radii, as shown in Fig. 5, where the electric field at 

the reference point located in the center of the 

voids is the same in all cases, despite the change of 

radii of the voids which is about 1.28MV/m, but 

the field value remains the highest with the voids 

than without void which equal to 0.921MV/m 

[9][18].  

The amount of distortion in the electric field at the 

reference point has reached 140% of the field value 

in the absence of an air void at the same point. The 

shape of the field distortion depends on the void 

radius. The electric field value is higher at the inner 

surface of the void which is close to the center of 

the cable. 

 

Case 2: The effect of the effective area is greater 

than the effect of the effective distance, and this 

occurs when the elliptical void is perpendicular to 

the field lines so that the values of the axis 

perpendicular to the field (b) change while the axis 

parallel to the field (a) remains constant. At that 

time, the field values will increase with the 

increase in the values of the vertical axis, as shown 

in Fig.6. The maximum field is about 1.73MV/m 

and is occurred when the vertical axis (b) is equal 

to 2.0mm and the (a) axis is 0.4mm. 

In this case, the field distortion at the reference 

point is the greatest value, especially when the 

vertical axis (a) is equal to two 2.0 mm, while the 

(b) axis is equal to 0.4 mm, where the amount of 

distortion is within the limits of 187%. 

 

Case 3: When the effect of the effective distance 

is greater than the effect of the effective area, the 

values of the electric field at the reference point 

decrease with the increase in the length of the (a) 

axis, and the (b) axis remains constant, as shown in 

Fig. 7 [17]. The maximum field is about 

1.284MV/m and occurs when the vertical axis (b) 

is equal to the parallel axis (a) and is 0.4 mm so 

that the void is spherical. While the lowest value of 

the field is about 1.016MV/m and it occurs when 

the vertical axis (b) is equal to the lowest value of 

0.4 mm and the parallel axis (a) with the highest 

value of 2.0 mm. The amount of field distortion for 

this position of the void is the least value and is in 

the range of 110%. 

 

Figure 5 spherical void with different radii. 
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Figure 6 elliptical void perpendicular to the field 
lines, a=0.4mm and b=0.4, 0.8, 1.2, 1.6 and 
2.0mm respectively.  
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4.2. The electric field enhancement factor  

To clearly show the difference in the field values 

at the reference point for the three aforementioned 

cases, can refer to Fig. 8, where the field  

values are fixed when the radii of the spherical 

void change, while the field values increase in the 

case of the transverse voids with the increase of the 

vertical axis and the horizontal axis constant and 

vice versa in the case of horizontal gaps.  

 

 

 

To verify the results, the values of the electric field 

enhancement factor f, which were obtained from 

the simulation results and after applying Eq. (4), 

were compared with the results obtained from the 

empirical Eq. (5), as shown in Table 2, where 

acceptable matching appears, especially when the 

ratio is large. The value of the electric field at the 

reference point does not change when the ratio is 

constant, even though the values of the axes (a) and 

(b) change as in the case of the spherical void. 

 

Table 2 The electric field enhancement factor f. 
a/b Ex1(MV/m) Ex (MV/m) f =Ex1/Ex f from eqs.5 

0.5 1.474 0.921 1.6 1.393 

1.0 1.278 0.921 1.394 1.232 

2 1.132 0.921 1.229 1.104 

 

5. CONCLUSION 

 

In this work, the effect of the void shape and 

orientation on the amount of distortion that occurs 

in the electric field in the XLPE insulator was 

studied using the COMSOL Multiphysics 

program. It has been obtained that the electric field 

in the void region is increased due to the 

differences in the relative permittivity of the XLPE 

insulator and the air void. It is also observed that 

the electric field at the reference point is strongly 

depend on the geometry of the void (a/b ratio). 

From the simulation results, it was noted that the 

maximum electric field and hence the maximum 

enhancement factor is obtained when the ratio of 

a/b is less than one and the minimum value of the 

electric field and the enhancement factor when the 

ratio of a/b is more than unity. The field value is 

constant and is not affected by the change in the 

size of the void when the ratio is equal to unity and 

this makes the enhancement factor equal to one. 

 

REFERENCES 
 

[1] C. Cagdas Uydur,O.Arikan,O.Kalenderrli," The       

Effect of Insulation Defects on Electric Field 

Distribution of Power Cables", IEEE International 

Conference on High Voltage Engineering and 

Application (ICHVE), 2018. 

[2] S.S. Behera, “Partial discharge characteristic of 

electrical trees in polymeric cable insulation", 

M.Sc. Thesis, National Institute of Technology, 

Rourkela, 2014. 

[3] S. L. Nunes, M. T. Shaw,"Water Treeing in 

Polyethylene a Review 0f Mechanisms", IEEE 

Transactions on Electrical Insulation, Volume: EI-

15, No.:6, 1980. 

[4]   M. I. Qureshi, A.A. Al-Ahaideb, A. A. Al-Arainy, 

N.M. Malik, "Role of Semiconducting Screens on  

 

 

        Water Treeing in Medium Voltage XLPE Cables", 

Journal of King Saud Univ., Vol. 17, 2005. 

[5]   T. Nowicki, S. Fauveaux, F. Thirion, "Experimental 

study of the Corona Effect behavior as a function of 

the electric field", R&D Department, INDELEC, 

Douai, France, 2014. 

 [6] A. D. Teja, K. Rajagopala,"Electric field effect in 

the formation of water treeing in MV power 

cables", International Journal of Research in 

Engineering and Technology, Volume: 03, Issue: 

04, 2014. 

0.00 0.40 0.80 1.20 1.60 2.00 2.40

106

1.2x106

1.4x106

1.6x106

1.8x106

E
le

c
tr

ic
 F

ie
ld

 a
t 
R

e
f.
 P

o
in

ts
 (

V
/m

)

Radius (mm)

 1

 2

 3

Figure 8 the electric field at the reference point, 
for spherical void (1), vertical elliptical void (2) 
and parallel elliptical void (3). 

Figure 7 elliptical void parallel to the field lines, 
b=0.4mm and a=0.4, 0.8, 1.2, 1.6 and 2.0mm 
respectively. 

E
le

ct
ri

c 
F

ie
ld

 (
V

/m
) 

Arc length(mm) 



    Raweya Moayed Tawfiq: Role of Void Orientation and Shape on the Electric …..                    79 

Al-Rafidain Engineering Journal (AREJ)                                               Vol.27, No.1, March 2022, pp.73-80 

 

[7] K. Burkes, E. Makram, R. Hadidi,"Modeling the 

Effect of a Water Tree inside Tape Shield and 

Concentric Neutral Cables”, Excerpt from the 

Proceedings of the COMSOL Conference in 

Boston, 2014.  

[8]   P. S. Patel, V. S. Chaudhari, H. M. Patel, “Analysis 

of Electric Stress in High Voltage Cables 

Containing Voids", Vol. 3, Issue 3, International 

Journal of Engineering Research & Technology 

(IJERT),2014. 

[9] M. EL-Adawy, M. El-Saadawi, M.S. Abdel-

Aziz,"Numerical Simulation of Electric Field and 

Potential Distribution of Medium Voltage Cables 

using Octave FEMM", 17th International Middle 

East Power Systems Conference, Mansoura 

University, Egypt  ,2015.   

[10] K. Emna, A. Rabah, C. Nejib, "Numerical Modeling 

of the Electric Field and the Potential Distributions 

in Heterogeneous Cavities inside XLPE Power 

Cable Insulation", Journal of Electrical and 

Electronics Engineering. volume 9, number 2, 

2016. 

[11] Y. Zhu, F. Yang, X. Xie, W. Cao, G. Sheng, X. 

Jiang1,"Studies on Electric Field Distribution and 

Partial Discharges of XLPE Cable at DC Voltage", 

12th IEEE International Conference on the 

Properties and Applications of Dielectric Materials 

- Xi'an – China, 2018. 

 

[12] Q. T. Algwari, D. N. Saleh, “Numerical Modeling 

of Partial Discharge in a Void Cavity Within 

High-Voltage Cable Insulation”, IEEE 

Transactions On Plasma Science, volume 49, No. 

5, MAY 2021. 

[13] Feng Gao, Qiao Wang, Dong Dai, Wenjun Ning, 

Yuhui Zhang, and Licheng Li, “Numerical study 

on partial discharge in a dry air cavity with a 

twodimensional fluid model considering practical 

reactions”, Journal of Physics D Applied Physics 

53(34), April 2020.  

[14] COMSOL Multiphysics, Version 5.3, 2008. 

[15] D. A. do Nascimento, S. S. Refaat, A. Darwish, Q. 

Khan, H. Abu-Rub, Y. Iano,"Investigation of Void 

Size and Location on Partial Discharge Activity in 

High Voltage XLPE Cable Insulation", 4th 

Workshop on Communication Networks and 

Power Systems, 2019. 

[16] L. Niemeyer, "A generalized approach to partial 

discharge modeling,"IEEE Transactions on 

Dielectrics and Electrical Insulation, vol. 2, pp. 

510-528, 1995. 

[17] S. Hore, S. Basak, Nasirul, M. Mukherjee, "Studies 

on the Effect of Void Geometry and Location on 

Electric Field Distribution and Partial Discharge in 

XLPE Insulated Power Cable by Finite Element 

Analysis using COMSOL Multiphysics 

Simulation", Conference Paper, 2017. 

[18] A. Haddad, D. F Warne, "Advances in High 

Voltage Engineering", First edition, The institution 

of Engineering and Technology, 2007. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 80    Raweya Moayed Tawfiq: Role of Void Orientation and Shape on the Electric ….. 

Al-Rafidain Engineering Journal (AREJ)                                               Vol.27, No.1, March 2022, pp.73-80 
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قسم الهندسة الكهربائية -كلية الهندسة  -جامعة الموصل   
 

 

 

  الملخص
تظهر هذه العيوب أثناء عمليات تصنيع  حيث.في هذه العوازل هي ظهور العيوب XLPEالمشاكل التي تواجه استخدام عوازل  من 

ذات الجهد العالي على توزيع المجال الكهربائي  قابلواتعوازل ال في. يؤثر وجود العيوب جواتالعازل ، ومن هذه العيوب تجاويف الهواء أو الف
دي في شجر داخل العازل ، مما يؤتظهور ال. يعد تشوه المجال الكهربائي بسبب وجود تجاويف هوائية هو السبب الرئيسي لقابلواتداخل طبقات ال

من خلال  XLPE. في هذه الدراسة ، تمت دراسة تأثير وجود تجويف هوائي داخل عازل قابلوات جزئية تقلل من عمر الفريغالنهاية إلى ظهور ت
ي في مركز أثير هذا على قيمة المجال الكهربائو ت عليهتغيير أبعاد التجويف ، أي تغيير نسبة أبعاد التجويف الموازية للمجال الكهربائي والعمودية

المجال الكهربائي الخارجي. لا تعتمد الزيادة في المجال في مركز التجويف  منلوحظ أن المجال الكهربائي في التجويف أعلى  حيث التجويف.
المجال  زيزتع. تم حساب معامل العمودية عليه الابعادالكهربائي إلى  للمجالعلى حجم التجويف ، بل تعتمد على نسبة أبعاد التجويف الموازية 

 الكهربائي بناءً على نتائج المحاكاة التي أظهرت توافقًا معقولًا مع القيم النظرية.

 

 الكلمات الداله :

 ..XLPEالجهد العالي ، عازل  قابلو، تجويف الهواء ، تحليل العناصر المحدودة ،  جوةالمجال الكهربائي ، الف
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