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Abstract. Many studies have been conducted to investigate the effect of environmental, 

mechanical and electrical stresses on insulator. However, studies on physical process of 

discharge phenomenon, leading to the breakdown of the insulator surface are lacking and 

difficult to comprehend. Therefore, this paper analysed charge carrier generation mechanism that 

can cause free charge carrier generation, leading toward surface discharge development. Besides, 

this paper developed a model of surface discharge based on the charge generation mechanism on 

the outdoor insulator. Nernst’s Planck theory was used in order to model the behaviour of the 

charge carriers while Poisson’s equation was used to determine the distribution of electric field 

on insulator surface. In the modelling of surface discharge on the outdoor insulator, electric field 

dependent molecular ionization was used as the charge generation mechanism. A mathematical 

model of the surface discharge was solved using method of line technique (MOL). The result 

from the mathematical model showed that the behaviour of net space charge density was 

correlated with the electric field distribution.  

1.  Introduction 

Insulation is the most important part in the high voltage application to resist some mechanical, thermal, 

electrical and environmental stresses that act permanently or temporarily on insulators [1]. Thus, a 

precaution must be taken to reduce the factors of insulation failures caused by stresses. A good insulator 

must be able to avoid the flow of current to the undesired path. 

Outdoor insulators in polluted environments are often exposed to pollution. This condition does not 

affect the performance of the insulators until the surface of the insulators become moisturized because 

of dew, rain or fog [2]. Due to the surface discharge activities, a conducting path arising from the drying 

out process will be formed on the surface of the insulator and it will allow the flow of leakage current 

from the high voltage electrode to the ground electrode [3]. Although the leakage current flow is quite 

small, the long term of leakage current flow due to the discharge may lead to the insulator breakdown. 

Thus, studies on physical discharge activities on insulator are essential to decrease system failure. 

In order to understand the propagation of surface discharge on insulators, the mechanism for the charge 

carrier generation and transportation must be known. There are several types of mechanisms for the 

charge carrier generation and transportation that can lead to the breakdown of the insulators; impact 

ionization [4], field emission [5], secondary electron emission [6], ionic dissociation [7] and molecular 

ionization [8].  Besides, recombination of free charge carriers like electrons, positive ions, and negative 

ions with each other and the surrounding media also contributes in the charge carrier generation of the 

insulation. In addition to the recombination of the free charge, electrons are also combined with neutral 

molecules to form negative ion in the process of electron attachment [5]. 

http://creativecommons.org/licenses/by/3.0
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The charge transport continuity equation which accounts for Nernst Planck theory is used to 

understand the charge carrier behavior on the insulator [9] and this equation is coupled with Poisson’s 

equation for the field distribution equation. Therefore, studies on the mechanisms that can lead to the 

breakdown of the insulators are very important to prevent some failures in the high voltage system. Thus, 

this paper was to study the charge carrier generation mechanism that could cause the surface discharge 

activities. In order to investigate the behavior of the charge carrier, a model of surface discharge was 

developed.     

2.  Governing Equation 

The charge transport continuity equation which accounts for Nernst Planck theory is used to model the 

behavior of the charge carriers like positive ions, negative ions and electrons in the insulator system. 

The Nernst-Planck theory has been used to model the ion transport in many physical and biological 

system such as protein channel of biological membranes [10], neuron cell membranes [11], and 

electrolytic solutions [12]. Generally, the charge transport continuity equation can be written as [5]: 

 
𝜕𝑁𝑖

𝜕𝑡
+ ∇. 𝐽𝑖 = 𝑓(�⃑� , 𝜇𝑖) (1) 

where the suffix 𝑖 = 𝑝, 𝑛, 𝑒 indicates the species of the charge; positive ion, negative ion and electron in 

the dielectric system respectively. 𝐽𝑖 [𝑚𝑜𝑙 𝑚−2 𝑠−1] is a total current density for species 𝑖 at distance 

𝑥 [𝑚] between the electrode, 𝑁𝑖 [𝑚𝑜𝑙 𝑚−3] is the density of each charge carrier, and 𝑓(�⃑� , 𝜇𝑖) describes 

the charge generation and recombination and it is depending on the electric field (𝐸)⃑⃑⃑⃑  and ion mobility 

(𝜇𝑖). The total current density for each charge carrier in equation (1) can be given as follows [13]: 

 𝐽𝑖 = −𝐷𝑖
𝜕𝑁𝑖

𝜕𝑥
− 𝑧𝑖𝜇𝑖𝑁𝑖�⃑� + 𝑁𝑖𝑣 (2) 

where 𝐷𝑖 [𝑚2 𝑠−1], 𝑧𝑖 and 𝑁𝑖 [𝑚𝑜𝑙 𝑚−3] are the diffusion coefficient, the valence and the 

concentration for the species 𝑖 respectively, v [𝑚 𝑠−1] is the charge velocity, and 
𝜕𝑁𝑖

𝜕𝑥
 is the concentration 

gradient. The first term on the right hand side of equation (2) represents Fick’s law equation, the second 

term accounts for the migration of the species in an electric field and the last term represents the 

convection movement of the solution induced, density gradients or bulk movement of fluid [14]. The 

charge transport mechanism continuity equations are coupled with Poisson’s equation to determine the 

electric field distribution. The equation of Poisson’s equation can be expressed as follows: 

 ∇. (−𝜀0𝜀𝑟�⃑� ) = (𝑁𝑝 − 𝑁𝑛 − 𝑁𝑒)𝑞𝑁𝐴 (3) 

where �⃑�  [𝑉 𝑚−1] is the electric field vector, 𝜀0 [𝐹 𝑚−1] is permittivity of free space charge, 𝜀𝑟 is 

relative permittivity of material, 𝑁𝑝, 𝑁𝑛, 𝑎𝑛𝑑 𝑁𝑒 are the density of each charge carrier determined from 

the charge transport mechanism continuity equations (1), 𝑞 [𝐶] is the elementary charge and 𝑁𝐴 [𝑚𝑜𝑙−1] 
is the Avogadro’s number. 

3.  Charge Generation 

There are some mechanisms for the free charge carrier growth in insulator when it is exposed to the high 

electrical fields such as impact ionization, field emission, electric field dependent ionic dissociation and 

electric field dependent molecular ionization. Under normal condition, insulators have few free charge 

carriers and in normal condition. However, insulator will transform into conductors if there is a high 

electrical stress that may increase the free charge. Eventually, these free charge carriers will lead to the 

insulation breakdown. Therefore, identifying the mechanisms of the growth of free charge carriers in 

the insulator under high electrical stresses are important.  

3.1  Impact ionization 

In terms of impact ionization, electrons move away from the cathode because of the influence of the 

electric field. Through impact ionization, as the electron travel, they gain enough energy to liberate new 

electrons and positive ions. Positive ions due to the ionization drift towards cathode and then the 

bombardment of positive ions leads to the emission of electrons. A theory on impact ionization in 

insulator often comes from gas discharge theory. A new method in describing the evaluation of impact 
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ionization coefficient 𝛼 in insulators had been used by Solomo et. al., in their study of impact ionization 

for Silicon Dioxide 𝑆𝑖𝑂2 [4]. The results showed the impact ionization and recombination as the 

dominant process in the breakdown events for Silicon Dioxide 𝑆𝑖𝑂2. The model for ion impact ionization 

charge generation can be expressed as follows: 

 α(𝐸⃑⃑⃑⃑ ) = 𝐴𝑡exp(
−𝐵𝑡

|�⃑� |
) (4) 

where  𝐴𝑡 is the pre-exponential coefficient with units in [𝑚−1] and 𝐵𝑡 is the exponential term in [
𝑉

𝑚
].  

Nonetheless, in the case like dense medium such as water, the value of ionization coefficients for gas 

cannot be used by other dielectric elements [15], causing difficulties in modelling the impact ionization 

for different dielectric elements such as liquid and solid. However, there are some studies in the dielectric 

liquids that use impact ionization as the charge generation. Haidar et. al. conducted a study on 

Cyclohexane and Propane liquids [16] and the results showed that the regular pulse regime of this two 

dielectric liquids are correspond to the electron multiplication. Obodovski et. al. showed the electron 

multiplication through impact ionization which is observed in xenon liquid by the occurring space charge 

[17]. 

During the early studies, breakdown in dielectric liquids concentrated on the bubble mechanism in 

the liquid. However, study by Atrazhev et. al. [15], showed that high mobility liquid breakdown can be 

defined by the electron ionization breakdown mechanism. They also concluded that the electron 

ionization mechanism defines upper limit of electrical strength under very short voltage pulses 

approximately several nanosecond (ns) compared to gas bubble formation that is similar or more than 

microsecond (≥ 𝜇𝑠). In another study, Kumara et. al. investigated the surface charge effect on the 

impulse flashover of outdoor polymeric insulators and found, that the effective ionization coefficient  

depends on the electrical field strength [18]. 

3.2  Field emission 

The field emission of electrons occurs at cathode electrodes. The field emission theory is referred as  

Fowler-Nordheim theory, [19] field emission of electron from metal to free space. The Fowler-

Nordheim equation indicates that emission should be apparent at fields of about 107 V/cm or more [20]. 

Both Fowler and Nordheim relates the field current and the voltage gradient as shown in the equation 

(5). According to the physical process, the electron must have sufficient energy to escape above the top 

of the barrier. Therefore, the tunnelling of the electron increases exponentially with the electrical field. 

The basic equation of Fowler-Nordheim theory of field emission can be expressed as [19]: 

 𝐽(�⃑� ) =  
𝑒3|�⃑� |

2

8𝜋ℎ∅
exp (−

8𝜋√2𝑚∅
3
2

3ℎ𝑒|�⃑� |
) (5) 

where 𝐽,  is the current density, 𝑒 is the electron charge, |�⃑� |is electric field, ℎ is Planck’s constant and ∅ 

is metal’s work function. As described by Fowler and Nordheim [21], this field emission theory is 

suitable for electron emission from the metal to the free space. Thus, some modifications have been done 

for describing the field emission from metal to other medium like liquid [5]. A theory of electron 

emission from electrode into the liquid or free space is known as boundary effect theory. The source of 

charge generation  can be accounted by setting boundary conditions and initial conditions for the charge 

continuity equation [5]. 

 From the equation of Fowler-Nordheim theory, an increase in the electrical field will lead to an 

increase in the Fowler-Nordheim tunneling current [22]. This theory is supported by Chen who found 

that the mobility of charge carriers is a function of the electrical field [22]. However, Kao stated that the 

field emission equation of Fowler and Nordheim must have been modified to correlate with the 

experimental current-voltage characteristics of liquid [23]. This is because it is hard for electron to gain 

sufficient energy to ionize a molecule and the mean free path of an electron in a dielectric liquid in order 

of 10 A. Meanwhile, Nakano et. al., investigated the mechanism of surface discharge in vacuum by the 

charge activities on solid insulators. According to this study, explosive electron emission (EEE) on 

cathode is the mechanism that causes the impulse surface flashover due to extreme field emission [24]. 
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EEE can occurs for several times due to the erosion and regeneration of the electron. However, the field 

emission of electrons only occurs at the negative electrode and this mechanism is only suitable for the 

negative streamer growth. Therefore, according to O’Sullivan, this mechanism is unimportant for the 

streamer development along the dielectric surface [5]. 

3.3  Electric field dependent ionic dissociation 

Other mechanism of dielectric breakdown is electric field dependent ionic dissociation. According to 

Onsager theory, electric field dependent ionic dissociation is defined as the formation of ions by 

dissociation of neutral molecules in the presence of electric field. This theory is confirmed by the 

deviations from Ohm’s law for solutions of weak electrolytic of liquid such as water and solid such as 

glass [7]. From this theory, it shows that ionic dissociation depends on the strong electric field. In 

addition, this theory concerns about the rates of dissociation and recombination of the ions. According 

to this theory, dissociation rates are dependent on the electric field because dissociation increases by the 

factor of 𝐹(|�⃑� |) while the recombination rates are independent to the electric field because the derivation 

of recombination is equivalent to the Langevin equation. The electric field dependence of dissociation 

constant can be expressed as: 

 𝐾𝐷(�⃑� ) = 𝐾𝐷
0𝐹(�⃑� ) (6) 

where 𝐾𝐷
0 is the dissociation constant when electric field is zero, and  𝐹(𝐸) is constant’s electric field. 

𝐹(�⃑� ) can be expressed as: 

 𝐹(�⃑� ) = 𝑓(𝑏) =
𝐼14(𝑏)

2𝑏
 where 𝑏 =  √

𝑞3�⃑� 

16𝜋𝜀𝑘2𝑇2 (7) 

where 𝐼1 is the modified Bessel function, 𝑞 is the electron charge, 𝐸 is the magnitude of electric field, 𝜀 

is the permittivity of dielectric liquid, 𝑘 is Boltzmann’s constant and 𝑇 is the temperature. The relative 

concentrations of neutral ion-pairs and free ions in thermal equilibrium and no applied electric field can 

be expressed as:  

 𝑐𝐾𝐷
0 = 𝑛±0

2 𝐾𝑅 (8) 

Because the value of 𝑛+0 is equal to 𝑛−0, the zero field free ion concentration can be expressed as: 

 𝑛±0 =
𝜎

𝑞(𝜇++𝜇−)
 (9) 

where  𝜎 is the conductivity of dielectric liquid. Therefore, charge generation rate based on Onsager’s 

theory can be expressed as follows: 

 𝐾𝐷(�⃑� ) = [
𝜎

𝑞(𝜇++𝜇−)
]
2
𝐾𝑅𝐹(�⃑� ) (10) 

There are many studies that involve electric field dependent ionic dissociation as a charge generation 

mechanism. Castellanos et. al. generalized the Thomson model to include field enhanced dissociation in 

the bulk and field dependent unipolar charge injection [25]. Gafvert et. al., presented a physical drift-

diffusion model that uses electric field dependent ionic dissociation to predict the behavior of the electric 

field in oil-pressboard structures [26]. In this study, the predicted behavior of the electric field is in 

agreement with Kerr’s measurements compared to the RC-model that is strongly deviated from the 

measured fields. However, according to O’Sullivan et. al, the model for electric field dependent ionic 

dissociation does not produce the same results as the results of electrical breakdown in transformer oil 

[27]. This is because the electric field levels necessary for dissociation to occur can only be found in the 

region close to the tip of needle electrode. In addition, the low mobility of dissociated ions only leads to 

the formation of current density at the needle tip. Thus, a very limited thermal enhancement occurring 

in the dielectric liquid. 

3.4  Electric field dependent molecular ionization 

Another mechanism that might also be contributing to the breakdown of the dielectrics in the presence 

of high electric field is a molecular ionization process. Electric field dependent molecular ionization is 

a direct ionization mechanism that extracts electrons from neutral molecule which then generates free 

electrons and positive ions. Thus, Zener theory [8] of tunneling electron in solid that is correlated with 
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molecular ionization mechanism in the presence of high electric field is used in the modelling of 

dielectric breakdown. The ionization rate 𝛾 of Zener theory is given as: 

 𝛾|�⃑� | =  
𝑒𝑎|�⃑� |

ℎ
exp (−

𝜋2𝑚∗𝑎∆2

𝑒ℎ2|�⃑� |
) (11) 

where 𝑒 is the electronic charge, 𝑎 is the molecular separation, |�⃑� | is the magnitude of electric field, ℎ is 

the Planck’s constant, 𝑚∗ is the effective electron mass, ∆ is the molecular ionization potential. In order 

to give a charge density rate source term for inclusion in the positive ion and electron, electric field 

dependent molecular ionization rate must be multiplied by the ionisable charge density, 𝑁0 [5]. Hence, 

the ionization rate can be expressed as: 

 𝐺𝑖|�⃑� | =  
𝑒2𝑁0𝑎|�⃑� |

ℎ
exp (−

𝜋2𝑚∗𝑎∆2

𝑒ℎ2|�⃑� |
) (12) 

Charge generation mechanism by molecular ionization in the presence of high electric field has been 

analyzed by few researchers. Some researchers use this theory in the modelling of streamer in dielectric 

liquid such as in transformer oil [5][28][29]. However, this mechanism is not suitable to measure 

negative sharp points as stated by Becerra et. al. in the study of charge carrier generation in Cyclohexane 

[30]. According to this study, although this equation is suitable for the current-voltage (IV) 

characteristics in positive point, it is fails to predict the currents for the negative points. 

3.5  Comparison of the charge generation mechanism 

By studying different types of charge carrier generation, the modelling of surface discharge on the 

insulator surface is developed. Not all type of the charge generation mechanism has the same effect for 

the real cases. The summary of the charge carrier generation is shown in Table 1.  

 

Table1: The comparison of charge generation mechanism 

Charge generation Basic equation Theory Description 

Impact Ionization α(𝐸⃑⃑⃑⃑ ) = 𝐴𝑡exp(
−𝐵𝑡

|�⃑� |
)  [4] 

Gas discharge theory 

of breakdown. The 

process of 

bombardment of 

positive ions that leads 

to the electron 

emission 

 

Not suitable for 

the charge 

generation in 

dense medium. 

Field Emission 
𝐽(�⃑� ) =

𝑒3|�⃑� |
2

8𝜋ℎ∅
exp(−

8𝜋√2𝑚∅
3
2

3ℎ𝑒|�⃑� |
) [19] 

(Boundary effect generation) 

The emission of 

electron from the 

metal surface 

ooccurred with the 

high electric field 

greater than 5 x 108 

V/m.  

Only occurred at 

the negatively 

electrode and 

suitable for 

negative streamer 

growth. 

Electric Field 

Dependent Ionic 

Dissociation 
𝐾𝐷(�⃑� ) = [

𝜎

𝑞(𝜇++𝜇−)
]
2
𝐾𝑅𝐹(�⃑� ) [7] 

Formation of positive 

and negative ions by 

dissociation of neutral 

molecules in the 

presence of high 

electric field. 

The low mobility 

of dissociated ions 

only leads to the 

formation of 

current density at 

the high voltage 

electrode. 
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Electric Field 

Dependent 

Molecular 

Ionization 

𝐺𝑖|�⃑� | =  
𝑒2𝑁0𝑎|�⃑� |

ℎ
exp (−

𝜋2𝑚∗𝑎∆2

𝑒ℎ2|�⃑� |
)  

[8] 

Zener theory 

extracting the electron 

from neutral molecule 

and generating free 

electron and positive 

ions. 

The fast mobility 

of electron leads to 

the electric field 

wave propagation 

from the high 

voltage electrode 

to the ground 

electrode. 

 

The ionization coefficients for gasses cannot be used by another dense insulator like liquid and solid 

[15]. Hence, impact ionization is not suitable for the modelling of surface discharge on the outdoor 

insulator that involves the flow of electrolyte. Meanwhile, field emission of electrons always occurs on 

the negative electrode in which the development of negative streamer propagation can take place [5]. 

Thus, the field emission of electrons is not suitable for the modelling of surface discharge along the 

surface of outdoor insulator.  

Electric field dependent ionic dissociation is also one of the charge carrier generation mechanisms 

that has been discussed earlier. From a study by Sullivan et. al., electric field dependent ionic 

dissociation mechanism occurs on the region near the high voltage electrode [27]. Therefore, this 

mechanism is not applicable to model the surface discharge formation that occurs along the surface of 

the outdoor insulator that involves the flowing of the electrolyte from the high voltage electrode to 

ground electrode. However, the electric field dependent molecular ionization mechanism has been used 

by some researchers in the modelling of positive streamer in the liquid insulator [5][28][29].  In their 

study, at good correlation between simulation result and experimental result for the streamer formation 

in the liquid insulator has been observed. Thus, the results showed the distribution of charge carrier and 

electric field along the insulator. 

3.6  Recombination 

The concentrations of free charge carriers can exist during the formation of surface discharge on the 

insulator surface and is generated by the generation mechanism discussed previously. The combination 

of free charge carriers like electrons, positive ions, and negative ions with each other and the surrounding 

media may lead toward of electron/positive ion recombination, positive/negative ion recombination and 

electron attachment. For the charge recombination, Langevin’s relation for recombination coefficient 

has been used [5] [31]. In Langevin’s relation the recombination coefficient is based on the diffusion 

equation of charge carriers in the electric field [32] and the Langevin’ theory which can be expressed as 

follows: 

  𝐾𝑟𝑝𝑛 =
𝑞(𝜇𝑝+𝜇𝑛)

𝜀𝜀0
 (13) 

 𝐾𝑟𝑝𝑒 =
𝑞(𝜇𝑝+𝜇𝑒)

𝜀𝜀0
 (14) 

where,  𝜇𝑝, 𝜇𝑛, 𝑎𝑛𝑑 𝜇𝑒  are the mobility of positive ion, negative ion and electron respectively, 

𝐾𝑟𝑝𝑛 𝑎𝑛𝑑 𝐾𝑟𝑝𝑒 are recombination coefficient of positive/negative ion and positive ion/ electron 

recombination, 𝑞, 𝜀0 𝑎𝑛𝑑 𝜀 are elementary charge, relative permittivity and permittivity of free space 

charge respectively. However, in the dense media like gases and non-polar liquid that have higher 

electron mobility, the value of recombination coefficient is deviated from the diffusion controlled rate 

constant [33]. In the dielectric liquid studies, some authors have used Langevin’s recombination 

coefficient for ion-ion recombination to model ion-electron recombination [5][28]. This method has 

been effectively compensating the electron-ion recombination by reducing the electron mobility. 

3.7  Electron attachment 

In addition to the recombination theory, electrons are also combined with neutral molecules to form 

negative ion. This process of electron attachment, 𝜏𝑎 is modelled by an attachment time constant that 
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describes the lifetime of energetic electron in a dielectric. The electron attachment time constant is 

calculated simply by the electron attenuation length, electron mobility and electric field strength and can 

be described as follows: 

  𝜏𝑎 =
𝜆𝑎

𝜇𝑒|�⃑� |
 (15) 

where, 𝜏𝑎  is the electron attachment time constant, 𝜆𝑎 is the electron attenuation length, 𝜇𝑒 is the electron 

mobility and |�⃑� |is the magnitude of electric field. Becerra et. al., showed that field-dependent attachment 

should be considered in the estimation of electric current in the liquid phase [30]. Meanwhile, according 

to the studies on the streamer growth in dielectric liquid [5][28] , few authors stated that the impact of 

electron attachment during the streamer growth in dielectric liquids is reasonably small due to the 

attachment processes which have a longer time scale. Therefore, the electron attachment gives small 

impact on the charge carrier generated. 

4.  Toy Model of Surface Discharge on the Outdoor Insulator Surface 

Outdoor insulators in polluted areas are often exposed to pollution. This condition does not affect the 

performance of the insulator until the surface of the insulator becomes moisturized because of dew, rain 

or fog [34]. Due to the surface discharge activities, a conducting path due to the drying out process will 

be formed on the surface of the insulator and it will allow the flow of leakage current from the high 

voltage electrode to the ground electrode [35]. Although the leakage current flow is quite small, the long 

term of leakage current flow due to the discharge may lead to the insulator breakdown. Thus, studies on 

the physical discharge activities on the insulator are quite important to decrease the system failure. 

In summary, electric field dependent molecular ionization is chosen in the modelling of surface 

discharge on the outdoor insulator. This is due to the surface discharge activities which occur along the 

insulator surface when there is a flow of wet contaminant and leads to the flow of leakage current. In 

order to solve this problem, a toy model of surface discharge is developed by taking into account the 

simplification of all the parameters involved. The purpose of the toy model development is to investigate 

whether this model is suitable for the exact problem. For the development of surface discharge model, 

charge transport continuity equation accounted for the Nernst Planck theory is used to investigate the 

charge behaviour and Poisson’s equation is used to determine the electric field distribution. For the 

equation of the current density in equation (2), only diffusion and migration terms are considered. This 

is because in the surface discharge development high electric field is given and the charge carrier is 

diffused from high concentration to the low concentration in the electrolyte. Thus, the diffusion and 

migration terms are taken as a dominant role and the convection term is neglected because no bulk 

movement of fluid is involved [14]. Thus, the migration-diffusion equation for the charge carrier 

(positive ion, negative ion and electron) generation includes electric field dependent molecular 

ionization, recombination, electron attachment and charge transport which can be expressed as follows: 

     Positive ion: 

 
𝜕𝑁𝑝

𝜕𝑡
+ 𝛻. (−𝐷𝛻𝑁𝑖 + 𝑁𝑖𝜇𝑖�⃑� ) =

𝑞𝑁0𝑎|�⃑� |

ℎ
exp (

−𝜋2𝑚∗𝑎∆2

𝑞ℎ2|�⃑� |
) − 𝑁𝑝𝑁𝑛𝐾𝑟𝑝𝑛 − 𝑁𝑝𝑁𝑒𝐾𝑟𝑝𝑒    (16) 

Negative ion: 

 
𝜕𝑁𝑛

𝜕𝑡
+ 𝛻. (−𝐷𝛻𝑁𝑖 − 𝑁𝑖𝜇𝑖�⃑� ) =

𝑁𝑒

𝜏𝑎
− 𝑁𝑝𝑁𝑛𝐾𝑟𝑝𝑛 (17) 

Electron: 

 
𝜕𝑁𝑒

𝜕𝑡
+ 𝛻. (−𝐷𝛻𝑁𝑖 − 𝑁𝑖𝜇𝑖�⃑� ) =

𝑞𝑁0𝑎|�⃑� |

ℎ
exp (

−𝜋2𝑚∗𝑎∆2

𝑞ℎ2|�⃑� |
) − 𝑁𝑝𝑁𝑒𝐾𝑟𝑝𝑒 −

𝑁𝑒

𝜏𝑎
 (18) 

where  𝐹, 𝑅, and 𝑇 are Faraday’s constant (
𝐶

𝑚𝑜𝑙
), relative gas constant (

𝐽

𝑚𝑜𝑙.𝐾
), and temperature (K) 

respectively. The charge generation term in equation (1) can be seen only in equation (16) and equation 

(18) because by electric field dependent molecular ionization as discussed previously, only positive ion 

and electron are extracted from the neutral molecule. Meanwhile, the generation term for negative ion 

in equation (17) is the electron attachment. The Poisson’s equation can be expressed as follows: 

 ∇. (−𝜀0𝜀𝑟�⃑� ) = (𝑁𝑝 − 𝑁𝑛 − 𝑁𝑒)𝑞𝑁𝐴 (19) 
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The boundary conditions that were applied for this model can be expressed as follows: 

• Charge Transport Continuity Equations: The boundary equation at the high voltage electrode 

and ground electrode is set to zero normal flux as follows: 

 (∇𝑁𝑖) = 0𝑛
^  (20) 

• Poisson’s Equation: The high voltage electrode was set to a supply voltage 𝑉0 at boundary 

of 𝑥 = 0. This boundary was supplied with DC voltage. Meanwhile, for the ground voltage 

at 𝑥 = 𝑑, it was set to zero normal electric field component. 

 𝑥 = 0;   (𝑉)𝑛
^ = 𝑉0 (21) 

 𝑥 = 𝑑;    (𝑉𝑖) = 0𝑛
^  (22) 

In order to solve the mathematical modelling, method of line technique (MOL) is used and can be 

solved using the finite difference method. Thus, this finite difference method was solved using ODE15s 

in MATLAB software.  

From the simulation of the mathematical model, the net space charge density is shown in Figure 1. 

Meanwhile, the electric field distribution due to the charge generation is shown in Figure 2. In the simple 

model, the scaling of the charge was about 10−2 and the scaling of the distance was order 1. The resulting 

charge generation from the molecular ionization and attachment, tended to move to the opposite 

direction of their charge. The slow mobility of the charge was essentially remaining stationary. Thus, 

this condition led to the formation of the net space charge density.  

 

 
Figure 1: Net Space Charge Density 

 

 
Figure 2: Electric Field Distribution 
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Figure 1 and Figure 2 shows, the relationship between the charge density and the electric field 

distribution. Similar to equation (19), the charge density influenced the electric field distribution [5]. 

The position of the region of net space charge density indicated the location of the peak of the electric 

field distribution and ionization during the surface discharge on the outdoor insulator. In summary, this 

simple model can be used to predict the behavior of the charge density during surface discharge.  

5.  Conclusion 

Studies on the physical process of charge generation mechanism is important to prevent the system 

failure in the high voltage application. This paper provides fundamental study of the charge carrier 

generation mechanism that can cause surface discharge and then lead to the breakdown of the insulator. 

There are several types of charge generation mechanism and each mechanism is depending upon the 

parameters of the insulator, surrounding media and the electric field applied. Similar to previous studies, 

the total net space charge in the insulator influences the amount of electric field distribution on the 

insulator. Based on the simple model presented in this paper, the results show that the total net space 

charge density is influencing the electric field distribution of this model. In the next study, this model 

will be used to investigate the charge behavior using exact parameter values. 

 

Acknowledgments 

We wish to thank the Faculty of Electrical Engineering and Universiti Teknikal Malaysia Melaka 

(UTeM) for the help and support in carrying this research under the grant vote number 

PJP/2015/FKE(4C)/S01402.  

References 

[1] C. Rusu-Zagar, P. V. Notingher, and C. Stancu, ‘Ageing and Degradation of Electrical Machines 

Insulation’, J. Int. Sci. Publ. Mater. Methods Technol., vol. 8, pp. 526–546, 2007. 

[2] Y. Li, H. Yang, Q. Zhang, X. Yang, X. Yu, and J. Zhou, ‘Pollution flashover calculation model 

based on characteristics of AC partial arc on top and bottom wet-polluted dielectric surfaces’, 

IEEE Trans. Dielectr. Electr. Insul., vol. 21, no. 4, pp. 1735–1746, 2014. 

[3] A. Syakur, H. Berahim, Tumiran, and Rochmadi, ‘Hydrophobic Contact Angle and Surface 

Degradation of Epoxy Resin Compound with Silicon Rubber and Silica’, Electr. Electron. Eng., 

vol. 2, no. 5, pp. 284–291, 2012. 

[4] P. Solomon and N. Klein, ‘Impact Ionization in Silicon Dioxide at Fields in the Breakdown 

Range’, Solid State Commun., vol. 17, pp. 1397–1400, 1975. 

[5] F. M. O. Sullivan, ‘A Model for the Initiation and Propagation of Electrical Streamers in 

Transformer Oil and Transformer Oil Based Nanofluids’, Massachusetts Institute of Technology, 

2007. 

[6] E. M. J. Niessen, ‘Numerical simulation of secondary electron emission charging at insulator 

surfaces’, Int. Symp. Discharges Electr. Insul. Vacuum-Eindhove, vol. 1, no. 18, pp. 162–165, 

1998. 

[7] L. Onsager, ‘Deviations from Ohm’s Law in Weak Electrolytes’, J. Chem. Phys., vol. 2, pp. 599–

615. 

[8] C. Zener, ‘A Theory of the Electrical Breakdown of Solid Dielectrics’, Proc. R. Soc., vol. Volume 

109, no. Society, The Royal Society, Royal Sciences, Physical, pp. 523–529, 1926. 

[9] H. Zainuddin and P.L. Lewin, ‘Modeling of Degradation Mechanism at the Oil-Pressboard 

Interface due to Surface Discharge’, in COMSOL Confference, 2015, pp. 1–22. 

[10] A. Singer, ‘A poisson-nernst-planck model for biological ion channels — an asymptotic analysis 

in a 3-d narrow funnel’, SIAM J. Appl. Math., vol. 70, no. 3, pp. 27–29, 2009. 

[11] P. M. Nanninga, ‘A computational neuron model based on Poisson – Nernst – Planck theory’, 

ANZIAM J. 50, vol. 50, pp. 46–59, 2008. 

[12] E. Samson and J. Marchand, ‘Numerical Solution of the Extended Nernst-Planck Model’, J. 



10

1234567890

ICMAE'17 IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 949 (2017) 012010  doi :10.1088/1742-6596/949/1/012010

 

 

 

 

 

 

Colloid Interface Sci., vol. 8, pp. 1–8, 1999. 

[13] R. Rahifa, ‘Mathematical Modelling of Lithium Ion Batteries’, University of Southampton, 2014. 

[14] C. G. Zoski, Handbook of electrochemistry, First edit., vol. 53, no. 9. New Mexico, USA: 

Elsivier, 2007. 

[15] V. M. Atrazhev, E. G. Dmitriev, and I. T. Iakubov, ‘The impact ionization and electrical 

breakdown strength for atomic and molecular liquids’, IEEE Trans. Electr. Insul., vol. 26, no. 4, 

pp. 586–591, 1991. 

[16] M. Haidara and A. Denat, ‘Electron multiplication in liquid cyclohexane and propane: An 

estimation of the ionization coefficcient’, IEEE Trans. Electr. Insul., vol. 26, no. 4, pp. 592–597, 

1991. 

[17] I. Obodovski, M. Kirsanov, and S. Pokachalov, ‘Electron Avalanches in Liquid Xenon Induced 

by Space Charge’, Int. Conf. Conduct. Break. Dielectr. Liq., pp. 81–84, 1996. 

[18] S. Kumara, Y. Serdyuk, and S. Gubanski, ‘Simulation of surface charge effect on impulse 

flashover characteristics of outdoor polymeric insulators’, IEEE Trans. Dielectr. Electr. Insul., 

vol. 17, no. 6, pp. 1754–1763, 2010. 

[19] B. R. H Fowler and L. Nordheim, ‘Electron Emission in Intense Electric Fields’, Proc. R. Soc. 

London. Ser. A, Contain. Pap. Math. Phys. Character, vol. 119, no. 781, pp. 173–181, 1928. 

[20] J. M. Meek and J. D. Graggs, Electrical Breakdown of Gases, vol. 24, no. 10. London, 1953. 

[21] L. W. Nordheim, ‘The Effect of the Image Force on the Emission and Reflection of Electrons by 

Metals’, Proc. R. Soc. London, pp. 626–639, 1928. 

[22] G. Chen, ‘Anomalous phenomena in solid dielectrics under high electric fields’, Proc. IEEE Int. 

Conf. Prop. Appl. Dielectr. Mater., pp. 954–960, 2009. 

[23] K. C. Kao, ‘Theory of High-Field Electric Conduction and Breakdown in Dielectric Liquids’, 

IEEE Trans. Electr. Insul., vol. EI-11, no. 4, pp. 121–128, 1976. 

[24] Y. Nakano, H. Kojima, K. Tsuchiya, and N. Hayakawa, ‘Impulse surface flashover development 

associated with transient charging by explosive electron emission in vacuum’, IEEE Trans. 

Dielectr. Electr. Insul., vol. 22, no. 4, pp. 2390–2397, 2015. 

[25] A. Castellanos and F. Pontiga, ‘Generalised Thomson-Onsager model for charge injection into 

dielectric liquids’, Proc. 1995 Conf. Electr. Insul. Dielectr. Phenom., no. 4, pp. 616–620, 1995. 

[26] U. Gäfvert, O. Hjortstam, Y. Serdyuk, C. Törnkvist, and L. Walfridsson, ‘Modeling and 

Measurements of Electric Fields in Composite Oil / Cellulose Insulation’, in Annual Report 

Conference on Electrical Insulation and Dielectric Phenomena, 2006, pp. 154–157. 

[27] F. O’Sullivan, L. Se-Hee, M. Zahn, L. Pettersson, R. Liu, O. Hjortstam, T. Auletta, and U. 

Gafvert, ‘Modeling the Effect of Ionic Dissociation on Charge Transport in Transformer Oil’, in 

Annual Report Conference on Electrical Insulation and Dielectric Phenomena, 2006, pp. 756–

759. 

[28] J.-W. G. Hwang, ‘Elucidating the mechanisms behind pre-breakdown phenomena in transformer 

oil systems’, Massachusetts Institute of Technology, 2010. 

[29] N. Davari, P. O. Åstrand, M. Unge, L. E. Lundgaard, and D. Linhjell, ‘Field-dependent molecular 

ionization and excitation energies: Implications for electrically insulating liquids’, AIP Adv., vol. 

4, no. 3, pp. 0–13, 2014. 

[30] M. Becerra and H. Frid, ‘On the Modeling of the Production and Drift of Carriers in 

Cyclohexane’, Annu. Rep. Conf. Electr. Insul. Dielectr. Phenom., pp. 905–908, 2013. 

[31] B. Gross, ‘Charge Storage and Transport in Solid Dielectrics (The Case of Irradiated Polymers)’, 

Conf. Electr. Insul. Dielectr. Phenom. - Annu. Rep., pp. 55–70, 1978. 

[32] H. Huang and J. Huang, Organic and Hybrid Solar Cells. New York: Springer, 2014. 

[33] K. Shinsaka, T. Odaka, K. Isoda, H. Yamada, M. Ukai, N. Kouchi, and Y. Hatano, ‘Electron 

Mobilities and Electron-ion Recombination Rate Constants in Nonpolar Solvents’, JAERI-

Conference, pp. 69–75, 1995. 

[34] A. Ahmed, H. Singer, and P. K. Mukherjee, ‘Numerical Model Using Surface Charges for the 

Calculation of Electric Fields and Leakage Currents on Polluted Insulator Surfaces’, in Annual 



11

1234567890

ICMAE'17 IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 949 (2017) 012010  doi :10.1088/1742-6596/949/1/012010

 

 

 

 

 

 

Report Conference on Electrical Insulation and Dielectric Phenomena, 1998, vol. 1, pp. 116–

119. 

[35] A. Syakur, H. Berahim, Tumiran, and Rochmadi, ‘Electrical Tracking Formation on Silane 

Epoxy Resin under Various Contaminants’, TELKOMNIKA (Telecommunication Comput. 

Electron. Control., vol. 11, no. 1, pp. 17–28, 2013. 

 

 

 

 


