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Abstract: A new methodology for positive streamer process is presented. This process depends on the critical electric field 
value that required for streamer initiation. So, an accurate computational of the electric field distribution across needle-to-plane 
gap is required. A finite element method using Comsol Multiphysics program is adopted for this simulation. The streamer path 
has been considered as a conducting path of 300 micro-meter in length and 30 micro-meter in radius with 108 electrons on its 
head. The results have been verified with others. 
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1. Introduction 

The electrical breakdown is an important electric 
phenomenon in dielectric materials. Conductors, in electrical 
equipment, are insulated by dielectric material in all three 
states to avoid flashover or short circuits between the parts of 
the electrical system with each other. Streamers are thin 
ionized filaments that break through a previously non-ionized 
region under the effect of an electric field. It is the 
pre-breakdown process and now became basically element in 
many electrical discharges. It is well-known that Streamers 
play important roles in production and growth of lightning 
channels. So, streamers have been strongly connected to 
development of lightning technology. In addition that is used 
for coating, powder formation and triggering fuel combustion 
in vehicle motors [1]. Nanosecond pulsed discharges are very 
operative in generating chemical radicals for the ignition of 
combustible mixtures too [2, 3]. 

The simulation methods are considered as one of the most 
suitable methods for studying the discharge process; there is 
several simulation methods used, with needle-to-plane 
configurations. Finite difference method (FDM), is a 
numerical method, is used for solving differential equations 
by approximating converting them into difference equations 
with many grid points. But, this method can only be applied 
on the uniform field gap [4-8]. Boundary element method 
(BEM) is a numerical computational method of solving linear 

partial differential equations which, is based on the integral 
of the boundary to achieve the controlling differential 
equation [7, 9]. 

It can be applied on many areas of engineering and science 
including fluid mechanics, acoustics, and electromagnetics. 
So, the surface of the problem domain is only needed to be 
modelled. 

Charge simulation method (CSM) [7, 10-16], is used for 
simulation of the electric field by several discrete number of 
imaginary charges which are existed inside the conductors. 
These charges are determined at several selected contour 
points at the conductor surfaces by satisfying the boundary 
conditions. All these charges are determined; the simulated 
electric field can be evaluated at any point around the 
conductors by using the principle of superposition. Finite 
element Method (FEM) is using the mesh generation 
techniques for distributing a complex problem to small 
elements so as to solve the problems according to boundary 
conditions [5, 7, 17-20]. 

FEM is used for detecting the solutions of the electric field 
distribution which satisfy the boundary conditions using 
partial differential equations. FEM can be suitable for 
complex configurations of the streamer systems progress in 
any case of the electrode shape, medium gases, volume of 
charges, and gap length. 

In generally, the 1.5-D simulation model of streamers is 
depended on a representation of a space-charge filament by a 
series of charged discs of equal radius with uniform densities 
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of space charge [21-23]. The 1.5-D equilibrium fluid model 
have been studied by Davies et al [24], Yoshida and 
Tagashira [25], and Morrow [26] for the electric breakdown 
observation in gases with the spatial temporal development 
of ionization. In the work by [27], a local discontinuous 
Galerkin method for the 1.5-dimensional streamer discharge 
simulations is proposed. The required electric field value for 
streamer initiation is 4.5 � 5	kV/cm  [28-33], considering 
fair atmospheric conditions of 1013	���� and 293	� at a 
humidity of 	11	����  under impulse voltage supply of 
1.2 50⁄ �� as given by [28]. From the previous experimental 
results [30, 31, 33] the critical electric field ����� requires a 
velocity of ≅	10!	�/�. 

In this work, a simulation study of the streamer 
methodology process has been investigated using a 
simplified needle-to-plane will be used which is consisted of 
needle protrusion bar for anode and disc plane structured for 
from a copper. The concept of FEM has been used which 
depend on partial differential equations (PDE) solutions by 
COMSOL Multiphysics program. The steps of the gap will 
be 30	�� for each step of the streamer progress. For the 
streamer initiation, the applied electric field is selected from 
mentioned references to be 4.5	"#/$� and for each step of 
the streamer there is 10%  electrons distributed at the 
streamer tip. The simulation results have been investigated 
with previous theoretical and experimental result given by 
others. 

2. Method of Analysis 

The model of streamer inception is based on the 
accumulation of successive individual avalanches when reach 
to the critical size. The avalanches all contain 10% electron 
and start from photoelectrons produced in the gas by photons 
emitted from the avalanche region by secondary effects [33]. 

2.1. Critical Avalanche Size 

The model considers the avalanche as cylindrical shape 
shows Figure 1. So, the volume size of individual avalanche 
can be evaluated according to Equation (1). 

&'()�* + ,�-.(-                 ( 1) 

where, �- and (- is a radius and length of the avalanche. 

 

Figure 1. The avalanche model with cylindrical geometry. 

So, the electron density (/0) in each avalanche is calculated 
from Equation (2). 

/0 + 12
3�4564

                   (2) 

where, 70 is the number of electrons. 
If the avalanche grows with velocity &- through time 8, the 

length (- can be written 

(- + &- ∗ 8                   (3) 

and 

8 + �45
:;                    (4) 

where, D is the electron diffusion coefficient. 
By using Equation (2, 3, 4), the radius of avalanche is 

�- + � :;123<4=2
�>/:                (5) 

But the number of electrons in avalanche can be evaluated 
from the following Equation (6) 

70 + *∝@                  (6) 

where, ∝ is Townsend’s first ionization coefficient, A is the 
distance gap. For the streamer condition, the value of ∝ A 
ranges from 18	8'	20 [34]. 

From spectroscopic measurements, the diffusion 
coefficient is C + 16800	$�.. ��>  [32] and { /0 + 6 ∗
10>:	$���  [32], &- + 2 ∗ 10E	$�/�  and the minimum 
∝ A + 18}. According to the previous values the radius of 
primary streamer equal+ 0.0032	$� ≅ 30	��. This result 
corresponds with more of experimental and modelling works. 

2.2. Mathematical Model 

The electric field intensity (E) can be evaluated at (each 
streamer step), by using Poisson’s Equation [35] as follow; 

G.U + � IJ
K 	                 (7) 

where, L< is the volume charge density in �M ��⁄ �, N is 
the potential in each point between the two electrodes at the 
surrounding domain in Volt �V�,, and O  is the dielectric 
permittivity (in air, O ≅ OP  is approximately the vacuum 
dielectric permittivity of	8.854 Q 10�>.F/m) 

∴ 	�G ∙ UOP�GU�V + L<            (8) 

But, the value of the electric field intensity, � can be 
given as; 

� + �GU	�V m⁄ �	               (9) 

The boundary condition between the two electrodes, 
surrounding domain, for FEM analysis satisfies the Poisson’s 
equation. 

∴ 	G ∙ �OP�� + L<               (10) 

where, the boundary condition at the conductor surface of 
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two electrodes given by a certain value of the applied voltage, 
at the needle U + #, and the plane U + 0 as Figure 2. 

 

(a) 

 

(b) 

Figure 2. (a) needle-to-plane model, (b) A schematic diagram using Comsol 

Multiphysics program. 

In 3-D dimensions, the electric field intensity is calculated 
in terms of the variation of the electrical potential as: 

� + �WXYX� �� Z
XY
�X[ �[ Z

X\
X] �]^         (11) 

But, in 2-D modeling, due to the geometry are axially 
symmetric, the variation of the potential in the angle 
rotational direction (_  direction) is considered as zero, 
(`N `_⁄ + 0). Also, the value of the volume charge density 
will be taken per unit length and considered as surface charge 
density, La, uniformly distributed along the circular base area 
of the streamer head. 

∴ 	G ∙ �OP�� + La              (12) 

where, the electric field intensity in 2-D is given as, 

� + �WX\X� �� Z
X\
X] �]^            (13) 

At the streamer head of each step, many charges, La, have 
been produced. These charges generate an external electric 
field. The streamer can be initiated when the field at the head 
or at each advanced streamer head approaches the critical 
electric field, which equals 4.5	"#/$� [29, 36]. According 
to the Meek's criterion of streamer initiation, the number of 
electrons for streamer inception is nearly 10%  electrons 
[37-40]. 

Thus, the surface charge density of 10% electrons is given 
as, 

Lb + *70                  (14) 

where, * is the charge of electron, 70  is the number of 
electrons. 

3. Results and Discussions 

3.1. Needle to Plane Simulation 

The simulation results of the distribution of the electric 
field across the needle-to-plane gap are given in Figure 3. 

 

Figure 3. The simulation of the electric field along the gap. 

 

Figure 4. Electric field distributions along z-axis using FEM. 

Figure 3, shows that the stressed zone is around the needle 
tip with a field value of 4.5	"#/$� which is required for 
the streamer initiation. 

Figure 4, shows the distribution of the electric field along 
the axial length between the needle tip and the earthed 
electrode. From this figure, it is clear that, the streamer step 
with highly field stress around 4.5	"#/$� is about 30	��. 
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3.2. Streamer Inception Simulation 

Figure 5, is represented the simulation methodology of 
streamer inception which is distributed 10%  electrons at 
each step of the streamer head. This figure represents the 
development and growth of the streamer through ten stages 
in the stressed volume zone, which is given as 300	�� [41] 
through the needle-to-plane gap. 

Also, the distributions of the electric potential along the 
vertical steps of the streamer propagation through the 
stressed volume zone obtained from Comsol Multiphysics 
program. Figure 6, explains that the region between the 
needle through streamer path is nearly conducting, which is 
considered as a characteristic and a boundary condition of 
stressed/ quasi-conducting zone [35]. 

 

(a) 

 

(b) 

Figure 5. (a) The simulation of the electric field for streamer progress, (b) 

Electric field distributions along the gap axis Voltage Distribution. 

 

one streamer step 

 

two streamer steps 

 

three streamer steps 

 

four streamer steps 

 

five streamer steps 

 

Six streamer steps. 
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seven streamer steps. 

 

eight streamer steps. 

 

nine streamer steps. 

 

ten streamer steps. 

Figure 6. The simulation of the potential distribution as a contour lines 

around the needle tip in the locating of surface charges for ten stages 

streamer progress. 

4. Conclusions 

The previous simulation results give the methodology to the 
streamer progress. After accurate field simulation, the 

following points can be illustrated as follow: 
1. The critical electric field required for streamer initiation 

is 4.5	"#/$�. 
2. The length of the streamer step and the radius of the 

streamer filament is approximately equal to 30	��. 
3. A value of 10% electrons at streamer tip is required for 

obtaining the critical electric field value at each streamer 
propagation step. 

4. The path of streamer is represented a quasi-conducting 
path. 
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