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Abstract

A numerical simulation of the streamer discharge was constructed to study the
streamer origination (initiation) of the streamer discharge formation and
development between two electrodes, one of which is a needle and the other a
sphere electrode in transformer oil, with focusing on the effect of the rising time of
lightning impulse voltage between the two electrodes. The model includes electron,
positive, and negative ion continuity equations and Poisson's equation to simulate
this streamer discharge behavior. The growth and development of the streamer
discharge are examined by changing the rising time it takes for the voltage to
increase using the applied impulse voltage parameters. Additionally, this model
investigates different characteristics of the streamer discharge, such as the
distribution of the electric field, time initiation of the streamer discharge at the
electrode (needle), streamer discharge velocity, streamer diameter, and minimum
breakdown voltage for each case of the rising time. The results showed that
increasing the rising time (25-100ns), increasing the time initiation(6-19ns), and
decreasing the streamer's electric field before it. (4.75% 108 — 4.38 X 108v/m),
decreases the streamer velocity (2.353-1.421km/s), the streamer diameter (0.175-
0.167mm), and increases the voltage breakdown(79-100kv). The simulation was
done in a virtual cell filled with transformer oil with a gap of Imm between the two
electrodes.

Keywords: Streamer discharge, Cosmol Multiphysics, Transformer oil, Rising
time, streamer velocity.
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1. Introduction

Because of their favorable electrical properties, transformer oil and other dielectric fluids
are used in high-voltage electrical gear and pulsed power systems. In powerful electric fields
and throughout possible breakdown processes, these fluids display intriguing electrical
properties that make them extremely valuable in real-world applications [1]. Liquid insulators
are frequently chosen over solid or gaseous dielectric materials because of their better
performance in various applications [2]. Depending on the strength of the electric field,
transformer oil produces streamers as a result of the hydrocarbon molecules being chemically
ionized [3-4]. In recent years, much theoretical and experimental work has been done to study
the properties of velocity, field electrical distribution, and streamer morphology of liquid
dielectrics [5-6]. One of the numerous factors that might influence how streamers behave
when released into transformer oil is the lengthening lightning impulse. The rising time is the
period needed for a lightning impulse's voltage to peak. The impact of rising time on streamer
behaviors, insulation deterioration, and potential transformer damage should be taken into
account while building and operating electrical transformers since streamers can produce
partial discharge. Higher rates of voltage change and strong electrical fields in the
transformer's oil could be caused by lightning impulses with shorter rising periods. Thus, this
may impact streamers' start, development, and behavior [7]. Equipment failures and large
financial losses could be among the worst effects of power transformer insulation losses. As a
result, many studies have been conducted to determine the insulation value of transformer
oils. Akiyama [8], Lesaint et al. [9], Linhjell et al. [10], and Salazar et al. [11] have examined
at various voltage levels, the features of streamers in transformer oil, such as their amplitude,
polarity, waveform, length, rising and falling times, and speed. Their research focused on
comprehending the impact of clouding and investigating different streamer properties in
transformer oil [11]. Jadidian Jouya [12].

The main goals of this research are to evaluate the risk of insulation failures, look at ways
to lower the risk of mistakes and create plans to lessen the harm that results. This study
provides information concerning the causes of electrical discharge, develops mitigation, and
presents prevention techniques for transformer failures. The structure of the paper is as
follows: In Section 1, the governing and boundary equations of the electro-thermal
hydrodynamic model are explained in detail, and in Section 2 the behavior of streamer
discharges is analyzed about the rising time of the lightning impulse.

2. MODELING AND SIMULATION
2.1 The model's characteristics and description

The complex chemical reaction caused by the electrical field in transformer oil is hard to
describe in words alone. A charge source is the result of this ionization reaction.
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Understanding and reproducing this phenomenon is challenging due to the oil's complicated
chemical composition and the absence of a thorough theory covering the behaviors of liquid
dielectrics. [13]. In transformer oil, field ionization during the discharge event is primarily
responsible for the generation of negative and positive ions, as well as free electrons. A high
electric field raises one electron to the conductivity band of a neutral molecule, resulting in
free electrons, negative and positive ions [4]. This process, which helps to better explain how
the streamer discharge propagates, is called field ionization [5]. They discovered that the
ionizing potentials of the liquid's molecules and density correlated negatively with field
ionization in liquids.

The process of molecule ionization caused by an electric field is a basic reason for the
formation of streamers in transformer oil, as proven by the work of O'Sullivan et al. [3]. This
ionization process turns oil molecules into electrons that move quickly and positive ions that
move slowly. When highly mobile electrons leave the ionization zone, leaving behind fewer
positive ions, an area of net space charge is formed. This net charge alters the distribution of
the electric field inside the oil. Specifically, there is a decrease in the electric field toward the
needle electrode and a rise in the electric field toward the ionized area in the oil. This
changed electric field distribution causes ionization to occur at points further away from the
positive electrode, which in turn causes more changes to the electric field distribution [26,27].

2.2 Governing Equations

To understand the mechanism of streamer discharge initiation and development in a
dielectric medium, hydrodynamic equations must be studied in the presence of liquids.
Together with the Poisson equation characterizing the electric fields, these equations
represent the equations guiding the conservation of three charges for electrons (pe), positive
ions (pp), and negative ions (pn). The following equations, derived from these considerations,
describe the phenomenon [3]:

V- (e1E) = pp + pn + pe (1)
d ~\  PpPeRpe PpPnR -
TR ) @
dp =\ , PrPeRpe P -
ate -V (pelleE) + % - i = _Gl(lEl) 3)
0pn PpPrRpn  Pe

? -V (pn#nE) + =0 ©

e Tq

In these equations, € represents the relative permittivity of the dielectric material (with a
specific value of 2.2 for the transformer oil). The dielectric fluid's ionization sources term,

which responds to the electric field, is indicated by Gp(|§ |) The electric charge is expressed

by q, and the electric field is expressed by E. For ions-electrons and ions-ions, the
recombination rate constants in the dielectric fluid are Rpe and Rpn, respectively. The
attachment time is represented by 7., whilst the concentrations of electrons, positive ions, and
negative ions are represented by pe, pp, and pn, respectively. The mobility of electrons,
negative ions, and positive ions is represented by the symbols e, pn, and pp, respectively.
These annotations and parameters are taken from the works [3,4,6]

q*noalE]| . (_ m?m*a? >

(5)
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Where: no is the concentration of ionizable transformer oil, A is the molecule's ionization
energy, h is Planck constant, m* is the electron effective mass, a is the distance between
molecules, and q is the electron charge. For this investigation, the primary physical
parameters necessary for the simulation model were obtained from previously published
literature [3,16,17,18], as presented in Table (1).

Table 1: The most important variables employed in the model.

Symbol Parameter value
A Electrical potential ionization 8.25eV
T Tonizable species density 1x103m™3
a Distance between molecule 3 1071%m
e Electron charge -1.6x 107t°C
m* The electron-effective mass 9.1x 10732%kg
Rpe, Rpn Ratios of electron-ion and ion-ion recombination 1.64x 107 m3/s
Upln Positive and negative ions' mobility 1x107° m?/vs
Ue Electron mobility 1x10™* m?/vs
T, Constant electron attachment time 200% 107%
£ Permittivity in vacuum 8.85x 10712F /m
& Oil permittivity 2.2¢& F/m
h Planck constant 6.631073* m?kg/s

2.3. Computation Domain

As illustrated in Figure la, a cylindrical virtual cell containing transformer oil and a
needle-sphere electrode configuration meeting the specifications outlined in the IEC 60897
Standard [19] was hypothesized to solve the model. A side of the cell's cross-section
represents the domain of the solution since the model, which was solved in two dimensions,
is symmetric about z (Figure 1b). The solution was obtained based on the finite element
technique, which required a discretization for the domain to a small finite element as a mesh,
as shown in Figure 1c. The mesh was designed to have a high density of elements around the
electrodes and along the symmetry line where the parameters varied strongly.

The spherical electrode has a curvature radius of 6.35 mm, and the needle electrode at the
tip has a curvature radius of 40 pum. The distance between the electrodes was set at 1 mm.
The overall dimensions of the domain are r X z =22 mm X% 12.5 mm. The design chosen and
drawn using the AutoCAD program can be imported into the COMSOL Multiphysics
program to facilitate the process. The domain is composed of a needle representing the anode
and a sphere electrode representing the cathode.
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Figure 1: The geometry of the needle-sphere electrode, following the specifications outlined
in the IEC 60897 standard: (a) the complete geometry, (b) the solution domain, and (c) the
discretization mesh.

2.4. Boundary and numerical condition

The boundary and spatial conditions for the equations must be established after the model
design is ready to be solved. The insulated walls were subject to a zero-charge boundary
condition in this situation. In the electrostatic process, Equation 1 defines the Poisson
equation. V=0, or the ground potential, is the voltage assigned to the sphere-type electrode,
and V=Vi, Vi being the needle electrode-specific potential, is the potential applied to the
needle-type electrode. It should be mentioned that the electric field lines are unaffected by the
insulating walls. According to IEC 60060-1 [14], a typical voltage connected to a lightning
strike can be subtracted from two exponential functions to find the voltage that is applied to
the electrode of the needle type:

t t
Vi =KVs (e_ﬁ - e_g) (6)

Where: K is a non-dimensional compensating factor. Two exponential functions must be
subtracted to keep the impulse voltage peak nearly equal to V.. The rising time is represented
by 71, while the falling time is represented by 72. In most circumstances, the greatest value
obtained by subtracting the exponential values of the functions is not equal to 1 [20].
Considering the Charge Transport Continuity Equations (2) to (4): At the outer insulating
boundaries, the electrode boundary conditions are defined as convective fluxes for all species.
Outflow boundary conditions for the sphere-type electrode potential and the needle-type
electrode potential apply to the three-carrier continuity equations. The outer boundary does

not have any specific flux boundary requirements for these equations. The streamer discharge
hydrodynamic model was solved with COMSOL Multiphysics version 6.0. The
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"Electrostatic" module was utilized to calculate Poisson's equation (Equation 1), while the
"Transport of Diluted Species" module was employed to solve the carrier continuity
Equations (2) to (4). Figure 2 illustrates the flowchart depicting the simulation process from
start to end, including the acquisition of results.
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Figure 2: Flow chart of the simulation process

3. Results and Discussions

Tracking and analyzing the streamer discharge's onset and progression inside the
configuration is the aim of the simulation to characterize its dynamics along the electrode
distance. The effects of the rising time on the streamers' properties, including their initiation
time, velocity, radius, and breakdown voltage, were also investigated. The data presented by
Beroual et al. indicated that a high electric field strength of roughly 2x10% V/m or more is
necessary to initiate streamer discharge in transformer oil. Therefore, from its initiation at the
needle electrode tip to its breakdown at the sphere electrode, the streamer was represented by
the distribution of electric fields between the electrodes.

The processes of streamer discharge initiation, different growth times, and breakdown in
transformer oil were examined. The impact of the rising time of the lightning impulse on the
behavior of streamer discharge was also investigated.

3.1. Streamer Initiation and Growth

The dynamics of the streamer discharge were studied by tracking the streamer initiation
and growth between the two electrodes. This was done by executing the simulation along the
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time required for the streamer to bridge the gap between the two electrodes and the
occurrence of breakdown. The breakdown occurs at a minimum voltage needed for the
streamer to bridge the 1mm gap. To find the minimum breakdown voltage, several simulation
tests were executed and determined at 85 kV with a rising time of 50 ns. The streamer spent
356 ns traveling from initiation to breakdown.

As mentioned above, the initiation of the streamer requires a high electric field value equal
to or greater than 2x10® V/m. So, to indicate the initiation and growth of the streamer, the
electric field distribution was presented as a surface distribution, as shown in Figure 3, and
for more clarity, as a line graph as in Figure 4, at different times from the initiation to the
breakdown. The color gradation represented the electric field values from minimum (blue) to
maximum (red).

As the streamer discharge moves along the axis of the needle-sphere electrode, the head of
the discharge exhibits the highest concentration of electric field, as demonstrated in Figures 3
and 4. These results are in line with previous studies [22, 23]. The strongest electric field
constantly travels from the needle to the sphere electrode due to the ionization of the oil
molecules and the distortion of the electric field brought on by the space charge. When the
streamer discharge enters the electrode gap, this phenomenon which resembles ionizing
waves occurs. When the streamer discharge hits the sphere electrode, the breakdown event

occurs.

® O

(e) ®

Figure 3: Streamer discharge evolution from initiation to breakdown stages at different
periods (a)l1ns (b)100ns (c)150ns (d)250ns (e)300ns (f)356ns
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Figure 4: A line graph for the electric field distribution along the axis of streamer discharge
at different periods from initiation at 11ns to breakdown at 356 ns.

The three stages of a streamer discharge breakdown process are start, propagation, and
breakdown. The location of the streamer discharge head determines which stage it is in.
During the initial(start) stage, Figure 3a, the needle electrode is the source of the streamer
discharge. It begins as a localized ionization region and gradually develops into a propagating
streamer. The propagation stage, Figure 3b, c, d, e, is challenging to simulate because it
requires significant computational capabilities. At this point, the streamer discharge spreads
and moves across the dielectric medium. The surrounding medium is gradually ionized and
breaks down along the streamer's journey. The breakdown stage occurs when the streamer
discharge touches the sphere electrode (Figure 3e). The breakdown process is currently
considered to be complete. Electrical current can flow between the needle and the sphere
electrodes because the streamer discharge makes a conductive route.

In the first stage, as streamers leak into the oil, the electric field strength at the streamer
front gradually increases. At the beginning of the streamer discharge, the electric field is
relatively small but progressively intensifies. An accumulation of ionization occurs at the
streamer front as a result of the electric field's increased gradient. Consequently, the streamer
velocity during this stage is relatively slow due to the increasing electric field strength. As
time progresses, the streamer velocity accelerates more rapidly due to the influence of
electrostatic forces on the charged particles. The streamer's length at any given time can be
used to calculate their speed. The time evolution of the electric field, the streamer diameter,

and the streamer velocity are displayed in Table 1.

Table 1 : Streamer characteristics

el The electric field at the Streamer velocity Streamer diameter

streamer front (V/m) km/s (mm)

11 2.15 x 108 0.36 0.0556

100 4.86 x 108 1.27 0.182

150 4.78 x 108 1.827 0.202

250 4.94 x 108 2.294 0.198

300 5.13 x 108 2.482 0.174

356 5.21 x 108 2.780 0.168

The average on all periods 5.18 x 108 1.835 0.163
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It was indicated that the minimum value observed in the streamer velocity during the
initiation stage was 0.36 km/s at 11 ns, while the maximum value was 2.78 km/s at 356ns.
Also, as in Table 1, the streamer diameter started at 0.0556 mm and developed with time to
0.168mm.

At the propagation stage, the velocity of charged carriers and the ionization process in front
of the streamer front are in balance. Moreover, there is equilibrium in the distortion of the
electric field brought forth by the space charge area. As a result, the shape of the streamer
discharge remains unaltered, only expanding along the z-axis. The velocity of the streamer
during the propagation stage remains relatively constant. The recorded velocities are
consistent in behavior with the results obtained from a numerical analysis mentioned by
Hwang et al. [24]. Additionally, as the streamer discharge progresses, the strength of the
electrical field varies and holds steady at various intervals; the stability of the streamer and
electric field propagation contribute to the strength of the electric field. The ionization of
molecules and the transport of charged carriers in the presence of a strong electric field
impact these highly interconnected processes. At the leading edge of the streamer discharge,
the amplitude of this electric field closely resembles the findings from the experimental
investigation of Lesaint and Top [25].

The electric field rapidly redistributes at 356 ns the moment the streamer discharge contacts
the sphere electrode (the cathode). Numerous electrons and ions are produced close to the
cathode as a result of this redistribution. Consequently, the streamer's stability and form alter.
These changes signal that the streamer discharge has come to the breakdown point, bringing
the breakdown phase to an end, upon hitting the ground sphere electrode.

Figure 5 shows the morphology and process of the space charge density. Streamers, or
plasma channels, are visible, flowing at different moments from the needle electrode to the
sphere electrode. In the oil model system, the density of space charge distribution is
positioned above the electric field characteristics. Despite this, Figure 4 (a, b, ¢, d, e, f) shows
a high correlation between the density of space charge distribution and the peaks in the
electric field profile. The space charge distribution over time shows that mostly positive ions
enhance the electric field dispersion. Positive ions are produced by the electric field-
dependent molecular ionization process. High-mobility electrons are swept out of the
ionization zone and taken up by the positive electrode, as explained by Hwang et al. [30].

o2

Line Graph: Space charge density (Cim3)

— 1ns
—— 100ns
700 |- I I||  icone
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—— 300ns
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\_ . |

o 0.1 0.z 0.3 0.4 0.5 06 0.7 0.8 0.9 1
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Figure 5: A line graph for the space charge distribution along the axis of streamer discharge
at different times from initiation at 11ns to breakdown at 356 ns.
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3.2. Effect of Rising Time

The rising time of the applied voltage impulse is an important parameter affecting the
discharge behavior between the two electrodes. To examine this effect, the same procedure
was repeated at different rising times (25, 50, 75, and 100 ns); the streamer was tracked from
initiation to breakdown, and the characteristics are shown in Table 2. Figure 6 illustrates a
surface distribution for the time development of the electric field (according to streamer
development) at different rise times from the streamer discharge initiation at the tip of the
needle electrode to its breakdown at the spherical electrode.

300 ns 350 ns 395ns
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(T1 1

300 ns 350 ns 416 ns
Figure (6): Streamer discharge evolution with applied voltage impulse rising times a) 25 ns,
b) 75 ns, and ¢) 100 ns.

As shown in Figure 6, for all values of rising times, the streamer generally depicted the same
behavior as described in Figure 5. However, a more detailed analysis shows that the rising
time affects the characteristics of the streamer, as summarised in Table 2.

Table 2: Streamer characteristics for different rising times

Rising . Initiation Ults @ Bl il Strearper Streamer Breakdown
time (ns) LRl (5 time (ns) it str(e\a};rrf)r o V(El:(lglc/lst)y diameter (mm) | voltage (kV)

6 2.22x 108 1.15 0.192
80 4.77x 108 2.058 0.219
160 6 5.02 x 108 2.45 0.212

25 200 5.33x 108 2.49 0.184 79
240 5.53x 108 2.77 0.142
302 5.95% 108 32 0.1036
The average on all periods 4.80x 108 2.353 0.175
11 2.15 x 108 0.36 0.0556
100 4.36 x 108 1.27 0.182
150 4.78 x 108 1.827 0.202

50 250 1 4.94 x 108 2.294 0.198 35
300 5.13 x 108 2.482 0.174
356 5.21 x 108 2.780 0.168
The average on all periods 442 x 108 1.835 0.163
15 2.16x 108 0.058 0.024
100 4.66x 108 0.935 0.196

200 4.77x 108 1.816 0.2

75 300 14 4.75x 108 2.331 0.204 96
350 4.84x 108 2.53 0.19
395 4.81x 108 2.622 0.208
The average on all periods 4331 x 108 1.715 0.170
19 2.09x 108 0.37 0.024
100 4.32x 108 0.69 0.187
200 19 4.74x 108 1.276 0.197

100 300 4.85x 108 1.81 0.202 100
350 5.08x 108 2.007 0.198
416 4.93x 108 2.376 0.196
The average on all periods 4335 x 108 1.421 0.167

4973




Ahmed and Khalaf Iraqi Journal of Science, 2025, Vol. 66, No. 11, pp: 4963- 4976

Table 2 shows that even as the electric field at the streamer front and streamer
velocity drops, the initiation time rises as the rising time increases. Additionally, there are
some variations in the diameter of the streamers at the stable point. The delay in the applied
voltage rising can be used to explain the decrease in the electric field, and the same delay can
be used to explain the increase in start time and the decrease in streamer velocity. All this
clarifies why the breakdown voltage rises as the rising time increases. Stated differently, a
quicker rise time results in an increase in the streamer discharge diameter because an electric
shock shocks the liquid molecules, particularly those close to the tip electrode. The charge
distribution widens to form a larger area surrounding the tip electrode as a result of a faster-
rising electric field limiting the electrons' ability to disperse across the liquid volume.
Consequently, this leads to a larger streamer discharge diameter [29]. Also, streamers
generated by steeper applied voltages demonstrate a slightly reduced maximum electric field
at the streamer head compared to streamers produced by voltages with shorter rise times. The
larger curvature radii of the streamer heads formed by shorter rise times are primarily
attributed to this decline in electric field intensity. Streamer velocity decreases
instantaneously as a result of these dips in the highest electric field ahead of the streamer and
the required breakdown voltage must be greater.

4. Conclusion

The process of initiating and propagating streamer discharge in transformer oil was
examined in this research utilizing the COMSOL Multiphysics package version 6.0 and the
numerical finite element method. The findings gathered allow for the following conclusions
to be made:
The electric field was less due to the applied voltage impulse's delayed rising time, which in
turn delayed the streamer's initiation at the needle electrode. The decrease of the electric field
resulted in a decrease in the streamer's velocity, which in turn led to a higher voltage that
broke the insulating liquid gap between the two electrodes.
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