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Abstract—An electro-thermal hydrodynamic model is presented
to evaluate effects of the applied lightning impulse voltage
parameters such as polarity, magnitude, and rise-time on the
initiation and propagation of the streamers formed in an IEC
defined needle-sphere electrode geometry filled with transformer
oil. Instantaneous velocity, column diameter, head curvature,
maximum electric field, and the volume charge density have been
investigated as the main characteristics of the streamer.
Modeling results indicate that greater applied voltage peak
amplitudes form streamers with higher velocity, greater head
curvatures and thicker columns. The bushy negative streamers
usually initiate at almost twice the applied voltage magnitude and
propagate slower than filamentary positive streamers. Results
also show that in transformer oil at the same impulse voltage
peak amplitude, shorter rise-times create thicker positive and
negative streamers.

Index Terms—Dielectric breakdown,
streamers, impulse lightning voltage.
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I. INTRODUCTION

Transformer oil is of high technical interest in compact
pulsed power technologies, high voltage insulation and
power apparatus cooling due to its electrical breakdown
strength and thermal cooling capabilities which are
considerably greater than gaseous insulators, while its ability
to conform to complex geometries means that they are often of
more practical use than solid insulators. The phenomenology
of liquid breakdown has been the subject of theoretical and
experimental studies for many years but still is not fully
understood [1]-[6]. Electrical breakdown in liquid dielectrics
is carried out by streamers with low-density conductive
structures, which form in regions of the liquid that are
electrically over-stressed (1X108 V/m or greater) [1]-[6].
Formation of streamers in transformer oil is due to the field
dependent molecular ionization of hydrocarbon molecules at
intense electric field [5]-[7]. The extent of a streamer also
depends upon the characteristics of the pulsed electrical
excitation such as polarity, magnitude, duration, rise time, etc.
This paper investigates the breakdown physics of transformer
oil using an electro-thermal hydrodynamic model. Positive
and negative streamers are compared in a needle-sphere
electrode geometry defined by IEC 60897 as shown in Fig. 1.
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Figure 1: Needle-sphere electrode geometry used for streamer simulation
purposes as described in IEC 60897 standard [8]. The electrodes are 25 mm
apart and radii of curvature of the needle electrode and the spherical electrode
are 40 um and 6.35 mm, respectively.

The basic structure of the two-dimensional (2D) axi-
symmetric model developed in this paper is analogous to those
used in [5], [6]; however, several key improvements have been
made in the present version of the model, including:

* Lightning impulse voltages (based on IEC standard
definition [9]) have been applied instead of Heaviside step
functions used in [5], [6] to make the results comparable to
the experimental records.

* Effects of the electric field on the hydrocarbon molecules
ionization potential are taken into account based on results
derived from quantum chemistry theories [7].

* More consistent stabilization techniques have been
employed to solve the conservation of charge equations for
each charge carrier.

¢ Different combinations of direct and iterative solvers have
been employed which enables the model to solve the
equations with much grater spatial resolutions.

This paper is organized with Section II describing the
governing equations and the boundary equations of the
electro-thermal hydrodynamic model as well as a detailed
description of the electric field dependent molecular
ionization. Section III gives the results of the streamer model
for different polarities and peak amplitudes. The effects of the
applied voltage rise-times on the positive and negative
streamers are discussed in Section IV. Section V addresses the
weak points of the model mostly pertaining to the molecular
properties of the dielectric liquid. The paper concludes in
Section VI with a summary of the key results of the model.



II. GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

A three-carrier continuum model is utilized to account for
the charge generation and capture mechanisms, which are
critical in the study of streamers. The governing equations that
contain the physics to model streamer development are based
on the drift-dominated charge continuity equations (1)-(3) for
positive ion (p,), negative ion (p,) and electron (p.) charge
densities, coupled through Gauss’ law (4). The thermal
diffusion equation (5) is included to model temperature
variations (7) and gas formation in oil. The negative ion and
electron charge densities are both negative quantities.
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where v, &, kr, ¢,, and p; are the oil’s velocity, permittivity (2.2
&), thermal conductivity, specific heat, and mass density,
respectively. Representative values for transformer oil can be
found in Table I. In the microsecond time scales of interest for
streamer formation, the oil’s velocity is negligible such that v
= 0. Also, ¢ is the magnitude of electronic charge and E is the
local electric field. The parameters u,, u, and u. are the
mobilities of the positive ions, negative ions and electrons
respectively. The values of mobilities are taken from primary
references of [6]. R,,and R, are the ion-ion and ion-electron
recombination coefficients obtained from the Langevin
relationship R,,= Rp= q(u,tu,)/e [5]. The two rates are
assumed equal since using the Langevin relationship for the
ion-electron recombination rate leads to overestimation. The
Langevin recombination relationship is a diffusion limited
process and valid for situations where the electric field levels
are low to moderate and the recombining species are of similar
physical scale. To compensate for the reduction in the
recombination cross-section caused by high electric field
levels, we have used the Langevin recombination term for ion-
ion recombination to model ion/electron recombination.

This approach effectively compensates for the reduction in
the recombination cross-section by reducing the apparent
electron mobility. In addition to recombination, electrons also
combine with neutral molecules to form negative ions. This
process is described as an electron attachment time constant, z,
=200 ns [8].

The generation and recombination terms play a key role in
describing streamer dynamics. In spite of the recombination
terms that are defined by constants, the field ionization charge
density rate source term, G, is modeled using the Zener
model of electron tunneling in solids [11]:
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Parameter /=6.626068x10* m’kgs” is the Planck’s
constant. The other parameter values as listed in Table I are
consistent with those used in [5], [6] except electric field
dependent ionization potential, 1p(E)=A_y\/|f , which has

been derived by Density Functional Theory (DFT) [12]. Smale
et al. have used DFT to find out the effect of the intense
electric field on the ionization energy of hydrocarbons [7].
The ionization energy for the different aromatic, naphthenic
and paraffinic hydrocarbon molecules, are derived and fitted
by linear regression. Models that use generation term in Eq.
(6) with constant ionization potential, /P [5], [6] are not able
to describe positive streamers formed by extremely high
voltages (above +200 kV) and negative streamers. By
importing the electric field dependent ionization potential
function derived by DFT into Eq. (6), we have:
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Application of the generation term in the form of Eq. (7) in
Eq. (1), and Eq. (3) enables the model to describe the negative
streamers and positive streamers formed by extra high
voltages (>200kV) [15]. Representative parameter values for
the ionization potential function are listed in Table I as well as
other parameters used to solve governing equations (1-6).

TABLEI
PHYSICAL PARAMETERS USED IN THE STREAMER MODEL
Symbol Parameter Value
oy Number density of ionizable 1x10% m? [4,5]
species
a Molecular separation distance 3.0 x 10" m [4,5]
m* Effective electron mass 0.1xm, = 9.1x10"2 kg [24]
A,y Ionization potential function 1.16x10" J, 1.118x10™
parameters Jm'"? V"2 (7], [12]
Ry Rpe Ion-lon‘and‘ ion-electron 1.64x10"7 m's”! [5]
recombination rates
It Positive and negative ion mobilities 10° m*V's' [6]
e Electron mobility 10 m*V's!
¢y Specific heat 1.7x10° Jkg 'K
P Oil mass density 880 kgm™
kr Thermal Conductivity 0.13 Wm'K"
q Electronic charge 1.602x107"°C




Consistent boundary conditions have been applied to the
streamer model. The potential of the sphere electrode is set to
the ground. The needle electrode potential is defined using
two subtracting exponential voltages to create the standard
lightning impulse voltage according to IEC 600060-1 [9] as:
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where K is a non-dimensional compensation factor to
determine the polarity of impulse voltage and to keep the peak
amplitude of the impulse approximately equal to V%, since in
general, the maximum value of subtraction of two exponential
functions is not generally 1.

The top, bottom and side insulating walls shown in Fig. 1
have been assigned to have zero normal displacement field
components (7-D=0). This boundary condition acts like a
continuity equation, which means no terminating walls are felt
by electric field lines across the walls. The electrode boundary
conditions along the charge transport continuity equations are
convective fluxes for all species, while insulating wall
boundaries are assigned to have no flux of any species. All
boundaries are set to zero normal thermal diffusive flux (i.e.,

7i.VT =0 ) making the approximation that the system is
adiabatic on the timescales of interest.
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Figure 2: IEC 60060 lightning impulse voltage (non-dimensional, 7 =V /¥, )
with rise-time ¢, (10% to 90% of peak voltage) versus non-dimensional time,

7=1t/7, generated with subtracting two exponential functions.

Since diffusion of the charged species is assumed to be
negligible in Eq. (1-3), we have solved the conservative form
of the general convection and diffusion equations with
triangular quartic elements. Numerical solutions of the charge
continuity equations usually exhibit harsh oscillations given
that the exact solutions are smooth and continuous. These
spurious oscillations are caused by numerical instabilities [13],
[14]. To avoid these severe local oscillations that exist in the

number density of charged species of previous model [5], [6],
which has been solved using only the artificial anisotropic
streamline diffusion (AISD) formulation for the scalar
convection-diffusion equation, nonlinear crosswind diffusion
(CWD) has been applied as an artificial diffusion stabilizer in
addition to different types of streamline diffusions (SDs) such
as (anisotropic, compensated streamline upwind Petrov-
Galerkin (SUPG) and Galerkin least-square methods) to solve
the charge continuity equations. It has been shown in [13] that
CWD is less over-diffusive than other discontinuity-capturing
techniques and leads to a better numerical behavior, while it is
computationally expensive due to its non-linear nature [14].
On the other hand, SD techniques effectively stabilize the
system and accelerate the solution. We have applied both SD
and CWD at the same time to optimally stabilize the
numerical solution [14]-[16]. Both artificial diffusion
techniques are tuned to balance a tradeoff between removing
nonphysical local oscillations (due to SD) and excessively
smooth results just next to the walls (due to CWD). An
average has been taken whenever any discrepancy is observed
between results of different SD techniques mentioned above.

Two direct solvers, MUMPS and PARADISO are employed
separately to solve the streamer model. These solvers are well
known to be robust and memory efficient tools in parallel high
performance computing [14]. Solutions of these solvers are in
an excellent agreement for 10° degrees of freedom. These
direct solvers have the advantage of more accuracy compared
to iterative solvers, and on the other hand, they are
computationally much more expensive. Since the present
model contains nonsymmetrical matrices and nonlinear
equations (due to the CWD), combinations of direct and
iterative solves have been applied to speed up the solution of
the model. Three computer machines with a total 36 threads
(~3.4 GHz) and 188 GB are used in parallel to solve Eq. (1)-
(7) with given boundary conditions.

III. EFFECTS OF POLARITY AND PEAK AMPLITUDE

It has been experimentally observed that streamer
propagation characteristics are strongly dependent on the
voltage polarity and peak amplitude [1]-[3]. In the case of
transformer oil, experimental evidence has shown that
streamers emanating from a positive electrode tend to initiate
at lower applied voltages and propagate faster and further than
negative streamers [1]-[3]. A few streamer propagation modes
have been identified for lightning impulse voltage excitations
depending on the peak amplitude of the excitation voltage. For
instance, the 2™ mode positive streamers initiate at the
breakdown voltage, which denotes 50% probability of
breakdown, while the 3" mode initiates at the acceleration
voltage (roughly 2 times greater than 50% breakdown voltage)
where the streamer propagation velocity rises dramatically [2],
[3]. Average propagation velocities for 2™ and 3™ mode
streamers are on the order of 1 km/s and 10 km/s respectively
[2], [3]. In the literature, the 1*mode of positive streamers is
often ignored as it has a low probability of leading to
breakdown [6]. Similar modes have been defined for negative



streamers depending on applied voltage magnitude [2].
Simulation results clearly show the effects of applied voltage
peak for both polarities. Figure 3 shows a filamentary positive
streamer formed by an applied voltage with +130 kV peak and
100 ns rise-time at =155 ns. The initiation velocity and
diameter of this streamer are clearly less than a positive
streamer formed by an applied voltage with +200 kV peak and
100 ns rise-time shown at =100 ns in Fig. 4. The effect of the
applied voltage peak is even more evident in Fig. 5 showing a
higher mode positive streamer formed by an applied voltage
with +400 kV peak and 100 ns rise-time shown at /=100 ns.
The average velocity of +400 kV is at is approximately greater
by factors of 4 and 2 than +200 kV and +130 kV respectively.
In addition, it can be seen in these figures that higher applied
voltages create thicker positive streamers.
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Figure 3: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a positively applied lightning
impulse voltage with 130 kV peak and 200 ns rise-time at =155 ns. No
discharges are observed for a 130 kV negatively applied impulse voltage.

Positive streamers formed by +130 kV and +200 kV
impulse voltages (shown in Figs. 3 and 4) almost reached their
eventual diameters after the streamer head travels about 250
pm from the positive needle tip. However, it takes relatively
longer time for +400 kV streamer to attain its ultimate
diameter. This streamer is shown after 200 ns in Fig. 6, when
the variation of the streamer diameter is almost damped. We
will further discuss the positive streamer diameters in Section
V.
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Figure 4: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a positively applied lightning
impulse voltage with 200 kV peak and 100 ns rise-time at /=100 ns.
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Figure 5: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a positively applied lightning
impulse voltage with 400 kV peak and 100 ns rise-time at /=100 ns.
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Figure 6: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a positively applied lightning
impulse voltage with 400 kV peak and 100 ns rise-time at /=200 ns.

In spite of filamentary positive streamers, negative
streamers form in a bushy shape as shown in Figs. 7 and 8.
The negative streamer produced by an impulse with -400 kV
peak and Ins rise-time grows in both axial and radial
directions to build an ionized bubble in the vicinity of the
negative needle. Such a bushy configuration of the net charge
density significantly shields the intense electric field, which
leads to a significant drop in the streamer velocity after the
streamer front travels about half a millimeter from the needle
tip. The negative streamers cannot initiate in a filamentary
shape, since the opposing electric field formed by stationary
ions slows down the electrons; while in positive streamers,
sluggish positive ions assists the electric field amplification
ahead of he streamer, which accelerates the filamentary
streamer even at a few millimeter from the needle tip.

Increasing the applied voltage peak amplitude affects
negative streamer shape and the velocity of negative streamers
fairly similar to the positive counterparts. Figure 8 shows a
negative streamer formed by an applied voltage with -600 kV
and 1 ns rise-time. Comparing Figs. 7 and 8 clarifies that
higher voltages create a bulkier ionized bubble, which grows
faster, and further in both axial and radial directions. As can
be seen in Fig. 7 and 8, the negative streamers occupy much
more volume since the highly mobile electrons are repelled by
the negative needle electrode and migrate into the liquid bulk.
On the other hand, applied positive impulse voltage extracts
the electrons from the ionization zone back to the needle
electrode creating a positive space charge region that reduces

the electric field near the needle electrode and enhances the
electric field ahead of the positive space charge region. The
field enhancement makes the positive streamer initiation
possible at lower applied voltage peak amplitudes compared to
the negative streamers.
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Figure 7: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a negatively applied lightning
impulse voltage with -400 kV peak and 1 ns rise-time at /=2 ns.
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Figure 8: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a negatively applied lightning
impulse voltage with -600 kV peak and 1 ns rise-time at /=2 ns.

The model reveals that the velocity and the shape of
positive streamers are approximately insensitive to the
changes in electron mobility as long as it is about two orders
of magnitude greater than the ion mobilities. The experimental
results confirm this prediction of the model as reported in [17].
However, the shape and the velocity of negative streamers are



quite sensitive to the electron mobility.

The main difference in the effects of the higher applied
voltage peak amplitudes between positive and negative
streamers is that the higher positive applied voltage peaks lead
to an increase in streamer velocity and streamer diameter and
not the electric field ahead of the ionized region while in
negative streamers both electric field ahead of the ionized
body and the streamer velocity are increased by higher
negative peaks as can be seen in Figs. 4-8.

Ionizing the oil molecules into slow positive and negative
ions and fast electrons quickly develops a net volume charge
because the highly mobile electrons are swept away from the
ionization zone leaving behind the low mobility positive and
negative ions. The net charge density at the streamer crust,
with the same polarity as the needle electrode, modifies the
electric field distribution in the oil such that the electric field
close to the needle electrode decreases while the electric field
magnitude ahead of the ionized volume in the oil increases.
The new enhanced electric field distribution leads to
ionization occurring further away from the needle electrode,
which in turn causes further modification of the electric field
and charge distributions. The ultimate result of these
electrodynamic processes is the development of an ionizing
electric field front, which is a moving dissipative charge
carrier source due to the collisions, raises the temperature to
vaporize transformer oil and create a gas phase. The
temperature rise in the negative streamers is considerably
greater over a larger volume. Experimental results have shown
that negative streamers initiated from the needle electrode
generate gas bubbles around the needle with diameters on the
order of 1-mm in transformer oil [18]-[20]. These
observations support the numerical results of our model
obtained for negative streamers, since in the larger ionized
body around the negative needle, the temperature is about
5000 K, about one order of magnitude higher than the boiling
point of the transformer oil (~500 K). Therefore, it is
reasonable to think of a vapor phase generated inside the
bushy ionized body around the negative needle. On the other
hand, since the volume that must be ionized by negatively
applied impulse voltage is much larger, the negative streamers
demand more energy to form. As a consequence, negative
streamer formation occurs at a higher impulse voltage peak
than their positive counterparts.

Figure 9 shows the distance of the streamer head from the
needle tip for positive and negative streamers initiated by
different applied voltage peaks. Error-bars in Fig. 9 show the
range of results obtained by application of different streamline
artificial diffusions (anisotropic, compensated streamline
upwind Petrov-Galerkin (SUPG) and Galerkin least-square
methods) to solve continuity equations and the curves are
plotted by taking averages on the results of these artificial
stabilization techniques. The streamer velocity under +400 kV
is roughly 2 times greater than +200 kV streamer velocity
which itself is 2 times greater than +130 kV streamer velocity.

The velocity of the negative streamers is initially higher
than positive streamers, however, the instantaneous velocity of
a positive streamer tends to increase after a few tens of

nanoseconds, before the streamer reaches ~1.2 mm from the
needle, while the negative streamer velocity decreases
significantly after the initial bubble formed around the needle.

At the point 1.5 mm from the needle, the streamer
velocities are ~2.5 km/s, 5 km/s, 12 km/s, 1 km/s and 3 km/s
for streamers formed by applied voltages peaks of +130 kV,
+200 kV, +400 kV, -400 kV and -600 kV respectively which
correspond well with experimental results of [2], [3] and [17].

Beyond ~1.5 mm from the needle both positive and
negative streamer velocities gradually decrease. The positive
streamer velocity falls to ~1 km/s, ~3.5 km/s and ~6 km/s for
130 kV, 200 kV and 400 kV applied voltage peaks
respectively, which are again in good agreement with
corresponding experimental results of [2]-[4] and [17].

It has also been presented in [2] that initiation velocities of
3 mode positive streamers (occurring above 200 kV in a 25
mm gap) are at most 2~3 times greater than 2" mode. The
dramatic rise in positive streamer propagation velocity only
appears when the 3™ mode streamer head travels about 8~10
mm from the needle tip [3] which is not covered in Fig. 9. Our
2-D axisymmetric model is unable to keep track of the
streamer head velocity this far, since at these points branching
usually happens [2]. The branching phenomenon is one of the
most interesting characteristics of the streamers in dielectrics,
which is not physically understood. The present 2-D
axisymmetric model is not able to keep the track of the off-
axis branches emanating from the main streamer root, since it
forces the entire streamer development process to stay in axial
symmetry.
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Figure 9: Streamer head average distance from needle tip for positive and
negative applied voltages with different peak amplitudes. Positive streamer
velocity tends to time increases, while a negative streamer decreases
significantly after an initial bubble is formed around the needle. Error-bars
show the range of results obtained by each of the artificial streamline
diffusions (anisotropic, compensated streamline upwind Petrov-Galerkin and
Galerkin least-square methods) to solve the charge continuity equations. The
streamer velocity under +400 kV is roughly 2 times greater than +200 kV
streamer velocity which is itself 2 times greater than +130 kV. Dissimilar rise-
times for positive and negative streamers are shown to ease comparison
between positive and negative streamers with velocities on the same order.



IV. EFFECTS OF RISE-TIME

Unfortunately, there is not enough experimental evidence to
clarify the effects of the applied voltage rise and fall times on
the shape and velocity of positive and negative streamers in
dielectric liquids. Briels et al., have shown in [22] and [23]
that the applied voltages with shorter rise-times -create
streamers with visibly larger diameters in gaseous media. Our
model shows that impulses with steeper rises form thicker
positive and negative streamer columns in transformer oil as
well (see definition of 10%-90% rise-rime of applied impulse
voltage defined by IEC in [9]). It is already shown that
increasing the applied voltage magnitude rises both the initial
ionized volume and the eventual streamer column diameter
(Figs. 3-9). The effects of applied voltage rise-time on the
positive streamer shape can be seen in Figs. 4, 10-13 for
positive streamers and in Fig. 14 for negative streamers. The
greater streamer diameter formed by steeper applied voltages
is caused by the fact that shorter rise-times (higher rate of rise
of electric field intensity) impose a stronger electrical
ionization shock, especially around the needle. A faster rising
electric field prevents the highly mobile electrons to diffuse
into the bulk oil and by capturing more electrons over a larger
volume forms a bulkier initial ionized volume, which ends up
with a greater streamer column diameter. We have observed
such phenomena in different polarities and peak amplitudes.
For conciseness, the effects of the rise-time are shown only on
the positive streamers formed by applied voltages with +200
kV peak amplitudes in Figs. 4, 10-13 and for the negative
streamers formed by applied voltages with -400 kV and -600
kV peak amplitudes in Fig. 14. The positive streamer shown in
Fig. 10 is slightly thicker compared to the one that is formed
with longer rise-time as shown in Fig. 4. The difference
between streamer diameters is more evident for the positive
streamers formed by +200 kV impulse voltages with 10 ns and
1 ns rise-times shown in Figs. 11 and 12, respectively.
Comparing Figs. 4, 10, 11 and 12 also suggests that the
maximum electric field at the streamer head is slightly less
ahead of the streamers formed by steeper applied voltages.
Such drops in electric field magnitude are mainly caused by
greater radii of curvature of the streamer heads formed by
shorter rise-times. The other fact that contributes to the drops
in electric field in thicker streamers is that the maximum
volume charge density is also less for streamers formed by
positive applied voltages with smaller rise-times. Such drops
in maximum electric field ahead of the streamer directly
lessens the instantaneous streamer velocity, which can lead to
lower the chance of total breakdown over the gap if the pulse
width (fall time) is not sufficiently long. Our model predicts
relatively similar positive streamer behavior for other positive
applied voltage magnitudes, such as +130 kV and +400 kV.

Decreasing the applied voltage rise-time, also broadens the
distribution of the highly ionized volume close to the needle
which can be considered as increasing the chance of
branching. For instance a streamer formed by an impulse
applied voltage with +200 kV peak and 1 ns rise-time
occupies much more radial space than the positive streamer
shown in Fig. 4. The model must be extended to a full three-

dimensional geometry to involve the physics of streamer
branching and at this point, based on 2-D axisymmetric
models we can only evaluate the branching possibility which
seems to be more for applied voltages with greater peak
amplitudes and/or shorter rise-times.
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Figure 10: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a positively applied lightning
impulse voltage with +200 kV peak and 50 ns rise-time at =70 ns.
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Figure 11: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a positively applied lightning
impulse voltage with +200 kV peak and 10 ns rise-time at 7=8.5 ns.
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Figure li: Electric field magnitude and lines (right side) and the net charge
density and equipotential lines (left side) for a positively applied lightning
impulse voltage with +200 kV peak and 2 ns rise-time at /=2 ns.

The diameter of the positive streamers gadually decreases
when it elongates. The diameter reduction rate clearly depends
on the applied voltage peak amplitude and rise-time. Figure 13
compares the positive streamer head radii of curvatures when
the streamers travel a half-millimeter from the positive needle
tip. It must be realized that the streamer head velocities, time
instants, the instantaneous voltages are different for the cases
shown in Fig. 13, however, the positions of the streamer heads
are identical.
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Figure 13:Volume charge densities and electric field distributions for different
positively applied voltage peak amplitudes and rise-times. The pictures are
shown for the instant times that the streamer heads travel half a millimeter
from the needle tip. Space charge densities are shown as filled contours from
0.5|pma| (the brightest color) to |p..| (the darkest color). Electric field
contours are shown as black solid lines from 0.5|E,.| to |E,a|- The value of
each contour is labeled on the curve as a fraction of |E,..|. The streamer head
curvatures can be compared between streamers formed by (a): 130 kV with
1.2 ps rise-time: |E,o|=3.1x10° V/m | |pua/=4.25%10° C/m’; (b): 130 kV with
100 ns rise-time: |E,,{=2.9%x10° V/m | [p,|=3.94x10° C/m’; (c): 200 kV with
1.2 ps rise-time: |Epa|=2.9%10° V/m | [p,=3.12x10° C/m’; (d): 200 kV with
100 ns rise-time: |Eyq,[=2.8x10° V/m | |p,e=2.43%10° C/m’; (e): 400 kV with
1.2 ps rise-time: |E,u|=2.6x10° V/m , |pna|=1.54x10° C/m’; and (f): 400 kV
with 100 ns rise-time |E,,q,|=2.4x10° V/m , |,,=0.93x10° C/m’.

Similar comparisons are also performed for the negative
streamers in Fig. 14. Like positive streamers, increasing the
applied voltage rise-time decreases the streamer volume over
the same course of time. Comparing the right and left sides of
Fig. 14 also shows that increasing the negatively applied
voltage rise-time also decreases the radial velocity of the
ionized bubble, which decreases the chance of branching. It
also can be seen that increasing the applied voltage peak
amplitude has a similar effect on the negative streamer volume
as decreasing the applied voltage rise-time.

Increasing rise-time of the negatively applied voltages also
decreases the maximum ionization rate, G, and its gradient.
It is visible for streamers formed by -400 kV peak and 100 ns
rise-time. Regarding the streamers formed by -600 kV and 100
ns rise-time, it must be noted that the ionization rate is slightly
less than 0.5|G,,| for points closer than 0.1 to the needle
which are not shown in Fig. 14 to prevent confusion with a -
400 kV, 100 ns negative streamer.

Negative
Needle

600 kV

100 ns
t=200 ns

Axis of symmetry

Figure 14: Electric field distributions and charge density generation rates for
different negatively applied voltage peak amplitudes and rise-times. Space
charge density generation rate, Gy, are shown as filled contours from 0.5|G e
(the brightest color) to |G,..| (the darkest color). Electric field contours are
shown as black solid lines from 0.5|E,.| to |E,..|. The value of each contour is
labeled on the curve as a fraction of |E,.| The approximate radius of an
ionized bubble can be compared between different applied voltage peaks and
rise-times: -250 kV with Ins rise-time (upper right): |E,...|=1.01x10° V/m and
|Grax|=0.7x10"" Cm7s™; -400 kV with Ins rise-time (middle right):
|Epae|=1.42x10° V/m and |G,/ =1.2x10"" Cm”s™"; -600 kV with Ins rise-time
(bottom tight): |E,e|=1.75x10° V/m and |G,.|=6.21x10"" Cms™; -400 kV
peak with 100 ns rise-time (upper left): |E,.]=0.95x10° V/m and
|Gonax|=0.84x10" Cm?s™; and -600 kV peak with 100 ns rise-time (bottom
left): |Epe|=1.15x10° V/m and |G, =1.21x10" Cms™.



V. EFFECTS OF TRANSFORMER OIL PROPERTIES

Transformer oil is not a pure liquid hydrocarbon, but is a
mixture of many different naphthenic, paraffinic, and aromatic
molecules with a complex molecular structure. This feature of
transformer oil makes it difficult to characterize many
parameters, such as electron mobility. The electric field
dependent molecular ionization is the key mechanism for
streamer development in transformer oil. Except for the
ionization potential function, we have imported the rest of the
parameters into the model using simple assumptions with no
or weak experimental records. Firstly, there are multiple
evidence indicating that effective electron mass, m* is a
function of electric field while we have imported a constant
value for zero electric field due to the lack of reference. It is
fairly complicated to derive a function for effective mass of
free electrons [24], which is in the scope of this research.
Secondly, the number of the ionizable species, ny, is not really
known for different situations of transformer oil. The previous
works have assumed empirical values for ny [5], [6]. The
model results indicate that there is a semi-linear relation
between numbers of ionizable species, ny, and the streamer
velocity. The number of ionizable species, ny, has been simply
increased to model higher modes of positive streamers in [25],
however, as discussed in Section III, the 3" mode positive
streamer velocity only rises an order of magnitude when the
streamer reaches 8~10 mm from the needle tip [2]. Therefore,
it seems that 7, is a function of electric field intensity itself,
which is not known to the best of the authors’ knowledge.

The third important parameter, which is not known
precisely, is the electron mobility. The value, shown in Table I
for electron mobility is derived from Walden’s rule, which
assumes the electron is a spherical particle and uses a classical
electron radius, R, known as the Lorentz radius [5]. However,
a simple dependence of particle mobilities on the bulk oil
temperature [1] applied to the model has significantly
increased the negative streamer velocity [14].

The temperatures obtained in the model for streamer core,
indicate that a gas (vapor) phase develops underneath the
streamer crust due to collisions. The model does not cover the
ionization process in the gas phase. Future studies should
include impact ionization in gas phase as well as liquid bulk
[26, 27] to better model the pre-breakdown mechanisms
behind streamer propagation.

As a conclusion, the exact parameters describing the actual
behavior of the hydrocarbon molecules in the pre-breakdown
stage are not fully known and there is still much work
remaining to be done on the characteristics of the transfer oil
molecule under electrical and thermal stresses.

VI. CONCLUSION

Mechanisms behind the positive and negative streamers
formed by standard impulse voltages with different peak
amplitudes and rise-times have been compared using an
electro-thermal hydrodynamic model. Simulation results
indicate that negative streamers demand higher peak voltages
to initiate from a needle electrode. Also, bushy negative
streamers initially occupy larger volume around the needle
electrode compared to the filamentary positive streamers. An

initial ionized body formed by negatively applied impulse
voltage propagates slower due to the lower electric field
enhancement ahead of the ionized region. When the ionized
body grows a few millimeters from the negative needle, the 2-
D axisymmetric model fails to track the physical velocity of
the negative streamer, since in spite of positive streamers,
experiments confirm that the negative streamers cannot
propagate in a stable single on-axis streamer column and the
formation of the off-axis branches are inevitable for negative
streamer propagation beyond a few millimeters. Branching
phenomena must be studied in a computationally expensive
full 3-D model, which is in the scope of this continuing
research. Including the electric field dependence of ionization
potential derived using DFT [7], [11] enables the presented
model to physically describe the higher streamer velocity and
streamer column diameter under higher applied voltages. The
model confirms that higher mode velocities do not take place
until the streamer travels beyond 8~10 millimeters from the
needle electrode as already observed in experiments [2].

Our model also indicates that the applied voltages with
smaller rise-times form thicker streamer columns in liquid
dielectrics, while applied voltages with longer rise-times
create thinner streamers. Such effects have been reported from
experiments on the streamer formed in gaseous media.

The molecular structure and behavior of liquids is more
complex than gases and solids and even in the purest liquids
there exists trace amounts of impurities that make it difficult
to isolate the mechanisms behind electrical breakdown. In
particular, transformer oil is a mixture of many different
aromatic, naphthenic, and paraffinic molecules with complex
molecular structures. The major weak point of the presented
model is the lack of data about effective electron mass,
electron mobility and number of ionizable species in
electrically stressed transformer oil.
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