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Charge Transport Modeling of Streamers
Governing equations and simulation geometry
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Previous Streamer Model: Containing Non-physical Results

Previous 2D- axisymmetric model is unable to correctly model
negative streamers and positive streamers for applied
voltages higher than 130 kV (both structure and velocity).

V =130 kV V=200 kV V=300 kV

rise times =10ns rise times =100 ns
V(t =20 ns) = 190 kV V(t = 100 ns) = 180 kV

Constant A (IP) Model Constant A (IP) Model
Heaviside Function n,=1x1026, A=1.58x10"1%

5 www.rle.mit.edu

rise times =1 ns
V(t = 2000 ns) = 200 kV
Constant A (IP) Heaviside
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Artificial Diffusion Stabilization Techniques

Crosswind diffusion (CWD) effectively damps
oscillations in particle number density and
prevents them from becoming negative which is
nonphysical. It also increases the streamer
diameter and decreases streamer velocity and
maximum electric field ahead of the streamer.
CWD adds some artificial diffusion terms
orthogonal to the flow of species to stabilize the
numerical solution.

This difference is more evident for simulations
with extremely dense meshes.

COMSOL 4.2 only employs one type of
Streamline Diffusion (SD), Galerkin-Least-
Squares (GLS) without any tuning parameters.
The crosswind diffusion (CWD) method specifies
the smallest allowable concentration change
across an element. As the concentration gradient
appears in the denominator in the equations
describing crosswind diffusion, the gradient
ensures that unreasonable values do not occur in
regions with small to negligible concentration
changes.

It is possible to obtain similar results to 3.5a
(using anisotropic streamline diffusion) if the
isotropic artificial diffusion is selected in
COMSOL 4.2 with tuning parameter ~10.
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Different mesh refinement policy around needle electrode

Finer mesh

» To overcome these off-axis instabilities we tested several
dense mesh distributions in the needle-sphere geometry.
It already turned out that only refining the mesh around
the needle tip cannot solve the problem as for example
shown in Fig. 1 for a box with an excessively dense mesh Fine mesh
(maximum mesh element of 0.5 um).

We obtained better results with smoother meshes which
encouraged us to conduct a series of numerical
experiments on jumps in mesh element sizes. Our
numerical experiments show that a big jump in element
size distribution over space may cause a sort of positive
feedback effect and form nonphysical branching
especially when the electric field is extremely divergent
(which is the case in applied voltages with higher peaks
and smaller rise-times). Such big jumps create small
numerical perturbations that grow due to a streamline
diffusion accumulative effect in our model.

Finer mesh

Coarse mesh

LR ]
I I I I o discrete jump in element size
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Different mesh refinement policy around needle electrode

A 18778

+200 kV - A 17321
rise-time /

¥ 12991x107° ¥ 1.3066x10°°
Non-dimensionalized base electric field (E,=1.2e7) for two different mesh element size distributions for a positive applied voltage with 200
kV peak and 100 ns rise-time at time 85 ns. The two simulations are separately computed with the left side plot having a smooth fine mesh
(derived by COMSOL adapted mesh) while the right side plot has a fine mesh within 40 pm (maximum element size of 2 um) and for the
outer area beyond this box it has been freely meshed (course). Streamline and crosswind diffusions are applied in both sides.
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2D results: effect of polarity, magnitude and rise-time:

+ 130 kV (Peak), 100 ns (rise-time)

80 pm at t=155 ns
V(¢=155 ns)=126 kV

» Electric field .
magnitude and field \\5>\< 10
lines (right side) N
Net charge density \ §*4.5
and equipotential 4
lines (left side) for a \
positively applied
lightning impulse 3
voltage with 130 kV "\, }5
peak and 200 ns
rise-time at t=155
ns. No streamer is
observed for a 130
KV negatively

applied impulse '
voltage. ™ 0\
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2D results: effect of polarity, magnitude and rise-time:

Electric field [r— + 200 kV (Peak), 100 ns (rise-time)

magnitude and field 80 pm att=100 ns

lines (right side) x}|‘03 V(t=100 ns)=180 kV | w
Net charge density and z{0
equipotential lines (left 32
side) for a positively
applied lightning
impulse voltage with
200 KV peak and 100
ns rise-time at t=100
ns.

As can be seen in the
following slides the
diameter of the
streamer and head NS
curvature of the

_streamer head N
Increases by

N
decreasing the applied | Q_ - 1.8x10°
voltage rise-time \ \ ',
appreciably. \Charge Density-[C/m J~—___ :\\\
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2D results: effect of polarity, magnitude and rise-time:

IT + 200 kV (Peak), 50 ns (rise-time)
. . m att=70ns
« Electric field )

S V(=70 ns)=200 kV
magnitude and \1%; 0\
field lines (right '
side)
* 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 t=70 ns. B
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2D results: effect of polarity, magnitude and rise-time:

+ 200 kV (Peak), 10 ns (rise-time)
80 tL att=8.5ns

» Electric field s L LA -
magnitude and 5
field lines (right 89/
side) _‘
Net charge i o’ 4 1

density and
equipotential

lines (left side)

for a positively
applied

lightning N
impulse voltage \
with +200 kV

\O
peak and 10 ns \; eR0 . 0
rise-time at warge@enSIW[C/mJ\. Electricifield|[V/m]
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2D results: effect of polarity, magnitude and rise-time:

+ 200 kV (Peak), 1 ns (rise-time)
. P att=2ns
Ezggi'fugi'ind field  \ \yg@ \ L\ L\ ek
lines (right side) )
Net charge density
and equipotential
lines (left side) for a
positively applied
lightning impulse Y
voltage with +200 kv
peak and 1 nsrise- \
time at t= 2 ns. \\
« Change in applied \
voltage rise-time does
not affect negative
streamers since electron
relaxation time, 200 ns "\
Is TOO SHORT as 5
compared with applied
voltage rise-times.

. 321 - EIedtricIfieId [V/m]
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2D results: effect of polarity, magnitude and rise-time:

Formation and propagation of (right) positive
l" .
and (left) negative streamers. In both
streamers three areas exist: ionized zone just e
next to the needle electrode which acts like a e T
+  weak plasma (low electric field), streamer tip + *i):fe .
in front of the ionized zone (maximum Ne e

electric field) and not ionized bulk oil where
electric field is relatively low.

+

Needle
Electrode

[w/A] plaid 013093

-400 kV +200 kV
10 ns 70 ns

t=10ns t=100ns

Negative Streamer Positive Streamer
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2D results: effect of polarity, magnitude and rise-time:

\Volume charge densities and electric field
distributions for different negatively applied §
voltage peak amplitudes and rise-times. Space Negative
charge density generation rate, G, are shown as Needle
filled contours from 0.5|G.,| (the brightest \
color) to |G, (the darkest color). Electric field
contours are shown as black solid lines from
0.5|E .l t0 |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 1ns rise-
time (upper right): |E,./=1.01x108 V/m and
|G,ax/=0.7x10 Cm-3sL; -400 kV with 1ns rise-
time (middle right): |E,./=1.42x108 V/m and
G ax/=1.2x10 Cm-3s7L; -600 kV with 1ns rise-
time (bottom right): |E.|=1.75x108 V/m and
G,ax/=6.21x10% Cm3s?t; -400 kV peak with
100 ns rise-time (upper left): |E,,|=0.95x108
V/m and |G,,,,|=0.84x10' Cm-3st; and -600 kV
peak with 100 ns rise-time (bottom left):

|Eax/=1.15x108 V/m and |G,,,,|=1.21x10 Cm-
3571,
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2D results: effect of Background pressure:

Do gas bubbles form in
negatively applied
Background pressure of VOltaQES?

buck oil does not have
any appreciable effect on

positive streamers

High pressure

ELECTRIC STRENGTH, MV/CM

Low pressure

. P L PR | n toyaaal ' R
4 6 810 2 4 6818 2 a & 818 2 4
RATE OF RISE OF ELECTRIC FIELD, KV/CM/ps

(@)

300 Torr

High pressure

—
—
— L‘x’

- —~ }
r—-*”/i

Low pressure

ELECTRIC  STRENGTH, MV/CM

Ll L ool
4 & 810° 2 4 & 810 2

0.01 Torr

RATE OF RISE OF ELECTRIC FIELD, K\//CM/us

(b)

Dielectric strength of (a): n-hexane and (b): transformer oil

0.5us 24 us

for two different pressures. Gap length is about 1 mm [14]. Cevallos, et al., “Imaging of negative polairity DC breakdown streamer
expansion in transformer oil due to variation in background pressure”, IEEE

i TP, 2005
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Streamer Branching Sanity Check
3D Simulation Results of Positive streamers

Three dimensional electric field magnitude distribution around the positive needle.
Applied impulse voltage has a peak of 200 kV and rise-time of 100 ns.

Microscopic perturbation has been added to the spatial distribution of the oll
permittivity.
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COMSOL 4.2a, 3D Simulation Results of Positive streamers

Distribution of tetrahedral mesh elements around the needle tip.
Inside the cone the maximum element size is 2.5x10° m. Total
number of elements is about 50,000. The streamline and crosswind
diffusion stabilization technique return convergence for 3D

simulations.

Needle tip radius of curvature is 40 pm.

Three dimensional mesh element distribution around the positive needle. Applied impulse voltage has a peak of 200 kV
and rise-time of 100 ns.
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3D Simulation results vs. 2D simulation results: Electric Field

2D axisymmetric

ey

200 kV of peak- 100 ns rise

time 200 kV of peak- 100 ns rise time

at t=100 ns, instantaneous "~ _ ~ B
voltage V(t =100 ns) = 180 kV ?; a—i\eo ns, instantaneous voltage V(t=100 ns) =

2D axisymmetric

F

r

Nonphysical result of 200 kV of
peak- 5 ns rise time

at t=5 ns, instantaneous
voltage V(t =5 ns) = 180kV 200 kV of peak- 5 ns rise time
at t= 5 ns, instantaneous voltage V(t=5 ns) =

: : : 80 kV . : -
Conclusion: Decreasing applied voﬂtage rise time will increase the chance of
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Streamer Branching
3D Simulation Results of Positive streamers

Three dimensional electric field
magnitude distribution around the
positive needle. Applied impulse
voltage has a peak of 130 kV and
rise-time of 100 ns.

Microscopic perturbation has been
added to the spatial distribution of
the oil permittivity.
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Streamer Branching
3D Simulation Results of Positive streamers

Three dimensional electric field
magnitude distribution around the
positive needle. Applied impulse
voltage has a peak of 200 kV and
rise-time of 100 ns.

Microscopic perturbation has been
added to the spatial distribution of
the oil permittivity.
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Streamer Branching
3D Simulation Results of Positive streamers

Three dimensional electric field
magnitude distribution around the
positive needle. Applied impulse
voltage has a peak of 300 kV and
rise-time of 100 ns.

Microscopic perturbation has been
added to the spatial distribution of
the oil permittivity.

?

lif

B www.rle.mit.edu



Streamer Branching
3D Simulation Results of Positive streamers

Three dimensional electric field
magnitude distribution around the
positive needle. Applied impulse
voltage has a peak of 350 kV and
rise-time of 10 ns.

Microscopic perturbation has been
added to the spatial distribution of
the oil permittivity.

h

lif

e www.rle.mit.edu



Streamer Branching
3D Simulation Results of Positive streamers

Three dimensional electric field
magnitude distribution around the
positive needle. Applied impulse
voltage has a peak of 400 kV and
rise-time of 10 ns.

Microscopic perturbation has been
added to the spatial distribution of
the oil permittivity.
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Streamer Branching
3D Simulation Results of Positive streamers

Three dimensional electric field
magnitude distribution around the
positive needle. Applied impulse
voltage has a peak of 400 kV and
rise-time of 100 ns.

Microscopic perturbation has been
added to the spatial distribution of
the oil permittivity.
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Streamer Branching
3D Simulation Results of Positive streamers

Three dimensional electric field
magnitude distribution around the
positive needle. Applied impulse
voltage has a peak of 450 kV and
rise-time of 10 ns.

Microscopic perturbation has been
added to the spatial distribution of
the oil permittivity.
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Streamer Branching
3D Simulation Results of Positive streamers

Three dimensional electric field
magnitude distribution around the
positive needle. Applied impulse
voltage has a peak of 500 kV and
rise-time of 10 ns.

Microscopic perturbation has been
added to the spatial distribution of
the oil permittivity.
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Effect of Pressboard Permittivity:

Charge Density . |2

—
20 um

Electric Field
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