XVII International Symposium on High Voltage Engineering, Hannover, Germany, August 22-26, 2011

BREAKDOWN VOLTAGE EVALUATION OF HOMOGENEOUS INSULATING SYSTEMS
WITH DIELECTRIC BARRIERS

Mona Ghassemi", Student Member, IEEE, Hossein Mohseni', Kaveh Niayesh1,
Senior Member, IEEE and Amir Abbas Shayegani'
High Voltage Lab., School of Electrical and Computer Engineering,
College of Engineering, University of Tehran, Tehran, Iran
*Email: m.ghassemi@ece.ut.ac.ir

Abstract: Discharge development mechanisms in solid/gas insulation systems with
dielectric barriers are still not completely understood. Such insulating concepts can be
used as an alternative for gas insulation systems (air or SFg and its mixtures) to enhance
electrical insulation strength in high voltage apparatus. In this paper, a detail model of a
homogeneous barrier discharge is developed to study the performance of mixed solid/gas
insulating systems with dielectric barriers. For this purpose, electron transport is
described based on the continuity equations for number density and mean energy density
of electrons. For diffusive transport modeling of heavy particles (including ions, excited
atoms and molecules and neutral atoms and molecules), the mixture-averaged evaluation
is formulated and the aspects of plasma chemistry and surface reactions are taken into
account. The model is based upon a simultaneous solution of all foregoing equations
together with the Poisson's equation. The simulation results for applying a standard
lightning impulse voltage is presented and discussed.

1 INTRODUCTION

Dielectric barrier discharge (DBD) is one of the
important sources for nonequilibrium plasma
generation in the atmospheric pressure with gas
and ion temperature practically at room-
temperature level [1]. Dielectric barrier discharges
(sometimes referred to as silent discharge) that are
ac discharge between two electrodes, with at least
one intervening dielectric layer, are generally
assessed as being of growing importance [2].

In the present time, the discharge at atmospheric
pressure controlled by dielectric barriers has many
applications, for instance, ozone generation,
pollution control, medical and biological control,
plasma display panels, thin-film deposition, surface
modification and etching [3, 4].

However, it has not yet adapted to high-voltage
insulation applications. In [5, 6], experimental
results of DBD used to enhance the lightning
impulse insulation strength have been reported.
The DBD modeling in high voltage electric power
applications has been mainly based on its static
behaviour, taking into account the charges
deposited on the dielectric surfaces and calculating
the electric field in the gap [2, 7-9]. In [9], the effect
of a conductor coating on the onset voltage of
coronas on transmission-line conductors has been
investigated.

Reference [10] presents a simple model based on
Paschen's law and the breakdown voltage in
uniform electric fields for air and space charges
produced in DBD air gap. A model of the
homogenous barrier discharge was developed in
[11]. This model was based upon a simultaneous

solution of the continuity equations for charged and
excited particles, and the Poisson's equation
across gap and dielectric coatings using explicit
flux-corrected transport technique, developed
mainly in [12].

In this paper, a precise model is presented to
describe various steps of dielectric barrier
discharge development. In the proposed model,
free electrons and heavy species transport
equations, plasma chemistry and surface reactions
are simultaneously solved with Poisson's
equations.

The proposed model allows us to study the
structure of the homogeneous barrier discharges in
detail. In  particular, the spatio-temporal
distributions of electric field and densities of
charged particles are obtained. Such analysis
helps us to better understand the processes
proceeding in a discharge. For this purpose, the
governing equations of the model are presented
and solved. The simulation results indicate that the
breakdown voltage of mixed solid/gas insulating
systems can be significantly improved using
appropriate dielectric barriers.

2 MODEL FORMULATION

The developed model here solves the free electron
transport equations, the diffusive transport
equations for heavy species, chemistry plasma and
surface reaction formula simultaneously with
Possion's equation.

2.1 Electron Transport Equations

The continuity equation for free electrons in gap is
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given by [13]
on
0
where n is the electrons number density, u and D

are the mobility and diffusion coefficient, E is the
electric filed and S is the net electron source term.

Similar to the continuity equation, the energy

equation is given by [13]

an,
ot

t+v( HEn —V(Dn)) =S, (D

+ V. (—ueEn, —V(Den,)) + E. (—uEn — V(Dn))

=S., (2)
where n, is the energy density, u, and D, are the
energy mobility and diffusion coefficient and S, is
the total energy transfer due to collisions.

2.2 Diffusive Transport Equations for Heavy
Species

Neutral, excited species and ions in plasma require
a suitable transport equation.

Suppose a reacting flow consists of k=1,...,0Q
species and j = 1, ..., N reactions. The equation for
the first Q — 1 species is given by [14]

Yy
po TPV =V.j + Ry, (3)

where j, is the multicomponent species flux, R, is
the rate expression for species, V is the mass
averaged fluid velocity vector, p denotes the
density of the mixture and Y, is the mass fraction of
species k. The mass average velocity V is defined

as
K K
1 . -
=—ZPka=ZYka, “
=] =1

where V, is the average velocity of species k at a
given location in the fluid relative the fixed
laboratory frame of reference. This is not the
velocity of individual molecules of species k but the
average value over all species k molecules at this
location in the fluid, p, is the mass density of
species k, and the mass fraction of species k is

Y = pi/p-
The diffusive flux vector is defined as

ik = pi(Vie = V) = puVie = pYicVie (5)
where the mass diffusion velocities V, are [15]
Z W;D De Lo 6)
Vie = Yk kid pY, T
j=1,#k

The species molecular weights are denoted by W;,
the mean molecular weight by W, and the
temperature by T.

For low density, ideal gases, the diffusion driving
force d;, is defined as

1
d, = VX + (Xi — YJ-);Vp, @)

where X, is the mole fraction of species k, and p is
the pressure. Additional terms are introduced for

interdiffusion of dense gases or liquids and d, is
generalized as [16, 17]

1
d, = “RT Vpr — Y Vp — pkgk+zp]g]l! )]

where ¢ = YX_,[X,] is the total molar concentration
([Xx] = cX,, is the molar concentration), R is the
universal gas constant, g, is any (external) force
per unit mass acting on species k, and Vp, is the
“partial pressure gradient” for a non-ideal gas. The
external force per unit mass is then given by
ZyF

8k = W, —F, 9
where Z,, is the charge number of species k, F is
Faraday's constant and W, is the molecular weight
of species k.

The multicomponent diffusion coefficients D, ; and
thermal diffusion coefficient DI may be accurately
computed from the solution of a system equation
defined based on Chapman-Enskog theory and the
presented technique in [15, 18]. However this
technique requires some matrix inversion, hence
we follow an approximation method known as the
mixture-averaged evaluation in this paper. In this
case, we desire to calculate D,,, (i.e., a diffusion
coefficient for diffusion of species k into a mixture
of other gases). This can result in savings in
computational cost.

For isothermal and isobaric conditions (i.e.
VI =Vp =0), and assumption about the mass
diffusion velocities V;, in terms of the mass fraction
gradient,

1
Vi = == Dy VY, (10)
Yy

an expression analogous to equation (6) for the
mass flux j, is given by (known as Fick's Law)

Jik = pk(vk - V) = pY Vi = —pDim VY. (11)
With making the simplifying approximation that the
velocities of all species j#k are equal, the

mixture-averaged diffusion coefficient D,,, can be
calculated from [19]

K
1 X;
Loy,
ka j¢kaj
where D,; are known as binary diffusion

coefficients. In a low-density limit, from kinetic
theory those are given as [15]

Vi 3/ij
pUk]Q(ll)*(TI:])
where  W,;(g/mol) = W, W;/(W,, +W;) is the
reduced molecular weight (W, and W, are
molecular weight of species k and j, respectively),
T(K) is temperature, p(N/m?) is pressure,
oxj(A) = ox0;/(0x + 0;) is the reduced potential
characteristic length, and the reduced collision

- Yo 4Dy

2

m
Dy [T] =0.0188 (13)
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integral Q""" (Ty;;) may be approximated by a fit
as [15]

Q(l'l)*(T,:j) — 1.0548T;]'_0'15504
+(Ty; +055909) %, (14)

where Ty; = kgT/¢y; is the reduced temperature

(kg is Boltzmann's constant) and is a function of
the reduced potential well depth. For nonpolar

species,
i _ (ik) (E_J)
0o )\, (15)

However an alternative is to solve the Stefan-
Maxwell equations in which the diffusion velocities
are related implicitly to the field gradients [15, 20]:

K
XiX; Vp
VX, = ZD—’(VJ- - Vi) + (Y — Xp) <—)
o P p
K

X.X; (DF DT\ /VT
+Z (L -2 (—) (16)
PO \Y; Y J\T

j=1 /

The set of K equations in equation (16) are not all
independent. The equation set can be made
unique by replacing one of the K equations with
the constraint

K K
D= phvie=o0. 17)
=1 =1

The Stefan-Maxwell equations (16 and 17) form a
system of linear equations that are solved for the K
diffusion velocities V,. Even for isothermal and
isobaric conditions, the Maxwell-Stefan equations
quickly become computationally very expensive
when the number of species becomes large. Also
the fact that the chemical kinetics dominate a
plasmas behaviour rather than diffusive transport,
allows us to use a less stringent formulation of the
Maxwell-Stefan equations.

2.3 Possion's Equations

The electric fields across gap and dielectric
coatings are computed using Possion's equation:

—V.505,VV =p (18)
where the space charge density, p is automatically

computed based on the plasma chemistry specified
in the model using the formula:

p=q (Z Zyny — "e) (19)
=1

where q is elementary charge.

The constitutive relation that describes the
macroscopic properties of the dielectric coating
medium (relating the electric displacement, D with
the electric field, E) and the applicable material
properties is given as

D = eye, E. (20)

Surface charge accumulation is added to
boundaries by way of the following boundary
condition:

—n.(D; = Dy) = ps, (2D
where p; is the solution of the following distributed
ODE on the boundary:

dps

dt
where n.J; and n.J, are the normal component of
the total ion current density and the total electron
current density respectively on the wall.

=n]; +n]j,, (22)

2.4 Plasma Chemistry

The list of considered chemical reactions for
Argon, as the gas filled in the gap, is as follows.

Table 1: Collisions and Modeled Reactions

React Formula Type Ae(eV)
1 e+ Ar - e + Ar Elastic 0
2 e+ Ar > e+ Ars Excitation 11.5
3 e+ Ar* s e+ Ar Superelastic -11.5
4 e+ Ar —» 2e + Ar* lonization 15.8
5 e+ Ar* - 2e + Art lonization 4.427
6 Ar 4+ Ar Penning ionization -

> e+ Ar + Art

7 Ar* + Ar - Ar + Ar Metastable quenching -—-

Ae(eV)is energy loss. A Maxwellian form is
assumed for Electron Energy Distribution Function
(EEDF). The cross section data for Argon is
obtained from [21].

In addition to the volumetric reactions, the following
surface reactions are implemented.

Table 2: Collisions and Modeled Reactions

Reaction Formula
1 Ar* - Ar
2 Art > Ar

According to Table 2, when ions and excited atoms
reach the wall, those are assumed to change back
to neutral Argon atoms.

3  RESULTS AND DISCUSSION

Figure 1a shows the considered geometry for
simulations including a small gap filled with Argon
between two dielectric parallel plates. In this simple
model the problem is reduced to one dimension by
assuming the dielectric gap is much smaller than
the diameter of the plates. A standard lightning
impulse voltage (1.2/50 us) of positive polarity as
follows is applied.

u(t) = 1-034U(e_t/a1_e—t/a2)’

where t(us) is time, 1/a; and 1/a, are 68.2 and
0.405 us respectively [22], and 1.034U (V) is peak
of the voltage amplitude. The voltage is applied on
the upper dielectric (the point 1 in Figure 1b)
whereas the lower one (the point 4 in Figure 1b) is
grounded.
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Lightning Impulse Voltage

(1.2/50 ps)
1— . .
Gap (Ar)
3ok
* 4, Dielectric (SIR)
a b

Figure 1: The considered geometry for simulations

The dielectric coatings are considered silicon
rubber (SIR) with relative permittivity €, = 2.5. The
dielectric strength of the SIR is typically 20 kV /mm.
Initially a small number of electron seeds
(106 1/m3) is assumed to be present in gap. This
amount is equal to typically around free electrons in
air at sea level. Those are uniformly distributed in
gap length with the initial mean energy 5 V. The
initial number density of Argon ions is assumed the
same initial density of electron seeds, 10° 1/m?3.

The peak of electrons and ions atoms number
densities at the front of the impulse are given in
Figure 2. The times when the impulse is 30% and
90% of crest value are 0.14 and 0.86 us,
repectively. The time for the voltage u(t) to rise to
its peak value (t;.x) is 2.089 us. From Figure 2 it
can be seen that :

e Free electrons and Argon ions number
densities peak in 0.5us (at 70 % of crest
value) when reach to 4.39 x 10'® and 4.69 x
10'® 1/m3, respectively and then reamin
nearly constant at peak to 1.0 us (at 90% of
crest value) and then a gradual decrease to
tmax-

e There is a dramatic rise in electrons and
ions generation (i.e. considerable ionization
activity) between 0.4 (at ~60 % of crest
value) and 0.5 us whereas it is more sharply
for electrons.

e The peak of densities with a plateau is
around 70-90% of creast value and not at
tmax- 1His is compatible with the measument
results presented in [5, 10].

The Figures 3 and 4 show the free electrons
number density and Argon ions number density in
gap respectively, and Figures 5 and 6 show the
voltage distribution and electric field across gap
and coatings between 0.5 and 1.0 us (at 70-90% of
crest value).

From Figure 2, it can be seen that the free electron
concentration is near the dielectric coatings
connected to high voltage with positive polarity. As
the voltage applied to the upper plate increases, a
stronger electric field forms in the gap between the
plates. Any free electrons in the gap will be
accelerated and since the electric field is strong
enough they acquire enough energy to cause
significant ionization activities as shown in Figure

3. Also an equal number of ions are also created
and however due to be heavier than electrons, the
ions are nearly the dielectric plate connected to
high voltage as shown in Figure 4.
10 : : : :
: : Free Electron
Argon lon H

Peak of Number Densities {1'm3)

0 0.5 1 1.5 2 2.5
Time {micro seconds)

Figure 2: Peak of electrons and ions number
densities at the front of the impulse

1 020

Electron Number Density (‘Ilm3)

1010 L

1 1.5 2 25 3 35

Gap Length (m) x10™
Figure 3: Electrons number densities at the front
of the impulse

In initial times of applied impulse, there is not still
enogth space charge to effect the electric filed and
voltage distribution across gap. Hence there is the
linear voltage distribution and uniformly electric
filed based on capacitive properties (relative
permittivity) of gap and coating not shown here.
However at times between 0.5 and 1.0 us, these
densities increase dramatically and the voltage
distribution and electric field across gap become
nonlinear as shown in Figures 5 and 6. The more
the densities is, the more nonlinearity impacts.

However in the following times this trend is
mitigated and the electron density and ion number
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density are decreased and continue to the tail of
impulse of course not shown here for brevity. In
other hand, our simulation results show that the
most activities of discharge including ionization and
excitation processes occur at the front of impulse
around 70-90% of creast value. However the
maximum electric field in dielectric coatings is at
the tail of the impulse during the voltage's decay.

=y

[=]
-
=]

lon Number Density (1/m3)

1 15 2 25 3 35

Gap Length (m) o
Figure 4: lons number densities at the front of the
impulse
x10°
8 ..!.....!...{; T T
stb-

Electric Field (V/m)
-

0 1 2 3 4 5
Coating and Gap Length (m) %1 0-4
Figure 5: Electric field across gap and coatings at
the front of the impulse

For the selected geometry here, it occurs in the
dielectric coating connected to impulse voltage in
around 7 us that reaches to9 kV/mm. This
maximum amount is however less than the

dielectric strength of the SIR which is typically
20 kV/mm.

Based on Paschen's law for uniform field electrode
gaps, the breakdown voltage is given [23]
B(pd
Vir = (pd) — (20)
In[(pd)A] — In [ln (? + 1)]

1600 F

1400 N\

0 1 2 3 4
Coating and Gap Length (m) 107

Figure 6: Voltage distribution across gap and
coatings at the front of the impulse

where p is gas pressure, d is gas spacing, y is the
secondary ionization coefficient. Constants A and
B for Argon are [23]

B =235 [V /torr.cm],A = 13.6 [1/torr.cm].

About the considered example without dielectric
coatings and with assumption gap (with length of
0.5 mm) filed up Argon and in atmosphere
pressure (760 Torr), the breakdown voltage based
on Paschen's law is 1.7036 kV that is equals to an
3.3199 kV/mm electric field. In the simulated
example in this paper, the peak amplitude of
impulse lightning (2.068 kV) is considered more
than the breakdown voltage without coatings and
was showed that the maximum electric filed in
dielectric coatings is still less than the dielectric
strength of coatings.

Figure 7 shows the breakdown voltages for various
thicknesses of coating and for positive and
negative polarity of applied voltage. In all cases,
total thickness of insulation set from high voltage
electrode to grounded electrode is assumed
0.5mm and per cent of dielectric coating of
insulation set n is given by

te

t.+t,)=05mm
(tc +1t,)

n =100
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where t. is total thickness of dielectric coatings
and tgis gap thickness. The Percentage of
insulation performance improvement is given by

|Vbi;”| — Vo1
Vbrl

where Vbir and V,,, are breakdown voltages with
dielectric coating (applied voltage with positive and
negative polarity) and without it, respectively.

m, = 100

’

250

—4— Positive Lightning
—#— Negative Lightning

200 ¢

130 ¢

m

100 ¢

30}

02[! 30 40 50
n
Figure 7. The breakdown voltages for various
thicknesses of coating and for positive and
negative polarity of applied voltage

According to Figure 7:

e [f only 20 percent of gap thickness is coated by
a dielectric, the insulation performance will be
improved nearly 20% and with increasing the
thickness of dielectric coatings until 40% and
50%, it will dramatically increase to nearly
140% and 200% respectively. Thanks for DBD.

e The breakdown voltages for negative polarity
are a little more than it for the positive polarity.

e There is a steady improvement in insulation
performance from 20 to 200% with increasing
thickness of the dielectric coatings from 20 to
50%.

Also the simulations with unequal thickness of
dielectric coatings are repeated. For the same total
thickness of dielectric coatings, the breakdown
voltages for unequal thickness are less than those
for the equal thickness.

4  CONCLUSION

This paper develops a precise model to study the
insulation performance improvement of DBD. The
model is based on chemistry plasma, the electron
and heavy species transport physics, and surface
reactions. For electron transport modeling, the
continuity equations for free electrons and their
energies were solved accurately base on a

Maxwellian EEDF and cross-section data for gas
filled up in the gap. The transport phenomena for
heavy species were modeled via a mixture-
averaged formulation that is precise for DBD
modeling. In chemistry plasma, we consider all
existing reactions for the selected gas. It was
showed that with increasing the dielectric coating
thickness, a markedly overall better insulation
performance would be resulted.
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