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Abstract. In many high voltage equipment, partial discharges are regarded as one of the most widespread
pathology whose ignition conditions and effects are studied by scientists and manufacturers to avoid major
failures. Actually, those electrical gaseous phenomena generally occur under several constraints such as the
electrostatic field level, the nature of insulating surface being polluted or not, and switching or lightning
transients. The present paper discusses physical mechanisms related to the creeping discharges propagation
growing over insulators subjected to perpendicular electric field and positive lightning impulse voltage. More
precisely, the developed discussion attempts to answer some observations especially noticed for main discharges
feature namely (i) the discharges morphology, (ii) their velocity and (iii) the space charges effects on electric field
computation. Several factors like (i) the influence of the type of a material’s interface, its electric conductivity,
permittivity and discharges mobility, (ii) the relationship between the applied electrostatic field, the space
charges, the velocity, the propelling pressure and discharges temperature are among numerous parameters that

have been addressed in this study which discusses lightning impulse transients phenomena.

1 Introduction

Electrical discharges plasma appear as very fast
transient phenomena that are known to occur on high
voltage equipment and may sometimes induce serious
deteriorations [1]. It is widely recognized that discharges
are issued from a complex process governed by the
Townsend mechanism responsible for their ignition and
development depending mainly on the contacting gas
properties, the dielectric substrate, the electric field
distribution as well as the profile and polarity of applied
voltage (Fig. 1) [2]. However, the discharges’ occurrence
and propagation are greatly influenced by the presence of
space charges which may modify their activity by
enhancing or reducing the electric field intensity leading
to change the inception voltage value (PDIV), their
magnitude or the propagation phenomenology within a
dielectric bulk or on its surface [3,4]. Consequently, one
of the most promising approaches have concerned the
correlation of the measured discharges charge (or
current) with the rate and type of destructions made
to HV devices for condition monitoring purposes to check
insulation degradations [5].

* e-mail: adnane.douar@outlook.com

Actually, the topic of partial discharges has been
extensively studied by researchers worldwide by adopting
many methods owing to numerous parametersinvolved in its
initiation, development and elongation because of its
important impact for the electric network protection and
the personal safety of customers. Aydogmus and Cebeci [7]
developed a mathematical model based on the field criterion,
using the finite element method (FEM), for the flashover
prediction on polluted insulators under service conditions
and found out a good agreement between their results and
others available in literature. Albano et al. [8] combined
clean fog artificial testing and infrared recordings with the
leakage current measurement on silicone rubber (SiR)
insulators to provide new possibilities for the modeling of
dry-band discharges. Their thermal results allowed to
discriminate and to quantify more accurately the convective
and evaporation heat losses associated with the power
dissipation. Crespo-Sandoval et al. [9] focused on tracking
and erosion tests on SiR insulators by calculating various
parameters (FFT, THD, energy and power factor) to be used
as possible indicators of the materials’ failure. They found
out that the derived rate of energy absorption may be used as
a quantitative indicator of degradation level of sample.
Rowland et al. [10] have used many imaging techniques
such as X-ray tomography and serial block face scanning
electron microscopy (SBFSEM) to provide a detailed 3-D
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Fig. 1. Descriptive diagram of the electrical breakdown process occurring in air over an insulator surface through the Townsend

mechanism [6].

reconstruction of electrical trees observed in an epoxy block
and used the FEM technique for the determination of the
electric field distribution. They evidenced that the tree
growth geometry and its spatial distribution depend
drastically on the local electric field value at the head of
each branch (i) that influence its propagation direction and
orientation and (ii) whose channel radius increases as
the electric field value decreases. Mauseth et al. [11] and
Chen et al. [12] investigated the initiation and growth of
electrical trees in XLPE insulation subjected to different
types of electrical stresses for quality assurance aims using
SEM observations and experimental data. They revealed
that (i) the growth rate of electrical trees is enhanced
by increasing the voltage level and the frequency value,
(ii) the tree growth at 50 Hz is more rounded off and bush
shaped than the longer trees with fewer branches generated
at lower frequencies, and (iii) the weakest discharges activity
during the tree propagation does not allow the tree to develop
forward. Nevertheless, it may be the main reason for the
constitution of carbonized degradation byproducts leading
to suppress the partial discharges activity. Shakti Prasad
and Subba Reddy [13] used the image processing technique to
observe the corona plasma phenomenon based on various
parameters like average intensity, area of the spread, energy,
entropy and luminosity content in the processed image.
Their results concluded on the suitable use of those factors to
estimate the degradation rate induced on insulating
materials as well as the electrical power consumption due
to corona discharges. Pancheshnyi [14] analyzed quantita-
tively the photo-ionization mechanism occurring by radia-
tion emitted in low current discharges in different pure gas
media namely Os, Ny, CO5 and air. Regarding unitary gases
with low admixtures of other gases, Pancheshnyi found out
that the ionizing radiation is generated in one impact by
direct dissociative and ionizing excitation reaction. While in
0,—N, mixtures, photoionization occurs via ionization of Oy
molecules due to the absorption of the emission by excited Ny
molecules. Farokhi et al. [15] investigated the effect of dc
polarity on electrical and optical properties of discharges on a
surface of ice. They concluded that (i) many difference in
the structure of DC-positive and DC-negative discharges
exist as a result of the space charges generation, and
(ii) the corona discharges emitted a low-light-intensity
envelope around the arc root especially for the DC-positive
polarity.

However, extensive studies have focused on AC or DC
voltage polarities effects in oil or gas media for explaining
discharges propagation mechanisms to the final flashover
but only few of them were interested in describing the
discharges phenomenon that occur in air under the
lightning impulse voltage [16-19].

In this paper, effects of lightning impulse voltage under
positive polarity on the propagation of creeping discharges
over various solid dielectrics are analyzed. As described in
previous publications [20,21], the main concerns were
about (i) de-noising some data such as current, voltage
and captured images at first [20], and then moving to
(ii) modeling and calculation of discharges parameters
using different mathematical formulations for more
accuracy [21]. In this survey study, an attempt to explain
various physical phenomena, observation and results
obtained during experiments (namely the discharges
morphology, the velocity and then the space charges
influence) is presented as an overview of the discharges
growth mechanism in air, depending on the used polymeric
interface, and to identify the mutual interaction that exists
between discharges and assessed plastics.

2 Test setup

The experimental test setup is similar to that used by our
group for laboratory investigations [22]. The test cell
contains needle—plane electrodes with a needle perpendic-
ular to the insulating material surface. The leakage
distance between electrodes equals L;=43mm and the
air gap between the HV needle and the insulating material
equals d=2mm. The needle electrode was made of
stainless steel and its radius of curvature, r,, is equal to
11.4 pm. This latter is checked under a microscope and
changed each time a critical value of its radius of curvature
(re=15pnm) is exceeded.

The tested materials belong to three distinguishable
polymeric families [20,21]: (1) thermoplastics (namely
polyamide 6 filled with 50wt.% of glass fibers (noticed as
PA6/50, Fig. 2a) and polyamide 66 filled with 50 wt.% of
glass fibers (noticed as PA66/50, Fig. 2a); (2) one EPDM
elastomer (noticed as EPDM, Fig. 2b); and (3) one
thermosetting cycloaliphatic epoxy resin filled with 66 wt.
% of silica flour (noticed as FCEP, Fig. 2c).
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(b)

Fig. 2. Chemical functional groups of investigated materials, (a) polyamides (PA6/50 and PA66/50), (b) cycloaliphatic epoxy resin

(FCEP) and (c) EPDM elastomer.
3 Results and discussion

In this section, both effects and variation of physical
parameters related to the discharges propagation are analyzed
to identify properly their governing mechanisms for each
tested polymer. These discharges’ factors may be listed as:
morphology (radius and volume), energy, velocity and its
influencing parameters (energy fraction ({}), temperature ( T)
and air density (p)), electric surface conductivity, permittivi-
ty, space charges and charged particles motion.

3.1 Discharges morphology

Previous investigations demonstrated that discharges
extensions as well as their brightness are well correlated
with the voltage enhancement and the type of used barrier
incorporated between electrodes [21]. It has also been
shown that both discharges’ brightness and thickness
depend on the crest value applied to the material and on the
chosen polarity (being positive or negative). Furthermore,
the computation of the average discharges radius and
volume is provided to define accurately their geometrical
shapes and propagating characteristics.

To do so, the discharges radius (7. (¢)) is calculated
based on the Wilkins model as given below [23]:

i(t)
t)=/—"—. 1
rO =\ 15 = @
Then, the average discharges radius (r,) is computed
according to expression (2):

o 7”+(t)
=N (2)

where N is the number of sampling data. Finally, by
supposing that (i) the discharges propagation shape
is similar to a cylinder in motion of a fixed radius value r,

and, (ii) the distribution of electric charges is uniform
along the cross section of the plasma channel [24], the
average volume (V) is assessed by expression (3):

Vd = 7'[7‘&2 X Lf, (3)
where L; (in mm) is the final length of discharges measured
according to [21]; V,is expressed in mm?. Figure 3 depicts
effects of the type of a material and the field gradient level
on both average discharges’ radius (Fig. 3a) and volume
(Fig. 3b). It is shown that increasing the voltage gradient
increases significantly the discharges radius for both
polyamides (PA6/50 and PAG66/50) while it increases
slightly for FCEP and EPDM in a similar way (Fig. 3a) but
with a reduced value for EPDM. As the discharges volume
is also concerned (Fig. 3b), the applied field gradient
influences markedly the discharges volume/density since
its elevation induces a remarkable increase of the produced
plasma volume especially for polyamides whereas it
increases slowly for FCEP and EPDM.

Moreover, a comparison of the discharges volume is
provided in Figure 4 and allows distinguishing surface
properties of used solids. Indeed, it appears that the
plasma volume varies randomly in time having pro-
nounced pulsing shapes for polyamides (namely PA6/50
and PA66/50). Nevertheless, the discharges volume on
FCEP and EPDM varies more regularly with a reduced
pulsing tendency for FCEP in comparison to EPDM. Note
that both average discharges radius and volume reach
their highest value at lower voltage levels when using
polyamide materials.

Many researchers pointed out that creeping discharges
patterns depend strongly on the sample’s permittivity as
well as its thickness, the surrounding medium in which it is
immersed, the voltage polarity and its crest value [25-31]. It
has also been observed that discharges are longer on PA6/50
and PA66/50 surfaces than on FCEP and EPDM ones
because of the lowest surface conductivity of FCEP and

20801-p3



4 M.A. Douar et al.: Eur. Phys. J. Appl. Phys. 82, 20801 (2018)

140

A\ PAG6/50
FCEP

[ PA66/50

0 X EPDM

#

120 -

Average Discharges Radius (um)

D x
80} N
60+
40 : : ‘ - : :
045 05 055 06 065 07 075 08
Applied Field Gradient (kV/mm)
(@

(¥}

o
g 7 PA6/50
* FCEP
S PAG6/50
~§ EPDM
‘go,s 4
;6‘ 0.6 b 1
% s ¥
204 4{ bt i . ¢ |
L] 8 y .3
a 02 \V4 A 1
5, |t
=)
E 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

Applied Field Gradient (kV/mm)
(b)

Fig. 3. Influence of the type of a material interface and the applied field gradient on (a) the average discharges’ radius and (b) the

average volume.

12

——PA6/50
FCEP_|

o

(mm? x mm)

=

ll,l

Ui

0 ¥ ! LULL |
0 0.5 1 1.5 2
Propagation Time (s) %10

(2

[

Instantaneous Discharges Volume

o 7 PA66/50
g —— EPDM

6 R
2
@ B
ao ~
= 84
&
a2
a 53
3
o -
g 2
=

1
E
= v

W AW A
0 1.5 2
Propagation Time (s) x10°

(b)

Fig. 4. Temporal distribution of the average discharges volume at U.q; = 27 kV for (a) PA6/50 versus FCEP and (b) PA66/50 versus

EPDM.

EPDM (as explained in Sect. 3.4); note that discharges
propagate harder on EPDM surface than on FCEP. However,
the voltage values needed for discharges ignition is more
elevated than those recorded for polyamides. Moreover,
flashover occurs for polyamides when the discharges
length reaches 60% of the leakage distance while that it
ranges from 45% through 50% of the leakage distance for
FCEP and EPDM |[32]. The increase of discharges radius due
to voltage is likely explained by the raise of particles density
(electrons, positive and negative ions), constituting the
plasma channel and are likely to participate to the discharges
channel elongation because of photoionization as reported
by Serdyuk et al. [33]. One of the most widely applied
computation techniques relies on the use of Helmholtz
equations of continuity and radiative transfer principles for
the calculation of electrons, positive and negative ions
densities. These equations describe the streamer dynamics
and are expressed as in the following [34,35]:

an . — —
° + div(ne.we + D Vne) = (@ — a).ne.|w; |

—Bep-e-np + Spn + So, (4)

ony | . —, —
a—tp—i—dlv(np.wp) =aNe.[We | = By Ne-Np— By npnn + Spn,
()
ony,

> +div(n,.w,) = a.ne.|[We| = Byy-np-nn, (6)
where ¢, n., n, and n,, are respectively time, the number
densities of electrons, positive ions and negative ions. we, w,
and w, are respectively the drift velocities of electrons,
positive ions and negative ions. @ and a are respectively
the ionization and net attachment coefficients that take
into account 2-3 body attachment of electrons to oxygen
molecules. D,, B, and B,, are respectively the diffusion
coefficient for electrons, the coefficient of electron-ion
and ion-ion recombinations, respectively. S,, and S, are
respectively the rate of photoionization and appearance
of first electrons.

In addition, the above hydrodynamic diffusion-drift
(Egs. (4)-(6)) model is applied in many cases by
researchers to study the photo-ionization process within
gas volumes as well as its contribution for the plasma
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Fig. 5. Effects of the type of a material and the value of field gradient on (a) average electric power and (b) average energy of

discharges.

channels advancement. This mechanism is a complex
physical phenomenon which receives a particular atten-
tion by the scientific community and consists of the
absorption of electromagnetic radiation (photons) by an
atom in a gas resulting of the release of charged particles.
These ionized species join the high electric field region
and participate to the enhancement of electrons, positive
and negative ions densities through the electrostatic
force by guiding the particles fluid dynamic and enlarging
discharges lengths [33].

According to Loeb [36], Dyakonov and Kachorovskii
[37], the process of ionization including the streamer’s
forehead tip is the most dominant one occurring very
quickly in comparison to the Maxwelian relaxation rate.
It comes out that the ionized domain is quietly converted
into a dielectric relaxation one. This mechanism is
believed to take place for polyamide materials (PA6/50
and PA66/50) explaining their higher radii values as well
as their volume dimensions.

As concerns FCEP and EPDM, the small values
registered for discharges are believed to be driven by the
Dawson and Winn mechanism which is likely thought to
govern the main discharges propagation process [38].
This process includes a slow movement of avalanche
drift toward the streamer’s forehead and imposes a
limitation to their velocity values as demonstrated in
[21]. As a result, the streamer advancement happens
because of the photo-ionization mechanism generated
within a narrow layer ahead of the streamer tip but
without involving the avalanches drift.

3.2 Power and energy of discharges

When initiated on a dielectric, discharges generally
need to be fed with an electric power quantity to be
driven along the polymer surface. Consequently, the
energy gained by the plasma channel during its
propagation will influence the degradations rate depend-
ing on the temperature’s plasma and its dimensions.
To do so, the instantaneous electric power (P(t)), the
average power (<P>) as well as energy (F) of creeping

discharges are computed according to the following
expressions:

P(t) =U(t) x I(t), (7)
Ts
(P) =1/T, | P(t)dt, (8)
0
Ts
E= [ P(t)dt, 9)

0

where U(t), I(t) and T are respectively the applied voltage,
the impulse current and the period. Regarding the electric
power consumption (Fig. 5a), polyamides allow providing
to discharges higher amounts of power at lower voltage
values, especially for PA66/50. As FCEP and EPDM are
also concerned, the discharges power remains below that of
polyamides but is slightly enhanced when increasing the
field gradient value; note that elevated power values are
recorded for FCEP in comparison to EPDM. In Figure 5b,
the discharges energy is the highest for both polyamides
(PAG6/50 and PA66/50) whereas that depicted by FCEP
and EPDM is the lowest and requires elevated field
gradient levels. However, energy values recorded for all
materials remains undoubtedly lower to induce serious
damages to solids as discussed in [39]. Nevertheless, it
remains sufficiently higher for the particles photo-ioniza-
tion process [40].

Furthermore, Figure 6 illustrates the temporal distribu-
tion of discharges energy during their propagation. A severe
pulsing trend is noticed for polyamides with significant
peak values especially for PA6/50 (Fig. 6a) while the
activity of energy remains more regular in the case of
FCEP and EPDM without pulsating peaks (Fig. 6b).

Many scientists pointed out that the streamer inception
and propagation stages are both issued from the electrostatic
energy which accumulates in the electrodes-dielectric
system. Note that the spatial distribution of the electric
field is completely used for the streamer build-up steps. Then,
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as this energy is mainly located in the plasma forehead and
dissipated during elastic collisions due to excitation,
ionization, radiation and Joule dissipation phenomena
[41]. More accurately, this amount of energy contributes
to the creation of an electrified envelope around the streamer
in which space charges are uniformly distributed along
the plasma channel. Note also that this energy increases
exponentially as the power supply level increases [42].

Moreover, a streamer may be defined as an ionizing and
oscillating electromagnetic wave which propagates opposite-
ly to the electrons drift. It is driven by many factors namely:
gas pressure and mixtures, applied voltage level and polarity,
electrodes distance and related used raw materials [43,44]. In
the one-and-half model [45], Aleksandrov and Bazalyan
made the proposal of a secondary emission wave for non-
uniform field configurations and long air gaps. In the presence
of optimal conditions, positive streamers appear in a gas or
liquid medium as bright filaments growing up to the cathode.
Consequently, as the growth of streamers is theoretically
dominated by at least 2 body collisions, approximate
geometrical shape similarities of electrical trees could be
obtained experimentally at different pressures [46].

In addition, surface flashover (SFOV) resulting of the
electronic emission mechanism through space charges
generation plays an important role in the development of
creeping discharges and depends strongly on the type of used
polymer [47-49]. Grzybowski et al. [50] investigated the
SFOV mechanism for various materials (namely PMMA,
TFE and PE) in vacuum and concluded that the difference in
SFOV between polymers is controlled by various factors
such as conditioning processes, the electrons emission from
the cathode, the charging rate of insulator surface, the
desorption of surface gases and subsequent breakdown
through these gases. Hegeler et al. [51] consolidated that
point of view by stating that flashover is owing to a gaseous
ionization process whose rate and motion are strictly linked
to the chemical structure of a material undergoing
the phenomenon. According to Peek [52], streamers may
be decomposed into two distinguishable regions: (i) the
streamer head (also named active region) from where the
luminous emission and ionization processes take place,
and (i) the streamers channel or passive region where

electrons are generated in the tip flow and move forward
toward the HV electrode by remaining attached to the
electronegative molecules. Regarding polyamide materials,
generated space charges in the streamer head is remarkable
leading to increase the energy gained by emitted electrons
(W,) as well as their velocity throughout the advancement of
electronic avalanches resulting of longer streamer channels
[53]. Oppositely, the streamer channel propagates at lower
velocities with shorter lengths on FCEP and EPDM
interfaces, despite of higher applied electric field levels,
which is likely due to alower amount of space charges and an
important energy loss by electrons (W;). This is due to
collisions with gas molecules [54] and/or to discharges energy
absorption by materials, as shown in Figure 6b. In addition,
a basic equation of energy (F), based on Gallimberti and
Allen criteria [53,54], could be formulated by including a
third term, namely AW,, that represents the change in
potential energy and resulting of the creation of each new
streamer head as shown by (10):

E=W,+ W, +AW,. (10)

In most cases, the particles collision are generally
induced by ionization, attachment, excitation, dissociation
and recombination mechanisms yielding the energy (W)
no longer sufficient for FCEP and EPDM materials. This is
likely due to the particles attachment with the material
atoms leading to probably raise the energy ( W) and results
of stopping the discharges propagation despite of higher
applied field gradients [55]:

Ionization : e+ 03—0y" + 2e
Attachment : 202 +e—0y + Og™
Excitation: Os+e —0y" +¢
Dissociation : O + O™ —203 + ¢
Recombination : e+ Oyt —0,

In the presence of optimal conditions, positive streamers
appear in a gas or liquid medium as bright filaments growing
up to the cathode. As the growth of streamers is theoretically
dominated by at least 2 body collisions, approximate
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geometrical shape similarities of electrical trees could be
obtained experimentally at different pressures [56]. On the
other hand, the computation of radical components issued
from gas decomposition in atmospheric air due to positive
streamers, using a sphere-plane electrodes configuration,
have been also achieved through a 2D numerical model, as
developed by Naidis [57]. It includes the balance equations
for concentration of charged particles and the equation
for potential of electric field. Regarding the dissociation
reaction, the generation of nitrogen atoms is produced as
indicated above:
Ny—2N*t + 2e™

Then, the full excitation process of nitrogen atoms is
induced as described in the following:

Ny—N, (Z A3) 436

Finally the subsequent reaction regarding air dissocia-
tion when electric plasma appears is described by the
following chemical reaction:

N, (Z A3) + 0y—N, + 202

Consequently, it is evidenced that Ny and O, molecules
produce atoms as well as chemical components mainly
located inregions where the electric field is reinforced, such as
in the streamer forehead where hot electrons are available.
Their ignition rates depend also on discharges propagation
conditions namely: applied voltage level and its duration,
polarity and electrodes gap distance [56,57]. The pulsed
positive corona discharges are actively studied due to their
significant role for gas cleaning from toxic chemical by-
products such as CO, and NO,, [58]. This kind of discharges
has a structure of a number of streamers-thin plasma
channels that propagates within an electrodes gap.

3.3 Discharges velocity and its influencing factors

According to previous works [20,21], the computation of the
discharges velocity using different theoretical approaches
evidenced some differences with empirical values. Indeed,
the discharges velocity computed with equation (12)

exhibits different values than those calculated with the
expression provided by Les Renardiéres Group [21]. It is
mainly due to the influence of two parameters namely (i) the
air density (p), and (ii) the fraction of available energy (Q).
For the former, its value is constant during the discharges
propagation and for the latter its value is also fixed equal to
0.1. According to Figure 7, the influence of energy fraction
(Q, Fig. 7a) for FCEP interface is less pronounced than that
of the air density (p, Fig. 7b), that is acting oppositely on the
discharges velocity. The increase of energy fraction empha-
sizes the discharge velocity while air density elevation
induces a sudden reduction of the velocity (ranging from
0.1 to 0.2kg/m?) before decreasing slowly until 1kg/m?®.

Moreover, streamer velocities propagating along di-
electric surfaces are known to be slightly higher than those
for simply discharges bulk gases [59,60]. These higher
values of discharges velocities obtained on polyamides
(PA6/50, PA66/50) are attributed to the increase of the
ionization rate intensity in the presence of insulating
surfaces. Furthermore, the difference in velocities between
tested materials (PA6/50, PA66/50, FCEP and EPDM) is
likely explained by the difference in the photo-emission
potential induced on solids. However, the lower velocity
value computed for FCEP and EPDM are mainly due to
the higher photo-energy threshold required to produce a
photo-electron from their surfaces despite of elevated
applied electric field [61,62]. Similar conclusions have been
drawn for ceramic materials while PTFE behaves oppo-
sitely as reported by Chvyreva [63].

As concerns discharges temperature, Xiao et al. [64]
showed that under AC voltage the produced temperature
value is between 1200 and 1500 K for current values ranging
from —4 to 3mA and for discharges lengths included
between 2 and 6 mm. Similar results have been obtained and
approximated by the normal distribution (expression (11))
as depicted in Figure 8a [65]. It shows that current values
are higher for polyamides in comparison to FCEP and
EPDM. Slama [66] demonstrated that, under extreme
conditions, the discharges temperature could reach 2000 K
for positive LI voltage and varies according to polluting
constituents, to the voltage polarity and to the energy
fraction value (). Hence, considering that air density is
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for PA6/50.

sensitive to temperature as shown by equation (13), it comes
out that the velocity value calculated with equation (12) is
in turn dependent on the air density variation which should
be taken into account for further estimations.

I o 2
P(I) :ﬁ{oexpl—% x (IZ (f”) ]dl, (11)

where P(I), o, I; and I, are respectively the density
probability of a sample I, the standard deviation, the value
of ith sample and the mean value.

§/2 x Q x Ut) x I(t)
UB@t) =

7T X p X rt)

where p, Q, U(t), I(t) and 7(t) are respectively air density,
fraction of available energy (0 < <1), applied voltage
waveform, resulting current and discharge radius.

_P><M
T RxT’

where P, M, R and T are respectively air pressure (in Pa),
molar mass of air (in g/mol), universal constant of perfect
gases (in J/K.mol) and temperature of discharges (in K)
[67]. Moreover, note that modelling of air density data with
regression curves could be considered for the computation
of velocity (Fig. 9¢) [68]. As concerns temperature (T,

o (13)

it could be obtained according to the heat transfer balance
equation, given in polar coordinates, thanks to Elenbaas—
Heller model [69,70]:

{r x A(T) x d—T} +0o(T) x E*=0, (14)

dr

where 7, T, o(T) and FE are respectively discharges radius,
thermal conductivity of discharges, electric conductivity of
discharges and electric field. Then, a solution to equation
(14) has been proposed by Frank-Kamenetski who have
provided the expression of power dissipation (P) within the
arc channel by thermal conduction as given below:

Kp

P =167 x A(T) x x T2, (15)
where Kp—1.3806e—23m?kg/(s>.K), and, W;=35.5¢V,
are respectively the Boltzmann constant and the first
ionization energy of the discharges channel. The thermal
conductivity of the plasma channel could be approximated
by expression (16):

Aq

MT) = A, x (1=V,)’

Va

where A,, A, and V, are respectively thermal conductivity,
kinetic gas coefficient and volume fraction altogether of
air, as described in [71]; note also that A, depends on the

(16)
1+
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Table 1. Analysis of regression parameters and adopted equations for thermal conductivity data of atmospheric air.

Equations (W/mK) Coefficients SSE RMSE R? Adj. R?

Ma(T) = a7 x T a; = 1.677e—15 b, —4 0.3041  0.2084  0.9214  0.9211

raa(T) = az % T3 +ay x T> 4+ a3 x T+ ag ag=0.2962 a, =0.217 0.1985 0.2228 0.9487 0.9102
a] — 0.1115 ag — 0.2776

A3a(T) = ay x et as=0.02495 0.1908 0.1783 0.9507 0.9424
b, ="7.451e—04

discharge column temperature. The dependence of thermal
conductivity on temperature has been taken into account
and a regression data modelling, based on results available
in [68,72,73] (Fig. 9), is presented in Table 1 with a
prediction bounds factor p;, of 90%. The regression analysis
is carried out using sum of squared errors (SSE), root mean
squared errors (RMSE), prediction quality factor (R?) and
adjusted prediction factor (Adj. R?).

As shown in Table 1, three mathematical expressions
among the most representative are suggested for solving
equation (15), extrapolating and then computing the
discharges axial temperature (7). However, considering
the goodness of parametric evaluation fit of thermal
conductivity data [68,72,73] (Fig. 9b), the following

expression could be picked up for an easier implementation:
Ma(T) =a; x T (17)

Then, by replacing (17) in (15) the axial temperature is
obtained as shown in (18):

6| P x W; x [(1 +7A“X(1_V“))}

Va
16w x Kg X a1

The thermal conductivity of atmospheric air (P = 1.013kPa)
below 2000K increases linearly as the temperature
increases (Fig. 9a) while it increases according to a fitted
power law curve (Eq. (9)) for T>3000K (Fig. 9b). The
atmospheric air density, computed with equation (13),

T =

(18)
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Fig. 10. Effects of the type of a material on the discharges temperature: (a) influence of the HV needle maximal field (Eq. (10)); (b)
instantaneous distribution of temperature for PA6/50 and FCEP at U =27kV; and (c) for PA66/50 and EPDM.

decreases as the temperature increases reaching lower values
at T=3000 K. However, these computed values remain in
well accordance with numerical data available in [68].

As shown in Figure 10, the relationship between
temperature and electric field intensity at the HV needle is
depicted by equation (10) and may be assumed
to represent the electric conductivity o(7). Actually,
Figure 10 exhibits that the average discharges tempera-
ture increases as the electric field increases for all
materials (Fig. 9a) with considerably enhanced value
for polyamides reaching more than 3800 K whereas EPDM
and FCEP require higher field magnitudes to reach 3600 K
at most for FCEP. EPDM material inhibits the tempera-
ture rise in comparison to other polymers despite of
elevated applied field thresholds. Moreover, the instanta-
neous variation of discharges temperature (Figs. 9b and
9¢) reveal that it is the most emphasized for PAG/50
equaling more than 5000 K. However, PA66/50 material
shows a reduced temperature value (<5000K) with less
repetitive pulses. The temperature profile distribution for
FCEP is the most stable due to a cushioned effect, induced
by its thermo-gravimetric properties, that tends to
decrease its value up to 2800 K (Fig. 10b). Nevertheless,

EPDM decreases the temperature value below 3000 K but
with the presence of many oscillations having higher
magnitude (~3500K, Fig. 10c).

3.4 Electric conductivity of polymeric surfaces

The surface electric conductivity of tested solids is
analyzed when creeping discharges propagate up to
flashover. It is well known that surface conductivity and
permittivity of a material influence greatly discharges
patterns since they are closely related to their growth on
insulators. More precisely, the length and number of
discharges are found out to be more enhanced for
polyamides at lower inception voltage levels because of
their higher electric surface conductivity. However, dis-
charges are much more inhibited on EPDM and FCEP due
to their lower electric conductivity especially for EPDM.
The conduction mechanism on the surface of polymers at
higher electric fields and relatively lower surrounding
temperatures is non-Ohmic and relies upon the Schottky
effect for which the potential barriers are reduced and an
electron can pass across that barrier [74-76]. Similarly to
the Poole-Frenkel effect occurring in the bulk of a material,
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the surface conductivity (o) could be given by (19):

o = ouex By x VE

TP\ X T

with o9 =— and ﬁszﬁﬂ, (19)
Yo 2
3
€

Bpr = p—

where o, and y, are respectively the intrinsic surface
conductivity and resistivity of the material, 85and Spr are
respectively the Schottky and Poole-Frenkel constants,
E is the electric field magnitude, Kp is the Boltzmann
constant, T'is the absolute temperature (in K), and e is the
elementary charge of electron (1.602 x 10~°C).
Consequently, the conductivity distribution on the
surface of PA6/50, PA66/50, FCEP and EPDM has been
calculated according to electric field values provided from
the 2-D numerical model for U, =27kV (Fig. 11) [21].
Generally, the electric surface conductivity reaches its

highest value at the center of the polymeric specimen right
under the HV needle then decreases as the axial distance
(x’Ox) increases constituting such a heterogeneous
conductive surface [77]. For polyamides (Fig. 11a), the
predicted peak conductivity values are in the range of
10728 (5.358 x 10~ '* S and 4.922 x 10~ ? S respectively for
PA6/50 and PAG66/50) while it is significantly reduced
along both FCEP and EPDM surfaces that fall 10 '°S
(8.545 x 10~ '°S and 6.065 x 10~ '° S respectively for FCEP
and EPDM).

As highlighted in Figure 12, the discharges propaga-
tion along tested polymeric specimens (from sample
middle at z=0mm up to its edges =40 mm) has been
modeled based on their maximal electric surface
conductivity which varies according to the electric
gradient level. This results of a propagation domain
that describes each material property similarly to a
thermodynamic cycle. As a result, three regions are built-
up and define the discharges ignition and growth process
until flashover, namely: ignition, propagation and higher
probability of surface breakdown. Moreover, it can be
seen that the PA6/50 (Fig. 12a) cycle is the longest one
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having elevated conductivity values while the EPDM
domain (Fig. 12b) is the smallest with the most reduced
conductivity values. The PA66/50 domain (Fig. 12a)
owns higher values but remains included within the
PAG6/50 cycle with approximately similar breakdown
bounds. Nevertheless, conductivity values for FCEP
(Fig. 12b) are slightly eccentric in comparison to the
EPDM domain.

It is particularly noticed that increasing the field
gradient increases the electric surface conductivity neigh-
boring the HV needle electrode at the beginning of the
domain and during discharges elongation having values
that depend exclusively on the material’s intrinsic
characteristics. However, increasing the field gradient
level at specimen edges stabilizes the surface conductivity
value without any visible effects.

3.5 Charging of electric particles

In previous works [20,21], the computation of electric field
at the surface of HV needle using analytical and numerical
methods evidenced a remarkable difference between both
approaches likely thought to be the reason of two
parameters namely: (i) charged particles originating from
creeping discharges, and (ii) polarization phenomena
because of the largest frequency content of lightning
current (f<250 MHz) influencing particles motion and
their spatial orientation (Fig. 8b).

Space charges are sensitive to the nature and polarity
of electrodes and are known to induce significant
variations of the electric field leading, in most cases, to
decrease or increase its intensity in the presence of
insulating barriers [21]. The generated space charges
under positive polarity increase the electric field magni-
tude. Actually, that effect has not been considered in our
simulations clarifying the noticeable difference between
predicted values of the 2-D model and the analytical
method [78]. Nevertheless, it could be stated that it is a
good thing to get over-estimated values from numerical
models in comparison to analytical methods since
numerical computations guarantee a minimum safety
factor in regards to the design and optimization of HV
equipment and devices. Generally, the generated charges
quantity (@), for a fixed applied voltage level, may be
calculated according to the expression (20) as in the
following:

(20)

The main contribution of space charges (Q.) is to
increase the voltage level by acting additionally to the
applied electric field resulting of a slight elevation in its
magnitude as it may be formulated in expression (21):

Q=0 +Q., (21)

where @; is the quantity of electric charges without the
effect of space charges. In addition, one can compute the
cumulative electric charges magnitude (¢;.) and consider it

. J. Appl. Phys. 82, 20801 (2018)

as a comparative electrostatic index (C.E.I) of solid
dielectrics that may identify the electrostatic hazard degree
of polymeric materials, at each voltage value, based on
expression (22):

(22)

Qic = ZQ
N

In Figure 13, the generation of electric charges reaches its
highest amount for polyamides while FCEP and EPDM
depict a lower quantity of charges clarifying their smaller
length regardless the applied voltage value (Fig. 13a). In
addition, the effect of space charges is also investigated
revealing that the induced voltage is remarkably elevated for
polyamides whereas FCEP and EPDM induce a voltage level
lower than 600V for Ug..=27kV (Fig. 13b). Finally, the
computation of cumulative charges demonstrates that
polyamides are more sensitive to the electric stress than
FCEP or EPDM due to their noticeable electrostatic charging
tendency (E.C.T.) as shown in Figure 13c.

As the polarization of materials is concerned too, the
elevated frequency range of LI signals may have an impact on
the relative permittivity of polymers (¢,’) by modifying its
value at higher frequencies (Fig. 8c). This outlines the lower
values for the numerical model in comparison to the
analytical one [21]|. Further interests should be especially
paid to the type of fillers, their geometrical shapes and their
volume fraction within the polymer matrix for their
contribution in polarization phenomena [79)].

More precisely, the spatial organization of discharges
in a tree filamentary structure is strongly correlated with
electric charges that are induced on a dielectric surface.
Actually, the first electric discharge that forms on the
dielectric plate deposits surface charges close to its center
and affect significantly the subsequent discharges orien-
tation and the plasma filaments dimensions leading to
build-up a stronger branching shape [80]. As streamers
heads generate substantial electrical charges of equal
polarity by which the local electric field is emphasized,
streamers clearly repel or attract each other electrostati-
cally resulting of the well-known Lichtenberg depicted
shape [81]. Thus, the more surface charges are produced
on materials, the higher is the filamentary structure of
discharges.

Regarding tested materials, a higher amount of electric
charges for polyamides (PAG/50, PA66/50) reflects the
appearance of multiple filamentary discharges (Figs. 14i
and 14ii) while a relatively lower charges quantity for
FCEP (Fig. 14iii) and EPDM (Fig. 14iv) corresponds to the
growth of a few or even one short discharge filament despite
of elevated applied voltage levels (U>32kV+).

3.6 Movement of charged particles

In gases, charged particles move quickly in all directions
and gain kinetic energy resulting of colliding elastically
frequently with each other because of applied electric
stress and temperature elevation with no loss of energy
[82]. Actually, the application of an electric field induces
a force that is responsible of particles motion in the same
direction or oppositely to the generated field depending
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on charges being positive or negative. These particles
may be ionized under certain circumstances leading to
considerably increase their kinetic energy and to
accelerate their movement randomly in space inducing
a heavy light emitting channel.

In this section, the study of particles mobility, their
thermodynamic entropy in space as well as the
mechanical pressure by which axially charged particles
are propelled, are analyzed and computed in a point —
dielectric barrier — plane system. As shown in Fig. 15a,
the average mobility of charges (u) has been depicted
according to the provided electric power for each tested
polymeric specimen based on the equation (23) as in the
following:

vR=u X E, (23)
where vp and E are respectively the average velocity
value and the electric field magnitude both calculated
in [21]. It is evidenced (Fig. 15a) that polyamide
based materials (PA6/50 and PA66/50) increases the
mobility of charges as the provided electric power

increases with noticeable elevated values for PA6/50 likely
due toits higher particles ionization degree (u < 14 cm?/V.s).
As FCEP is concerned, the material absorbs a large part of
the electric power inducing the slowest mobility of charges
due to a reduced amount of electric power provided to the
ionization of particles (u <8cm?/V.s). For EPDM, note
that the absorption of electric power is greater than that of
FCEP despite of higher value of mobility recorded neighbor-
ing 3 or 5.7 Watts of electric power (u < 10cm?/V.s).
Moreover, a better description of the charged particles
motion may be assessed through the Steenbeck’s entropy
(ASs;) usually employed in non-equilibrium thermody-
namics and is given by (24) [82,83]:
ASs ="/r, (24)
where P (in Watt) and T (inK) are respectively the
average electric power and the axial discharges channel
temperature computed in equations (8) and (18).
Figure 15b evidenced that the increase of average
discharges energy increases, in general, linearly the
value of Steenbeck’s entropy for all tested materials
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Fig. 14. Photographic views of creeping discharges propagation and advancement up to flashover over various polymeric materials at
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discharges propelling pressure (Ugest = 27kV).

except for EPDM. It is observed that polyamides influence
tremendously the entropy of charged particle within the
discharges channel as the energy value increases while FCEP
and EPDM interfaces seem to stabilize the particles motion.
Note also that EPDM avoids more than FCEP a wider
dispersion of charged particles within the discharges channel
during its propagation.

Furthermore, the dispersion of particles is induced by a
mechanical pressure (P,;) resulting of an external force
(Foxs) which propels charges axially along a surface (S) and
may be calculated according to equation (25):

— I
|Par|| = W extll /.

S

(25)

The force ||F|| is computed according to expression
(26):
— .
1Fecll =221/ (26)
¢

where ||p|| is the discharges momentum module given by

1B]| = ma x [[vg]. (27)

The mass my is computed according to (28) as in the
following;:

%md X ”URQ :%KB X T<=>md:KB X T/URZ' (28)
Finally, the propelled surface S is estimated according

to (29) based on the fact that the discharges channel
propagates into a cylindrical shape:
S=m x r(t). (29)

Figure 15c¢ exhibits the dependence of maximal
discharges propellinpressure on the material’s surface
and discharges length. It is generally noticed that the
discharges extension increases a little bit the average
propelling pressure especially for FCEP and PA6/50
materials whereas that for PA66/50 and EPDM remains
constant and below 0.5 Pa. Nevertheless, the computation
of Pypnax, With MATLAB® using the differential equation
function “diff’, may sometimes show higher values for
PA66/50 (8.6573Pa at Ugest =25.5kV) and EPDM
(19.0657 Pa at U.ess =28kV) and the highest one for
FCEP also (1.4503kPa at Uges =28kV). In addition,
the graphical diagram infers the existence of a
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maxima pressure values, obtained at a particular voltage
level /discharges length, easily noticed for PA6/50 (L;=
18.393 mm) and FCEP (Ly= 12.536 mm) for instance, that is
similar to relaxation phenomena observed for dielectrics [84].

4 Conclusion

The present study investigates the ignition of surface
discharges and their propagation over various solid dielectrics
under the positive lightning impulse voltage. The analysis of
their morphology reveals that polyamide materials enhances
their length as well as their channel radius at lower voltage
levels due to their higher surface conductivity which promotes
drastically their growth contrary to FCEP and EPDM
materials. More precisely, the propagation of creeping
discharges is mainly governed by two competing mechanisms
that produce the electrical treeing structure namely
(i) repulsion due to electrostatic forces, and (ii) attraction
because of nonlocal photo-ionization.

The computation of electric power and energy amounts
evidenced that FCEP and EPDM interfaces reduce
considerably their value despite of higher voltage levels,
oppositely to polyamides, which is likely due to their
absorption property mainly responsible for the reduction of
discharges growth and advancement.

It is shown that the discharges velocity is greatly
influenced by many parameters such as energy fraction (£2)
or air density (p). This latter is affected by the discharges
temperature found to be more elevated for polyamides in
comparison to FCEP or EPDM polymers.

As the charging tendency is concerned, it is observed
that the generation of electric charges is remarkably higher
for polyamides due to their sensitivity to the electric field
whereas FCEP and EPDM interfaces induces lower
charges. The distribution of the discharges filamentary
structure and its treeing shape rely on the produced electric
charges amount which depends on the polymeric material.

The examination of charged particles movement dem-
onstrates that their mobility is noticeably accelerated when
using polyamides while FCEP and EPDM tend to inhibit
their motion. Indeed, the calculation of the thermodynamic
entropy reflects the particles activity in space which is
elevated for polyamide solids and reduced for FCEP and
EPDM. Moreover, the computation of the propelling
pressure exhibits the existence of relaxation phenomena
by which discharges may sometimes be pushed far ahead
especially in the case of polyamides.

The experimental findings related to the present survey
suggest many efficient future applications of discharges
plasma such as: ozone generation from air and oxygen,
removal of toxic agents from polluted air, gases or liquids,
surface treatment of solid materials, greenhouse gas
recycling, UV lamps or various utilizations in DBD barrier
technologies.
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