A Computational Study of Negative 8rface Discharges
Characteristics of Surface Sreamers and Surface Charge

Xiaoran Li and Anbang Sun
State Key Laboratory of Electrical Insulatiand Power Equipment, School of Electrical Engineering,
Xi'an Jiaotong University, Xi‘an, 710049, China

Jannis Teunissen
Centrum Wiskunde & Informatica,
Amsterdam, The Netherlands

ABSTRACT
We investigate the dynamics of negative surface discharges in air through numerical
simulations with a 2D fluid model. A geometry consisting of a flat dielectric embedded
between paralletplate electrodes is used. Compared to negative streamers in bulk gas
negative surface streamers are observed to have a higher electron density, a higher
electric field and higher propagation velocity. On the other hand, their maximum electric
field and velocity are lower than for positive surface streamers. In our simulabns,
negative surface streamers are slower for largerelative permittivity. Negative charge
accumulates on a dielectric surface when a negative streamer propagates along it, which
can lead to a high electric field inside the dielectric. If we initially pt negative surface
charge on the dielectric, the growth of negative surface discharges is delayed or inhibited.
Positive surface charge has the opposite effect.

Index Terms 0 surface discharges, fluid simulation, negtive streamers, surface
charge

to nanoseconds is required [13]o gain further insight into
negative surface discharges, numerical simulations have also
1 INTRODUCTION been performed. We highlight a few examples below.
) ) i . Tranet al. [14] performed 2D axisymmetric simulations of
SURFACE discharges are common in electronics and highegative corona and barrier discharges in a neeeane
voltage devicesDielectrics not only distort nearby electric ﬁeldsgeometry. They validated the model parameters by comparing
but also serve as a possible electron sink or source. Dielectrics &aR experimental data. Sine al[15] used a 2D axisymmetric
therefore play aritical role in the formatio and propagation of f,iq model to identify differensurface discharge stages from
discharge¢l]. We have recently explored the interaction betweefle electric current, in a geometry consisting of two plate
positive streamers and dielectrics [B]. In this paper, We ejectrodes and a cylindrical insulator. The resulting surface
investigate the properties of negative surface discharges, which ea8yqe and the effects of the voltage amplitude and the
have quie different characteristics from positive of@s]. dielectric properties were also investigatédumerical 2D
In the last decades, experimental studies of negative surfagg, jations of nanosecomlised SDBDs of positive and
discharges haveftenfocused on the measurement of flashovegeative polarity have also been performed. 8) &hd ], the
voltages[5] andsurface charge accumulatipf]. There have pearsurface discharge structure and electric field were

also been several studies on the effect of surface charge ongRgiyzed, with the latter also focusing on secondary electron
subgquent breakdown 7{11]. Surface dielectric barrier gmission.

discharges (SDBDs) have also been studied experimentally. Iy, past research on surface dischargmany different

e.g. [12], advanced diagnostic were used to measure streagi@dmetries have been considered. Here, we consider a
velocities and electric fieldsSuch experimental studies cangeometry in which a flat dielectric is placed between parallel
provide practical gidelines for insulation engineers. Howevery|ate electrodes, as in our previous work on positive streamers
performing a microscopic investigation on the plasugace 2] such a geometry is relevant for applications in HV
interaction, especially at atmospheric pressure, is exiremeghyation, We simulate negative streamers interacting with
challenging, as a neintrusive diagnostic method with a spatialgig|ectrics, including discharge inception, attachment to the
resolution down to miameters and a temporal resolution downyjg|ectric and propagation over the surface. We also study the
effect of the apjed voltage, theelativepermittivity and preset
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The paper is organized as follows. The simulation model HV

described inSection 2. InSection 3.1, we focus on the I p—
interaction between negative streamers dietectrics and on Tonized
surface charge accumulation during streamer propagatic Seed
Then the effects of the applied voltag&e¢tion 3.2) and the £
relativepermittivity (Section 3.3) are investigated. Finally, the = El
effect of preset surface charge on negative swfdischarges _f s
is studied inSection 3.4. a )
10mm [ .0 T_'\
2 SIMULATION MODEL ~GND

We use the same simulation setup and model as for our stt 40mm

of positive streamers2], so that results can directly beFigure 1. Schematic of the computational domaidnless indicate
compared. The simulation model and setup are briefotherwise (see Table 11,20 kVis applied at the HV electrode and thtative

. . permittivity of the dielectric i)= 2.
introduced below, forurther details we refer {@]. Table 1. Investigated parameters and theitues in each sectian

2.1 SIMULATION SETUP Section| d (mm) U (kV) Q Ss (pC/mn?)
The geometry we use consists of a flat dielectric place 3.1 1 -120 2 0
3.2 05 | (-112,-120,-128)| 2 0

between two parallgblate electrodes, as shown in Figure 1
This geometry resembles some actual HV insulatio

applications, and its simplicitpakes it suitable for numerically - ——— ~ - ATy o
studying surface diSCharg?S' T_he_ computational domaappiiede:/eolt:gte; tilséapeﬁztiveet\,\rl)ee(?r?wi?t(ie\(/aitycslcn iﬁzea(;elteciricle;g;ceeigittiael
measures (40 mr)and the dielectric is placed on the left Sidésyrfacecharge.

with a width of 10 mm. Direct high voltage is applied at the

upper electrode, and the lower electréglgrounded. The gas 2.2 PLASMA MODEL

is artificial air 0% N and 20% @ at 1 bar and 300 K. The A 2D fluid model is used in this paper, which is based on
background densities of electrons and positive ions are setAfivo-streamer17] and improvedo include dielectric surfaces
10° m?. Discharges usually start in regions where the electrl€]. It uses the adaptive mesh refinement and the parallel
field is locally enhanced. In actual HV dest; the electric field Multigrid solver provided byhe underlying Afivo framework

is often enhanced at a triple junction between gas, dielectric 4§

electrode. A realistic description of discharge inception (due to! "€ fluid model used here is of the duiffusion reaction

e.g. partial discharges and surface charge accumulation)t e with the local field approximation. The model keeps track

outside the scope of the present papetead, an ionized seed 0 the_ elgctron de_ns_itye, t_he positiye i_on den.sityi* and the
. . X negative ion densitgi, whichevolvein time as:
is placed near the upper triple junction to enhance the electri¢
field locally, as indicated in Figurk The seed we used here isHe — BomeE D, n) B S S
about 2 mm long with a radius of about 0.4 mm. Its top edgdzfIt
just touches the upper electrode. Iniigizthe seed is electrically pn* _ "
neutral, with electron and positive ion densitie§xd0®m3at |y ~ OME) § +§ +
the center, decaying smoothly from a radius of 0.2 mm to zerﬁh. .
at 0.4 mm, sef?] for details. —=-BaomE) § +
The distancedl between the initial seed and the dielectric is Mt ) . e .
slightly varied in the paper, see Table 1. In Section 3.1, we usb€'€: /s the electron mobilityDe the electron diffusion

d = 1 mm to study the attraction of streamers towards t}ﬁg_;)efficient,E the electric field, and#’- the positive/negative
dielectric. InSection 3.2 and 3.3, we use= 0.5 mm, and in 10N Mobilities. We usa = 3x10*m?Vsand/m = 0, consistent

Section 3.4 we usé= 0 mm so that discharges directly start aYV'th [2]. The electron impact ionization and electron

the interface. When the initial seed is placed farther away frofi’ﬁta(:hr?enlt ter?S gre glven 5:’;1: pnaI.Enetland S th QnﬁEne, i
the dielectric, it will take longer for the streamer to reach the SPECtively, wherelan Qar(_a € 1onization anattachmen

. . X L coefficients. The production of photoelectrons from
dielectric, but the further discharge evolution is similar, as WaS Ctoionization is i :
also observedhi[2] photoionization is included with the ter&.

Th lied volt lati ittivi d t surf We use a Monte Carl o approach
€ appiied votiagerelative permittivity and preset suriace photoionization model, in which discrete ionizing photons are
charge are varied iBections3.2, 3.3 and 3.4see Table 1We nerated and absorbed usimgndom numbers. Their
study how these parameters affect negative streamers, in panicgﬁag

i . . orption at the dielectric is taken into account. The
their inception, propagation, morphology asdrface charge

h teristics. The simulati : d up 1o 20 I photoionization source term is updated every 10 time steps
characteristics. The simulations are performed up to 20 ns. In g1 6virtual 6 photons. A det

considered cases, streamers have reached the dielectric ﬂ@oi onization procedure can be founddhand in [19]
propagated over it within 20 ns. We do not consider later stages, l?he local field approximation is used, so thatDe, Uandd

which the discharge has reached the othetretée. are functions of the local electric field strength. Electron

3.2 0.5 -120 (2. 3,5) 0
3.4 0 -120 2 (-5,-1,0, 1, 5)

€



transport and reaction coefficients for dirlfar 300 K) were start avalanches growing towards the streamer head. For

generated with Monte Carlo particle swarm simulationsing negative streamers, electrons move away from the streamer

Phel psé cross sections [ 20]head]saothat SEEadtronsaoalelsed friorh thesdéeleotrio woluldl i ¢ i

tabulated up to a certain maximum electric field, which is heismmediately flow back onto it. SEE from dielectrics is therefore

35 kVv/mn for higher fields, we use the tabulated valu8%t neglected in this paper. We remark that SEE could play a role

kv/mm. in the initiation of negative streamers (for example through
Electrons and ions attach to the dielectric stefahen they surface charge accumulari), but that is outside the scope of

flow onto it. They then locally contribute to the surface chargihe present paper.

densityls at the dielectriggas interface. Reactions or diffusion

on the surface are not taken into accountjsshanges in time 3 RESULTS & DISCUSSION
as:

_ Gy @.* 5 3.1 INTERACTION BETWEEN NEGATIVE
ws, =& .Gy @, 2 STREAMERS AND DIELECTRICS

Hereeis the elementary charge and the other terms correspond

to the fluxes towards the gdselectric interface:G for  rng araction of positive streamers to dielectrics has been

) o A T
elelctrlo?s,ﬁ for negzra]\tlve '_O?S ta_nﬁ_;‘; tfofr posltl\t/ﬁ lons. We  yemonstrated in several experiments (28)) and simulations
calculate fluxes on the galelectric interface in the same Way(e.g.[2]). In our simulations, we observe a similar attraction for

as fluxes irthe bulk gas, which may not always be accui2ig negative streamers. Figure 2a shows the development of a

However, we expect that this approxineati which was also X L
used in e.g[1, 22, 15], has no strong effect for the transienl?egit've streamer between 4 ns and 14 ns for an initial seed

(norequilibrium) simulations presented here. The minimurfﬂaced 1 mm away from the d.iglectric surface. For comparison,
grid spacingpused for the adaptive mesh is aboutdn2 The the (_j_evelopment_ of a positive streamer _und_er the same
mesh refinement depends on the local ionization coeffitient conditions (but with a different voltage polarity) is shown in

3.1.1 Comparison with positive streamers

ensuring thatpx 10 Figure 2b. o B
TheelectricfiellEi s cal cul ated by s ol T eaegonpensityig hie ppgitivessiiaamear ghangel (210
PG E+.4 m3) is higher than in the negative channel (¥16°). This can
e explained as follows. Electrons drift away from negative
A ) ® b lained as foll El drift f i
E=-P streamers, whereas they drift towards positive streamers. The

where Uis the dielectric permittivity/ is the volume charge charge layer aund positive streamers is therefore formed by
density, andZ maps the surface chargeon the gaslielectric  positive ions, which are less mobile than electrons, so that
interface to the grid cells adjacent to the dielectric. At thgositive streamer channels are more concentrd@4].
interface, the normal component of the electric field satisfiagowever, for both polarities, the electron densities of surface
theclassic jump condition: streamers (~P m3) are hidner than those of gas streamers,
eE - &, = (4) which we also observed if2]. This is primarily due to the

S

where(] and( represent the permittivities on both sides of th&nhanced electric field of surface streamers, shown in Fgure
interface, andE; and E, are the electric field components and discussed below. Surface streamers have a higher field due

normal to the interface. to electrostatic effects and due to their reduced radius compared

For positive streamers, secondary electron emission (SE)Jas streamers.
from a dielectric can be important, because these electrons can
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Figure 2. Evolution of negative (a) and positive (b) streantmsveen 4 ns and 14 ns, for an initial seed located at 1 mm from the dielectric surface on
The applied voltage 120 kV for negative streamers and 120 kV for positive streamergeBiwepermittivity is 2. Note that only part of the comptidaal
domain is shown in this figure.



Another distinguishing feature is that the negative streamkarger radius and a lower electric field. This means it has lower
starts earlier. At 4 ns, its length is about 2 mm, whereas thed more spread out charge density at its head, which leads to
positive streamer just starts. However, afterwards positivéeaker electrostatic attraction to the surface.
streamershave a higher velocity, especially when propagating Figure 4 shows the streamer velocity versus maximum
over the surface. This is illustrated in Figure 3, which shows tig¢ectic field for the positive and negative streamers in Figure

streamer velocity and its maximal electric field versus streamgPmpared to streamers in bulk gdsZ4], the relation between
v and Emax is more complicated for streamers interacting with

length.

From Figures 2 and 3, we find that both negative and positiv
streamers reach the dielectric at around y = 35 mm.
negative surface streamer forms at around y = 29 mm and {R
positive surface streamer forms at about y = 33 mm. For bogp
polarities, the maximum electric field and streamer velocitga
increase when propating over the surface. The maximum
electric field for the negative surface streamer is abold 28

kV/mm:; for the positive one, it is over 30 kvV/mm.

velocities for both polarities.
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Figure 3. Streamer maximal electric field (a) and velocity (b) verst
location of the electrifield maximum.Results are shown for the negative
positive streamers in Figure 2 (labeled "negative, d=1mm" and "pc
d=1mm", respectively) and for corresponding cases in bulk gas wit|
dielectric. The streamer velocityis calculated by diding the distance tl
streamer head moves between two consecutive outputs by the outy
interval.

For both polarities, the d
the electric field between the streamer and the dielectric, whi
attracts the streameo the dielectric. However, the negative
streamer propagates along the surface for 6 mm before a suri
streamer forms, whereas this distance is only 2 mm for tl
positive streamer. There can be two reasons for this. First,
negative streamers, eleatio move away from the streamer
channel, which leads to the accumulation of negative surfa

charge on the dielectric (s&ection 3.1.2 for more details). Figure 5. The evolution of the dielectric surface charge from 4 ns to
ifor the negative streamer frofigure 2a.

This surface charge lowers the electric field between t

Figure 4. Streamer velocity versus maximum electric field at the stre
head. Results are shown for the negative and positive streamers in Fi

E, (kV/mm)

3.1.2 Surface charge characteristics

dielectrics. Three stages with different slopes can be
Tﬁjéstinguished. Whem < 0.9 mm/nsstreamers are propagating
g/ards the dielectric. Farbetween 0.9 mm/ns and 1.6 mm/ns,
surface streamer formand forv > 1.6 mm/nsa surface
reamer is propagating over the dielectric. Note that for the
me velocity, negative streamers have a lower maximum
electric field, but that the three stages occur at similar streamer

As mentioned before, electrons from a negative surface
discharge move outwards, so towards the dielectric it is
propagating over. Figurg shows the evolution of the surface
charge for the negative streamer shown in Figure 2a. Up to 12
ns, the surface chge only increases, which happens most
rapidly near the streamer head. Afterwards, a reduction in
surface charge behind the streamer head is visible. This happens

when the back of the negative streamer becomes more

positively charged, so that the field been the back of the
streamer and the negatively charged surface reverses. Positive

ions then flow to the surface and partially neutralize it.
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streamer and the dielectric. Second, thgatige streamer has a The increasing surface charge near the streamer head can



produce a high electric field inside the dielectric, which wagositive streameifg]. The difference is that negative streamers
also observed in[3]. Figure 6 shows the electric field propagate with at least the electron drift velo§2¥], whereas
distribution for the streamer in Figure 2a at 14 ns. A highositive streamers can only gralue to ionization.

electric field is present around y = 33.4nm, which Figure 9 shows the surface charge tdisution when the
corresponds to the location of the peak of the sartdarge at streamer heads are located close to y = 28 mm. The profiles are
14 ns in Figuré. similar, so the background electric field has only a small effect

streamerdielectric gap with a high electric field but a low 38.073 ] i
electron density has been observed. For negative surfa E 10
. . | 3 20
streamers no such gap is present, and the streamers can f 37:01 3 E 10
connect to the dielectric surface, as shown in Figure ‘
27.60 36.0 4ns | 3 4ns 3 4ns 108
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Figure 6. Electric field distribution for the negative surface streamétigire
2a at 14 ns.

Figure 7. Electron densities fanegative streamers in a background ele

field of 2.8, 3.0 and 3.2 kV/mm, at 4 ns and 7.5 ns.

3.2 EFFECT OF APPLIED VOLTAGE

3.0

To study the effect of the applied voltage on negative surfa ——F 2 8kvimm i i i
discharges, we have performed several simulations for appli L EEQ:S_OKV,mmf !
voltages of 100 to 128 kV, which correspond to backgrour 24r EbZ=3.2kV/mmj T T
electric fields of 5 to 3.2 kvV/mm. In all cases, the initial seed -
was located at 0.5 mm from the dielectric, and the evolution | 2 18
to 20 ns was simulated. Negative streamers usually require g
higher background electric field than positive streanjéfs s 12r
With the geometryred initial seed used here, the formation o
negative streamers required a background electric field of Z 06r o
kV/mm, which is a little bit lower than the breakdown thresholi = : : : : :
whereas positive streamersuldstart in a field of 2.3 kv/mm 0026 32 32 30 28 26

[2]. We remark that with a different initial seed or with ¢

pointed electrode streamaranalso form in lower background Figure 8. The streamer velocity versus thegsition of the streamer he
in several background electric fields.

fields.
Figure 7 shows electron densities for negative streamers

32
y(mm)

background electric fields of 2.8, 3.0 and 3.2 kV/mm. Whe ool | ne N ] '
compared tithe same time, streamers are longer in a high e N~

background electric field. Whereas the differences are initial -100.0b—— f : |
small, they increase at later times, because the stream € | |7 Ep=2.8kV/imm 17.25n

accelerate. This is consistent with our findings for positiv g -2000-———_Ebg=3'0kwmm 13.25ns Y| |
streamers [2]. Similar behavior was also observed Q T  Byg=3.2kV/mm 10.75ns ‘
experimentally, e.g. in [13lthough the background electric ‘U?, | | | f :

field affects the streamer velocity, the overall development f =300.0p e ]
these three cases is similar. Surface streamers form at about | | | |

32 mm, and when compared &etsame length they have a F400.0F
similar shape. 38 36 34 32 30 28 26

The streamer velocity versuspgsition of the streamer head

32
y(mm)

is shown in Figure8. With time, the velocities as well as therigure 9. The dielectric surfacharge for streamers in different backgre
differences between them increase. Note that the negatelectric fields. Curves are shown at the moment the streamer heads ¢
streamer velocity does not statt zero, whichis the case for toy=28mm.



3.3 EFFECT OF PERMITTIVITY

To study the effect of the dielectric permittivity on negative
surface discharges, we have performed simulations wi 24
relative permittivities of 2, 3 and 5. The initial seeds were aga
located at 0.5 mm from the dielectric, and simulations ran up

3.0

20 ns g

Figure10shows the electron density at 4 ns and 9 ns. At4 r E 1 1 1 1 1 1
the streamer lengths are still similar to each other. However, s 2re e S
9 ns, the streamer velocity is clearly higher with a longtative 1
permittivity. The same can be seen in Figlite which $iows 061 .. apeh
the streamer velocity versus thdéogation of the streamer head. | | | | | |
Initially, the streamer velocities are similar, but afterward 003 32 32 30 28 26
streamers are slower with a highetative permittivity. The y(mm)

velocity difference (compared at the same length) becomgigure 11. Streamer velocity versus-lgcation for different dielectr
smaller as the streamers grow long€he slower velocity can permittivities.
be explained from the following two aspects. A higtedative
permittivity, which enhances the electric field betweel
streamers and dielectrics, leads to stronger attraction
electrons to the wsface. This directly leads to increasec
negative surface charge, whidduces the electric field at the
streamer headThe other effect is that free electrons are mor
strongly attracted towards the dielectric. This caduce the
amount of impact ionizeon taking place in front of the
streamey as electron avalanches end up at the dielectric surfa
We remark that positive streamers behave differently: a larc
relative permittivity led to faster discharge inception, but ha
almost no effect on the streamer velo¢iy.
Figure 12 shows the surface charge distribution when tl
streamers are close to y = 30 and 28 mm. For streamers of
same length, there is more néiga surface charge near theFigure 12. The dielectric surface charge for differeatativepermitti_vity,

. . . e shown when the streamer heads are close to y and®0 mm. A highe
streamer head with a higheelative permittivity. After the relativepermittivity leads to more negative charge close to the streame
streamer head has passed by, the surface cpaofjes are
similar for the three cases. We can dedheeamount of surface
charge remaining after flashover is not sensitive to the dielectric 3.4 EFFECT OF PRESET SURFACE CHARGE
permittivity. This is consistent with the discharge simulationsSurface charge accumulation is considered to be a tough
reported in [15], in which the amount of surface charge waxoblem for HVDC spacerf25]. There have been quite a few
similar for different dielectric materiglOn the other hand, the experimental studies on hasurface charge affects subsequent
rate at which surface charge builds up before flashover could#écharges Two cases can Jpel xointsy

sensitive to the permittivity. surface charge, which has the same polaiythe surface
38.0 di schar ge, -paonlda sufacyg @hage. tine two
102! studies [8, 11], samepolarity surface charge d¢neased
37.0 E E l 102 flashover resistance, whereas surface opppsitarity surface
charge reduced flashover voltage levels. In contrast, another
3 dns | 1 4ns | 3 4ns study found almost no effect of saipelarity surface charge
38.0 10" [9], and in[10] both unipolar and mixegolarity surface chae

reduced flashover resistance. Therefore, the effect of preset
surface charge on surface discharges remains inconclusive.
The different experimental results mentioned above could be
caused by different charge deposition method&he
10" experimental surfaceharge deposition methods also create
ionization (electrons and ions) in the gas. Since this ionization

37.0 3 3 10"

36.0 3 3

N E E 1012 affects the formation of surface discharges [12], it is hard to
single out the effect of the deposited surface charge.
3404 3 3 Differences could also be causeg fact that experimental
I ns . l(_)f“ charge deposition methods usually lead to a-umuform
33.0 el o . Ne(m™) charge distribution. A nenniform surface charge distribution
10.0 11.0 10.0 11.0 10.0 11.0 . . . .
52 5=3 ek can enhance the electric field near some parts of the dielectric,

while reducing it in others.
Figure 10. Streamer electron densities for dielectrics with rel: 9

permittivities of 2, 3 and 5, shown at 4 and 9 ns.



