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The results of numerical simulations of the propagation of a positive streamer in air in the uniform and strongly
non - uniform electric fields are presented. It is shown that the dynamics of the streamer propagation in air retains
the main features characteristic of a negative streamer in nitrogen. It is shown that the velocity of the streamer in a
non - uniform electric field is higher than its velocity in an uniform field at given voltages on electrodes. It is shown
that with decreasing needle radius the velocity of the streamer is increased at given voltages on electrodes. This
growth continues until a critical radius, after which the growth of the positive streamer velocity practically stops.
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INTRODUCTION

Papers [1 - 7] are devoted to the numerical modeling
of the positive (cathode-directed) streamer in air within
the drift-diffusion approximation. These works are used
both structured and unstructured meshes to solve the
continuity and Poisson equations. Streamer is a nonlin-
ear structure with a sharp edge. Therefore, for its correct
resolution in numerical simulations were used the expo-
nential representation for the current density in the drift-
diffusion approximation — the Scharfetter-Gummel al-
gorithm [8], or flux — corrected transport schemes [9].
In [1-7], for different values of the applied voltage,
different radii of curvature of the needle, and different
distances between the electrodes, the velocity of the
streamer obtained in the range of 107...10® cm/s, which
is in good agreement with experiment. A systematic
study of the influence of radius of the needle on the
speed of the positive streamer is not conducted. This is
the subject of the paper.

The computer simulations of the negative (anode -
directed) streamers in nitrogen in the uniform (plane - to
- plane geometry) and non - uniform (needle - to - plane
geometry) fields are presented in [10, 11]. It is shown
that the behavior of the streamer velocity versus time
has four specific regions: a sharp drop at the beginning
of the movement, a propagation with a constant veloc-
ity, an area of the first (low) acceleration, and a region
of the second (strong) acceleration at the approach of
the streamer head to an anode. It is shown that the ve-
locity of the negative streamer in a non - uniform elec-
tric field is always higher than its velocity in an uniform
field at the same potentials on the electrodes. It is shown
n [11] that with decreasing radius of the needle, the
streamer velocity is increased. The growth of the
streamer speed, with decreasing of the needle radius, is
stopped when the needle curvature radius reaches a cer-
tain critical size.

Below the results of numerical simulations, using
the finite element method (SUPG, CWDPG), of positive
streamer dynamics in air are presented. The computer
simulations have been performed for uniform and for
non - uniform electric fields. It is shown that the dynam-
ics of the streamer propagation in air retains the main
features characteristic of a negative streamer in nitro-
gen.
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1. MODEL

The coupled continuity equations for electrons, posi-
tive ions, negative ions, and Poisson equation for simu-
lation of positive streamer dynamics in air are:
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where 7,, n,,, n, are the number densities for electrons,
positive ions and negative ions, I, =—n, 1 E—D,Vn,

is the electron flux in the drift-diffusion approximation,
M,, D, are the electron mobility and diffusion coeffi-

cients, V
E=-VV, p= e(np -n,— nn) , e is the electron

is the potential of the electric field,

charge, &, is the permittivity of free space. In Eqgs. (1) -

(3), S and L stand for sources and losses of charged
particles. Sl.z is the rate of charged particle generation

due to collisional ionization, S oh is the rate of

photoionization, S is the rate of electron attachment,

att

Lep is the rate of electron-ion recombination, and Lpn

is the rate of ion-ion recombination. Ions in (2), (3) are
considered as immovable since their mobility several
orders of magnitude smaller than the electron mobility,
which allows, for the simulation time, neglect their dis-
placement. In the calculations was used a set of trans-
port coefficients and rate constants given in [12, 13].
The rate of photoionization in air is [14]:

S, (F)= [ 1(F)g(R)/ 4zR*dV", (5)
o
where R = |77 —77'| , 1(7'): &.(Fp, (p+p,) .
(R): eXp(— ZminpozR)_eXp(_ ZmaXPOZR) )
& Rln(lmax /Zmin)
=01, p ;=30 Torr, p is the total pressure of the gas

Here

mixture, ¥, . =3.5-107 cm”Torr”, y,  =2.0, cm™ Torr".
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Fig. 1 shows the simulation domain and boundary
conditions. Initially electrons and ions are located at the
anode with number densities:

Bypn =0, XD (—r2 /o, —(z—L) /O'Z) , O, =9-10" cm>,
6,=110" em?, J, = 1-10"° em?, o, = 1-10* cn’,
0.=625-10" cm’. Anode voltage is V=8 kV, L = 0.2 cm,
L, =0.05 cm, needle radius is one of R ={0.25, 0.5,
1.0, 2.0}- H,,, needle height is /,,=0.3125 mm. In

the case of plane - to - plane geometry R+ H, ,= 0.

Vir,L.)=V, =0
an

— (L, t)=0
"ot (1,00

sixe jpwwis

Cathode r
Vi{r,0,t)=0
%(r‘o,z): 0

Fig. 1. Simulation domain and boundary conditions

2. UNIFORM ELECTRIC FIELDS

Figs. 2, 3 show the dynamics of positive streamer in
the homogeneous fields. The initial conditions are cho-
sen to avoid the avalanche stage, when the Laplacian
electric field is not disturbed by the field of the gener-
ated space charge field - 5& » 10" cm”.

Fig. 2 shows distribution of the space charge density
p(r,z;t) in {r,z} at different times. Fig. 3 presents
the distribution of the absolute value of the electric field
‘ E (r, z;t)‘ at the same time points. The arrows in

Figs. 2 and 3 show the electric field E(r,z;¢). After a

short initial stage (< 1-10"° s), a positive streamer is
formed. It moves in the direction of the applied Lapla-
cian field. For ¢ > 1-10” s the electric field is substan-
tially enhanced in front of the streamer head, and at-
tenuated behind it. After an initial rise, the electric field
in front of the streamer head slightly decreases as it
moves toward the cathode. It is clear from Fig. 2 that
after the formation of the streamer head, the radius first
decreases and then increases as it moves to the cathode,
creating a constriction on the body of the streamer.

Fig. 4 shows the distributions in {r, z} of the impact

ionization rate S, (7,z;¢) at different times, and the

corresponding distributions of the photoionization
rate S, (r,z;¢) . It is clear from Fig. 4 that the generatin

of the electrons due to photoionization has a maximum
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in the vicinity of the streamer head, where is maximal
impact ionization. The photoionization region is always
wider than the area of impact ionization, which leads to
the birth of the electrons in front of the positive streamer
head, and is one of the conditions of its movement.
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Fig. 2. Space charge density p(r,z;t)
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Fig. 5 shows the space charge density p(r =0,z;¢)
and the value of the electric field
‘ E(r =0, z;t)‘ on the axis at different times during the

absolute

movement of the streamer. After a rapid rise in the ini-
tial stage, the space charge density p(r =0,z;¢) and

the electric field ‘E (r=0, Z;z)‘ at the streamer head

decrease. When the head of the streamer approaches the
cathode, the local electric field in front of the streamer
head is increased. This leads to the growing impact
ionization rate and the rate of photoionization. This, in
turn, leads to an increase in the densities of charged
particles, and the rise of the space charge density

p(r=0,z1).
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Fig. 5. Space charge density p(r =0,z;t) and electric
field ‘E(r = O,Z;t)‘ on the axis at different times
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As the streamer moves to the cathode, the positive
streamer head is broadened in the longitudinal direction,
which is associated with the presence of photoioniza-
tion. It is clearly seen from the space charge density
distributions on the axis at different times (see Fig. 5).
This behavior differs from the movement of the nega-
tive streamer in nitrogen, where there is no photoioniza-
tion, and the head of the negative streamer, as it moves
towards the anode, shrinks and increases in magnitude.

Fig. 6 shows the z-coordinate of the maximum of

the electric field | £(r =0, z;¢) ™ on the axis versus

time, and the velocity of | E(r=0,z;t) ™ versus
time, which is the positive streamer propagation veloc-
ity through the discharge gap - V_(¢).

The behavior of this velocity has, as in the case of
the negative streamer in nitrogen [11], the characteristic
regions: (1) the sharp drop of the velocity at the begin-
ning of the movement, (2) the propagation with a con-
stant velocity, (3) the area of the first (low) acceleration,
and (4) the region of the second (strong) acceleration at
the approach of the streamer head to the cathode. In
contrast to the negative streamer in nitrogen [11], the
region of constant velocity can not be identified as the
initial linear stage of the avalanche development, when
the space charge is small, and the external electric field
is practically not distorted by the space charge.
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Fig. 6. z-coordinate of the maximum of the electric field
| E(r =0,z;t) |™ on the axis versus time,

and streamer velocity V (t) versus time

3. NON-UNIFORM ELECTRIC FIELDS

Figs. 7, 8 show, as an example, the simulation results
of the positive streamer propagation through the dis-
charge gap with non - uniform electric fields. V/,= 8 kV,

R = 1.0-Hndl. The initial and boundary conditions are
the same as in Section 3. Fig. 7 presents the space

charge density o(7,z;t) at different time points. Fig. 8
shows the the absolute value of the electric field

‘E (r,Z;t)‘ at the same time points. The arrows indicate
the electric field.
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The dynamics of the streamer passage through the
discharge gap is changed in comparison with the case of
the uniform field. These changes are due to increased
vacuum (Laplacian) electric field on the needle and the
appearance of the radial electric field. The increased
Laplacian electric field on the tip causes movement of
the streamer, at least at the initial stage, in higher fields
as compared with the plane - to - plane case. Which in
turn, leads to an increase in its speed (see also Figs. 9,
10), and a decrease the time of the streamer formation.
The radial electric field increases the transverse dimen-
sion of the streamer in comparison with the plane - to -
plane case.

After a short initial stage (< 1-10"° s), a positive
streamer is formed. For ¢ > 1-10” s the electric field is
enhanced in front of the positive streamer head, and

attenuated behind it.
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Fig. 7. Space charge density p(r,z;t)

After an initial growth, the electric field in front of
the streamer head decreases as it moves through the
discharge gap, and then increases when the head of
streamer comes close to the cathode. It is clear from
Fig. 7 that after the formation of the streamer head, the
radius first decreases and then increases as it moves to
the cathode, creating a constriction on the body of the
streamer. As in the plane case, the generation of the
electrons due to photoionization has a maximum in the
vicinity of the streamer head, where is maximal impact
ionization. Photoionization region is always wider than
the area of impact ionization, which leads to the birth of
the electrons in front of the positive streamer head.
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Fig. 9 shows the z-coordinates of the maximum of
the electric field | E(r = 0,z;¢) ™ on the axis as func-

tion of time, and velocities of the positive streamers
V.(t) for different values of the radii of the needle

R=1{0.25, 0.5, 1.0, 2.0, inf}- H{, at anode potential
V, =8 kV. The R = inf means uniform electric field,

or plane - to - plane computational domain.
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Fig. 8. Absolute value of the electric field ‘E(I", z, l‘)‘

As seen from Fig. 9, the velocity of the positive
streamer versus time V (¢) behaves as a speed of the

negative streamer in nitrogen [11]. There are four char-
acteristic regions: (1) the sharp drop of the velocity at
the beginning of the movement, (2) the propagation
with a constant velocity, (3) the area of the first (weak)
acceleration, and (4) the region of the second (strong)
acceleration at the approach of the streamer head to the
cathode. As seen from Fig. 9, the streamer velocity in-
creases with decreasing radius of curvature of the needle
at a predetermined potential on the anode. This increase
in the velocity goes up to a certain radius (in this case

R =0.5-H,,), after which the growth of the streamer

speed is cuted off.
Fig. 10 shows the streamer mean velocity <, > as a

function of the needle radius. Mean velocity is defined
as <V, >=L_/z, , where L, is the discharge gap

length, 7, is the passage time of the streamer through

tr

the discharge gap. The dashed line in Fig. 10 shows the
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speed <V, > for uniform field. It can be seen that the
<V, > increases with decreasing R . Starting from

some R, the growth of the speed stops. It is also seen
that the velocity in a non - uniform field is higher than
the speed in an uniform field.
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Fig. 9. Positive streamer dynamics for different radii of
the needle R = {0.25, 0.5, 1.0, 2.0, inf}. H ;. Applied
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Fig. 10. The dependence of the positive streamer
average speed <V_> on the radius of the needle

R =1{0.250.5, 1.0, 2.0, inf}. H ,;, for applied voltage
Vo=8kvV. H,,;=03125mm

CONCLUSIONS

The results of numerical simulations of the propaga-
tion of a positive streamer in the atmospheric pressure
air in the uniform and strongly non - uniform electric
fields are presented. It is shown that the velocity of the
positive streamer versus time behaves as a speed of the
negative streamer in nitrogen [11]. There are four char-
acteristic regions: the sharp drop of the velocity at the
beginning of the movement, the propagation with a
nearly constant velocity, the area of the first (low) ac-
celeration, and the region of the second (strong) accel-
eration at the approach of the streamer head to the cath-
ode.
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It is shown that the propagation velocity of the posi-
tive streamer in a non - uniform electric field is higher
than its velocity in an uniform field at given voltages on
electrodes.

It is shown that with decreasing needle radius veloc-
ity of the streamer is increased at given voltages on
electrodes. This growth continues until a critical radius,
after which the growth of the positive streamer velocity
practically stops.
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YUCJIEHHOE MOJEJIMPOBAHUE TUHAMMUKMU ITOJIOKUTEJBHOT'O CTPUMEPA
B OJHOPOJAHBIX 1 HEOJHOPOJAHBIX SJIEKTPHUYECKHUX MTOJIAX B BO3AYXE

O.B. Manyiinenko

[TpuBeneHs! pe3ynbTaThl YUCIEHHOTO MOJIEITMPOBAHHS PACIPOCTPAHEHHs ITOJIOKHUTENLHOTO CTPUMEPA B BO3/yXe
B OIHOPOIHBIX W CWJIBHO HEOJHOPOIHBIX 3JIEKTPUYECKMX moisax. [lokazaHO, YTO NMHAMMKa paclpOCTPaHEHUS
CTpHMEpa B BO3AyXE COXPaH’IET OCHOBHBIE YE€PTHI, XapaKTEPHbIE AJIsI OTPHULIATEIBHOTO cTpuMepa B azore. [TokazaHo,
YTO CKOPOCTBH PaclpOCTPaHEHHUsI CTPHMEpPA B HEOJHOPOJHOM II0JI€ OOJBIIE €ro CKOPOCTH B OJHOPOIHOM TIOJIE NIPH
3aJaHHBIX MOTEHNMANaxX Ha 3JeKTpoaax. [lokazaHo, 4TO CKOPOCTH CTpUMEpA PacTeT C YMEHBIIEHHEM paanyca KpH-
BU3HBI UIJIbI TIPH 33/IaHHBIX MOTEHIMAIAX Ha 3JIEKTPOAAX. DTOT POCT MPOAOIDKAECTCS O HEKOTOPOTO KPUTUYECKOTO
paauyca, mocie KOTOporo pocT CKOPOCTH TTOJIOKHUTEIFHOTO CTPUMEPA IPAKTUIECKH MTPEKPALAeTCs.

YUCJIOBE MOJEJIOBAHHSA JTMHAMIKHA MNO3UTUBHOT'O CTPUMEPA B OJJHOPIJHUX
T HEOJHOPIJHHUX EJIEKTPUYHUX IMOJIAX Y HOBITPI

O.B. Manyiinenko

HageneHo pe3ynpTaTd YUCIOBOTO MOJICITIOBAHHS MOUIMPEHHS MIO3UTHBHOTO CTPUMEpa B MOBITPI B OAHOPITHHX i
CWJIHO HEOJHOPITHUX CJNCKTPUYHUX MoJisixX. [lokazaHo, 10 JUHAMIiKa MONIMPEHHS CTPUMEpa B MOBITPi 30epirae
OCHOBHI PHCH, XapaKTepHi U1 HETATUBHOTO CTpUMepa B a30Ti. [Toka3aHo, M0 TIBUAKICTE PO3IOBCIOKEHHS CTPH-
Mepa B HEOJHOPIAHOMY TTOJIi O1TBIIe 3a HOTO IIBHUIKICTh B OJHOPIMHOMY TIOJI TP 3aaHUX ITOTEHIIANaX Ha eNeKT-
ponax. [Toka3zaHo, 110 MIBUAKICTH CTPEMEPA 3POCTAE 13 3MEHILCHHSIM PajiilyCy KPUBH3HHU TOJIKHU TPH 33JaHUX MOTCH-
miayax Ha enexTponax. Lle 3pocTaHHS TpUBa€E 10 AEAKOTO KPUTHIHOTO PafiyCy, MICIs SKOTO 3pOCTAHHS MIBHIKOCTI
MO3UTHBHOTO CTPUMEpPA MPAKTHYHO MPHUITUHSIETHCS.
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