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Abstract: Electric field and current density produced by multi-point plane configurations to plane configuration
of the corona plasma generators have been determined theoretically. The aims of this calculation are to determine
the formulation of electric field and current density. The result shows that the plasma generator can produce an
electric field whose value varies at different points around the electrode (nonuniform). The total electric field of
the resulting from the superposition of the electric field vector of each point is only in the direction of z-axis due
to the symmetry of the electric field vector. Current density value shows that the multi-points to plane electrode
configuration produced saturated currents due to their asymmetric electrode. Other factors affecting the current
density are the charge carrier mobility particle.
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1. Introduction

Corona discharge (CD) as a nonthermal atmospheric pressure plasma has been widely used to solve
various problems such as reducing pollutant gases [1,2], waste water treatment [2], in biomedicine, bacterial
decontamination and sterilization [3], sand surface modification [ 4]. Corona payload discharges have also been
used in aviation. Corona discharges can remove unwanted electrical charges from the surface of a flying aircraft.
This technique can avoid the negative impact of uncontrolled electrical discharges on avionics system
performance. Corona discharge plasma is plasma that occurs in gas media due to the influence of a high electric
field. This plasma can be generated using asymmetric electrode pairs [5,6]. Apart from that, CDs can also have a
dielectric barrier added between the two electrodes. This type of discharge is often also known as a silent
discharge. Dielectric barrier corona discharge (DBCD). Compared with parallel or coaxial plane geometries, the
use of multipoint-to-plane geometries has several advantages, such as low operating voltage and low dielectric
losses [4]. Studies of plasma electrical properties using multipoint-to-plane geometry have been carried out [7].

One of the physical problems that is important in corona discharge plasma is a plasma electrode
configuration form for generating a high electric field and a large current density only by a small power [4]. In
general, current density could be formed when the divergence of the electric field generated is not zero. This
divergence value is largely determined by the asymmetry of the plasma electrode configuration as in the
calculation of the field point configurations performed by Coelho and Debeau [8].

Calculation of electric field and current density have previously performed for a wide variety of
configurations such as point-field which produces a large electric field around the end of the active electrode [8]
and ring-plane configuration that do not generate current density because thin disk that is symmetrical radial
cause the direction of the electric field that came out also radially symmetric [8].

This study aims to perform calculations of multi-points to plane configuration. Configuration model is
expected to generate an electric field and current density as well as current and its validation This research also
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examines the effect of the presence of a dielectric barrier (DBCD) on the characteristics of the current and voltage
applied to a multi-point positive corona plasma reactor configuration.

2. Electric Field Equation Approach Hyperbole
Calculation of the electric field to the needle-plane configuration can be done using hyperbole coordinate
approach as practiced by Coelho and Debeau [8]. Equations hyperbole for needle are written as [8]

X =csing coshn;
y =ccos¢ sinhn, 1)
with parameter {'and # are defined as hyperbolic coordinates [7]
¢ =0 onposition (X = O) ,
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Fig 1: Representation of hyperbole-plane configuration [8]

The value of the electric field at a point can be obtained using the equation [8]

C
E(S.7)= 12!
(o) ccos (cosh? n—sin® ¢)

C:V/In(zj. (4)
&

Equation (3) in the case of a needle electrode can be made into another formula using boundary
conditions ¢ = in — & Where g; « 1, which generates an electric field formula as [9]

®)

where
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2]

E(¢.n)= ,
(&) \Jc2cost £ +y?

where [8]
u.Ju® +4cy’
cos* ¢ = > LA
2C
and u is defined as [8]
2
u=c’—y*-x*=c?cos’ ¢ — yz :
cos“ ¢

with [7]
X =csing coshn;
y =ccos¢ sinh. 8)

For the case of three dimensions with the same boundary conditions, equation (5) can be converted into

(2]

E(é/’n’l//): 2 4 2 2’
\/c Cos" g+ X" +Yy
where
Coszg_ui\/u2+4c2(x2+y2)
2¢? ’
and u is defined as
x2+y2)
u=c®—(x?+y?+2z%)=c?cos? ——( ,
( y ) d cos® ¢

with [8]
X =—csinhzcos¢ siny;
y =—csinh7cos¢g cosy;
z=ccoshnsing;
with #, £ and y is 3-dimensional coordinates of hyperbole.

3. Gauss’ Law and Divergence Theorem

(5)

(6)

()

9)

(10)

(11)

(12)

Gauss' law states "The number of lines of force coming out of a closed surface is proportional to the

amount of electric charge covered by the closed surface".

Law Gauss divergence theorem developed into the changing shape of the closed surface integral into a

volume integral [10]. Mathematically this can be written as follows:
v =6 EOdA=IV0EdG=Zii,
&y

where the value of the divergence of the electric field is:

VOE:i.
&o

(13)

(14)
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With S is a closed surface, Y; q; is the amount of charge that is surrounded by a closed surface S, v is the potential
difference, dA is the element of area A, do is the element of volume o and ¢, is the permittivity of vacuum.

Capacitance
Capacitance is a quantitative measure the capacitance of the capacitor [9]. The value of capacitance
elements on the element area is:

dC =g, dTA (15)

The relationship between capacitance and electric field can be calculated with Gauss's law,
&9 EedA=q, (16)
With the value g = VC, V is the input voltage and C is the capacitance value.

Current Density Equation
For the calculation of the current density on corona plasma generator, we use the formulation [11]:

j=neuE, (17)
where [10]
ne=¢(VeE), (18)
So that
j=ue(VeE)E, (19)
the divergence E in Cartesian coordinates is written as:
0 0 0
V=—a +—a,+—a (20)
x <oy Y at

4. Methods

4.1 Multi-Points to Plane Configuration Model

Multi-points to plane configuration model as shown in Figure 2, consists of two square plate with a
side of d where there are five needles were stuck on one plate. The distance between the needle electrode is
a and length of each needle is b. The distance from the tip of the needle electrode to the plate without the
needle is c.
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Fig 2: Corona discharge plasma generator with a multi-point to configuration with (a) representation multi-
point electrode models in 3-dimensional (b) representation of the model when viewed from above the plate (c)
representation of the model when viewed from the side

5. Results And Discussion

5.1 Electric Field of Multi-Points to Plane

The electric field at a distance from the tip of the needle electrode can be obtained by calculated the
electric field that was generated by one needle at position 1 of Figure 3. Mark (X) in the figure indicates the
position of the needle.

X2 X4

X5

X1 X3

Fig 3: Position of the needle on multi-points to plane configuration

The position of the points that was induced by electric fields was marked with (e) as shown in Figure 4.
When viewed from the z-axis, mark (X) and () coincides so it is quite marked (X) as shown in Figure 4b. In
figure 4 there is point A(0,0), A(a,0), A(0,a), and A(a/2,a/2) with the horizontal distance z = ¢ — a , where c is
the distance the needle tip to the electrode field.
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Fig 4: representation of induced points position on the multi-points to plane configuration with (a)
representation of the position of point A (0,0), A(a, 0), and A(a/2, a/2) in the plane XZ and (b) the
representation of the position of point A(0,0), A(a,0), A(0,a), A(a,a) and A(a/2,a/2) in the XY plane when seen
from the Z axis

By using equation (9) the electric field generated by a needle electrode at A(0,0) point with the position
oftheaxisx=y=0andz=c-ais

V/M[ZJ cV/m(Zj
E(0,0)= 4 - & (21)

o Jccost ¢ +3E +y? ~ ca-a’
For the position of other points, namely point A(a, 0), A(0, a), and A(a/2, a/2) induced electric field of a
needle in position 1 can be obtained the data in the table 1.
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Table 1: The values of x, y, u, and U in points I, I, I, IV, V in Figure 5

U=2ccos™
Point

-
[
=

1
L]
(=
|
e
+
St
+
[
Lk

=u+,ju’ +4c’ [:x: +}':j]

A[UU) 0 0 c¢c-a ca-at Z(Cc:—a::]

A(al) a 0 c-a ca-2a’ [‘ca—lal‘]+\([fm—2a:‘]]+4a:c:
A[a:a] a a ¢-a ca-3at [:CH—BH:T]+\([:CH—3{J:.‘]:+8H]C:

‘i:r-'a HH‘I. a d 3, [ 1\' / '|-\\'J 11

551 3 7 ¢ ca-—a ‘m——a‘ -+ ‘m——a‘ | +2ac
\22) 2 2 2 ol 4

o= S N =)

Using the data in Table 1 and the formulation (9) obtained values of the electric field for each point as

follows
cV/In (2]
&
E (O, O) = =2

ca—a’ (22)
2cV /In (2}
&
E(a,0)= - (23)
\/[U (a, O)]2 +4a%c?
2cV /In (2]
&,
E(aa)= L (24)
\/[U (a, a)]2 +8a’c?
2cV /In (ZJ
&
(25)

2
(a’a] +2a%c?
2 2

To calculate the value of the electric field at a point under the needle, we need to review in advance the
needles which affect the value of the electric field at that point. According to Nur et al [12], the maximum value

of the ion wind direction angle is 67°. lon wind direction angle can be determined using arc tan 8 = ZL where
1

r=4x%+y?
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x

Fig 5: lon wind direction angle of needle-plane configuration

lon wind direction angle value for each point and the needle can be seen in Table 2 and 3. Point Il, 111,
and 1V whose position is similar to point | have the same ion wind direction angle. The results of these tables
show that all ion wind direction angles are not exceeds from 67° so that it can be concluded that all the needles
affect the value of the electric field at any point.

Table 2: lon wind direction angle for point |

r

-1

Jarum r= ,/xlz + yl2 Z @ =tan Z—
1

2 a A 45°

a A 45°

4 a2 A 54°
a

5 > J2 A 35°

Table 3: lon wind direction angle for point V

a1 T
Needle r= Jxlz +y} Z 6 =tan Z_l

1 E \/E a 35°

2
2 an a 35°

2
3 a2 a 35°

2
4 %\/E a 35°

Calculation of the total electric field induces a point done by using the concept of superposition vectors
generated from each needle. In general, individual electric field generated a needle can be obtained using the
equation
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{Xya, + Yy, +2,a,]

2 2 2
X2+ Y2 + 2y
Where xy, Yn, and zy = -a, are a three-dimensional vector length of the needle tip to a specific point
position between the needle and plane.

Total electric field which induces a point can be obtained from the superposition of the electric field
vector of the five individual needle using equation

E(X, Y, Z) = E(X’ Y, Z)

(26)

5
Ev=YE,(xy.z), N=LILILIV.V @7)
pu=1

For example, to calculate the electric field at the position of point I, it can determine in advance the
electric field contributed by each needle. When calculating the electric field of a needle, straight point at a distance
from the tip of the needle is position A (x, y) = A (0.0). As shown in Figure 6a to obtain the electric field of the
needle 1, then the position of the point I considered a position A (0.0) so that the needle 1 donated electric field of
E (0.0) with xy = yny = 0. As for obtaining field electricity from the needle 3 as shown in Figure 6b, the position
of the point | considered a position A (-a, 0) so that the needle 3 donated by the electric field E (-a, 0) with xy = -
a, yn = 0 and. For other needles used the same approach with a needle 1 and 3.

X
= i- a b —

mre 4OY S

i 3
V+ — K |a
: -
I
o y
(0,0,0)| E(0.,D) 1 4 £
i c
(a)
X

(0,0,0)

E(-q,0)

(b)
Fig 6: Representation of the position of point A (a) when calculating the electric field of the needle 1 and (b)
when calculating the electric field of the needle 3
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By using equation (27), total electric field that induces point | is written as

B = —[E(0,0)l 8, +[E(0'_aﬂz %

[E(-a-a)] {-aa,-aa, —aa,} {E( a aj:|5 {—gax —%ay —aaz}

3a® 2" 2 §a2
2
For N =1, Ill, IV,dan V
da, —aa, —aa, —aa,
E, =-[E(0,0)] 4, +[E(0,a)]1%+[5(—a,o)]4%

[eCaa] FRTRR [ 2 2] [pege

3a* 2 §a2

2
B =-[E(@0) ], +[E<0,—a>14%+[e<a,o>1{aa*%
e g g™

{aa, —aa

£, = [E(0.0)]. 2, +[E(o,a)]3y2W22}+[E(a,o)]Z%

a a
aa, +aa, —aa {ax+ay—aaz}
+[E(aa)] {aa, +aa, Z}{E(E,Eﬂ 2772
1 3a? 2'2)], 3
2

E, =-[E(0,0)]., {E(E,Eﬂl {gax+gay_aa2}

22

(28)

(28)

(29)

(30)

(31)
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The results of these calculations show that the electric field generated plasma generator multi-points to
plane configuration varies at various points around the electrode (not uniform) and the largest electric field
contained in point V.

To obtain total electric field of the configuration of multi-points to plane then do superposition electric
field of each point in order to obtain total electric field as follows.

ETotaI = EI +E|| +E||| +E|v +Ev

s[E(O,O)}S[E%oﬂ+4[E%a>J+S{E(3;Zﬂ .
2] [ o] |
BRI TS
() | ] ey
B v @a e | |3 J{U(;;ﬂgzazcz
o U (xy)=u(xy)+y[u(x y) ] +462(x +y7), (33

u(x,y)=c’ (X’ +y* +2°). -

The electric field superposition results showed that the total electric field components x and y axis cancel
each other out so that the total electric field is simply directed the z axis. This is due to the symmetry of the electric
field vector.

1 5 3
[ |
" | et g 1
X b il e  TTrew >
E3 N :\ El
Ez Ez

Fig 7: The electric field vector multi-points to plane configuration

For example on the point I, the electric field originating from the needle 3 has a superposition of the
electric field vector direction to the x-axis and z-axis. On the point I11, the electric field originating from the needle
1 has a superposition of the electric field vector direction to the -x axis and z-axis. When added together, the
vector on the x axis will cancel out. This also applies to the needle 5 at the center.
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To determine the relationship of the input voltage with an electrical field, equation (32) can be displayed
in graphical form an electric field to the input voltage. Assuming the value of a =0.01 m, ¢ =0.02 m, and ¢/ =
0.087, the obtained graph as in Figure 8. From the graph, the form of a linear graph shows that the electric field
generated is directly proportional to the input voltage, the greater the input voltage, the electric field generated
greater.

i
5000

i i i
3000 4000 5000

W (Volt)
Fig 8: The relationship between the input voltage and the electric field for multi-points to plane configuration

5.2 Current Density of Multi-Points to Plane Configuration

Saturated current in the corona plasma generator with multi-points to plane configuration can be seen
with the current density calculation using equation (19). Because total electric field from the calculation is only
in z-axis direction, the equation used

OE,

:)e

jz,ug(VOE)E:yg( 3

Using the above equation, we obtained the current density for multi-points to plane configuration as written in
equation

(38)

] 22cV/In[§1J B {4ch /|n[§lﬂ[u (2,0)] {“ 4(2.0) ]
(*=27)" | V2 ((VaoT +4azcz)§ Jlu(a.0)] +4a%c?
_ |:4ZCV /In(g%ﬂ [U(a,a)] u(a.a)
e +ﬁ (|:U (a a):|2 +8azcz)g [14— \/[u(a, a)]z +8a’c’? ] ’

LGN
L (el

c*—z° V2 \/[U (a,0)] +4a%c?

2cV /In 2 2cV /In 2
4 & &

"B \/[U (a,a)] +8a%c? " % \/[U (%,%ﬂz

a a
(55
1+

(39)

+

+2a%c?
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where z = ¢ — a. the result of the calculation shows that the current density plasma corona generator multi-points
to plane configuration resulted saturated currents caused by the shape of the electrodes are not symmetrical.

0.35 . . . , . ,
0.3

0.25

0.05

% 1000 2000 3000 4000 5000 5000 7000
WV (Volt)

Fig 9: The relationship between current density and voltage input to the plasma generator with a multi-points to

plane configuration

6. Experimental validation

To determine the relationship of the input voltage with the current density, equation (39) can be displayed
in graphical form the current density of the input voltage. By using the value of the permittivity of air € =
8,85 x 10~'2F / m, the mobility of ions to nitrogen u = 8 x 107°m?/ Vs [12],a=0.01 m, ¢ =0.02 m, and €l =
0.087, the obtained graph as in Figure 10. From the figure 9 What appeared parabola graph showing the magnitude
of the current density is proportional to the square of the input voltage.

—®— Jlonic Nitrogen
—. .
Electronic
— )
100
10
>
x
(%)
C o
[}
©
4= oot
[
[}
fud
S 1E-3
>
o
1E-4
TE-5 T T T T T
o 10 20 2000 A0

\/oltase

Fig 10: The comparison of the value of the current density on the electronic plasma nitrogen, nitrogen ionic and
ionic oxygen
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In addition to the form factor of the electrode, the current density of the resulting multi-points to plane
configuration are also affected by the magnitude of the charge carrier mobility of the particles. Figure 10 shows a
comparison of the value of the current density of the electronic plasma nitrogen, nitrogen ionic and ionic oxygen
with nitrogen values for the ionic mobility pu =8 x 10> m? / Vs [12], electronic mobility for nitrogen p = 101 m?
/ Vs [12], and for oxygen ionic mobility p = 3,95 x 10® m?/ Vs [12]. From the graph shows that the greatest
current density on the electronic plasma nitrogen as the greatest mobility value. While the value of the smallest
current density in plasma ionic mobility of oxygen due to the smallest value. Figure 11a show the current
characteristics as a function of the voltage of the positive corona discharge (CD). In the Figure 11a, it can be seen
that the current is a quadratic function (second order polynomial) of the voltage, this is in accordance with the
research conducted by Sigmond in 1982 which stated that the current-to-voltage characteristics follow the second-
order polynomial equation for corona discharge under atmospheric conditions [15]. It can also be shown that the
current as a function of voltage follow law quadratic corona discharge, with a current value proportional to the
square of the voltage (1= V?)[13,14,16].

90-

» g=lem Corona —8— d=1cm DBI)

¢ d=2eam Corona —*— d=2cm DB

A d=3om fOI‘OIlIl —a— d=3cm DBI}

600-| ¥ d=4am Corona § —v— d=4cm DBD
m_

A)

I(na)
z
g

Voltage (kV)
(b)

Voltage (kV)
(@)

Fig 11: I-V Characteristics of corona discharge (CD) with multipoint-to-plane configuration (a), and
dielectric barrier corona discharge (DBCD) with multipoint-to-plane configuration (b).

According to Sigmond 1982 [15], ions flowing through the charge flow area will produce a current called
corona unipolar saturation current. One type of charge carrier unipolar, with mobility p flows with charge density
p (r, t) and the current density j = pv without experiencing diffusion in the electric field E (r, t), the change in
charge density (p) along the flow:

dp dp

dt ot
By integrating and assuming unipolar ions exist without the influence of space charge with ion flow time (T), then
equation 40 becomes,

+ v.Vp (40)

— EO
T
with p called the unipolar ion saturation current density.

If the ion flow distance (d) is in an electric field (E), the flow time T = d/UE can be obtained. It is known that the
average ion flow speed v = pE = uV/h. And p, can be re-expressed asp, = €,E/h, so that the saturation current
density is obtained [15].

Ps (41)

E2
Js = ps-HE = 'ug;)l ( 42 )

We can show that the current density follows equation (43) for single point to plant

(43)
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. ugV?

Js =3
Equation ( 43) is referred to as the corona unipolar saturation current density. The total corona current is
proportional to the central current density that spreads twice the square of the point-plane distance which can be
written as follows

Iy = 2h%j (44)
By substituting equation (4 3) into equation (44) we will obtain the point-plane corona unipolar saturation current
2ug,V?
I, = n
(145)

where I represents the unipolar corona saturation current, V represents the corona voltage, u represents the
unipolar ion mobility, &, represents the permittivity of vacuum, h represents the distance between electrodes [15]
. The value of this unipolar ion mobility can be calculated using equation (45). But for the case of the multi-point
electrode, this equation can be necessary modified a factor of the number of electrode points, which is considered
N. In addition, the dielectric constant values also should be corrected. Ffor Dielectric Barrier Corona Discharge
(DBCD), we have to use constant of dielectric barrier between two electrodes these barrier can be considered as
a dielectric material. Thus, the above equation becomes:
I, = 2ueNV?

n (46)

Where ¢, represents the permittivity total material between two electrode. From equation 46, a linear
curve s | as a function of V can be made, in order to obtain the gradient of the curve linearity. From the gradient
value may be determined and average mobility of the charge carriers in the corona discharge. The effective of
dielectric constant between two electrodes should be calculated. From the graphs shown in Figure 11a and Figure
11b, we can see that the unipolar current concept and calculations developed in the paper are very well applicable
to corona discharge (CD) but are not suitable for Dielectric Barrier Corona Discharge (DBCD). This is made
possible by the effect of an electric dipole in the dielectric material placed on the plant electrode. Discussing the
influence of dielectric materials can be an interesting study.

7. Conclusion

From the result of the calculation of electric field and current density generated by plasma generator with
multi points to plane configuration, we obtained formulation electric field and current density in the z-axis
direction because of the symmetry of the electric field vector in the direction of the x-axis and y. The highest
electric field is located on each end of the needle [8] while the electric field at a distance from each end of the
needle has the largest value in the position of a point under the needle in the middle. The unipolar current concept
and calculations developed in the paper are very well applicable to corona discharge (CD) but are not suitable for
Dielectric Barrier Corona Discharge (DBCD).Current density value is affected by charge carrier mobility (.).
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