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Abstract The aim of this work is to analyze the characteristics
of the corona discharge in blade-to-plane electrode configura-
tion. An experimental investigation has been carried out on the
geometric parameters that govern the formation of both positive
and negative corona discharges, such as the inter-electrode dis-
tance, the blade-to-blade spacing, and the number of the
discharging blades. The current-voltage characteristics, the
breakdown voltage, and the Warburg current distribution were
measured. The assisted corona discharge is an example of a
blade electrode discharge that can be used to reduce the operating
voltage of a conventional corona discharge. The current-voltage
characteristics of both positive and negative corona discharges in
a blade-to-plane electrode configuration are of the Townsend’s
law form. The general formula proposed by Meng et al. can also
be applied in this system. It has been shown that the breakdown
voltage and the corona conductance are strongly affected by the
inter-electrode distance. To obtain a maximum current, the blade
electrodes should be distant from each other by a value of 2a>A.
To obtain a constant value of current, the blade electrodes should
be separated by a value of 2a>>h, confirming the Cooperman’s
law. The current density distribution is satisfied; an exponent of
5.0 is taken for positive polarity and an exponent of 4.8 for
negative polarity.
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1 Introduction

Corona discharge has been extensively used in different ap-
plications such as electrostatic precipitator, electricity produc-
tion, electro-photography, electrostatic separator, neutraliza-
tion, and electrostatic painting [1-7]. The electric corona dis-
charge usually occurs when a high voltage is applied between
two electrodes with substantially different radii of curvature
[8, 9]. The high electric field at the vicinity of the corona
electrode causes gas ionization and partial breakdown. While
the whole process is rather complicated, the ions of the same
polarity of the corona electrode are drifting to the other elec-
trode. A space charge is formed and an electric current flows
between both electrodes [10, 11]. The displacement of ions is
congested by very high frequency collisions with electrically
neutral air molecules. Complete momentum transfer from the
ionic space charge to the air bulk can be supposed to take
place. Therefore, the Coulomb force acting on the ions be-
comes an electric body force on the air molecules. The current
that is usually carried out by corona discharge flows from a
high-voltage electrode and ionizes the inter-electrode air to
create plasma around the active electrode. This happens when
the geometrical configuration of the electrodes includes an
electrode of sharp tip such as point-to-plane, point-to-grade,
wire-to-plane, bipolar wires-to-plane, spike-plate multi-elec-
trode, wire-cylinder, and blade-plane electrodes [12—18].
Interpreting the idea of wire and point geometries, we opted
for union of the two electrodes in order to achieve a blade.
Besides, the idea of the blade-plane geometry is inspired from
the experiments that have been made for the point-plane and
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wire-plane geometries, as in the blade-plane configuration, the
electric field in the vicinity of the blade is intense thanks to its
radius of curvature. This geometry facilitates the orientation of
the field lines towards the collection plan, which enables a
high energy. If the voltage of the active electrode (blade) is
large enough, the air at the blade tip ionizes and becomes
conductive which leads to the formation of a highly curved
region on electrodes. The corona discharge is therefore asso-
ciated with non-uniform electric field. The type of corona is
determined by the polarity of the active electrode. If the volt-
age of the blade is positive with respect to the plane electrode,
the corona is said to be positive corona while it is called nega-
tive corona, when the blade is in negative voltage. The current-
voltage characteristics of corona discharge for positive and
negative polarities are not the same because the bulk and
velocity between electrons and charge ions are different. The
current-voltage characteristics in corona discharge have been
described by several empirical formulas involving different
geometrical configurations of electrodes [12, 13, 19-22].

In this work, the results of an experimental investigation
into the current-voltage characteristics, conductance parame-
ters, and current density distribution of DC corona discharge
in blade-to-plane electrode configuration have been presented.
A blade-plane configuration was used with inter-electrode
spacing in a range of 20-50 and 100—130 mm. The whole
experiments were carried out in open air with a relative air
density 6=1.

2 Theory of Corona Discharge
2.1 Current-Voltage Characteristics

A stable corona discharge is characterized by a nonlinear re-
lationship between the corona current and the applied voltage.
The relationship between the corona current and the applied
voltage can be expressed by a theoretical simple law for the
case of wire-to-cylinder electrode configuration [19, 20] and
derived for the case of wire-to-plane electrode configuration
by Cooperman [23]. After that, it was found that the
Townsend’s law could also be used somewhere for point-to-
plane electrode configuration, as Henson divulged [21]. This
formula is given by:

I =KV(V-Vy) =KV*-KV,V (1)

where / is the corona current, V'is the corona applied voltage,
V' is the corona onset voltage, and K is a dimensional constant
that depends on the geometric parameters of the setup and the
charge carrier mobility in the drift region.

The mathematical analysis of the experimental data and the
application of corona threshold allow us to modify the
Townsend relation. A new general formula in characterizing
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the relationship of the corona current-voltage was derived and
expressed by Meng et al. [12] as follows:

I =A(V-V,)" 2)
log;o(1) = n-logyo(V=V) + b; 4 = 10° (3)

It was demonstrated that the exponent # falls into a limited
scope of 1.5-2.0. This formula can well explain the inconsis-
tencies met by other existing formulae and best represent the
corona current-voltage characteristics with a suitable
accuracy.

2.2 Warburg’s Law and Current Density

There is one aspect of DC corona discharge in air that
is of special interest, namely the distribution of ionic
current density on the plane, which for the case of a
point-to-plane configuration has been experimentally
demonstrated to fit the following relationship, known
as Warburg’s law [24]:

J(x) = J(0) = J(0)cos#”, (4)

where 6 is the angle at the discharge active electrode,
between the perpendicular and the probe on the
collecting plate, J(0) is the current density directly un-
der the discharge active electrode, and m is a parameter
determined by curve fitting. Warburg found that m
values are 4.65 and 4.82 for negative corona and posi-
tive corona discharges, respectively. The power m varies
according to the configuration and dimensions of the
electrodes. The current density distribution measure-
ments given by Hara et al. [25] in wire-to-plane geom-
etry are satisfied for an exponent m=4.8 according to
the wire diameter and inter-electrode spacing.

Carreno [26] found, for the low heights, 27<16 mm,
in a wire-to-plane electrode configuration, the same em-
pirical relationship which describes the current density,
with m varying from 4.2 to 5.98. Zebboudj et al. [27]
have measured the current density and the electric field,
with the linear probe, at the passive electrode in wire-
to-plane configuration. The blade-to-plane electrode con-
figuration is described as an assembly between point-to-
plane and wire-to-plane. In this geometry, the results
obtained of the m parameter will be compared with
[24], [25], and [27].

In this work, the Warburg’s law is also derived from
the measurements. The probe collector (P) is also used
to measure the normal current density J when the probe
is unbiased [28]:

1
J— 1o

-2
",

(5)
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Fig. 1 Schematic of the
experimental setup, including the
relevant geometric parameters
and the electrical circuit. G guard
planes, P probe, E electrode

Hl”

7,7 N I

w

where 7,,=2.25 mm is the effective radius of the probe
and /; the collected current of corona discharge.

2.3 Peek’s Law and the Onset Voltage
The corona onset voltage V), is the applied voltage re-

quired to attain the critical electric field necessary for
the ionization of the air molecules near the surface of

Fig. 2 Effect of inter-electrode 2400

the wire or point. Peek’s law [29] relates this onset
voltage to the gap distance /4 as a function of the radius
of curvature » and the interstitial gas pressure P and
temperature 7 [30, 31]. For a wire-to-plane corona, this
relationship 1is:
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Fig. 3 Effect of inter-electrode
distance on negative corona
current-voltage characteristics
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Thus, the onset voltage can be estimated by using the for-
mula [30]:

V() ZEQ Xi"XlI’l(é)

When the number of wires is high, the geometry can
be considered equivalent to a coaxial system as

(7)

.......................

15 20
Applied voltage V (kV)

described by Cooperman [23], where the equivalent ra-
dius R, is given by:

4
for ﬁ50.6 r:Re:—h (8)
a
h a wh/2a
for —>20 r=R,=-—¢ 9)
a T
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Fig. 5 The dependence of both
positive and negative corona
current (/: 1A) versus the voltage
difference (V-V}, kV) on a log
scale, at various discharge gaps;
the solid lines are least square
fitting lines
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The parameter § is the air density factor based on pressure

and temperature and is given by:

. 3.92P
2734 T

where P is the pressure given in centimeters of mercury,
and T is the temperature in degrees Celsius. Other quan-
tities appearing in Egs. (6)—(9) are as follows: m, is an
irregularity factor to account for the condition of the

wire, r is the radius of curvature of the wire, &

distance between the wire and the plate, a is the half
wire-to-wire spacing, and g, is the disruptive critical

Positive corona
" hA=50mm |;.

® h=40mm |:

A h=30mm

Negative corona
® h=50mm
® h=40mm
A h=30mm
v h=20mm

............................

voltage gradient, of the order of 30 or 27.2 kV/cm,
for air [31, 32]. For ideal smooth wires, m,=1, but
practically m, varies from 0.85 to 0.98, depending on
the wires condition.

(10)
Table 1  Results of exponent » for various discharge gaps
h (mm) 50 40 30 20
n
is the Negative corona 1.65 1.66 1.82 1.8
Positive corona 1.63 1.66 1.63 1.67
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3 Experimental Procedure

The experimental setup in this study is illustrated in Fig. 1. This
system consists of an aluminum blade (corona active electrode)
with a radius of curvature »=0.019 mm and stainless steel
planes (corona passive electrode). The end-effects were
prevented by the two guard planes (G). The three parallel blades
are fixed with two insulating supports and the circular probe (P)
is incorporated on a same level of surface at the center of the
biased electrode (E). All the components are made of stainless
steel and are fixed with insulating probes. Positive or negative

direct voltage, of a 0 to 140 kV source (HV), is applied to the
blades. A high-voltage divider and a DC voltmeter are used to
measure the applied voltage V. The corona current is measured
via the potential drop across the resistance 150 k€2 with the DC
digital voltmeter. The plane (£) has a width equal to /=200 mm
according to the y-axis and a length equal to L=400 mm ac-
cording to the x-axis. The inter-electrode distance varies from
20 to 50 mm, and the blade-to-blade spacing varies from 20 to
50 mm and 100 to 130 mm, with almost a 10-mm increment.
A digital video camera is utilized to record simultaneously
the indications of the two digital voltmeters used for the

Fig. 6 Measured positive and 300

negative corona current-voltage
characteristics for various
numbers of discharging blades,

h=50 mm and 2a=40 mm el

g

Positive corona
—&— 1 Blade
—&— 2 Blades

T=15°C
P=101.2 kPa
Hr=75%

4 3 Blades

....................................................
....................................................

....................................................

150

Corona current / (4A)
3

I S

10 15 20 25 30 35

Applied voltage V/(kV)

g &

Corona current / (UA)
g

100

@ Springer

Negative corona |:
—&— 1 Blade
—&— 2 Blades
A& 3 Blades
T=15°C
P=101.2 kPa
Hr=75%

....................................................

....................................................

10 15 20 25 30 35
Applied voltage V (kV)



Braz J Phys (2015) 45:643—655

649

measurements respectively for the applied voltage and the
corona current [33]. The applied voltage V rises gradually
from the value V| to the value V, such as V;<V,<V,, where
Vy is the corona onset voltage and V) is the inferior corona
voltage at the breakdown voltage. The playback of the video
recording can easily restore the values of corona current and
the applied potential in order to draw the current-voltage char-
acteristics. This direct registration procedure for current-
voltage characteristics has several advantages. The stability
of the discharge test interval corona can be quickly checked
from the reproducibility of the characteristic.

4 Results and Discussion
4.1 Current-Voltage Characteristic Measurements
4.1.1 Effect of the Blade-to-Plane Spacing

Figures 2 and 3 show the current-voltage characteristics from
corona onset to the occurrence of spark with inter-electrode
spacing in the 20—50 mm range for both positive and negative
corona discharges. Before onset, the currents measured were
of the order of a nA signifying noise, and the currents in-
creased to the order of a pA after onset. Generally, the results
are as expected, when the electrode gap decreases, the onset
voltage decreases and the magnitude of the corona current
increases. It was also observed that the range of stable operat-
ing voltages decreased as the electrode gap decreased. This is
driven by both the onset voltage and the spark-over voltage.
The DC current through the inter-electrode gap is a nonlinear

function of the applied voltage [19]. Townsend’s first ioniza-
tion coefficient, which denotes the number of electrons pro-
duced over a distance of / traveled by a single electron in the
direction of the applied voltage, increases with increasing
electronic energy. The onset voltage increases at a high
inter-electrode distance for both positive and negative corona
discharges, which was in agreement with the prediction of
Peek formula [32].

The electric breakdown voltage is defined in gases as the
potential between two electrodes which provides a stationary
electric current in a gas located in a space between two elec-
trodes (blade-plane). Basing on the condition of existence of
an electric current in a gas between two electrodes separated
by a distance, #=10 to 50 mm. In our system, the origin
dynamics of an electric current may have various mecha-
nisms. Therefore, the electric breakdown is considered as a
multiplication of electron avalanches where an individual av-
alanche and a circle of processes of electron and ion produc-
tion start from formation of secondary electrons at the cathode
and finish by attachment of led electrons to the anode. Along
with this electric breakdown mechanism, the streamer mecha-
nism is possible and dominates at large distances between
electrodes, #>10 mm [34, 35], as shown in Fig. 4.

With the objective to characterize the relationship of the
corona current-voltage, a new general formula in characteriz-
ing was derived and expressed in Eq. (2), as described by
Meng et al. [12]. The I-V characteristics of the blade-plane
system appear also to follow the general formulae proposed
by Meng et al., given by Eq. (2), where the parameter # can be
determined by the Eq. (3), shown in Fig. 5 for both DC
positive and negative coronas. The influence of the inter-

Fig. 7 Effect of blade-to-blade 140 .
spacing on negative corona | | — ( hla ) =2 :
current-voltage characteristics at _
h=50 mm 120 |----- —e—(hla)=25 |
—A—(hla)=3.33] |
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< 'O T=18¢C ;
= = P=101.2 kPa ;
— .
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- . . .
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Fig. 8 Effect of blade-to-blade 140
spacing on negative corona
current-voltage characteristics at

| —=— (hla)=0.6
| —e— (hla) = 0.55
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electrode distance on the values of the parameter # is shown in
Table 1. It is noticed that the value of the exponent # falls into
a limited scope from 1.63 to 1.82. Moreover, it was demon-
strated that the formula is applicable not only for both negative
and positive corona discharges in point-to-plane geometries
but also for both polarities in blade-to-plane geometries. With
the optimal exponent 7, the formula can also explain the in-
consistencies met by other existing formulae and best

represent the corona current-voltage characteristics with a
good accuracy [12].

4.1.2 Effect of the Blade-to-Blade Spacing
The experimental data for various numbers of discharging

blades are summarized in Fig. 6, for both positive and nega-
tive corona discharges, in the form /=f (V). They all follow the

Positive corona

h=50mm ® h=40mm
h=30mm v h=20mm
Least squares fitting lines

Fig. 9 Positive corona 200
conductance characteristics for
various inter-electrode distances 180 -
160
140

120
100
80
60

40

Current-voltage ratio I/V (MA/kV)

20
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200

Fig. 10 Negative corona
conductance characteristics for
various inter-electrode distances

180 -

A

160 -

Negative corona

h=50mm ® h=40mm
h=30mm v h=20mm

140 ===

120

100

Current-voltage ratio I/V (MA/KV)

quadratic Townsend’s law. The measured /-V characteristics
of the negative corona discharge are always higher than those
measured from the positive ones. The current values of the
negative corona discharge are higher than those of the positive
ones for the same applied voltage and the same number of
discharging blades.

Figures 7 and 8 show the effect of interspacing 2a on the
corona current under negative DC voltage. The longer is the
interspacing, the higher is the corona current at the same ap-
plied voltage, as is shown in Fig. 7. This trend is attributed to
the weakness of the interaction between space charges in the
discharge cone under each electrode tip, which increases the
possibility of streamer growth because of increasing the max-
imum electric field. It is clearly seen that the corona current
increases when increasing the blade-to-blade spacing 2a with
a decrease of the onset voltage. To obtain a maximum current,
the electrode blades should be 2a>/ distant from one another,
confirming the Cooperman’s law, under the condition of
Eq. (9). Figure 8 shows that the blade-to-blade spacing has
not been an influence on the characteristic /=f (V). The dis-
charge current is the same whatever the blade-to-blade spac-
ing (the same characteristic for different blade-blade spaces).
In order to obtain a constant value of current, the blade elec-
trodes should be at a distance of 2a>>A, confirming the
Cooperman’s law, under the condition of Eq. (8).

4.2 Corona Conductance

The (I/V)=f (V-V} ) diagrams are shown to be a good test on
the validity of the nonlinear law, Eq. (1). The importance of

..................

Least squares fitting lines

<

...................................... S -
10

2 4 6 8
Voltage difference (V-V) (kV)

14

the slope of the corona characteristics can be more clearly
perceived by analyzing the corona conductance trends. The
slope K together with the intercept 7, with the baseline
completely characterizes the glow region of the discharge.
The ratio of the corona current / with ¥ should produce
straight lines since the current is proportional to V (V'—V).
Figure 9 shows the positive corona conductance values calcu-
lated from the data in Fig. 2, and the corresponding corona
conductance for negative polarity was calculated using the
data in Fig. 3. The results are shown in Fig. 10. The calculated
corona conductance slope value summary is given in Table 2.
The values obtained at /=20, 30, 40, and 50 mm fit a straight
line. For the longer gaps, there is a smaller deviation from the
quadratic law. The experimental values of coefficient K for 1=
50 mm can be compared with experimental measurements
appearing in [33], which were measured at =50 mm in a
wires-to-plane corona discharge. The K values for both corona
discharges in [33] are K+=0.310 nS/kV, K—=0.332 nS/kV
and in this work are K+=0.73518 nS/kV, K—=0.81079 nS/
kV. The corona conductance in blade-to-plane for both polar-
ities is about 60 % higher. It is demonstrated that the effect of

Table 2  Results of corona conductance K for various discharge gaps

h (mm) 50 40 30 20

K (nS/kV)

Positive corona (K+) 0.73518  2.5278 5.65859  14.64286
Negative corona (K—)  0.81079  2.81796  6.13848  15.7383
Ratio K—/K+ 1.103 1.115 1.085 1.075

@ Springer



652

Braz J Phys (2015) 45:643-655

Fig. 11 Variation of the ratio 1,8 : ; :
(K—/K+) versus the inter- N R : : : : : : L R
electrode distance . B The optimal ratio
’ : The regression line | : :
oY A SO A SN O SO U NS SO O S
+ 12 L 1097 U S
X s N s f :
X - e ¥ i
= ) S S S S S AU SR AU N TSR S HOS S -
® :
¢ ke St S B S R R A -
0,4 (I I [ S B A
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inter-electrode spacing on the conductance is very large, and
the corresponding values in Table 2 are about 62 % higher.
The corona conductance K depends on the corona blade-
to-plane spacing 4 and the charge carrier’s mobility p. For
the same geometry, the ratio K—/K+ represents also the
ratio pu—/u+ of the charge carriers motilities. This ratio is
practically independent on the corona blade-to-plane spac-
ing, as it is clearly shown in Fig. 11. Moreover, it is always

35

Inter-electrode distance

noted in literature that there is a minor difference between
the motilities p+ and p—, which is lower than 10 %. It will
be found that the values of K for the negative corona are
always higher than those of the positive corona for the
same inter-electrode spacing. The ratio K—/K+~u—/pu+=
1.097 confirms consequently that the mobility of the nega-
tive charge carriers is always higher than those of the pos-
itive charge carriers.

Fig. 12 Current density
distribution with various radial
distances (x) at different applied
voltages for positive corona

N w
(3] o

N
o

Current density repartition J (mA/m?)

Positive corona
—a— V=24 kV
—e— V=26 kV

V =28 kV
—v— V=30kV
T=18°C
P=101.2 kPa
Hr= 67%
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Fig. 13 Current density 45
distribution with various radial
distances (x) at different applied
voltages for negative corona

Current density repartition J (mA/m?)

| Negative corona
Tl —=—V=24kV
—e— V=26 kV
: -V=28 kV
i | —v—V=30kV
| T=18°C
P=101.2 kPa
Hr= 67%

4.3 Current Density Distribution Measurements

Figure 12 shows the measured current density distribution
on the plane from a positive corona. One can obtain the
normalized distribution by dividing the current density
values at any position by the on-axis value J,. The on-
axis current density values were Jy=8, 15.83, 24.58, and

10 20 30 40 50 60 70

Distance x (mm)

32.17 mA/mz, for V=24, 26, 28, and 30 kV, respectively.
The corresponding current density distribution for negative
polarity is shown in Fig. 13. The on-axis current densities
obtained for this case were Jy,=12.67, 22.93, 30.64, and
39.3 mA/m?, for V=24, 26, 28, and 30 kV, respectively.
During these tests, the existing relative air density was 6=
1, with typical temperature, relative humidity, and pressure

Fig. 14 Profile of Warburg’s law 45
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readings of 18 °C, 67 %, and 101.2 kPa, respectively.
Current density was then obtained by dividing the mea-
sured current by the surface of the probe.

Figure 14 shows that the Warburg distribution is satisfied
and provides an exponent m=5.0 for the positive polarity and
an exponent m=4.8 for the negative polarity.

5 Conclusion

The measurement of current-voltage characteristics is
the best way to characterize the blade-to-plane electrode
configuration, with respect to their use in different ap-
plications of the corona discharge. These characteristics
can be useful to dimension the high-voltage generator
used in the experimental device, but we cannot predict
the electric field distribution and the ionic charge that
the electrode can produce. This justifies the interest of
an experimental study of the current distribution on the
surface of the collector electrode. In this work, the co-
rona discharge in a blade-to-plane electrode system has
been studied experimentally.

It has been shown that the discharge in a blade-to-
plane electrode configuration has the form of the
Townsend’s discharge law. This was confirmed from
the linearity of the conductance corona parameters.
The inception corona voltage remained variable for both
corona discharges, and the breakdown voltage and also
remained practically variable with varying inter-
electrode distance.

With this electrical distribution mechanism, the streamer
mechanism is possible and dominates at greater distances be-
tween the electrodes.

A new general formula developed by Meng et al. to uncov-
er phenomena in point-to-plane geometry corona discharges
can also be applied in blade-to-plane system where the expo-
nent # is in the range of 1.5 to 2.0.

To obtain a maximum current, the blade electrodes should
be separated from each other by a distance of about 2a>#h,
confirming the Cooperman’s law, under the condition of
Eq. (9). So, to obtain a constant value of current, the blade
electrodes should be separated by a distance of 2a>>h,
confirming the Cooperman’s law, under the condition of
Eq. (8).

The values of K or pu for the negative corona were
always higher than those for the positive corona. The
ratio u—/pu+>1 confirmed therefore that one component
of the negative charge carriers in the drift region was
formed by electrons, of which the mobility is higher
than those of ions.

The corona current distribution on the plane was shown
to follow Warburg’s distribution, given by Eq. (4), provid-
ing a value of 5.0 which is used for exponent m in the

@ Springer

case of positive polarity. For negative polarity, m=4.8
gives a good fit with the experimental results in the lower
half of the distribution. This is consistent with previous
research.
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