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PEER REVIEWED

A N ELECTRET, A COUNTERPART

to a magnet, is a dielectric
material that exhibits a per-
manent electric field or

stores permanent charges without
requiring an externally applied volt-
age. Electrets have a large variety of
applications, including transducers,
generators, air filters, etc. (1).
Electrets are made by either polariz-
ing or electrostatically charging a di-
electric material.

Charging mechanisms for nonwo-
ven webs have been described in an
earlier work (2).This paper describes
the theory of corona charging and
the charging techniques that can be
used at various locations on melt-
blowing lines.

Melt blowing is a one-step process
for manufacturing nonwoven webs di-
rectly from polymeric resin (3). Melt-
blown webs are ideally suited as filters
because their ultrafine fibers provide
high surface area, thereby increasing
the probability of particle entrapment
by mechanical forces. Nevertheless,
even greater filtration efficiency can
be achieved by introducing electrosta-
tic charges into fibers to attract the fil-
tered particles by electric forces.

THEORY OF ELECTRICAL 
DISCHARGES IN THE AIR

General
A portion of the air (109 molecules out
of 1025 molecules/m3 at sea level) is
ionized by cosmic rays and by radia-
tion of radioactive bodies. Different
gases have different ionization poten-
tials at different pressures. For exam-
ple, dry air is ionized by an electric
field of 30 kV/cm at 1 atm pressure
and by a field of 10 kV/cm at low pres-
sure.Dark,glow,and arc discharges are
three regimes of electrical discharge
through air ionization by electric field
(4). Corona discharge in the dark-dis-
charge regime is used for electrostati-
cally charging dielectric materials to
make an electret. In air at 1 atm pres-
sure, glow discharge may not occur,
but arcing occurs when voltage is
raised to obtain a high corona-dis-
charge current. High voltage, but low
current, is required for corona genera-
tion. Hence voltage in the power sup-
ply is limited by a low current output.
Voltage in the power supply drops
whenever an arcing (a high 
current-density discharge) occurs.
Nevertheless, several electrode config-
urations have been developed to gen-
erate sufficient corona-discharge
current before arcing occurs.

This paper describes some useful
electrode configurations along with
their electric field distributions. The
electric field distributions are impor-
tant for determining electrode dimen-
sions, the gap between the electrodes,
and the voltage to be applied to the
electrodes. For corona discharge, the
electric field should be higher than the

air ionization potential but lower than
the arcing potential between the elec-
trodes.

Electrode configurations
Configuration 1. Configuration 1

is a biased sharp point or wire above a
grounded plate, as shown in Fig. 1.
The surface electric field (E

s
) of the

sharp point or wire above the ground-
ed plate can be approximated (4) as

E
s
= (V

0
/a) {1/[1–(a/b)]} (1)

and the radial electric field, E(r), of
the sharp point or wire can be ap-
proximated as

E(r) = (V
0
a/r2) {1/[1–(a/b)]} (2)

where

V
0

= applied voltage
a = radius of the sharp point or 

wire
b = distance from the sharp point

or wire to the plate
r = radial distance from the sharp

point or wire

Configuration 2. Configuration 2
is a biased wire in the center of a
grounded shell, as shown in Fig. 2.
The surface electric field along the
wire is

E
s
= V

0
/[a ln(b/a)] (3)

and the radial electric field of the wire
is

E(r) = V
0
/[r ln(b/a)] (4)

where
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sharp point and the grounded plate (or
between the wire and the grounded
plate) is 5 cm. Then the electric field
(expressed in units of V/m) on the sur-
face of the sharp point or the wire is

E
s
= [V

0
/(0.2 x 10–3)] {1/[1–(0.02/5)]}

= 5.02 x 103 V
0

The electric field to break down
the air is about 3 MV/m. So, the mini-
mum applied voltage,Vô, is 600 V. The
electrode surface ionization, however,
does not provide enough corona
charges for effective electrical charg-
ing. To obtain effective charging, the
voltage should be much higher than
that required to ionize the electrode
surface,as long as the arcing voltage is
not exceeded.

Actually, the electric field must be
higher than the breakdown electric
field for air if the objective is to initiate
coronal discharge. For example, the
initiating electric field for the pin
above the grounded plate (Fig. 1) is
(6)

E
sc

= 1.8 x 105/a1/2 (9)

where

a = radius of the wire
b = radius of the shell
r = radial distance.

Configuration 3. Configuration 3 is
a biased wire or a wire grid between
two parallel plates,as shown in Fig. 3.
The surface electric field of a biased
wire between two parallel plates is

E
s
= V

0
/[a ln(4b/ša)] (5)

and the surface electric field of a wire
grid between two parallel plates is (5)

n
E

s
= V

0
/a[[ln(4b/ša)] + 

Σ ln(cosh{[(kš/2)(d/b)]+1}/
k=1       cosh{[(kš/2)(d/b)]–1})] (6)

where

a = radius of the wire
b = distance from the wire center 

to the plate
d = distance between two wires
n = number of wires.

Configuration 4. Configuration 4 is
a biased wire parallel to a grounded
wire, as shown in Fig. 4. The surface
electric field along the biased wire is

E
s
= V

0
/a[[(s–2a)/

(s+2a)]1/2 + ln((s/2a)+
{[ s2/(2a)2]–1}1/2)] (7)

If s>a, the surface electric field is
reduced to

E
s
= V

0
/[a ln(s/a)] (8)

where

a = radius of the wire
s = distance between the two 

wires.

Application of electrostatic
charge

The previous equations are used to cal-
culate the intensity of the electric field

for the various electrode configura-
tions. Once the field intensity is
known,the air ionization and the parti-
cle motion between the electrodes can
be understood. These are important
considerations in applying electrostat-
ic charges to the melt-blown fibers in
electret filters,since the charges are ap-
plied to maximize filtration efficiency
at given pressure drops.

The regime in which the electric
field is higher than the air breakdown
potential, i.e.,30 kV/cm for dry air at 1
atm pressure, is called the active vol-
ume,and the radius is called the active
radius. When a neutral air molecule
breaks down in the active region of a
positively biased electrode, a positive
ion and an electron are formed. The
positive ion is repelled toward the
grounded electrode by the positive
electrode. The electron (a) attaches to
electronegative molecules, such as ni-
trogen and oxygen, to form a negative
ion in a time frame of less than 1 ms,or
(b) ejects another electron from a neu-
tral molecule or an ion, depending on
the electron kinetic energy. Finally, the
electron and the negative ion are at-
tracted to the positive electrode, and
the isolated electron or the electron(s)
from the negative ion is drawn by the
positive electrode and a neutral mole-
cule is released. The drawn electrons
pass through the power supply and
form the power supply current. The
opposite phenomenon is true for a
negative electrode.

Field charging is accomplished
when the filter material passes be-
tween the two electrodes in which
charges are moving from one elec-
trode to the other by the electric field
force. If a material is not charged be-
tween two electrodes under the elec-
tric force action,an extra force such as
aerodynamic force is needed to ac-
complish the charging. Charging by
the latter case is no longer called field
charging,but, rather, remote charging.

Suppose that the sharp point or
the wire radius for Configuration 1 is
0.2 mm and that the gap between the

a

V=V0

b

1.Corona discharge around a biased sharp
point above a grounded plate
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E
c

= coronal onset field, V/m
d

r
= relative gas density, referred 

to 1 atm pressure at 20°C
r

w
= radius of the wire, m

0.6 = correction factor for wire 
roughness.

The electric field generated by the
applied voltage will be distorted by
the discharges in the air. Equation 11
shows the effect of the discharges on
the electric field for Configuration 2.

E(r) =      (1/r){(a2 E
s
2) + 

[(I
c
a2–I

c
r2)/2šLµ

i
[ε]

0
]} 1/2 (11)

where

I
c

= discharge current
L = inductance
µ

i
= ion mobility

[ε]
0
= permittivity in vacuum.

Note that Eq. 11 becomes Eq. 4 if
the effect of discharges on the electric
field distribution is not considered.The
electric field distribution between the
electrodes is complicated, depending
on the electrode configuration,air con-
tent, air pressure and temperature, the
air discharge concentration, etc.
Experimentation is usually required to

E
sc

= initiating electric field

The initiating electrical field for a
wire with a radius of 0.2 mm in this
configuration is E

sc
= 12.73 x 106 V/m,

which is much greater than the break-
down electric field of the air (3 x 106

V/m).
Despite the 

effect of electrode configuration on the
air discharges, there are other factors—
the roughness of the wire,air pressure,
thermal temperature, etc.—that exert
a significant effect on the magnitude
of the electric field intensity that ion-
izes the air. For example, the coronal
onset electric field for a wire between
two grounded parallel plates is (7)

E
c
= (0.6) (3.126 x 106) [d

r
+ 

0.0301(d
r
/r

w
)1/2] (10)

where

determine the parameters needed to
obtain a high charging efficiency on
the nonwoven webs. Some useful
charging techniques for melt-blown
webs are described in the next section.

TECHNIQUES FOR APPLYING 
ELECTROSTATIC CHARGES TO 

MELT-BLOWN WEBS
Numerous techniques have been
patented for electrostatically charging
melt-blown webs. Several patents have
been issued in which electrostatic
charging is accomplished at different
steps of the melt-blowing process. The
various positions are identified in Fig. 5.

A patent by Deeds (8) (assigned to
Exxon Chemical Co.) uses corona
wires in the upper and lower primary
hot-air plenums near the air exit region
(position A in Fig. 5). The electrode
configuration is shown in Fig. 3
(Configuration 3). Corona charges are
generated around a biased wire in two
parallel plates in the air path, and the
charges are forced to move out of the
air path by the air stream that is used
to attenuate the fibers.The charges are
embedded into molten fibers near the
die tip purely by aerodynamic force
from the air stream.

b

b
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b

3.Corona discharge around a biased wire and a biased wire grid
between two parallel plates
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2.Corona discharge around a biased wire within a grounded shell
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A patent by Moosmayer et al. (9)
(assigned to Exxon Chemical Co.)
uses two rows of corona pins above
and below the row of spinneret holes
and air slots (positions B and C in Fig.
5).The electrode configuration is illus-
trated in Fig. 1 (Configuration 1).
Charges are generated by the pins at-
tached to the air-knife plate, and they
are moved by electric field force to the
biased bar electrodes located 2–8 cm
from the corona pins and about 5 cm
apart. The charges can be moved out
of the electric field lines by the aero-
dynamic force.Charges are embedded
into the molten fibers by field force
and/or by aerodynamic force.

A patent issued to Kubik et al. of
3M (10) involves a technique that uses
electrode Configuration 2 (Fig. 2).The
electrode is located at position C in
Fig. 5. Corona charges are generated
around the biased wire in the shell.
There is no electric field across the
fiber path because both wires—one
on the top of the fiber path and the
other on the bottom—are simultane-
ously biased either positive or negative
voltage. Charges are embedded into
the molten fibers by aerodynamic
force.

Patents issued to Nakao (11) and
Togashi et al. (12) are based on elec-
trode Configuration 1 (Fig. 1). A wire
(or several wires) or a row (or several
rows) of pins are arranged above a
grounded drum (position D in Fig. 5).
Corona charges are generated around
the biased pin points or along the bi-

ased wires. Charges are embedded
into the fibers in the fabric by the elec-
tric field force formed between the bi-
ased pins or wire(s) and the grounded
drum that the fabric passes over.

Patents issued to Wadsworth et al.
(13) and Klaase et al. (14) are based
on electrode Configuration 4 (Fig. 4).
The electrode is located at position E
in Fig. 5. These inventions involve the
use of two wires or two row of pins
arranged in parallel.Charges are gener-
ated at both the two wires or the two
rows of pins. The charges are embed-
ded into the fibers in the fabric by the
electric field force created between
the two electrodes through the use of
semiconductive material in contact
with the melt-blown web.

The charging techniques located
near the die outlet—positions A,B,and
C in Fig. 5—are directed toward
charging fibers, while charging tech-
niques farther downstream—at posi-
tions D and E—are performed on
fabric. The effects on charging are dif-
ferent for the two cases. In the first
case, fibers are either in molten form
or are still hot. In the second case, the
fibers are solidified or cooled to a low
temperature and the fibers are com-
pacted to form the web. Charges ap-
plied near the die outlet can migrate
before the fibers are solidified, but
charging will not be affected by the

thickness of the web. On the other
hand, charges applied farther down-
stream to the web may not migrate in
the fibers, but the effectiveness of the
charge can be influenced by the web
thickness.

A new charging technique patent-
ed by Tsai and Wadsworth (15) (as-
signed to the University of Tennessee)
comprises two electrode configura-
tions,similar to Configurations 1 and 2,
which can efficiently charge thin and
thick nonwoven webs, respectively, at
location E in Fig. 5 or off the melt-
blown line.

CONCLUSION
Two mechanisms are involved in pro-
ducing nonwoven electrets.

1.Generation of charges through 
air ionization by electric field 
intensity

2.Embedment of charges into
molten fibers or solidified fibers in
the fabric through contact media
by aerodynamic force and/or by
electric field that ionizes the air.

Numerous patents have been is-
sued based on this simple process.
Work is underway to improve the
charging and filtration efficiencies of
filters.TJ
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4.Corona discharge around a biased wire parallel to a grounded
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