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bstract. The ionic wind occurs with corona discharge. Knowledge
f the ionic wind in a machine is necessary as a measure of the
egradation of the image that originates from the generation prod-
cts on corona discharge. The authors investigate the characteris-

ics of the ionic wind in the neighborhood of a double-wire corona
evice through computational fluid dynamics to better understand

his phenomenon. Various flow characteristics have been found. An
nflow appears at the upper ventilation slit in the fan-off case. The
rimary flow diverges into some branches in a cross section. The
uthors can easily comprehend that this primary flow is derived from

he schematic distribution of the body force. Several secondary vor-
ices are induced by this flow at the same time. It is necessary to
onsider the effect of the grid electrode. Our numerical calculations
orrelate well with our experimental results by Particle Image
elocimetry. The primary flow appears also in a cross section on
ush-pull ventilation. Static pressure decreases along the wire.
arge circulation occurs on the upstream side. Free powders that
hould contaminate the corona device move on the circulation.
arge circulation thus has a close relation to contamination. © 2009
ociety for Imaging Science and Technology.

DOI: 10.2352/J.ImagingSci.Technol.2009.53.4.040502�

NTRODUCTION
orona discharge is applied to the charging processes in

lectrophotography.1 Corona devices create a corona cur-
ent. The device consists of a corona producing wire (or
ires) with grounded backing plate. Especially, corona de-
ices are used in high-speed machines. However, corona de-
ices cause ionic wind. The ionic wind occurs by the
oulomb force exerted on ions and from collisions of ions

nd neutral molecules of gas. Ions collide with the molecules
f the air and transfer momentum to the air molecules. The

onic wind transports oxidation products, etc., which cause
he degradation of the image as well as environmental
roblems.

eceived Aug. 8, 2008; accepted for publication Apr. 17, 2009; published
nline Jun. 2, 2009.
w062-3701/2009/53�4�/040502/8/$20.00.

. Imaging Sci. Technol. 040502-
The scorotoron is one type of corona device with a grid
o control corona charging. The grid is set between a wire
nd a photoreceptor. In the previous paper,2,3 we syntheti-
ally reported the basic characteristics of the ionic wind in a
ingle-wire scorotron. A �-shaped flow appears on a cross
ection in the fan-off case, and several vortices are induced
y the �-shaped flow. Static pressure decreases along the
ire. We also found three-dimensional appearances. There is
countercurrent at both ends of the corona device in the

an-off case. Momentum is axially transported. Our numeri-
al calculations correlated well with experimental results by
article Image Velocimetry (PIV). The �-shaped flow ap-
ears also in a cross section with a pull ventilation system,
hile the flow rate of the whole system is hardly changed.
he ionic wind has an influence on the flow field in the
eighborhood of the corona device. We could determine

hat the �-shaped flow is derived from the schematic distri-
ution of the body force, and we found that several vortices
re induced by the �-shaped flow.

Many investigations of corona discharge including the
onic wind have been conducted.4–7 Yamamoto and
o-workers4 investigated three-dimensional electro-
ydrodynamics in the wire-duct electrostatic precipitator. In
lectrophotography, Nashimoto5 reported the fundamental
nvestigations of silicon oxide growth and the generation of
eactive gases induced by corona discharge and proposed

eans to improve these phenomena. Zamankhan and
o-workers6,7 studied similar problems two dimensionally by
oupled systems of electric and hydrodynamic governing
quations.

Scharfe8 stated that it is difficult to control and maintain
ree powders as early as 1984. Free powders cause contami-
ation in machinery. Otsuka and Shiraishi9 recently reported

hat dust carried onto a corona wire surface by airflow
aused excessive discharge at that point, which thinned the

ire. They prevented the recurrence of the failure by chang-

Jul.-Aug. 20091



i
r
d
d
p
m
fl
i
T
o
a
c
b
t
M
a
o
a
o
p
e
s
t
s
h
e
h
(
w
t
t

a
p
s
c
m
C
l
c
t
(
t
t
v
c
t
m
v
b
c
s

A
C
F
d

s
f
t
m
(
r
m

w
i
s

F
t

Mori et al.: Computational fluid dynamics of ionic wind in a corona device in electrophotography-�2�

J

ng the airflow system and the material of the wire. It is a
easonable conclusion that such contamination is related to
egradation of the image. Small powders move on airflow. A
esigner expressed the opinion that the ionic wind “ram-
ages” around a corona device. Thus polluted substances
ay unequally contaminate a corona device. Managing air-

ow and inflow of the polluted substances to corona devices
s significant for preventing the degradation of the image.
herefore, knowledge of the flow field in the neighborhood
f corona devices is necessary. However, it is impossible to
ccurately measure the flow field in a confined space. Physi-
al phenomena occurring in confined spaces have generally
een difficult to quantify. Moreover the influence of the elec-
ric field is strong in the neighborhood of a corona device.

easurement by a Pitot tube or a hot-wire anemometer is
lso difficult. PIV in machinery10 has severe restrictions. One
f these restrictions is an obstacle for capturing the image in
complicated structure. It is difficult to estimate the motion
f tracer particles in internal flows. In addition, the ionic
henomenon essentially involves the coupling between the
lectric and fluid fields. Strictly speaking this coupling
hould be very weak; the electric field is hardly disturbed by
he fluid field. Naturally, it might also be necessary to con-
ider the temperature field in a practical case.11 Therefore we
ave to study the complex phenomena in precision machin-
ry based on the technology that uses electromagnetic and
ydrodynamic force through computational fluid dynamics
CFD) to better understand these phenomena. In this paper,
e take account of only the Coulomb force as the body force

o calculate the momentum equation. We do not consider
he buoyancy force and convective current.

Corona devices have infinite variety. Airflow systems
round corona devices also have infinite variety. In this pa-
er, we report behavior of the ionic wind in a double-wire
corotron. Below we discuss the analysis model and numeri-
al conditions, and then describe the electric field and nu-
erical calculations. The section on Electric Field and Fluid
alculations describes the electric field and numerical calcu-

ations. The body force due to the electric field is first cal-
ulated with the two-dimensional corona discharge simula-
ion. Next, we use a computer program FLUENT ver.6.3.26
FLUENT Inc., Lebanon, NH, USA) to calculate the steady
hree-dimensional flow field. We first treat phenomena in
he fan-off case. The velocity profile produced by PIV at a
entilation slit and a primary flow are shown. Our numerical
alculations correlate well with our experimental results. We
hen obtain velocity vectors, contours of static pressure in a

iddle plane, and marker particle path lines on push-pull
entilation system. The flow field exhibits a similar trend of
ehavior to the fan-off case. Finally, we summarize the basic
haracteristics of the ionic wind in the double-wire
corotron.

NALYSIS MODEL IN OPEN SPACE AND
ONDITIONS FOR NUMERICAL CALCULATIONS
igure 1(a) shows an analysis model in open space. The axial

irection of the wire is the z-direction. We assumed a a

. Imaging Sci. Technol. 040502-
corotron and a photoreceptor in open space. The outer sur-
aces are free slip walls. This model has about 1.81 million
etrahedral cells. The front of the model and the back of the

odel are called the outboard (front) side and the inboard
rear) side, respectively. The analysis model consists of a
ectangular prism, 500 mm long, with cross-sectional di-

ensions of 200�150 mm2.
Since we investigate the basic characteristics of the ionic

ind in this paper, our studies have focused on the flow field
n the neighborhood of the scorotron. Fig. 1(b) shows the
corotron and the photoreceptor. The scorotron is depicted

igure 1. �a� Analysis model in the fan-off case. �b� Scorotron and pho-
oreceptor. �c� Cross section diagram of the double-wire scorotron.
s a rectangular solid attached to the cylindrical photorecep-
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or. The photoreceptor rotates counterclockwise at 0.5 m/s.
he scorotron has insulator blocks on both ends to stretch a
ire electrode. There is a slit on the ceiling of the shield

lectrode for ventilation. In addition, a cross section in the
eighborhood of the scorotron is shown in Fig. 1(c). The

nner part of the scorotron is separated into two parts by a
entral shield electrode. Two wire electrodes are stretched in
he inner side of the metal shield electrode. Both wire elec-
rodes are offset 1.3 mm to the left side from the front view.
he wire at the upstream side and the wire at the down-

tream side are called the first wire and the second wire,
espectively. A grid electrode is set between the wire elec-
rode and photoreceptor to help with uniform charging. The
xistence of the wire is negligible since the diameter of the
ire is much smaller compared with the size of the flow
eld, and the mesh size is 0.15 mm in the neighborhood of

he wire location. The grid is also neglected since a rate of
penings is large. Table I shows geometrical parameters for
he scorotron and the photoreceptor. Table II shows electri-
al parameters for the scorotron and the photoreceptor.

LECTRIC FIELD AND FLUID CALCULATIONS
he ionic wind is a complex phenomenon.11 The electric
eld, flow field, and temperature field mutually affect one
nother. Since the electrostatic force to the air is dominant,
ther effects are negligible in this analysis. Electrostatic force

s calculated from the distribution of the electric field and
harge density. These distributions are obtained by solving
auss’ law,

���ijEj�

�xi

= �e , �1�

Table II. Electric parameters for the scorotron and the photoreceptor.

ire voltage �V� 6000

hield voltage �V� 800

rid voltage �V� 800

hotoreceptor voltage �V� 0

Table I. Geometrical parameters for the scorotron and the photoreceptor.

Width of corona device �m� 3�10−2

Height of corona device �m� 2�10−2

Length of corona device �m� 4�10−1

Width of ventilation slit �m� 2�10−2

Length of ventilation slit �m� 3�10−1

Diameter of corona wire �m� 4�10−5

Diameter of photoreceptor �m� 8�10−2

Space between grid and photoreceptor �m� 1�10−3
nd the charge conservation equation, c

. Imaging Sci. Technol. 040502-
��e

�t
+

���e�eEj�

�xj

= 0, �2�

here �ij is the permittivity, Ei�i=1,2 ,3� represents the
artesian components of the electric field E, �e is the charge
ensity, �e is the mobility of ion, and xi�i=1,2 ,3� represents

he Cartesian coordinates. Here, we adopted the Einstein
onvention that whenever the index appeared twice in any
erm, we implied summation over the range of that index.
quations (1) and (2) are solved by the finite difference
ethod. Charge and electric potential terms are coupled in

qs. (1) and (2). Over time increments electric potential and
harge distribution are alternately calculated until they reach
steady state. Then, we used the successive over-relaxation
ethod to solve the matrix. The electric current produced

y corona discharge is given by Sarma’s assumption.12 The
harge density around the wire is set to keep the intensity of
he electric field at threshold strength on its surface. The
alculation of the electric field is represented on a cross sec-
ion of the corona device since the geometry of the corona
evice is assumed to be uniform along the corona wire.

Distributions of the electric potential and the charge
ensity are shown in Figures 2(a) and 2(b). Effect of charg-

ng on the photoreceptor is small inside the scorotron. The
harges between the wire and the photoreceptor are dense.
he charges outside the shield case are small. By use of the
nalysis model in Fig. 1(a), we show the behavior of the
onic wind in the fan-off case. Airflow is mainly induced by
orona discharge.

We first calculated the body force with the two-
imensional corona discharge simulation. Next, FLUENT can
umerically predict the flow field by considering the body

orce as the volumetric source term of the momentum
quation.

FLUENT numerically solves the Navier-Stokes equations

��

�t
+

���uj�

�xj

= 0, �3�

���ui�

�t
+

���uiuj�

�xj

= −
�p

�xi

+
�

�xj
��

�ui

�xj
� + Fi , �4�

Fi = �eEi , �5�

here � is the fluid density, p is the static pressure,

i�i=1,2 ,3� represents the Cartesian components of veloc-
ty u, Fi�i=1,2 ,3� represents the Cartesian components of
he body force derived from the ionic wind, and � is the

olecular viscosity of the fluid. We used constant values
=1.204 kg/m3 and �=1.808�10−5 kg/m s. It is reason-
ble to assume the fluid is incompressible for this problem.
quation (5) is not necessarily accurate as static electric

orce is not fully converted to the driving force acting on
eutral particles. The distribution of magnitude of the body

orce obtained by Eq. (5) is shown in Fig. 2(c); colors indi-
3
ate the magnitude of the body force �N/m �. (Although the
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ext makes reference to color, it will appear in color online
nly. The print figure will appear in black and white.)

The calculation grids around the wire electrode are very
ne because the electric potential and charge distribution
hange drastically there. The grid spacing is set up with a
inimum value of 10−6 m in the wire vicinity. Since the

rids for airflow simulation are different from those used for

igure 2. �a� Calculated distribution of the electric potential in the
ouble-wire scorotron. �b� Calculated distribution of the charge density in

he double-wire scorotron. �c� Calculated distribution of magnitude of the
ody force.
he electric field simulation, the body force at the grid points w

. Imaging Sci. Technol. 040502-
re calculated by linear interpolation from the results of the
lectric field simulation. The body force is radial from the
ire. The body force is strong between the wire and the
hotoreceptor. In contrast, the body force is weaker at the
pper ventilation slit. By using the User Defined Function13

o capture the body force as the volumetric source term,
LUENT calculates the three-dimensional flow field. We
onitored a flow rate of the ventilation slit of the scorotron
ith the residuals for a convergence check.

ONIC WIND PHENOMENON IN THE FAN-OFF
ASE
e reported the ionic wind in a single-wire scorotron.2,3 It
as shown that the �-shaped flow appeared in a cross sec-

ion. Figure 3 shows the schematic distribution of the flow
eld and the body force in the single-wire scorotron. We
ould comprehend that the �-shaped flow is derived from
he schematic distribution of the body force. Also we found
hat several vortices are induced by the �-shaped flow. In
his paper, we extend the investigation to a double-wire
corotron.

PIV (Ref. 10) was applied to measure the ionic wind
round a wire electrode. We consider a simple configuration,
hich consists of a corona device and a photoreceptor. The
bservation area is 60 mm from the edge of a photoreceptor
rum in the longitudinal direction. The area is covered with
uter walls, which are located more than 100 mm away from
he wire electrode. The other experimental conditions are
he same as the numerical analysis conditions. Smoke from
n incense stick was used to provide tracer particles. Instan-
aneous �-shaped flow is shown by tracer particles in a
ingle-wire scorotoron in Figure 4(a). Fig. 4(b) also shows
he primary flow by tracer particles in a double-wire
corotoron. Cavity regions appear downstream of the wire.
racer particles cannot enter these cavity regions Figs. 4(a)
nd 4(b) implicitly show a significant possibility that certain
ree powders do not contaminate a wire on corona dis-
harge. We show the calculated behavior of charged particles
n Fig. 4(c). The particle diameter is 0.2 �m, and the par-
icle charge is 3�10−13 C. Particles keep away from the

igure 3. Schematic distribution of the flow field and the body force in
he single-wire scorotron.
ire. Cavity regions where particles cannot enter appear to

Jul.-Aug. 20094
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e similar to the magnetosphere of the earth. Charge quan-
ity is overestimated since we calculated particle orbit for a
hree-dimensional coarse mesh. We will accurately estimate
he charge quantity by the two-dimensional fine mesh and
iscuss the motion of charged particles around a wire on
orona discharge in near future.

Fig. 4(d) shows instantaneous velocity vectors by PIV.
hese vectors are colored by velocity magnitude (m/s). The
aptured images were analyzed by commercial software. We
ound that a complicated flow with vortices occurs.

Itoh and co-workers14 examined laminar flow around a
ire electrode induced by corona discharge in a system of
ire and plate electrodes to obtain insight into the self-

Figure 4. �a� Instantaneous �-shaped flow shown b
flow shown by tracer particles in the double-wire sc
the double-wire scorotoron. �d� Instantaneous veloc
lated velocity vectors on corona discharge in the fa
grid electrode. �f� Calculated velocity vectors on co
ering the effect of the grid electrode. �g� Velocity p
and schematic distribution of the body force in the
xcited lateral oscillation of the wire electrode. Since the wire b

. Imaging Sci. Technol. 040502-
tself was negligible, the Reynolds number in large-scale
pace RE =5000 was calculated. A reference velocity was de-
ned by balancing the convection term and the Coulomb

orce, and a reference length was defined by setting the dis-
ance between the wire and the plate. They also investigated
he fluid field around the wire by modeling the wire for the
ame phenomenon. The Reynolds number Re is sufficiently
mall, and the flow field is laminar. We calculated the
eynolds number in large-scale space RE =2700 for our
odel. We defined a reference velocity U=2 m/s and a

eference length L=0.02 m. It is reasonable to assume that
he flow field is laminar in the fan-off case.

Fig. 4(e) shows calculated velocity vectors in the neigh-

r particles in the single-wire scorotoron. �b� Primary
n. �c� Calculated behavior of charged particles in
rs by PIV in the double-wire scorotoron. �e� Calcu-
se in open space without considering effect of the
ischarge in the fan-off case in open space consid-
t the ventilation slit in the x-direction. �h� Flow field
-wire scorotron.
y trace
orotoro
ity vecto
n-off ca
rona d
rofile a
double
orhood of the corona device. These vectors are colored by

Jul.-Aug. 20095
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elocity magnitude (m/s). A flow rate through the ventila-
ion slit is 6�10−3 kg/s.

By comparing Fig. 4(d) with Fig. 4(e), we immediately
ound different behavior of the flow field below the shield at
he first wire side. So we have investigated effect of the grid.
n this paper, we specifically consider the effect of pressure
rop at the grid. Pressure drop, �p, is defined by

�p = − ��

�
v +

1

2
C2�v2��m , �6�

here � is the fluid viscosity, �=3.616�10−10 m2 is the
ermeability of the medium, C2 =0 1/m is the pressure-

ump coefficient, v is the velocity normal to the porous face,
nd �m=1�10−4 m is the thickness of the medium. We
ssumed the constant value for C2 by estimating the pressure
rop 1 Pa through the grid. Fig. 4(f) shows calculated veloc-

ty vectors in the neighborhood of the corona device includ-
ng effect of the grid electrode.

Fig. 4(g) shows the velocity profile on the ventilation slit
n the x-direction. The origin x=0 is located in the center of
he scorotron. The symbol � indicates the CFD results, the
ymbol � indicates the CFD results considering pressure
rop through the grid, and the symbol � indicates the PIV
esults. The CFD results considering pressure drop on the
rid correlate better with the PIV results, especially for a
alanced flow rate. For the two reasons mentioned above, it

s necessary to consider the resistant effect of the grid in
hree-dimensional numerical simulation.

The �-shaped flow is generated at the first wire side, the
ame as for a single-wire scorotron, and flow separations
ccur in the scorotoron. Our numerical calculations corre-

ate well with our experimental results. Fig. 4(h) shows the
ow field and the schematic distribution of the body force in

he double-wire scorotoron. We could determine that this
ow is also induced by the schematic distribution of the
ody force. Strong body force especially dominates for the
rimary flow. Also we found that several vortices are in-
uced by this primary flow.

ONIC WIND PHENOMENON ON PUSH-PULL
ENTILATION SYSTEM

n this section, we discuss the flow field with a push-pull
entilation system. A combination of push-pull ventilation is
he most efficient form of ventilation for an electrophoto-
raphic engine. Yazaki15 showed a push-pull ventilation sys-
em around a corona device in a copy machine. Figure 5(a)
hows an analysis model for the case of push-pull ventila-
ion. This model has about 5.5 million tetrahedral cells. The
nalysis model consists of a rectangular prism, 500 mm long,
ith cross-sectional dimensions of 230�140 mm2.

Since we investigate the fundamental characteristics of
he ionic wind in this paper, our studies have focused on the
ow field in the neighborhood of the scorotron. Fig. 5(b)
hows a cross section diagram in the neighborhood of the
corotron. Fresh air is provided from the right above the

corotron. An airflow system which leads ozone to the ab- a

. Imaging Sci. Technol. 040502-
orption filter on the inboard side to remove ozone is nec-
ssary. In addition, Fig. 5(c) shows a pull-ventilation system
o collect vented substances. Marker, i.e., massless particle
ath lines, are colored by velocity magnitude (m/s). We con-
ider a construction such as an airflow system with ducts,
hich drive air to the filtering element by a fan. A typical
uct is 400 mm in length, 60 mm in width, and 70 mm in
eight. Velocity is prescribed as 3 m/s at the outlet boundary.

Fig. 5(d) also shows a push-ventilation system. This sys-
em has a risk of scattering airborne contaminants. Velocity
s prescribed as 0.64 m/s at the inlet boundary. The other
urfaces are no-slip walls. The duct has some baffles to direct
he flow. Airflow is curved thereby and flows into the
corotoron from the right side, shown in Fig. 5(b). Finally
ir is exhausted to the inboard side by the pull ventilation
ystem.

Flow rate of the ventilation slit for the scorotron was
onitored with the residuals. We also considered the effect

f the grid; the resulting pressure drop characteristics are
escribed according to Eq. (6).

We show velocity vectors, contours of static pressure,
nd marker particle path lines. Fig. 5(e) shows velocity vec-
ors in the neighborhood of the scorotron on corona dis-
harge in the middle plane. These vectors are colored by
elocity magnitude (m/s). Vortices were observed in the
corotron. We similarly calculated the Reynolds number in
arge-scale space RE =2700 for push-pull ventilation. We de-
ned a reference velocity U=2 m/s and a reference length
=0.02 m. It is also reasonable to assume that the flow field

s laminar with push-pull ventilation. Fig. 5(f) shows con-
ours of static pressure (gauge pressure) in the middle plane
n corona discharge. The contours are colored to indicate

evels of static pressure (Pa). Static pressure rises at the re-
ion where the ionic wind collides with the photoreceptor.
n contrast, static pressure decreases along the wire.

We will now discuss marker particle path lines in lami-
ar flow. Fig. 5(g) shows marker particle path lines colored
y velocity magnitude (m/s) of the flow field. Particles are

njected from the surface of the ventilation slit. We found
hat large circulation occurs on the first wire side. Free pow-
ers move on the circulation and it has a close relation to
ontamination in the scorotron. Concentration of chemical
pecies may be also dense.

Complex two-dimensional flow appears in most parts of
he corona device, the same as for the fan-off case. The ionic
ind locally has an influence on the flow field in the neigh-
orhood of the double-wire scorotron with push-pull venti-

ation. The flow field in the neighborhood of the double-
ire scorotron is, however, disturbed since the effect of the

entilation system is weak.
The characteristics in the wire direction are also impor-

ant. This subject is under investigation in detail, and results
ill be reported in the near future.

UMMARY
e have investigated the characteristics of the ionic wind in

double-wire scorotron. Especially, we have elucidated the

Jul.-Aug. 20096
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ow field in the neighborhood of the corona device. We have
iscovered the following:

• The primary two-dimensional flow appears in most
parts of the scorotron. At the same time several second-
ary vortices are induced by this flow in the neighbor-
hood of the double-wire scorotron. We can also com-
prehend that this flow is derived from the schematic
distribution of the body force in the double-wire
scorotron.

• Cavity regions that particles cannot enter appear on the
downstream of the wire on corona discharge.

• Large circulation occurs on the upstream side. It has a

Figure 5. �a� Analysis model for push-pull ventilatio
in the neighborhood of the scorotron. Air flows into
to the inboard side by pull ventilation system. �c� Pul
system is separately shown. Some baffles in the d
middle plane on corona discharge with push-pull v
middle plane on corona discharge with push-pull
corona discharge with push-pull ventilation. Marker
close relation to contamination of the scorotron. Con- t

. Imaging Sci. Technol. 040502-
centration of chemical species may be also dense.
• Our numerical calculations correlate well with our ex-

perimental results by PIV in the fan-off case.
• It is necessary to consider the effect of the grid electrode

for three-dimensional numerical simulation.
• Static pressure rises at the region where the ionic wind

collides with the photoreceptor. In contrast, static pres-
sure decreases along the wire.

• The ionic wind has an influence on the flow field in the
neighborhood of the double-wire scorotron with push-
pull ventilation.

It is of importance to design machines considering con-

s section is shown in �b�. �b� Cross section diagram
rotoron from the right side and is finally exhausted
tion system is separately shown. �d� Push ventilation
ct the flow. �e� Calculated velocity vectors in the
n. �f� Calculated contours of static pressure in the
ion. �g� Calculated marker particle path lines on
es are injected from the ventilation slit.
n. Cros
the sco

l ventila
uct dire
entilatio
ventilat
particl
rol of the three-dimensional flow field. This fluid phenom-
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non is basically nonlinear and coupled. Corona devices can
ave infinite variety. Different phenomena occur with differ-
nt system configuration. In two articles, for a single-wire
nd a double-wire scorotron we have shown the basic char-
cteristics of the ionic wind and can confirm that our ap-
roach and findings are effective in designing corona
evices.
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