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Size 480X 276X 140mm
Weight 25kg
Maximum payload 500kg
Maximum height 250mn
Minimum height to be able to
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be inserted
Step height to be able to cross over 60mn
Maximum velocity 700mm/min
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Numerical Simulation of Particle Trajectories
in the Charge-injection Type of Electrostatic Oil Filter*

Hideki YANADA**, Shinji MATSUURA*** Tomohiro YOKOYAMA **
and Masahito NISHIKAWARA**

This paper reports the trajectories of contaminant particles in the charge-injection type of electrostatic oil filter, and the

effects of the supply flow velocity, the oil viscosity, and the filter element shape on the particle collection efficiency are

investigated. The flow and electric fields in the filter are numerically simulated based on an assumption about the charge

injected by the emitter electrode. Then, the particles’ trajectories are calculated by numerically solving their equations of

motion with different initial positions at the inlet of the filter. The simulated particle collection efficiency is compared with

its measured value. The numerical results agree qualitatively with the experimental results. This particle trajectory

analysis will be useful for improving the structure of the charge injection type of electrostatic oil filter.

Key words : Charge injection, Electrohydrodynamics, Electrostatic filter, Oil saving, Particle trajectory

1. Introduction

To reduce trouble with hydraulic systems and other
machines caused by contaminated oil and to lengthen the
life of the oil, it is essential to remove not only coarse
contaminant particles but also fine ones from the ol. An
electrostatic oil filter can remove even submicrometre-sized
contaminant particles, but its filtration speed is very slow.
This is the greatest disadvantage of an electrostatic oil filter.
In this filter, contaminant particles are captured by the
electrodes and filter elements when a high D.C. electric field
is applied. This is because solid particles are spontaneously
charged in liquid”. If the charge of the contaminant particles
can be augmented, the filtration speed can be increased.

Yanada et al. have proposed a charge injection type of
electrostatic oil filter that utilizes the charge injection
phenomenon2> to increase the charge of contaminant particles.
It was demonstrated that the filtration speed increases thanks
to active charge injection into oi””. In addition, the effects of
the shapes of both the electrodes and the filter elements on
the filtration speed was investigatedsm. However, how
contaminant particles are captured by electrodes and filter

elements has not been clearly determined, and therefore,

*Manuscript received January 16, 2017
**Toyohashi University of Technology
(1 -1 Hibarigaoka, Tempaku, Toyohashi, Aichi, 441-8580
Japan)
E-mail: yanada@me.tut.acjp
%k k

Currently at Yanmar Construction Equipment Co, Ltd,
Kumano Chikugo, Fukuoka, Japan
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how the shapes of both the electrodes and the filter elements
and the operating conditions affect the filtration speed is not
yet fully understood.

In the present study, the trajectories of particles in oil are
numerically simulated by approximating filter configurations
in two dimensions for simplicity as a first step. The particle
collection efficiencies obtained in numerical simulations and
experiments are compared under various oil temperatures

and supply flow velocities.

2. Nomenclature

d, : diameter of a particle m
D, : diffusion coefficient of ions m’/s
E : electric field strength V/m
E,.. - electrostatic field strength V/m
E,.. : threshold electric field strength V/m

k  : proportional constant for injected charge density C/(V-m?)

m, : mass of a particle kg
p  : pressure Pa
g : charge density C/m’®
q. - charge density injected by emitter electrode C/m’
O : charge of a particle C
t ! time S
u  : xcomponent of flow velocity m/s
v @ ycomponent of flow velocity m/s
V. flow velocity m/s
V, : particle velocity m/s
x I xcoordinate m
x, : particle position m
y  :ycoordinate m

20174E11H  CPI%294E)
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& ! permittivity F/m
M I oviscosity Pa-s
& ionic mobility m’/(V-s)
v kinematic viscosity m’/s
p : density kg/m’
o conductivity S/m
¢ ' electric potential \Y

3. Filter models

Figure 1 shows schematics of the two types of model filter
used in this study. The only difference between the two
types is the shape of the filter element. The electrodes and
filter elements have dimensions of 100 mm X 100 mm and are
made of stainless steel. The emitter electrode is 0.3 mm thick,
and the collector electrode and the filter elements are 0.5 mm
thick. The collector electrode is a solid plate located in the
centre. Two filter elements are placed symmetrically around
the collector electrode. Two emitter electrodes are placed on
the top and bottom. The distance between the emitter and
collector electrodes is 10 mm. There are 72 triangular
projections 6 mm in height on the emitter electrode, and they
are placed at intervals of 15 mm in the supply flow direction
and at intervals of 7 mm in the direction perpendicular to the
supply flow.

Figure 2 shows cross-sections of the two types of filter. A
lower half part of the periodic structure is depicted. Oil flows
in the lateral direction. The positive and negative signs
located above and below the filter element show the
polarities of the charge induced on its surface. In this
configuration, either the collector electrode or the surface of
the filter element that faces the emitter electrode can capture
positively charged particles. To augment positive charge
amount on the particles, positive charges are injected by
applying a positive potential to the emitter electrode.

4. Numerical simulations

The actual shapes of the filters are three-dimensional. An
accurate three-dimensional numerical simulation is complex
and time-consuming. In this study, as a first step in the
particle trajectory analysis, the filters shown in Fig. 1 are
modelled in two dimensions. For this simplification, it is
assumed that the triangular projections do not obstruct the
ol flow and that charge injection spots, ie, triangular
projection tips are approximated by wires with a square
cross-section (0.3 mm * 03 mm) in a direction perpendicular
to the plane of the page. Figure 3 shows a two-dimensional
model of the Type 1 filter. The same voltage is applied to

both the square wires and the emitter's surface, and it is

H48% M6
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_ Filte
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. . y
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(b)

Fig. 1 Test filter. (a) Filter configuration (Typel), (b) Two
types of filter element.
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Fig. 2 Details of filter dimensions. (a) Typel, (b) Type2.
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assumed that charges are injected from the upper half
surface of each square wire. The numerical simulation's
domain extends from the inlet to the outlet of the filter.

Cullector

Filrer clemenrt

2I1m

+ 0

fruT

f'&:

Riainil

Charge in_ 2etion paint

Frmutrer |

| 31

Cullector

Filter clement

2nm

—+ }

y

Lx

Fig. 3 Two-dimensional models for Typel filter (top) and
Type2 filter (bottom).
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41 Fundamental equations
The following Eqgs. (1) to (4) describe the flow and electric
fields.
*Equation of continuity :
V- V=0 (1)

*Equations of motion (Navier-Stokes equation) :
1 Y 4
V-V)V=-—JVp+vV V-, Vo (2)

*Charge conservation law :
V-lqgwE+V)—-DNVqg+cE]=0 (3)

*Gauss's law :
V=1 (4)

where V= (,v) is the fluid velocity, p is the fluid density, «
is the fluid viscosity, ¢ is the charge density, ¢ is the electric
potential, ; is the ionic mobility, D, is the diffusion coefficient
of ions, o is the conductivity of the fluid, and ¢ is the dielectric
constant of the fluid. The last term on the right hand side of
Eq. (2) represents the Coulomb force. The value of 4 was
calculated using the Walden's rule and was modified so that
simulated ion drag flow patterns agreed with measured
ones’. The value of D, was calculated using the Stokes-
Einstein equation but the diffusion term is negligibly small
compared with the other terms in Eq. (3). The values of the
physical properties used in the simulation are shown later in
Table 1.

HA% 6T
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4.2 Numerical simulation method

Equations (1) to (4) are discretized using a finite volume
method and are then solved using the SIMPLE (semi-mplicit
method for algorithm. A
boundary condition is imposed on the top half surface of the

pressuredinked equations)

square wire, hereafter called the charge injection location,
where the charge density is given by

4o =k(Eque = Ejpey) (5)
where E,,. is the mean of the electrostatic field strength on
the charge injection location and E,,., is the threshold electric
field intensity, ie, the minimum electric field intensity for ion
drag to take place. E,,,, can be determined experimentally®”.
Equation (5) has been validated in the previous studies®”.
The value of £ was determined by fitting the simulated flow
velocities to the measured ones”®. The values of E,, Eyp
and k are shown in Table 1.

The main boundary conditions are ¢ = ¢, (applied voltage)
on the charge injection locations and on the emitter’s surface,
¢ = 0 on the collector electrode, ¢ = constant on the filter
element, (1, v) = (0, 0) on all the solid surfaces, including the
electrodes and filter elements, and a parabolic velocity profile
at the inlet of the simulation domain.

4.3 Particle trajectory

The trajectory of a particle is obtained by numerically
integrating the equations of motion for the particle. A
Coulomb force and a drag force are exerted on each particle,
and the equations of motion of a particle are

dv,
myp 5 = QE - 3nud,(V,— V) (6)
dx,
— =V, 7
7 » (7)

where m, is the mass of the particle, ¥, = (u, v,) is the
particle’s velocity, O is the charge on the particle, d, is the
diameter of the particle, and x,=(x, y,) is the particle’s
position. The electric field intensity, E, and the flow velocity,
V, are determined in advance by solving Egs. (1) through (4).
Particles in oil are usually very small, and their concentration
is low; therefore, it is assumed that the particles do not
mfluence the electric and flow fields. 199 particles are put at
an interval of 005 mm from y=005 mm to y=995 mm at the
mlet, ie, at x=0, where y=0mm is the emitter surface and
»=10 mm is the collector surface.

The term on the left hand side of Eq. (6) is proportional to
the cube of the particle’s diameter and much smaller than
the two terms on the right hand side, which are proportional
to the particle’s diameter (see Eq. (8)). Therefore, Eq. (6) is
simplified to QF —3mud,(V,— V) =0. The values of the flow

velocity, V¥, and electric field intensity, E, are known only at

20174E11H  CPI%294E)
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the grid points used for the computation of ¥ and E. The
values of ¥ and E at any x, = (x,, y,) are interpolated using
their values at the grid points surrounding the particle. When
the distance between the centre of gravity of a particle and
the surface of the collector or a filter element is shorter than
the particle’s radius, it is assumed that the particle has been
captured, and the calculation of its trajectory is stopped.

The charge on a particle, O, is related to its zeta potential,
as follows : V

0= 2med, (. (8)
The zeta potential is the potential of a particle relative to its
surrounding liquid and usually ranges from a few tens to a
few hundreds of mV in dielectric liquids. The charge on a
particle is estimated by assuming a value for the zeta
potential. A particle diameter of 2 um, which is the median
diameter of the particles used in the filtration experiment
described in the next section, is used in the simulation.
However, the particle diameter does not influence the
trajectory because both the Coulomb force and the drag
acting on the particle are proportional to its diameter.

Table 1 shows the numerical simulation conditions used in
this study. Applied voltage to the emitter is +10 kV. The zeta
potential, oil temperature and supply flow velocity are varied
to examine their effects on the particle collection efficiency.
As the supply flow velocity varies from 037 to 148 cm/s, the
mean time necessary for particles to pass through the space

between the electrodes varies from 27 to 68 s.
5. Experimental apparatus and methods

To evaluate the validity of the particle collection efficiency
obtained from the numerical simulation, a filtration
experiment was conducted using the experimental apparatus
schematically shown in Fig. 4. Test ol in a reservoir was
delivered to the electrostatic filter by a gear pump, and the
ol that passed through the model filter was collected in a
bottle in the

experiments were conducted under the oil temperature and

single-pass filtration experiment. The
supply flow velocity conditions shown in Table 1.

The viscosity and density of the test ol used were the
same as those shown in Table 1. The value of o was
measured by the authors using a liquid resistance instrument
(ADVANTEST TR44) and the value of ¢ was cited from a
handbook'. Kanto loam soil (JIS type 1, class 1) was used
as non-conductive contaminants of which median diameter
is 1.6-23 um. The mass concentration of the contaminant
particles was 075 g/L. The emitter and collector electrodes
were connected to a positive potential (+10 kV) and earthed,

respectively to inject positive charges because the particles

HA% 6T
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Table1l Simulation conditions

Type of filter Typel, Type2
Particle diameter [um] 2
Applied voltage [V] +10x10°

Supply flow velocity [cm/s] | 037 | 074 | 111 | 148

(Transit time [s]) (270) | (135) | (90) | 63)
Particle charge [C] 480e* | 800e™ | 1120e*
(¢ potential [mV]) (300) | (500) | (700)
Oil temperature [C] 30 40 50
(Viscosity [mPa-s]) (409) (266) (155)
Density [kg/m’] 861
Conductivity [S/m] 33x107°

Relative permittivity [-] 22

Tonic mobility [m?*/ (V-s)] 376x10°°
Diffusion coefof ions [m’/s] 102x107°

95x10° (Typel)

B [V/m] 94%10° (Type2)
Ejp [V/m] 02x10°
k [C/(V-mD)] 30%107%
*e : elementary charge (=16x10""[C])
i.l 1 6 p—
; =
y .
& -
] I B |

5' 3‘

1. Reservoir 2. Stirrer

3. Pump 4. Electrostatic filter
5. Inverter 6. D.C. power supply
7. Heater 8. Sample bottle

Fig. 4 Schematic of experimental apparatus for oil filtration.

were positively charged in the test oil

In the filtration experiment, oil samples were collected at
the outlet of the filter after the amount of time required for a
volume of oil equal to the inside volume of the model filter to
pass through elapsed after the voltage was applied. Each oil
sample was filtered by a membrane filter of a pore size of 08 um
together with an enough volume of hexane and the mass
concentration of the particles in the ol sample was

measured’?.

20174E11H  CPI%294E)



YANADA - MATSUURA - YOKOYAMA - NISHIKAWARA : Numerical Simulation of Particle Trajectories in the Charge-injection
Type of Electrostatic Oil Filter

6. Results and discussion

6.1 Electric and flow fields

Figure 5 shows examples of the simulated electric fields
for the Typel filter and the Type2 filter. The distributions of
the electric field intensity are shown in Figs. 5(a) and (c),
and those of the charge density are shown in Figs. 5(b) and
(d). Downstream of the first charge injection location, ie, the
one located closest to the inlet, the distributions shown in Fig.
5 are repeated. The range of the electric field intensity
shown in Figs. 5(a) and (c) is limited to 3 kV/mm, which
clarifies the difference in the magnitude of the electric field
in the simulation domain. The electric field is the strongest
at the locations where charge is injected, where it is
approximately 42 kV/mm. The electric field intensity on the
collector electrode is higher than that on the filter element.

oil flow
(a)
x 103 C/m?
2.5
|/ g
: 1.5
1
0.5
0
kV/mm
!3
. 2
oil flow 1
0
x 103 C/m?
2.5
- 1.5

1
0.5
0

Fig. 5 Simulation results of electric field for Typel and
2 filter. (a) electric field intensity distribution of
Typel, (b) charge density distribution of Typel,
(c) electric field intensity distribution of Type2,
and (d) charge density distribution of Type2.

(d)

H48% M6
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This distribution shows that particles are more easily
captured by the collector electrode than by the surface of the
filter element that faces the emitter electrode. The injected
charges are relatively widely dispersed and are pushed
downstream by the supply flow.

Figure 6 shows examples of the simulated flow field. Oil is
supplied from the left side, is divided between the upper and
lower sides of the filter element, and interferes with the ion
drag flow generated at the charge injection locations. This
flow pattern is almost repeated downstream of the first
charge injection location. Therefore, the flow pattern near the
outlet of the filter is omitted. Due to the effect of the ion drag
flow generated at the first charge injection location, part of
the supply flow is pushed back, and unless the supply flow
velocity is high and the temperature is low (ie, when the
viscosity is high) , the majority of the oil flows in the space
below the filter element. For the Typel filter, the flow
velocity is almost the same along the upper and lower sides
of the filter element downstream of the first charge injection
location, as shown in Figs. 6(a) and (b). However, for the
Type 2 filter (Fig. 6(c)), the inequality in the flow velocity
along the upper and lower sides of the filter element
continues until the outlet of the filter. The flow field is
observed to be strongly affected by the filter element shape.

Inlet =

Fig. 6 Simulation results of flow field at 50 C. (a) U,=0.37 cm/

s, Typel, (b) U,=148 cm/s, Typel, (c) U,=148 cm/s,
Type2.

6.2 Particle trajectory
Figure 7 shows examples of simulated particle trajectories
that correspond to the flow fields shown in Fig. 6. Black

circles indicate the positions of captured particles. Particles
are attracted to the collector electrode as the oil flows

20174E11H  CPEI%294E)
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downstream. When the supply flow velocity is low and the
temperature is high (ie, when the viscosity is low), as shown
in Fig. 7(a), almost all the particles are pushed back by the
ion drag flow generated at the first charge injection location
and enter the lower side of the filter element. After that,
some of the particles enter the upper side of the filter
element downstream of the first charge injection location.
Due to the ion drag flow generated at each charge injection
location, particles near the collector electrode move away
from it upstream of the charge injection location and then,
are carried towards the collector electrode by the flow.

It is observed that only particles situated near the collector
at the inlet are captured by the collector and that some of
the particles near the middle of the inlet are captured by the
filter element. The collector captures more particles than the
filter element. This is because the electric field is stronger on
the upper side of the filter element than on its lower side, as
shown in Figs. 5(a) and 5(c). In addition, the result means
that the filter elements used in this study do not work
efficiently; their shapes must be improved.

In the numerical simulation, particles are hardly captured
just above the charge injection locations. In practice, particles
are densely captured above the triangular projections, where
they form low hills (see Figs. 4 to 6 in Ref.(3)). In the
present trajectory simulations, however, particles are not
captured there. The actual flow and electric fields are three-
dimensional and may be altered by particles that have
already been captured by the collector or filter element. In
addition, in this numerical simulation, the electric charge on

S . =

Inlet

the particles is held constant throughout the simulation
domain. However, the charge on the particles can be
increased after they have passed all the charge injection
locations. The simulation’s accuracy needs to be improved by
taking these suggestions into consideration.
6.3 Particle collection efficiency

The effects of the supply flow velocity and the oil
temperature on the particle collection efficiency are shown in
Fig. 8. The collection efficiency is defined as the ratio of the
number of captured particles to the number of the particles
at the inlet in the simulation. There are two groups
containing three curves. One depicts the total collection
efficiency with solid lines, and the other depicts the collection
efficiency of the filter element with broken lines. The
difference between the two groups indicates the collection
efficiency of the collector electrode. The particle collection
efficiency decreases as the supply flow velocity increases and
the oil temperature decreases, which can be predicted. As
described above, the particle collection efficiency of the filter
element is much lower than that of the collector electrode.

The experimental results of particle collection efficiencies
for oil temperatures of 30 and 50C and different supply flow
velocities are shown in Fig 9. In the experiment, the
collection efficiency is defined as the ratio of the mass density
of the captured particles to the mass density of the particles
in the reservoir. The measured collection efficiency agrees
qualitatively with the simulated one, as shown in Fig. §,
although the former is much lower than the latter. The
quantitative differences may result mainly from the two-
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Fig. 7 Particle trajectories at 50C and for {=300mV. (a) U,=0.37cm/s, Typel, (b) U,=148cm/s, Typel,

(¢) U,=148cm/s, Type2.
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Fig. 8 Simulation results of particle collection efficiency
for (=300 mV. (a) Typel, (b) Type2.

dimensional approximation and the simplified assumption for
the value of zeta potential (particle charge) used in the
simulation. For the actual three-dimensional filter models,
charges are injected from the triangular projection tips that
are discretely located in z direction (see Figs. 1 to 3). Due to
such a discrete nature, part of particles may not pass the
region where charge density is high and the charges on
those particles do not increase. In addition, an assumed value
of zeta potential was used in the simulation and the value
was kept constant throughout the simulation domain. It is
considered that the charge amount on a particle increases
within a certain limit whenever the particle passes high
charge density regions. Such a situation was not taken into
the present simulation.

A three-dimensional numerical simulation and correct
information on the zeta potential of particles are needed to
improve the simulation accuracy.

Figure 10 shows the effect of the zeta potential on the
particle collection efficiency. It confirms that augmenting the
charge on the particles is an effective way to increase the
filtration speed. However, how much the charge on a particle
is increased by charge injection has not yet been investigated

and must be investigated.
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Fig. 9 Experimental results of particle collection efficiency.
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Fig. 10 Effect of zeta potential on particle collection efficiency
at 40 C (Typel, simulation).

7. Conclusion

In this paper, the electric and flow fields and the particle
trajectories were numerically investigated using a two-
dimensional model. The simulated particle

efficiency was compared with the experimental results. The

collection

numerical simulations of the particle trajectories showed that
the filter elements used in this study did not work efficiently,
and the need to improve the filter element shape was noted.
The results of the two-dimensional numerical simulation did
not necessarily agree well with the experimental results.
Qualitative agreement, however, was obtained and a filter
structure with a better performance may be designed using
the particle trajectory simulation. To more accurately predict
the particle a three-dimensional

numerical simulation is needed, and variations in the amount

collection efficiency,

of charge on the particles before and after charge injection
must be investigated. These are subjects for a future study.
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