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CHAPTER T
INTRODUCTION

A filter plays a very important role in the hydraulic
system, because a good filter will keep the lubricants of
the system clean and make the life of the system longer.
Moreover, the cost of machine maintenance will decrease. In
many areas the cost of machine maintenance is the first
consideration to choose a hydraulic machine, so the designer
can not omit any factor that can increase the cost.
Therefore, the best design of a filter is not only to
increase the efficiency and power of machinery, but also to
try to decrease the cost of maintenance.

Essentially, an ideal filter can capture all the
unwanted particles of the hydraulic fluid and keep the
lubricants clean. Because the particles will continue to
clog the filter, it is necessary to change or clean the
filter periodically. In recent studies, some filters in
good condition still can not get high efficiency [1]; that
means, most particles can escape from the filtration process
and can not be captured by the filter. If the harmful
contaminants stay in the fluid, they are dangerous to the

system and produce unanticipated results.



The particles in the lubricating oil which are not
captured by the filter will circulate in the system. They
are an important source of increasing wear and friction
which will fail machine elements. Wear and friction are
unavoidable whenever there is a relative motion between the
particles and the internal surfaces of machines. Under
these circumstances, it is necessary to provide an
appropriate filter to remove damaging particles from the
circulating fluid in the system. The efficiency of the
filtration process is a standard way to judge a filter.
Therefore, the solution of maintaining high efficiency is
not to let critical particles escaped from the filter.

A filter is constructed of a pleated filter mat. Based
on this structure, the porosity of the filter controls the
size of the particles that can pass through the filter. The
particles which escape capture are small and will not damage
critical machine surfaces.

In considering the porosity, the important parameters
that can influence the value of porosity must also be a
concern. The number of fiber layers and the pore size
distribution of the fiber mat are two critical parameters.
Usually, filter designers in the development of a filter fit
the system needs.

In actual practice, a filter can not necessarily
provide performance needed in a system. This is especially
true when the input flow is unsteady. Till now, most

studies only discuss the effects of filter efficiency of



steady input flow, and the theoretical models are derived
based upon constant flow. Some researches have reported
filter performance data from experiments using cyclic flow,
however, no analytical model has been presented for the
unsteady flow conditions.

Throughout industry, most system designers usually
depend on their individual expertise and experience to
choose a filter for the system. This kind of assessment can
not provide an effective and accurate way to control the
system contamination level in a field environment. The
reason why these selection technique are unsuccessful is due
to insufficient knowledge concerning the filtration process
under dynamic input flow.

This research presents the theoretical development of a
cyclic flow filtration model. In order to accomplish the
objective the model initially considers the filter under
constant input flow. A parameter sensitivity is carried out
by evaluating each critical parameter individually. 1In
addition these parameters will be integrated into cyclic
flow and compared with the filtration model. The final form
of this model can predict the performance of a filter under
different flow regimes. Experimental work is available to
validate the model developed.

The remainder of this research presents and discusses
the results of the entire research program. The next
chapter discusses and outlines the previous investigations

as they pertain to the concepts associated with filtration



process, fluid particle transport mechanisms, and filtration
models. Chapter III presents the theoretical development of
the filtration model under dynamic flow conditions. The
experimental verification of the developed model and the
results obtained from this research are illustrated in
Chapter IV. Finally, Chapter V provides conclusions of this

study, and recommendations for further studies.



CHAPTER II
PREVIOUS INVESTIGATIONS
Introduction

The filter performance of an operating machine has been
recognized as a very important factor to affect system
operation. Most system designers and machine operators
realize that a filter is like a controlling element of the
whole system. If this controlling element is poor, the
system will get low efficiency. Therefore, there is a very
rich amount of literature which discusses the filtration
principal, filter application and filter model. However,
very little research pays attention to investigate filter
performance under dynamic flow condition.

This chapter reviews previous research reported

relating to filtration process and filter model.
Filtration

Filtration has been one of the oldest separation
methods since the ancient time in Egypt([2]. Records show
that people used "fine" filtration to remove minute
particles from water, wine and chemical solutions for

several thousand years. The first filter for automobiles



was introduced in 1923. All the above descriptions prove
that filter have been developed for a long time.

An ideal filter provides maximum resistance to stop the
contaminants and offers minimum resistance to the system
fluid flow. Furthermore, an ideal filter performance
characteristic curve will be like Figure 1. 1In fact, there
is no filter can completely separate particles from
circulating fluid. Figure 1 shows the difference between an
ideal filter performance and an actual one. Under this
circumstance, there is a compromise between the degree of
particle capture and escape. This is so called the
efficiency of a filter. The efficiency of a filter
represents the ability of a filter to remove particles from
the system in the filtration process [3].

Filters use mechanical screens or porous media to
capture particulate contaminants. The capture of entrained
particles passing through a fibrous media is a very
complicated phenomena involving the transport mechanisms of
the particles as well as capture and retention mechanisms.
Therefore, some of the principles of filtration mechanics
are extremely important in the physics of filtration.

Understanding the motion of a particle when it moves
through a fibrous medium is very useful to establish the
conditions and assumptions of the model. A particle either
passes through or is captured by the collector. Figure 2
illustrates several mechanisms which can occur in the

filtration process. Fitch [2], Bensch [4], Rajagopalan [5]
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and Spielman [6] have discussed and categorized the particle
mechanisms as follows:

Direct Interception

Inertial Impaction

Brownian Diffusion

Gravity

Hydrodynamic Effects

Electrostatic Attraction

The types of capture mechanisms involved will vary not
only from one filter to another but also from one pore to
another in a single fibrous medium. The effectiveness of
each transport mechanism for various filtration modes must

be estimated when a suitable model can be established.

Direct Interception

The particle follows a fluid streamline and does not
deviate from that streamline. It is generally assumed that
a particle will be captured if it comes within one particle
radius of a collector. If this assumption is correct, it
would be the only mechanism concerned in the filtration
process. Then the filtration efficiency would be independent

of the flow rate.

Inertial Impaction

If the density of the particle is much greater than
that of the carrier fluid, the particle will not follow the

same trajectory as the carrier fluid. Therefore, the
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particle will deviate from the streamline when the fluid
passes around the fibers. The effects of this mechanism are
expected to increase with heavier particles and also to

increase with flow rate through the medium.
Brownian Diffusion

When suspended particles are small enough, they will be
significantly affected by the random molecular impingement
of the surrounding fluid. Therefore, they do not move along
a fluid streamline, but diffuse throughout the fiber mat.
The effect of Brownian motion is increased with smaller
particle sizes and decreased with higher fluid velocity.
Brownian diffusion motion is always neglected when the

diameter of particle is greater than one micron.

Gravity

If the density of the particle is different from that
of the fluid, the particle will deviate from the fluid
streamlines toward the ground direction because of gravity.
Gravity effects will increase under low fluid velocity. It
is normally neglected when the diameter of the particle is

less than 25 to 30 microns [7].

Hydrodynamic Effect

According to the paper of Kitzmiller [8], there are
many nonspherical particles in system fluids. Along with

this situation nonuniformity of the flow field will cause
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hydrodynamic effects. These effects will let the suspended
particles migrate laterally in the filtration of highly
nonspherical particles. It is known that most hydraulic

systems have irregular shaped particles.

Electrostatic Attraction

If the particles possess a different charge from that
of the filter fiber, they will be attracted by the filter
fiber. This force is significant when the fluid velocity is
low.

Particle retention is mainly due to the interference
force between filter media and particles. When a filter
model is developed, it is always very complicated and
incorporated with a lot of ideal parameters. This
restriction limits the study of filtration to be friendly,
and no direct application can be easily obtained.

The filter efficiency is an important factor to be
considered about the filtration process. For the efficiency
of an ideal filter, the minimum particle size that will be
captured depends on the design of the filter's pores and the
operation of the system. Subsequently, the efficiency of a
filter depends not only on fluid velocity and fluid
temperature, but also to a significant degree on the density
and size of the particle to be filtered [9]. Generally
speaking, the smaller diameter fibers will have smaller

pores and better efficiency [3]. But for the practical
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filter, it is impossible to capture all the particles in the
system fluid.

There are several ways to calculate the filter
efficiency [10], one is called the Beta-ten ratio which was

developed by Fitch [11]. The beta ratio at specific

particle size ag is defined as below

nj (a>ag)
6(ag) = [ (a>ag) (1)
where
Qs : specific particle size
nj : number at the filter inlet particles greater
than ag
no : number at the filter outlet particles greater

than ag

Chapter IV will discuss,K the application of beta ratio

in detail.

Filter model

It is very helpful to set up a filter model and simulate
the results of a filtration process. A famous model was
developed by Happel [12, 13, 14]. The basis of this
mathematical model is that two concentric spheres can serve
as the model for a random assemblage of spheres moving
relative to a fluid. Figure 3 shows Happel's model. These
spheres represent the particles of system fluid, and they

/

are assumed to be of uniform size and smooth. The fluid
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motion in Happel's model is at low Reynold's numbers, and
the Navier-Stokes equations with the inertia terms neglected
are used to describe the process [15]. The solution of this
model predicts the pressure drop across the fiber mat as a
function of fractional void volume.

The principle of Happel's model is widely used in
other's model. Yao's work followed Happel's principle and
formulated a trajectory equation for the particle transport
toward the fibers by considering some of the most important
transport mechanism mentioned in the last section [16, 17].
From Yao's work, one of the most important simplifications
used in subsequent theoretical investigations is the
omission of the contribution of the deposition rate due to
inertia effect of the particle, because the inertia effect
of the particle in water filtration is insignificant. Yao
also develops the single collector concept which can be very
successful in estimating the particle retention of the
filter.

There is a major defect in the single collector model.
That is, it can not describe the pressure drop across the
fiber mat as a function of the porosity. Therefore, some
models have been developed recently to change the single
collector to the so-called "pressure drop model" (18, 19,
20, 21]. Most experimental works have shown that the
pressure drop across a filter with low Reynold number fluid

flow follows the D'arcy's equation which as shown below
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Ap = kpu VL (2)

where

Ap : pressure drop

k : constant

p ¢ £fluid viscosity

V : fluid superficial velocity

L : fiber mat thickness
The efforts of many authors tried to relate the constant of
proportionality, k, to the physical properties of the filter
medium [22]. One approach is to consider that the fibrous
media consists of many small capillary tubes, and the
pressure drop can be determined from a variation of the

Hagan-Poiseuille law which can be written as follows:

128 u LQ
Ap = D4 (3)
where

Q fluid flow rate

D : capillary diameter
Application of this equation is complicated because several
critical parameters are not included in this equation. For
example, the flow paths are not straight and the cross-
sectional areas of the capillaries are not uniform
throughout the medium. Furthermore, the pores tend to be

non-circular [23].
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FitzPatrick uses the Happel's cellular model and his
research contains an extensive experimental analysis [24].
In his experimental work, not only a wide range of particles
and fiber sizes are covered, but also the conditions of his
experiment are controlled accurately. Payatakes, Tien and
Rajagopalan coordinate the Happel's model with the
experimental data from FitzPatrick to develop a limiting
trajectory model [25]. 1In this model they try to
characterize the filter by its hydrodynamic behavior and by
its role as the collector to capture the particles.
Furthermore, they use this model to predict the dynamic
behavior of the filtration process, that is, to predict the
results when the input flow and the pressure drop across the
filter are changed. Figure 4 is the model of Rajagopalan
and Tien.

Tichy's model is very similar to Rajagopalan and Tien's
model [26]. This steady state model is proposed for the
filter of a simple lubrication system consisting of an
engine and a filter [27]. Tichy suggests that for an
optimum filter all particles are captured above a particular
"cut-off" size and none below that size. Whenever the
particle size increases, the capture of fractional particles
increases also. The cut-off size can be determined by a
series of field tests.

The trajectory concept is used in both Rajagopalan and
Tichy's models. It reveals that when a fluid passes through

a filter, the surface of the filter medium may capture the
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particles. Such capture is caused by various mechanisms,
the four most important mechanisms are diffusion,
interception, gravitational collection and collection due to
surface forces. All of the above mechanisms except the
surface force have been explained in the last section. The
particle trajectory equation is obtained by using a force
balance on this particle. If the trajectory of a particle
intercepts the collector, then the particle is assumed to be
captured.

There is a little difference between any of these
models. The primary differences lies in the forces selected
and considered. Omitting the insignificant forces, there
are three very critical kinds of forces given as follows:

Gravity Force

London Force

Viscous Force
Because different forces selected and neglected will
influence the accuracy of the model, the model can be
applied only under some conditions. It is important to

consider the significant ones in developing the model.

Gravity Force

The characteristic of the gravity has been described

previously, and from Rajagopalan [5] and Spielman [7] the

force fg can be formulated as
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fg = ['% ]wap3(pp - 0f)9 (4)

ap particle size

rp ¢ particle density

X3

pf fluid density
g : gravitational acceleration
The gravity force shown in Equation (4) is usually small

enough to be neglected in practical models.

London Force

Of the many inter-molecular forces, only the Van Der
Waals forces are considered in previously reported models.
These forces involve various phenomena such as surface
tension, physical adsorption and even adhesion between solid
surface in contact [28]. These phenomena are caused by the
instantaneous dipole moments generated by the temporary
asymmetry in the distribution of electrons around the
nucleus. The characteristic parameter of this interaction
is called the Hamaker's constaﬁt [29], H, and it is of the
order of 10712 to 10713 ergs. Hamaker discussed Van Der
Waals adhesive forces in both liquids and in aerosols. He
derived the equations by finding the forces between two
spherical particles, or a spherical particle and a large

flat plate as shown in Figure 5. These equations use the

energy Ey, and force Fy, and they can write as



Figure 5.

Van Der Waals Forces
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By, = = H y + Y _
v 12 | x2 + xy + x %2 + xy + x +y
H x2 + xy + x
13 | 21n = X (5)
X2 + Xy + X + Y

where
H : Hamaker's constant
a, r : the radius of spherical particle

d : distance between two spherical particles

_ 49

X = 92r
a
Y=7F

The application of this Equation (5) depends on the
value of x and y. If y is equivalent to two spherical
particles, Equation (5) can be simplified and converted to

the force mode instead of energy. It can be written as

_H [ 2(x +1) x + 1 1

2
x2 +2x  (x2 + 2x)2 X+ 17 (x4 1)3
(6)

Equation (6) can be approximated by using H, and the
radius of the particle to represent the force between a
small spherical particle and a large one [3]. Therefore,
the typical equation of Van Der Waals forces is
2 Ha3

VT3 @-1) *a)2(d-1) - a)? (7)
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These forces act only in the radial direction of the
particle, and they are always neglected in the flow field
except for a region very close to the collector. Just as
Tichy [27] said, for nonpolar molecule fluids, such as
petroleum oils, it is doubtful that these forces play a

significant role.
Viscous Force

The viscous forces effects are extremely complex.
Since the undisturbed fluid velocity will increase with the
distance away from the collector, the fluid flow has a lower
local velocity at the leading edge of the particle than on
the trailing edge. Therefore, this velocity difference
produces a torque on the particle, causing the particle to
rotate in the r - 4 plane. 1In order to simplify this
complicated situation, the conception of creeping flow are
used. The Navier-Stokes equations can be applied to describe

the viscous forces effects [15].

" Dv
ppE = ~ V(P + pgz) + uV23v (8)

where
p : the local density of the fluid
V : the divergence
¢ ¢ shear viscosity
p : the hydrostatic pressure

v : the local mass average fluid velocity
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z : the vertical height of the point above plane
If the model assumes that only the viscous force and
London forces will be considered, then Equation (8) can be

rewritten as

Dv v
b =e [ Wy | = v ey e (9)
where

F : external body force on element
Assuming that the Reynolds number is less than one, it is
necessary to consider the creeping motion in the fluid. The
creeping motion equations may generally be used whenp v'V v
is small as compared to pV2v at each point of the fluid.
Since the inertia term is omitted, the creeping motion of a
speed U which passes a sphere of radius a is convenient to
find the solution. Under this situation, the stream

function will be written as

Y= % Uazsinzo[ % - %f + %E; (10)
The velocity components which use the spherical polar
coordinates are

uy = Ucoso[ 1+ ig% - %% ] (11)

uy = UsinG[ -1+ fg% + %% ] (12)



24

When uy and uy are known, the pressure can be expressed

by
_ _ 3pal
P Poo >r 2 cosf (13)
where

Pw ¢ the uniform freestream pressure

At this time, the pressure is proportional to g,
antisymmetric, positive at the front and negative at the
rear of the sphere. Therefore, the pressure will create a
pressure drag on the sphere. Besides the pressure drag
force, there is a surface shear stress which creates a drag

force also, and it can be represented as

: 3
_ Uusing _ 3a 5a
Tre = r 1 ar T 43 (14)

Therefore, the total drag forces can be found by integrating

the pressure drag force and surface shear stress as follows:
F = 4qmuUa + 2muUa = 6muUa (15)

This is the Stokes' law formula which it describes the drag
force on a sphere of radius a in an unbound fluid which has
a velocity U. Similarly, if the fluid is rotating at speed
w, it is easy to find the torque T from the following

expression:

T = 8rua3w (16)
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where T acts in the same direction as in the sphere rotation
vector. The same form of Stokes' law is applied whenever
the sphere is moving and the fluid is stationary.

If the radius of the sphere is small like a particle
and the inertia force between two spheres in the fluid is
neglected, the viscous effect is linear. The system can be
separated into a stationary particle in a moving fluid or a
moving particle in a stationary fluid. Under this
situation, the solution of the viscous force in system can
found by superimposing these two conditions.

Goldman [30, 31], Bernner [32], O'Nell [33] and Goren
(34, 35] have all discussed the effect of viscous forces on
a particle moving in the neighborhood of an obstacle, and a
detailed discussion will be in the next chapter.

As in the above description, most of previous models
only considered the filtration process under steady flow.
For the filtration process of dynamic flow condition, there
are only experimental data to reveal the effects. However,
most hydraulic filters, especially when installed in the
return lines of hydraulic system, seldom operate under
steady flow condition.

There have been many tests proposed to evaluate the
separation characteristics of a filter under dynamic flow
(36, 37, 38, 39, 40, 41]. Their studies found the filter
performance will be dramatically reduced after some critical
parameters are changed. These parameters include

temperature, viscosity, and flow rate [42]. The change in
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flow rate has been shown to have a very significant effect
upon filter performance. In an actual hydraulic system, the
flow rate is not constant but varies significant. This
varying flow rate is called surge flow. The surge flow into
the reservoir as a cylinder retracts or a pressure control
valve unloads can increase flow through the filter which is
several times higher than the system design flow rate. 1In
addition an on-off machine cycle can provide surge flows.

In order to understand the problems of surge flow, it
is necessary to develop a theoretical model to simulate the
actual hydraulic system filter. The previous work has
established the basis to develop a suitable model and
explain filter performance under dynamic flow. Details of
the theoretical development are illustrated in the next

chapter.



CHAPTER III
DEVELOPMENT OF DYNAMIC FILTRATION MODEL
Introduction

This chapter outlines the conceptual development of the
filtration theory. There are two important steps to start a
theoretical analysis of a filter model:

1. To select an appropriate porous media model to
characterize the filter for its fluid mechanical
behavior.

2. To choose a suitable theoretical technique to
estimate the rate of particle retention.

The basic approximate principle of the filter model has

described in the last chapter. This chapter presents the
theoretical model under steady flow and dynamic flow

conditions.
Model Flow Pattern

The fluid pattern of the model is shown in Figure 6. The
fiber mat consists of the collectors like spheres which are
uniformly distributed, and the diameters of the fibers that
are represented by the collectors are also uniformly
distributed. The unit cell, like an insulator, surrounds a

collector and does not interfere with cells. When the

27
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suspended particles enter the collector, they will either
collide with the collector or escape from the collector.
The model assumes that particles will be attached on the
collector, if the particles touch the collector. At this
time, London forces are large enough to overcome fluid
viscous forces. It is obvious that the most critical
particle capture mechanisms considered in the model are the
direct interception and surface forces.

The model assumes that the total filter efficiency is
the same as the unit cell efficiency. In addition the
porosity of the unit cell is the same as the porosity of the
total filter. The relation between the collector radius and
the unit cell radius can be shown that:

1
Rs = R (1 -¢) 1/3

(17)

where
Rg : unit cell radius
R : collector radius
€ : porosity
The velocity external of the spherical collector is
obtained under the condition that the fluid is stationary
and the solid moves through it with some velocity. The
equation of the motion for the creeping flow is found by
using Stoke's law which is for Reynolds number less than one

and following the boundary conditions as below
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1. The radial velocity at outer surface of the unit
cell is zero.

2. The tangential stress at the outer surface is zero.

3. There is no slip condition at the particles and
fluid boundary.

Under these boundary conditions, the formula of the

flow stream function for the region R <Rp =Rg is given by

[25, 43]
= | ¥ 20p2 | XL 2 4
y = [ ) ] sin<fR Bp + KZBp + K3Bp + K4gp (18)
where
Bp“R%
K -
e 2

3 + 2p°
oo p | 5
5

P
Ke = -7

W=2 - 3p + 3p3 - 2pb

p=(1-¢) 1/3

Spherical coordinates are used in the model. The location

of the particle is given by (Rp, 6 p) where Ry is the
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distance from the particle center to the collector center.
If these coordinates are changed to the dimensionless

coordinates, the parameters will be given as follow:

, - Bp —R)
£ a
where

a : the radius of particle
Under these dimensionless parameters, the fluid

velocity from Equation (19) can be approximated to r & ¢

directions.
vr = - Ba3z2cost (19)
Vg = B_2gsin0p + Cg3gzsin0p (20)
where
_a
a =R
3 - 3p°
B = W
C = W

Equations (11) and (12) are valid when the particle is
very close to the collector. This fluid velocity is derived

based on the axisymmetric stagnation flow that is normal to
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the collector, the linear shear flow, and the parabolic

shear flow.

Force and Moment of the Model

There are several important forces that occur in the

process,

and the characteristics of these forces have been

described in Chapter II. The force and moment balance

equations of a particle moving around the collector in the

spherical coordinates can be shown as follows:

Fy' + Fpt + Fp¥ o+ £,.5 + £,.1 + £,.P + Fy = 0 (21)

Fon + Fot + Far + fos + f01 + fop =0 (22)
n t r 1l =

T, + T,5 + T,F + £.8 + t,- + t¢P =0 (23)

where the capital alphabet F and T represent the forces

on a moving particle in a stationary fluid, and the small

alphabet f and t represent the forces on a stationary

particle in a moving fluid. The definitions of the

superscripts are as follow:

t

n

particle translates tangential to sphere
particle translates normal to sphere

particle rotates with axis parallel to sphere
linear shearing fluid flow

parabolic shearing fluid flow

axisymmetric stagnation fluid flow toward the

collector



Fp! = - F, Némua(uy)

Fot = - Fytemia(uy)

Fo¥ = FpT¥emale

£f.5 = - irSGWua[VB(yz)cosep]
fol = 2016wua[VB(y)sin0p]
£oP = £0P6rpa[VC(y2)sin0p]
T,t = T,t8ma2 (uy)

T, = - T,Y8made

B
t,l = t,l8ma? [ V3singy ]

t,P = £ P8ma2[VC(y)sindy]

y = azp

Fy1, Fot, Fo¥, £.5, £51, £P, T,t, TF, t,

correction factors from the experiment [5].

r,tl
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(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

The Particle Trajectory Equation and Efficiency

The formulation of the trajectory equation is based on

the assumption that the particle concentration is

sufficiently low. Therefore, the motion of any given
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particle does not interfere with that of the others. The
trajectory equation can be found by solving the forces and
torques equilibrium Equations (21) to (23). It is
convenient to substitute Equations (24) to (34) and Equation
(7) to these connected equations and rearrange those
equations to the nondimensional forms as below

1¢t(g0) - IT,f(aw) + Ewl [ % sinfy ] + t P(Cysindp) = 0

(35)

1
(zp = 1)2(zp + 1)2

- Ern(ﬂr) - irS(BYCOSBP) =0

>

(36)

- Fpt(uy) + £p1(Bysinsp) + £,P(Cy2sinfp) + Ey¥(aw) = 0

(37)
where
Ug
Y = 7§
Ur
Ur = 7§
_ 9muR2V
- H

Rearrange Equations (35) to (37) to solve uy and u,, and

from Equation (36) can get:

[
[

_ 1 1

ST TR | T (zp - 1)2(zp + 1)2

- £, (By2cosfp) (38)

from Equation (35) ‘Fpt + Equation (37) can find:

1
r
L,
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1, c
w = g5 simfp | 913 + 92(DY) + £pl(Cy) + £P(Dy2) | (39)

where
tl_F_er
_¢
B tipgbr
=
Eat_T_¢r__T_¢tF_0r
=

If the coordinates of the particle will be considered

to replace the fixed spherical coordinates, the trajectory

equation can use 2p and 6. The relationships between the

particle and the velocity are

dx.
gr=—(zt£ (40)
46
w = Ip (41)
where
Ip =y +1=az,+1

Dividing Equation (40) by Equation (41) and finding
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bp _ 1 9
_ F sin fp
g3£p

B
91(3) + 92[C(rp - 1)) + £ [B(rp - 1)1 + LHPIC(xp - 1)2)

1 1

-3 - £,S[Bcostp(rp - 1)2]
A r, -1 rn = 1 £r plip

(_P;_l)Z(_%.*_l)Z

(42)
The solution of Equation (35) as a function of several

parameters can be expressed as
op = 0p(£p, a, A, B, C, ZpOl 0p0) (43)

where rp andep are the initial conditions in which the

particle will be captured by the unit cell. The B and C are
functions of porositye, so they can be replaced bye.

Finally, Equation (43) can be rewritten as
op = op(Lpl a, A, e, LpOl 0p0) (44)

Equation (44) can represent the trajectory of a given
particle. To determine the collection efficiency of the
model, it is unnecessary to calculate the trajectory of all
the particles that pass the model. The concept of limiting
trajectory will apply to the model shown in Figure 7, and
the procedure of this method only calculates the trajectory
of the specific size particle which is just captured by the

collector. The last point of the collector which captures
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the particle is at fpo =7 and rpo = 1, and the first point
of the particle which just enters the unit cell is at bp =

R
e and rp = = (1 =€) ~ 1/3, Substituting them to

Equation (44) results in the following:

ee = ep[(l -€) 1/31 i, =, a, ¢ , A] (45)

The ¢p of the specific size particle which enters to
the unit cell needs to compare withfg. The particle will
be captured by the collector, if the 6p of the particle is
smaller than 6o; however, the particle will escape from the

unit cell, if the § of the particle is larger than 6.

Therefore, the fluid flow pésses through the unit cell and
belongs to the circular cross section enclosed by the
limiting trajectory, and the particle inside the cross

section will be captured. The formula is
(volume / unit time) = = (Rgsindg)2U (46)

Since 7Rg2U represents the total volumetric flow rate

through the unit cell, the initial efficiency 59 of the unit

cell is

(7Rg2sin2¢ gU)
= = sin2
nQ = (rRszU) sin<fg (47)

Equation (47) can also be written as the function of these

parameters:
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no < nO(QI e , A) (48)

Considering the multiple layers of the fibers, the
total efficiency will be changed by the number of the fiber
layers. If the length of a filter is L, the number of the

fiber layers in the filter is

N = —Eg (49)

N : the number of fiber layer
Dg : the diameter of the unit cell
Therefore, the total efficiency can be rearranged by

substituting Equation (49) to Equation (48).

17=1= (1 - g9)N (50)

where the escapable particle efficiency of each single layer

is (1 - ng), after N layers, the total escapable particle
efficiency will be multiplied itself N times, and then it
becomes (1 - no)N- Finally, the collection efficiency is
equal to one minus (1 - ﬂo)N- Equation (50) will apply
under the following conditions.
1. If the suspended particle moves very closely or,
even touches the collector, it will be captured by
the collector and unable to escape from the

collector. At this time, the Van Der Waals forces
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will overcome all the other forces and become
infinite [44].

2. A model of an idealized mat, where the fiber are
everywhere perpendicular to the direction of flow, is
assumed by the fibers that act individually and do
not interfere with others. Under these conditions,
the collection efficiency of the model will be a
approximate summation of the collection efficiencies
of the individual fiber.

3. The structure of every fiber layer is the same and
includes the porosity of the fibers, the density of
the fiber and so on. Therefore, the total collection
efficiency can be found by superimposing the

collection efficiency of each single layer.

Dynamic Flow Model

Equation (48) shows that the collection efficiency only
considers the particles size of contaminants, the porosity
of the filter, and the value of A. In the steady flow
input, the porosity of the filter is assumed a constant. If
a unique particle size is selected and the viscosity is
fixed, the porosity will become larger under the dynamic
flow rate. This has been proven by the experimental data
reportedly Bensch [42]. When the porosity of the filter
increases, the collection efficiency of this filter
decreases. The reason is that the larger porosity which has

the larger space between two fibers will let the larger
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particles pass through the filter. Therefore, it is helpful
to develop a formula to represent the change of the porosity
under the dynamic flow condition.

It is reasonable assumption that the larger porosity
during surge flow will influence the forces and moments
acting on the filter and cause the fiber mat of the filter

elongate. The force on the fiber mat is given by
Ftotal = Fsteady t+ AF (51)

The force change A F is produced by the momentum change

caused by flow surges and can be expressed as

AF = —&— (52)

m : mass of fluid
AV : the change of fluid velocity
If the pleat of the filter is assumed to be as a two-
dimension plate as shown Figure 8, the deflection of this

plate can be formulated in x5 - yo Cartesian coordinates by

the following:

12

Yo < (53)

where
d : the maximum deflection

1l : the width of the pleat
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The maximum deflection of the filter pleat is located on the
center line of the pleat and occurs when the flow rate is
varying from zero to the highest rate. The largest flow
rate difference causes the maximum momentum change.
Therefore, the new width of the filter pleat can be obtained

by the equation as below

1
2
s = 2N dxg2 + dyg2 (54)
o
1
2
d¥o
= — =2
ZI[ J 1+ (dxo) ]dxo (55)
0
d¥o |, .
Because Tx. 1s very small, Equation (55) can change to
o
1
2
1 %Yo
= = (—2
s = 2|[ 1+ 35 %xo) ]dxo (56)
0

Then, Equation (53) can make derivation with y and then
substitute to Equation (56). Finally, the length of the
deflection curve caused by the maximum pressure acting on

the fiber plane is

s=1(1+-§——) (57)
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'In Equation (57), the elongation of the fiber plane in the

32

wide direction is 12 7 and the maximum deflection &

w|o

obtained from Timoshenko [45, 46] is

5q14

= 242
where

q : uniform load on the fiber mat plane

E : the modules of elasticity of the material

I, : the moment of inertia of the fiber plane

In Equation (58), the f(u) will be introduced to calculate

the maximum deflection &, and it is formulated as

sech(u) - 1 + %T

£(u) = p— (59)

24

where u can be obtained from Figure 9 in [45], and in Figure

9, Up can be written as

E

h
"(1—_m)2(j)8 (60)

U0=(
where
v : Poisson's ratio
h : the thickness of the fiber plane
Equations (53) to (60) show the formulas which describe the

elongation of fiber mat plane. The assumption of the fiber
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mat plane under the dynamic flow input is that only the
space between two fibers gets larger, and the diameter of
the fiber remains unchange. Because the space gets larger,
the porosity of the fiber mat increases. In the above
explanation, the collection efficiency of the filter will
decrease. The new porosity under the dynamic flow input can

be obtained by recalling Equation (17) and rearranging to

Rs 8 82

where the dimensionless R is equal to one. This new

-3 (61)

porosity can be substituted to the limiting trajectory
equation when the model is simulated under the surge flow
conditions. The new collection efficiency will be found by
the simulation.

Equation (51) shows that the momentum change increases
as the surge flow magnitude increases, and the porosity
increases also. Consequently, the collection efficiency of

the filter is decreased.

Simulation Results and Discussions

Simulation Results

The model is first simulated under the conditions of
the steady input flow, and then the new porosity under the
dynamic input flow will replace the original porosity of the

model. To solve the first order Equation (42) is a little
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bit complicated. There are at least four parameters that
will influence the solution of this equation, and the
correction factors of each force from Equations (24) to (33)
also will be changed by moving along each point in the
limiting trajectory. A numerical method of the fourth order
Runge-Kutta will be introduced to simulate the solution for
Equation (42) [47]. The angle 6o of the first point which
the particle enters the unit cell is the final solution of
the Equation (42), so the calculation is to move the point

backward through time from the last point that the particle
will be captured by the collector, which isépo = =,

Ipo = 1. If the angle which the particle enters the unit

cell is larger than the 0o, the particle will escape from

the unit cell.

As mentioned previously, there are several governing
parameters that will interfere with each other when
simulating the model. Therefore, it is difficult to
consider and calculate them simultaneously when they change
value in the simulation. To simplify the problems, the best
way is to select one parameter each time and let the rest of
the parameters be constant, and then the solution to the
differential equation is straight forward. The results and
the effects of selecting the governing parameters such as
porosity ¢ , A, particle size a, and the number of fiber
layer N are shown in Figures 10 to 16, and the data is

presented in Table I to III. The relation between these



TABLE I

RESULTS OF SIMULATION IN ¢ = 0.2
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a (pm) N =10 ( % N = 20 N = 30
3.0 7.1 13.7 19.8
4.5 19.0 33.0 44.0
6.0 32.2 54.0 69.0
7.5 43.8 68.4 82.2
9.0 53.2 78.1 89.8

10.5 59.5 84.1 93.6

12.0 63.3 86.5 95.1
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TABLE II
RESULTS OF SIMULATION ¢ = 0.4
a (pum) N=10 (%) N= 20 N = 30
3.0 0.8 1.6 2.5
4.5 1.7 2.7 4.8
6.0 2.5 4.9 7.3
7.5 13.5 25.2 35.3
9.0 19.6 35.3 47.9
10.5 25.4 44.4 58.5
12.0 31.0 52.3 67.1
13.5 36.1 59.2 74.0
15.0 40.9 65.0 79.0
16.5 45.1 69.9 83.0
18.0 48.9 73.9 86.6
19.5 52.2 77.2 89.1
21.0 55.1 79.9 91.0
22.5 57.5 82.0 92.3
24.0 59.2 83.3 93.1
25.5 60.9 84.6 94.0
27.0 62.6 86.0 94.8
28.5 63.3 86.5 95.1
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RESULTS OF SIMULATION ¢ = 0.6
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a (pm) N =10 ( % N = 20 N = 30
3.0 1.2 2.5 3.7
4.5 2.2 4.6 6.6
6.0 3.3 6.6 9.7
7.5 3.7 7.3 10.7
9.0 6.1 12.0 18.0

10.5 9.4 17.2 25.1
12.0 12.1 22.9 32.3
13.5 17.5 31.9 43.9
15.0 21.4 38.2 51.4
16.5 25.0 43.7 57.7
18.0 28.3 48.5 63.1
19.5 31.4 52.9 67.7
21.0 34.3 56.9 71.7
22.5 37.1 60.4 75.1
24.0 39.0 63.4 77.6
25.5 41.0 66.2 80.1
27.0 44.0 69.2 82.9
28.5 47.1 71.5 84.8
30.0 48.6 73.6 86.4
31.5 50.4 75.4 87.8
33.0 52.1 77.1 89.0
34.5 53.6 78.5 90.0
36.0 55.0 79.7 90.8
37.5 56.0 80.1 91.4
39.0 57.1 81.1 92.0
40.5 58.4 82.7 92.8
42.0 59.3 83.4 93.2
43.5 60.0 84.1 93.6
45.0 60.8 84.6 93.9
46.5 61.4 85.1 94.2
48.0 61.9 85.5 94.5
49.5 62.3 85.8 94.6
51.0 62.7 86.1 94.8
52.5 63.1 86.4 95.0
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governing parameters and total filter efficiency will be

discussed in the next section.

Discussions

To recall Equation (42), there are several governing

parameters that can influence the results. Therefore, there

is no single figure which can adequately represent the

filtration behavior as in simulation. Basically, each

figure

merely shows two variable governing parameters and

lets the rest of the governing parameters be constant. The

detailed discussions and the figures below will show the

effects of these governing parameters:

1.

The porosity of the filter ¢ :

Figures 10 to 12 show that the filtration efficiency
is better when the porosity is getting smaller. It
is easy to make sense that if the filter becomes more
densely packed or smaller in the pore size of the
filter, the smaller particles in the fluid are
difficult to pass through the filter. In Figures 10
to 12, the test value of ¢ is 0.4 and 0.6, A =

1 1010, and N = 10, 20, 30 sequential in Figures 10
to 12.

The number of fiber layers N in the filter:

The effect of the number of fiber layer N are shown
as Figures 13 to 15. The more numbers of the fiber
layers are in the filter, and the better the total

efficiency of the filter is. Since more layers are
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in the filter, the probability of the particles that
are captured by the filter becomes higher. The
reason is that the pore size distribution is changed
and the diameter of the pore gets smaller.

Therefore, the larger particles will be trapped by
the filter easily [48, 49]. The test value of N is
10 and 30, A = 1 1010, and ¢ is 0.2, 0.4, 0.6
sequential in Figures 13 to 15.

The value of A:

The parameter A is the ratio of fluid viscous forces
to Van Der Waals forces, and it is effective only
when the particle is very near the collector. At
this time, the Van Der Waals forces are large enough
to overcome the fluid viscous forces and attract the
particles to be captured on the surface of the unit
cell. Therefore, if the particle is at a distance
from the unit cell, this ratio A will be a big amount
to the unit cell when A compares with others'
parameters. Generally, the range of the A is from
102 to 1012, which is reasonable for actual filt;rs
and lubricants. 1In Figure 16 the different values of
the A are substituted to Equation (42), but these
different values do not change the shape of the
curve. The main reason is that the A is in the
denominator of Equation (42), so the inverse value of
the A is very small that can not influence the

results. Figure 16 will show the A in 1010 and 1012
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when the porositye is 0.4 and N is 30.
4. The effects of forces and torques:
When the particle is very close to the collector,
the forces and torques from a moving particle in a
stationary fluid will be very large, especially the
F, ' is very important in Equation (42). Generally
speaking, no special force and torque items will
change the result of Equation (42) significantly.
In the next chapter, the experimental results are
presented to verify the results from the simulation of the

theoretical model.
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CHAPTER IV

EXPERIMENTAL VERIFICATION OF THE FILTER

MODEL UNDER DYNAMIC FLOW

Introduction

The performance of the contamination levels in the
fluid power system always encounters the filter under the
dynamic operating conditions. The knowledge required to
evaluate the collection efficiency under steady flow
operating conditions is more simple than under dynamic flow
operation. Tests are available which evaluate the
filtration process and the performance of the filter
efficiency under steady flow input, but the results usually
can not be applied directly to the actual field system. The
main reason is that the results of the tests are obtained
with constant parameters. In field operation these system
parameters are not constant. Therefore, steady flow test
results must be applied very carefully.

Cyclic flow tests have been carried out to determine
the effects under dynamic flow. The test of Bensch [38] has
proven that filter efficiency decreased under dynamic flow
input. Moreover, in test presented by Gehrking [37] the

same trend was revealed.
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Test Method

The test method used by Bensch for conducting cyclic
flow tests was intended to simulate the multi-pass test
procedure with continually varying flow rate. To simulate
the filter under the surge flow input, the model will use
the cyclic flow to represent the flow rate. A simple
modification of the test has been made in the by-pass line
which permits the generation of the cyclic flow through the
filter. Figure 17 presents the standard multi-pass test
circuit.

A variable-low speed motor is fixed to a ball valve and
is inserted in the by-pass line. Figure 18 shows this
motorized ball valve. When the ball valve is fully open, no
flow will pass through the filter. If it is closed, rated
flow will be subjected to the filter. An ideal flow rate is
assumed to vary in a nearly sinusoidal manner. This uniform

flow rate can be formulated as

Qf = M + Psin(2rft) (62)

where
M : average flow rate
P : magnitude of oscillation
f : frequency of oscillation
Equation (62) can be plotted as Figure 19.
The hydraulic system set up for the cyclic flow test is very

similar to the basic multi-pass test. The difference
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between these two tests depends on whether the motorized

ball valve is installed in the test or not.

Test Facility

The test facility used to operate a multi-pass filter
test is shown in Figure 17. The test facility consists of
two separate systems. One is a filter test system, and the
other is a contamination injection system. Both of these
systems contain heat exchanger, cleanup filter loop, return
line flow diffusers, contaminant insensitive pump, and
reservoirs which have the conical bottom [2]. These two
systems will discharge the fluid to the reservoir of the
main filter test system. The fluid flow is divided into
several branches, and a portion of the flow in the filter
test system passes through the test filter directly.
Afterwards, this portion of flow is through the flow meter
before this flow discharges into the system reservoir.

The test system is qualified by the ISO standard. This
qualification will maintain the contaminant in suspension
under the lowest flow rate and let test be going as long as
expected. Moreover, the circulation system must retain
particles in suspension and prevent them from being

destroyed.

Test Procedure

In a standard multi-pass filtration performance test,

the test filter is subjected to a constant flow, and
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contaminant is injected to this filter continuously until
the pressure differential across the test filter increase by
a specified amount.

When the by-pass valve is‘fully closed, a rated flow
will be subjected to the test filter, and the initial value
of the pressure difference is obtained. The cyclic flow is
initialed along with the injection flow. A strip recorder
that was used to across the test filter monitored and
recorded the flow cycle and pressure differential
continuously. The samples from the contaminant flow were
taken when the pressure drop reaches the 10%, 20%, 30%, 40%,
and 80% of the final pressure drop. The particles were
count in the samples of both upstream and downstream. The
particle count data was used to determine the 819 ratio of
the test filter. The Beta ratio, at a given size, is
defined as the cumulative number of particles greater than
the given size upstream divided by the number of particles
greater than the same size downstream of the filter [36].

In a second test series reported by Bensch [39],
different magnitudes of flow surges in the test system
(based on the multi-pass test method described above) were
obtained by using three by-pass ball valves installed in a
parallel arrangement in the system by-pass line. Each by-
pass ball valve diverted a different amount of flow around
the test filter. When these ball valves are opened and
closed quickly, different magnitude flow will be subjected

to the filter.
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Result of Cyclic Test

The test results reported by Bensch [39] using
different surge magnitudes are shown in Table IV and Figure
20, which illustrate the reduction in the 10 micrometer
filtration ratio that occurs when the different magnitude
surge flows are subjected to different test filters. When
the flow magnitude is increased, each test filter exhibits a
general Beta reduction. In fact, most of them have a
filtration ratio less than 20% of the original steady flow
values, as high surge flow are subjected to these test
filters.

Similar results are shown in Figure 21 based on data
presented by Gehrking [37]. The collection efficiency of
the test filter is significantly decreased with the surge
flow. In addition, a similar test carried out during this
research that uses an on-off machine to replace the
motorized ball valve is presented in Figure 22. The test
results have the same trends as those reported by Bensch

[39] and Gehrking [37].

Discussion of Results

In order to obtain results from the cyclic flow filter
model, it was necessary to assume mat length, mat thickness,
mat porosity, material bulk modules, etc. Most of these
parameters can not be accurately measured on actual filter

elements such as were used in the experimental tests.
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TABLE IV

RESULTS OF SURGE FLOW TEST

Filter 1 2
Surge Magnitudel 1.23 1.24
B10 Before 4.80 28.50
Surge #1 @19 After 7.30 25.30
Surge Magnitude 1.80 1.81
B10 Before 6.60 35.10
Surge #2 (309 After 6.70 27.20
810 Reduction 1.01 0.77
Surge Magnitude 1.90 1.88
B10 Before 5.20 16.20
Surge #3 B39 After 6.60 6.01
810 Reduction 1.27 0.37
Surge Magnitude 2.55 2.50
B10 Before 8.40 76.00
Surge #4 f19 After 4.00 9.33
B10 Reduction 0.48 0.12
Surge Magnitude 2.78 2.70
B1o0 Before 9.10 21.50
Surge #5 10 After 2.09 2.62
B10 Reduction 0.23 0.12

1. Surge magnitude is the ratio of the flow rate after the
surge to that before.
2. B10 reduction is the ratio of g1g after the surge to that

before the surge.
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Therefore, a comparison between the model results and the
experimental results must be done on a trend based.

In comparison with Bensch results, the following data
were used in the calculation.

data obtained form actual filter:

1 1.905 cm

h=1.5 10"2 cm

assumed data:
e = 0.4
E = 2 106 psi

y = 0.3

Q
[y
il

5 psi ( pressure induced by a surge flow of 0 to

30 gpm )

g2 10 psi ( pressure induced by a surge flow of 0 to
60 gpm )
The simulation results are shown in Figure 23 and Table V.
For comparison purpose,/if a specific particle size, e.g. 15
micrometer, is selected from Figure 23, the relation between
efficiency reduction of that size and the applied flow
magnitude can be obtained. This relation is presented in
Figure 24. Note that the trend of the filter efficiency
reduction obtained from simulation is similar to Bensch's
test data. Further, Table VI and Figure 25 shows a good

correlation in trends between the simulation and Gehrking's

test data.



TABLE V

SIMULATION RESULTS OF SURGE FLOW TEST
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Simulation Results Bensch Test Results
Magnitude N = 10 N = 30 Magnitude Filter 1 Filter 2
0.0 1.0 1.0 1.23 1.09 0.998
1.0 0.9611 0.984 1.80 1.0 0.991
2.0 0.778 0.865 ? 1.90 1.05 0.888
2.55 0.851 0.904
2.78 0.585 0.641

1. Filter Efficiency Reduction
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TABLE VI

SIMULATION RESULTS OF DYNAMIC FLOW TEST

Simulation Results Gehrking Test Results
Particle Size Const. Dynam. Const. Dynan.

(pm) % % % 3
7.5 35.3 24.0 80.0 14.3
9.0 47.9 34.3 84.1 18.5
10.5 58.5 45,2 85.7 20.1
12.0 67.1 54.3 87.0 22.7
13.5 74.0 61.9 88.1 25.3
15.0 79.0 68.3 88.3 26.1
16.5 83.0 73.6 89.2 27.9
18.0 86.6 78.0 89.6 29.4

19.5 89.1 82.1 89.8 29.8
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CHAPTER V

CONCLUSIONS AND RECOMMENDATION

Conclusions

This thesis studies into the problems of particle
retention characteristics in an interstitial regime under
dynamic flow conditions. The overall objective was to
develop a theoretical filter model, based on particle
retention characteristics that can predict the performance
of a filter not only under the steady flow, but also under
the dynamic flow input.

A filter is very important to hydraulic systems. If
there are too many unwanted particles in the fluid, they
will reduce the efficiency and life of the hydraulic system.
Although a filter is used to remove the particles from the
lubricants, there is no filter that can stop all the
particles in the lubricants completely. To reduced the cost
of maintenance, it is necessary to have a suitable filter to
protect the system from harmful contaminant particles.

Today, theoretical models only consider filter
characteristics under steady flow conditions. The basic
informations from these models are necessary in designing
and selecting filters. However, most hydraulic filters,

especially those which are installed in the return lines of
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hydraulic systems, seldom operate under steady flow
conditions. The unability to analytically evaluate filter
efficiency in practical situation is a serious deficiency in
filtration technology.

In this research, the approach is based on modeling the
filter as a uniformly distributed fiber mat which includes
many unit cells. The particles suspended in the fluid are
assumed to follow the limiting trajectory in their approach
to the collectors of the unit cell. Several forces are
considered in the model, especially the Van Der Waals forces
and fluid viscous forces. When the Van Der Waals force
between particle and the collector overcomes the fluid
viscous force, the particle will collide with the collector.

The collection efficiency was obtained by solving the
limiting trajectory equation which is a function of the
viscous number A, the relative particle size a, the number
of the fiber layer N, and the porosity e of the fiber mat.
These critical parameters influence the simulation results.
The effects of these parameters are shown in the relevant
figures in the preceding chapters.

To predict the performance of a filter under the
dynamic operating conditions, the associated porosity of the
fiber mat was obtained based upon the momentum change caused
by the surge flow. The model shows that when the surge flow
magnitude is increased, the porosity of the filter will also
increase. Furthermore, the model reveals that this porosity

increase will reduce the collection efficiency.
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Surge flow tests have been conducted to determine the
effects of the filter under dynamic state. In all of those
tests, the results shown that the filtration ratio is
decreased by increasing the magnitude of the surge flow
which was validated by the model developed here, and a high
correlation in trends was obtained. These findings
illustrate that the contamination level in a hydraulic
system under dynamic operating conditions will always be
higher than that found by conducting the filter tests under
the steady flow conditions.

In summary, the research reported here has developed an
analytical model for filter performance under dynamic flow
operation. This model was verified using actual filter test
data. The use of this model can provide a system designer a
tool to qualitatively predict the trends of filter

efficiency under dynamic situation.

Recommendations

While the filters are successfully used in hydraulic
application, filtration technology does not provide
sufficient predictive capability. This research explores
the theoretical characteristics of filtration processes
under variable flow conditions. It offers valuable
technical knowledge regarding the properties of particle
mechanisms and forces acting on the filter. 1In order to

promote the development of the technology to complete the
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study of filter performance, the following is a list of

suggestions which can provide for advanced research:

1.

The fiber distribution is assumed to be uniformly
distributed in the filter model but, in the actual
hydraulic filter, this kind of distribution may be
difficult to find. The normal distribution is widely
used to represent the pore size of the filter mat.
Therefore, in future studies it is possible to
replace uniform distribution to normal or log-normal
distribution of the pore size in the model.

Pressure drop is an important parameter to be
considered. When the particles of contaminants clog
the pores of the fiber mat, the pressure drop of the
filter will increase. Under this circumstance, the
particle will be forced to pass through the pore of
the filter.

In this study it was assumed that if the particle is
captured, it never escapes from the collector. 1In
the actual system, mechanical disturbance due to the
system vibration may dislodge the capture particle.
Therefore, the influence of system vibration should
be investigated.

Thermal properties may change due to temperature of
filter mat and contaminant particles. The thermal
effects on pore size distribution should be

considered.
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