
ABSTRACT 

 

LAD, ANKIT RAGHUNATH. Flow Modeling for Micro-Filtration through Electro-

statically Charged Monolith Filters. ( Under the direction of Dr. Andrey V. Kuznetsov.) 

  

This study is a multi-physics problem which aims at modeling fluid flow through electro-

statically charged monolith filters with machined micro-channels. The multi-phase fluid (air) 

considered has suspended micro particles which are the impurities to be filtered out. The 

resulting particle trajectories due to the effect of the forces exerted on the particle such as the 

hydrodynamic drag, the electrostatic force of attraction and repulsion and Brownian diffusion 

are studied. The micro-filtration process is studied under the presence of an electric field 

developed due to the uniform density charge distributed over the channel surface. The model 

is validated by comparison with the experimental result. The advantage of using repulsive 

electric field instead of attractive electric field for filtration is studied. The unit cell filtration 

system is developed for normal and cross flow and the scope for efficiency improvement is 

tested. The possibility of ‘selective filtration’ is examined by using the multiple filter layer 

model and the role of different hole-orientation pattern is also studied. The experimental 

setup of the filtration system and the filter material strength for practical applications is 

discussed. 
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INTRODUCTION: 

 

FILTRATION can be defined as the process of removing undesirable impurities from any 

medium. In fluid filtration, the process is generally carried out by passing fluid (medium) 

through a filter or filtering medium and the impurities (suspended particles) are captured at 

the surfaces. The application of this filtration process has been extensively used in various 

fields ranging from industries like steel plants, automobile, etc. to biotechnology, food and 

medical sciences. In recent times, there has been vast research interest in this field for micro-

filtration or ultra-filtration methods and techniques.  

 

Micro-filtration: 

 

The process of micro-filtration consists of removal of contaminants from the fluid (liquid and 

gas) by passage through micro-porous membranes or micro-channeled films. The size of 

these particles lies in the range of sub-microns for average particle diameter. The particles of 

sizes that small are difficult to capture without efficient methods of filtration. These particles 

due to the small sizes tend to escape through the filtering medium as they follow the fluid 

streamlines and have almost negligible mass.  

 

There has been extensive research made in this modern area of filtration mechanism. Kim 

and Zydney [1-3] have performed several studies in this field. Also, Ahmadi and Li [4] have 
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worked in this area for the determination of several expressions for the forces involved in this 

multi-physics problem of particle capture. 

 

Capture Mechanism: 

 

The filters are often electro-statically charged in order to improve the efficiency of filtration. 

In the presence of an electric field, the major particle capturing mechanisms are: 

 

 

Figure 1: Particle capture mechanisms 

 

The figure shows the different possible mechanisms by which the charged filter surface can 

capture the particles. The particle with larger mass due to its inertia leaves the streamline and 

gets captured at the surface due to ‘impaction’. The sub-micron size particle which shows 

Brownian motion characteristic gets captured due to ‘diffusion’. The larger radius particle 

gets intersected at the walls of the filter surface and is captured due to ‘interception’. The 
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effect of the ‘electrostatic’ force of attraction on the charged particle attracts the particle 

towards the surface and captures it. 

 

Types of micro-filters: 

 

The study of micro-filtration has been performed based on many different types of micro 

filters.  The mechanism of filtration in such filters depends greatly upon the surface and the 

cross-sectional structure of these filters.  

 

The three main basic kinds of micro-filters which have been of great research interests are: 

• Fibrous filters 

• Membrane filters 

• Micro-machined filters 
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Fibrous filters: 

 

 

Figure 2: Fibrous filter structure [5] 

 

The fibrous filters as the name suggest comprises of the very closely arranged interlocked 

network of fibers. As seen in the above figure, the fibers are arranged in compact manner 

creating the non-uniform porous gaps in between the fibers. The fluid flow study in this case 

would be an external flow considering a single fiber. Oh et al. [6] have performed studies on 

the single unipolar charged fiber filter. The results from the study showed that the use of 

electric field in fibrous filters improves the efficiency of filtration.  
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Membrane filters: 

 

 

Figure 3: Membrane filter structure 

[Source: http://www.primewater.com/tech.htm#sem] 

 

 

The figure shows the structure of naturally occurring membrane filter surface. The membrane 

filters consists of the non-uniform channels and pores with variety of sizes interlinked inside 

the filter surface. Since, naturally occurring these filters are cheaper and readily available. 

Instead of uniform pores the membrane filters are made up of an intricate network of 

irregular quasi-elliptic shaped holes. Modeling the flow through them is done by developing 

a fractal or stochastic model due to their anisotropic nature [7]. 
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Micro-machined (monolith) filters: 

 

 

Figure 4: Micro-machined (monolith) filters [8] 

 

The monolith micro-machined filters as seen in the figure consist of uniformly arranged 

pattern of holes which are fabricated over the thin filter film surface commonly made up of 

Polypropylene. The holes are machined into the filter surface with the help of forced ion 

beams penetrating through the film.  

 

The detailed discussion of the fabrication method is explained later in this study. This study 

will discuss the efficiency of such micro-machined monolith filters that are electro-statically 

charged. 
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Comparison between the types of filters: 

 

The monolith micro-machined filters have the following pros and cons over the fibrous and 

membrane filters: 

 

• The monolith filters have uniform diametric channels which make it more convenient 

to work over a wide range of pressures especially for lower pressure drops whereas 

the fibrous filters are interlocked and the interlinked irregular structure of the 

membrane filters requires higher pressure drop values to work.  

 

• The channels in monolith filters being symmetric and uniform make it easier to 

charge the filters electro-statically. Also, the forced ion beam method used to 

fabricate these filter holes also play the double role of charging the filter along with 

the hole formation which proves to be a great advantage. The fibrous and membrane 

filters due to asymmetry and irregular interlocked and interlinked structures make it 

difficult to charge them. 

 

• Since, fibrous and membrane filters are naturally occurring they are readily available 

and at cheaper prices whereas the monolith filter films needs to be generated and the 

complex method of fabrication adds to the cost. 
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Motivation and Research Objective: 

 

Due to uniform structure, symmetry and ease of charging the monolith filters prove to be 

easier to design, model and manipulate in order to study various effects and alternatives to 

improve micro-filtration efficiency. Since, the holes are fabricated on the filter film the scope 

to arrange different geometric patterns and orientations of the holes prove to be an advantage. 

The simulation model of this kind of geometry is simple to analyze.  

 

The electro-statically charged monolith filters can prove to have wide range of applications 

which require filtration of sub-micron or nano-particles. The main intention of this study was 

to fabricate such charged monolith filters which can be used in ‘gas masks’. The size of 

particles which these filters can possibly capture would be as small as viruses and other toxic 

microscopic materials. The filters can be used to create ‘clean rooms’ for laboratory research, 

operation theatres and a lot more. There is a growing interest in selective filtration which can 

be used for applications like protein separation and fouling [9].   It would be interesting to 

know whether micro-channeled filters with the use of electric field and different type of flow 

conditions can result in achieving selective filtration where only desired particles are filtered 

out of the mixtures. The basic aim of this project is to study the effect of these micro-

machined monolith filters and to test if the use of electric field or changes in the flow 

conditions improves the efficiency of filtration in any way and the possible applications 

which can arise from this system of filtration. 
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THEORY: 

 

The study of filtration through micro-channels for sub micron particles in the presence of 

electric field involves multiple physical definitions along with it.  This study is a multi-

physics problem in which the particle trajectories are analyzed under the effect of two main 

forces which are the drag force of the fluid in which the particle is suspended and also the 

externally applied electric field due to the charged channels. The governing equations of the 

physical domains i.e. fluid and electric fields are solved using the commercial packages like 

ANSYS-CFX® and COMSOL®. 

 

Fluid Field: 

 

The fluid field equations are obtained by solving the steady state Navier-Stokes equations 

which are described into: 

Continuity Equation, 

          (1) 

and Momentum Equation [13], 

2D
p

Dt
ρ ρ µ= −∇ + + ∇

u
g u                    (2) 

The flow study consists of the analysis of the fluid passing through micro-channels with sub-

micron diameters and thus the effect of ‘slip’ at the walls of the channel cannot be neglected. 
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The condition of slip will be discussed in detail in the Chapter 2 for flow through single 

channel model. The application of ‘slip’ and ‘no-slip’ wall boundary condition for the 

channels can be decided based upon the dimensionless parameter known as Knudsen number 

(Kn). Knudsen number is defined by the ratio of the mean free path (λ) of the fluid over the 

characteristic length (L) of the flow domain.  

Kn
L

λ
=           (3a) 

Roy et. al. [10] interpreted Knudsen number based upon the ratio between Mach number 

(Ma), specific heat ratio (γ ) and Reynolds number (Re) as, 

2 Re

Ma
Kn

πγ
=          (3b) 

 

 

Figure 5: Knudsen number regimes [10] 
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The above figure shows the regimes based upon the Knudsen number for the smaller 

diameter of the micro-channels. The chart clearly shows that the Navier-Stokes equation is 

applied over a wide range of channel diameters. It shows the range over which the effect of 

slip is important. Equation (3a) is the most commonly used definition for Knudsen number.  

 

Equations (1) and (2) are solved in case where the slip effect is neglected to obtain the flow 

field solution. In the absence of slip, the velocity of the fluid at the walls of the channel is 

given by Alexandrou [11],  

0
no slip wall

V V− = =          (4a)  

With the presence of slip condition at walls the Equation (4a) changes to, 

slip wall wV V λτ= =          (4b) 

In Equation (4b), 
w

τ  is the shear along the walls and λ is proportionality constant which can 

be determined with various experimental methods. Also, for micro-machined filter holes, the 

diameter of holes play an important role along with Knudsen number as studied by Yang et 

al. [12]. The dimensions of the filter considered in this study lies in the similar range as 

shown in the figure below. 
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Figure 6: Knudsen number v/s Filter hole size [12] 

 

The fluid flow in this entire study is assumed to be laminar flow through pipe which makes it 

a Poiseuille flow or Fully Developed Channel flow as described by Panton [13]. 

 

Electric Field: 

 

The electric field which will be distributed along the surface of the channel can be 

determined with the help of Gauss’s Law. According to which the Electric field (E) for the 

cylindrical channel will be directly proportional to the charge on the surface (q) and the 

inversely proportional to the square of the radius of the channel (r). 

2

0

1

4

q
E

rπε
=
�

�                  (5a) 
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In Equation (5a), 0ε  is Boltzmann constant. The equation for surface charge distribution (σ
��

) 

is given by, 

0 Eσ ε=
�� ��

                  (5b) 

Equation (5b) in which the surface charge is calculated it should be taken into consideration 

that the charge on the surface is not higher than the maximum limit beyond which the air gets 

ionized [14]. The detailed explanation of the electric field generated and its effects inside a 

cylindrical channel which is distributed with uniform density charge over its surface is made 

in the later chapters. 

 

Particle Trajectory: 

 

In this study, many different forces are exerted upon the particle which decides the fate of the 

particle trajectory. The particle trajectories can be evaluated by numerical integration of the 

Langevin equation by taking into consideration the combined effects of the hydrodynamic 

(drag) force (
D

F ) of the fluid, the electrostatic force (
E

F ) of attraction or repulsion due to the 

electric field generated by the distributed charge, the Brownian diffusion or Brownian force 

(
B

F ) acting upon the particles due to the Brownian motion experienced by the sub-micron 

size particles.   
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The Langevin equation can be given based upon the Newton’s Second law as, 

p

D E B

du
m F F F

dt
= + +         (6) 

p
u  is the particle velocity. Equation (6) can be changed where the effects of additional 

external forces can be added into the right hand side terms of the equation. 

p

p

dx
u

dt
=           (7) 

Equation (7) is used to calculate the position (
p

x ) of the particle. Solving Equation (6) and 

Equation (7) together gives the trajectory of the particle due to the effect of the externally 

applied forces as discussed previously. 

 

The individual forces can be defined using various empirical equations and for various 

different domain and boundary conditions.  

 

 

Hydrodynamic (Drag) Force: 

 

There has been several different empirical equations and formula used to define the drag term 

in Langevin equation. In the study of fibrous filters, for external flow over fibers Oh et. al. 

[6] described the drag force (
D

F
���

) as, 

( )
D

F m u vβ= −
��� � �

         (8a) 
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In Equation (8a), β  is the friction coefficient which depends on Cunningham correction 

factor [6], u
�

 and v
�

 are the fluid and particle velocity vectors respectively. 

 

Kim and Zydney [1-3] studied the flow through micro-channels and have developed 

expressions for 
p

K  and 
f

K  which are the additional hydrodynamic hindrances [3] associated 

with interaction between the particle and the system boundaries. The expression for drag is 

given by, 

6 [ ]
D p p f f

F a K u K uπµ= −         (8b)  

Equation (8b) is based upon fluid viscosity µ  and a  which is particle radius. Kim and 

Zydney [15] developed the expressions for the additional hydrodynamic hindrance factors for 

normal filtration and the resulting expressions were in good agreement with the numerical 

results obtained by direct evaluation of single particle force in flow geometry. The drag force 

used in this study is given by Khan-Richardson [16] will be discussed in detail in the single 

channel model. 

 

Electrostatic Force: 

 

The electrostatic force (
E

F
���

) is given by the product of charge (q) and the electric field ( E
��

). 

E
F qE=
��� ��

          (9) 

Oh et. al. [6] expressed 
E

F
���

 by splitting into three different types of electric forces as 

Coulomb force, Polarization force and Image force.  
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Bowen et. al. [17-18] used Derjaguin’s approximation approach to evaluate electrostatic 

force between the particle and membrane. This approach was also used by Kim and Zydney 

[1-3] to describe the repulsion electrostatic force in normal and cross flow filtration. 

 

Brownian Motion: 

 

For submicron particles the effect of Brownian motion becomes significant. Uhlenbeck and 

Ornstein [19] modeled Brownian motion by Gaussian white noise random process with 

spectral intensity (
o

S ) which is a function of temperature and Boltzmann constant with use of 

Cunningham correction as also used by Oh et al. [6].  

Thus Brownian force can be formulated as, 

o
B i

S
F G

t

π
=

∆
         (10a) 

In Equation (10a), 
i

G  is the Gaussian random number generator with zero mean and unit 

variance and t∆  is the time step. 

 

Kim and Zydney [3] also used the Brownian motion model based upon the Stefan-Boltzmann 

constant (σ ), temperature (T) and density ( ρ ) as, 

2 5

27
B i

p

T
F G

r t

µσ

πρ
=

∆
         (10b)  

In Equation (10b), 
p

r  is the particle radius. 

The effect of Brownian motion and particle behavior is discussed in detail in Chapter 4. 
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Other important external forces: 

 

There is presence of few additional smaller forces which play an important role in 

determining the efficiency of filtration. The Van der Waals forces are the resultant of the 

interaction between the particle and surface when it approaches close to the walls of the 

channels. The Van der Waals force (
VDW

F ) was evaluated by Elimelech et al. [20] and the 

expression for interactions between a sphere and flat plate was given as, 

26

p

VDW

Ar
F

h
= −          (11) 

Equation (11) uses h as the distance between particle center and surface and A is the 

Hamaker constant which can be taken as A∼ 21
10

−
J. 

In case of cross-filtration, Kim and Zydney [3] also considered an additional force of inertial 

lift. Belfort et al. [21] expressed the inertial lift force (
L

F ) for spherical particles moving in 

laminar flow near solid boundary (wall) as, 

4 23

8

L p

L

K r
F

π ρ γ
=          (12) 

In Equation (12), 
L

K  is the dimensionless function of the distance from walls and γ  is the 

shear rate at surface. 

 

The Van der Waals force (
VDW

F ) and inertial lift force (
L

F ) are the two important additional 

forces which needs to be considered while studying the surface effects over the particle 

capture and the role they play in the filtration efficiency. 
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In this study, the effect of these additional forces is neglected and the Langevin equation is 

comprised of only the Hydrodynamic drag force and the Electrostatic force. The 

consideration of Brownian force is important in case of sub-micron size particles. For the 

particles with size greater than 1 micron the efficiency changes as the Brownian motion of 

particles is negligible.  

 

The further chapter discussions in this study include the filtration properties and result 

discussions for micro-particles in fluid flow through electrostatic charged micro-channeled 

filter models.       

 

Frequently used parameters for study: 

 

Table 1: Parameters 

Parameter Dimension 

Particle radius 0.1- 5 micron 

Particle density 1000 kg/m
3
 

Particle charge 1.00E-18 C to 1.00E-17 C 

Pressure drop 50 – 100 Pa 

Uniform Density Surface Charge 2.64e-6 C/
2

m  

Channel radius 2-20 micron 

Channel length 10-200 micron 

Air viscosity 1.74E-06 Pa s 

Air density 1.2 Kg/m
3
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CHAPTER 1 

SIMPLE FILTER MODEL: 

1.1 Geometry: 

 

In order to study the process of normal filtration, the effect of only drag force is studied 

initially. The particle paths and their behavior were traced under the influence of the drag 

force of the multiphase fluid. For this study, simple filter model geometry is generated and 

analyzed using ANSYS-WORKBENCH® and ANSYS-CFX®.  

 

 

Figure 1.1.1: Geometry of a filter plate in pipe 
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As seen in above picture, the filter plate is punched with few randomly located holes and is 

fitted inside a circular cross sectional pipe. The only way for the multiphase fluid (with 

impurities) to pass through the pipe is through the filter plate.  

This particular geometry has the following specifications: 

 

Table 2: Geometric Specifications of simple filter model 

Parameter Dimensions 

Diameter of filter/pipe 30mm 

Width of filter 1mm 

Diameter of holes 1mm (max. at random location) 
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1.2 Meshing: 

 

 

Since a simple geometry is considered for the fluid domain, default volume CFX- mesh is 

generated using Mesh builder in ANSYS-WORKBENCH®. 

 

 

Figure 1.2.1: Meshing (CFX-Mesh) of the filter geometry 

 

The refinement of mesh is increased near the important areas like the filter plate surface and 

the around the holes where the effect of the flow is more important. 
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1.3 Fluid Properties: 

 

The problem definition requires a multiphase fluid domain therefore the fluid domain taken 

into consideration consists of Air at 25C along with suspended solid particles of soot as 

impurities. The soot particles with an average diameter of 10 micron are suspended in the air 

which is considered. 

 

1.4 Boundary Conditions: 

 

The geometry of the filter is assigned with the following fluid and boundary conditions: 

Inlet & Outlet: 

• The air enters through the inlet at 0.25m/s rate and the soot particles of size 10   

microns are injected from random locations at the same rate as the fluid at the inlet. 

• One-way coupling is set between the particle and fluid so that the moving particles do 

not affect the momentum of the fluid. The mass of the particle is assumed to be 

negligibly small such that its motion within the fluid would not affect the laminar 

flow field in anyway. 

• The fluid passing through the filter holes escape through the outlet and out of the 

control volume. 
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Pipe Wall and Filter plate: 

The pipe wall along its length and the filter surfaces along with the inner surfaces of the 

holes are considered to be rigid smooth solid wall with ‘no-slip’ boundary condition. 

 

Figure 1.4.1: Flow field region in the pipe along with boundary conditions 

 

In the above figure, the cross-sectional plane along the Z-axis of the geometry shows the 

region of the fluid passing through the filter hole. The color pattern shows the changes in the 

velocity of the fluid due to the change in the cross section area encountered during the 

normal flow through the filter. 
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1.5 Particle tracking and Particle-Filter surface interaction: 

 

The particle tracking option in ANSYS-CFX® allows us to track the path of the particle 

travel in the multiphase fluid flow. 

This option helps in understanding and analyzing the exact behavior of the particle under the 

influence of the different possible forces exerted on the particle  due to drag force, 

electrostatic force (in case of charged filters) or even the Brownian force (in case of 

Brownian motion in submicron particles). In this section, the particle trace is obtained for the 

effect of only the drag force. The combined analysis of the particle trace under drag along 

with electrostatic force will be studied in the later chapters of the study. 

 

For the filtration process to be efficient, it is important that the particle fate after coming in 

the proximity of the filter is determined. The ideal particle capture mechanism would be that 

the particle sticks with the filter surface as soon as it collides with the wall of the filter or 

anywhere over the surface of the filter. 

In the absence of any boundary condition for the particle capture resulted in the following 

problems which were encountered during the simulation: 

 

Particle Rebound: 

The particles rebound as soon as there is an impact with the wall of the filter. This bouncing 

would result in the particle circulating in the inlet region and cannot necessarily be termed as 
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a ‘captured particle’. The following two figures show that the particle rebounds as it hits the 

filter surface as it moves around or slides over the surface of the filter. 

 

Figure 1.5.1: Bouncing of the particle on the filter wall. 

 

Particle Bounce and Escape: 

Due to the presence of the fluid force pushing the particle towards the filter, it is observed 

that the particle also tends to bounce and move along with the fluid and ultimately escape 

through the filter holes.  

 

This phenomenon should definitely be avoided so that the process of filtration exists. The 

figure shows the particle bouncing couple of times over the filter surface and ultimately 

escaping through the hole to the outlet resulting in reduced filtration efficiency. 
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Figure 1.5.2: Particle bounces and escapes through the filter hole along with the fluid. 

 

In order to avoid these types of problems resulting in reduced filtration efficiency, an 

additional boundary condition (assumption) is considered so as to incorporate the ideal 

particle capture mechanism into the simulation. This is achieved with the help of a parameter 

(in CFX) called as ‘restitution coefficient’. 
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1.6 Restitution Coefficient:  

 

The phenomenon of particle bounce over the filter wall can be explained by Newton’s third 

law of motion. The action of the particle impact on the surface of the filter leads to the 

reaction of the filter surface pushing the particle away resulting in the transfer of the 

momentum back to the particle.  

 

In ideal case, the momentum of the particle before and after the impact should be same. But, 

in order for the surface to capture the particle the impact should lead to reducing the 

momentum of the particle to ideally zero which would mean that the particle would stick to 

the wall of the filter. This type of effect depends greatly upon the nature and material of both 

the filter and particle surface. 

 

In ANSYS-CFX®, the restitution coefficient [22] is the parameter which can govern this 

effect during simulation. This factor consists of two main components which are parallel and 

perpendicular restitution coefficients that decide the fate of the particle in the respective two 

directions after collision with the wall surface. 
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Figure 1.6.1: Restitution coefficient defining particle behavior after impact [22] 

 

As seen in the figure, the Parallel and Perpendicular restitution coefficients describe the 

action of particles when they hit a wall. Coefficients values of 1 describe an elastic collision, 

while values less than 1 describe an inelastic collision. In the figure, the values of 0.5 and 

0.75 for the two coefficients results in the respective changes in the velocity after impact as 

compared to the velocity before the impact.  

 

The parallel coefficient will almost always be 1. The perpendicular coefficient will depend 

on the particle or filter surface material. Particles that bounce off walls will have a 

perpendicular coefficient close to 1, while particles that stick to walls (e.g. water droplets) 

will have a perpendicular coefficient of ZERO. 

 

Hence, in order to simulate the ideal particle capture mechanism it is assumed that the 

particle will stick to the wall of the filter as soon as it touches the surface. Thus, if we wish to 
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terminate tracking of particles when they hit a wall boundary, then we can set both 

coefficients to zero. 

 

 

Figure 1.6.2: Particle sticking to the surface of the filter after collision 

 

As seen in the above figure, the particle 1 passes through the hole without touching the filter 

surface but, the particle 2 sticks to the wall of the filter as it collides with the filter surface at 

the front face. Therefore, particle 2 is the ‘captured particle’ which is filtered from the fluid. 
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Thus, by setting the perpendicular restitution coefficient of the wall to 0 and the parallel 

restitution coefficient of the wall to 1, the sticking mechanism of the particles to the walls of 

the filter is simulated successfully.  

 

1.7 Filter Model Efficiency: 

 

After defining the model along with the required capture mechanism boundary conditions the 

efficiency of the considered filter geometry is measured. At the inlet, ten particles are 

injected from random locations in order to test the filter model efficiency. 

 

 

Figure 1.7.1: Filtration efficiency of the simple filter model 
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The figure shows the simulation of a normal filtration process without the presence of the 

electric field. In the particular filter geometry considered, out of the 10 randomly injected 

particles into the fluid, 7 get filtered out whereas 3 particles escapes through the filter holes. 

Thus, the filter model is 70% efficient under the influence of only drag force. 
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CHAPTER 2 

SINGLE CHANNEL MODEL: 

2.1 Combined Physics Problem: 

 

In the previous chapter, we studied the filtration of particles in the multiphase fluid under the 

effect of only drag force. In order to study the effect of electrostatics in charged monolith 

filters on particle, a simulation with a coupled physics model is necessary. The effect of a 

combination of electrostatic force and drag force on the particle is necessary to be defined in 

the model together. In ANSYS-CFX®, defining multi-physics in the fluid model involves 

use of external FORTRAN subroutines which makes the problem difficult to define and 

analyze. Hence, the Multi-Physics Module in COMSOL® (previously known as 

FEMLAB®) is used. As discussed in introduction/theory, the governing equations for the 

particle trajectory (considering both drag and electrostatic force) can be given by Newton’s 

Second Law as: 

D E

du
m F F

dt
= +    

Drag Force [15], 
D

F =
2 2 0.31 0.06 3.45( ) (1.84(Re ) 0.293(Re ) )p p p pr u uπ ρ −− +   

Electrostatic Force, 
E

F qE=
��� ��

 

The maximum electric field that can be distributed on a filter channel surface can be 

determined using Gauss’ law as:  

Electric Field, 2

0

1

4

q
E

rπε
=
�

�   
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The equation for surface charge distribution is given by: 

 0 Eσ ε=
�� ��

 

 

2.2 Single Channel (Cylinder) Geometry: 

 

 

Figure 2.2.1: Uniform density charge on the surface of channel (cylinder) 

 

The figure shows the cylindrical geometry of the single filter channel (hole) with the 

following specifications:  

 

Radius of channel: 1e-6 m = 1 micron 

 

Length of channel: 1e-5m = 10 micron 

 

Uniform density charge (along the length of the channel): 2.64e-6 C/
2

m  
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2.3 Fluid Dynamics properties: 

 

The fluid dynamics part of this problem under consideration is the common fluid flow 

through pipe (Poiseuille Law) with circular cross-sectional area.  

The boundary definitions consist of inlet, outlet and the peripheral wall with varying pressure 

difference (usually 50 Pa). As seen in the cross-sectional side view of the channel, the 

expected parabolic velocity profile is observed. 

 

Figure 2.3.1: Parabolic velocity profile flow through channel 

 

Fully Developed Flow: 

The flow through this geometry becomes fully developed even before covering 5% of the 

channel length. Therefore, for simplicity in simulating a fully developed fluid flow can be 

assumed throughout the pipe. 

 

‘Slip’ at wall: 

In this study, we mainly focus on filtration through micro channels using monolith filters. 

Fluid flows at such small scales do not necessarily follow the continuum laws. In this case, 
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there is a possibility of ‘slip’ at the walls of the filter channel due to its micro-size. The 

possibility of the boundary condition of ‘slip’ or ‘no-slip’ can be verified by the calculation 

of a dimensionless parameter known as ‘Knudsen number’ (Kn). 

The Knudsen number (Kn) is defined as a dimensionless number calculated by considering 

ratio of the molecular mean free path (λ) to the representative physical length scale (L). 

Kn
L

λ
=      

 

 

Also,  

 

22

B
k T

Kn
PLπσ

=  

 

where, 

kB = Boltzmann's constant (approximately 1.38 × 10
−23

 J/K) 

T = temperature (K) 

σ = particle diameter (m) 

P = total pressure (Pa) 

(For particle dynamics in the atmosphere, and assuming standard temperature and pressure, 

i.e. 25 °C, 1 atm, we have λ = 8 × 10
−8

 m.) 

[Source:http://en.wikipedia.org/wiki/Mean_free_path] 

The flow behavior based on Knudsen number classification was made by Schaaf and 

Chambré [23]. The classification given is as follows:  

0 0.01Kn≤ ≤ :  “Continuum” flow (Navier-Stokes equations with no-slip boundary 

conditions) 
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0.01 0.1Kn≤ ≤ : Slip flow (Navier-Stokes equations with no slip boundary conditions) 

0.1 3Kn≤ ≤ : Transitional flow (Navier-Stokes equations are not valid) 

3 Kn≤ ≤ ∞ : Free molecular flow 

As discussed under model description, we are analyzing the channels of diameter 2 µm and 

length of 10 µm. Thus the characteristic length of system is 2 µm and commonly used mean 

free path of air is 65 nm. 

Substituting the respective values from model considered, it was calculated that the Knudsen 

number comes out to be 0.0325. Thus, the calculated Knudsen number lies in the second 

range of the Schaaf and Chambré [23] classification which is ‘Slip Flow’.  Therefore, it will 

be important to consider the slip effect while solving the Navier-Stokes Equations. 

 

In simulation, this can be achieved in CFX using the external FORTRAN subroutine module 

or using the Moving wall boundary condition in COMSOL which represents the similar 

effect as slip at walls.  

 

Since, this problem involves various physical boundary definitions considered at the same 

time for the initial solutions the ‘NO-SLIP’ boundary condition is assumed in the simulations 

throughout the study for ease of calculations. But, considering the ‘Slip’ effect into the 

simulation is an important aspect of this problem which cannot be ignored. 

 

 

 



 37 

2.4 Electrostatics properties: 

 

The electrostatics part of this problem consists of a uniform density charge distributed over 

the surface of a cylinder. There can be different methods of charging the filter surface which 

will be discussed in later in the study. The uniform distribution of charge over the surface of 

the cylinder (channel) will lead to a build up of an electric field along the surface which can 

be found out by using Gauss’s Law. It is known that air undergoes ionization at an electric 

field higher than the approximate value of 3MV/m as calculated by Cross [14].  

 

Therefore, using the maximum ionization electric field value and with the help of Gauss’s 

Law it is calculated that the maximum allowable surface charge density and line charge 

density for our model would be 
5 2

2.65 10 /C m
−× and 

10
3.33 10 /C m

−× , respectively. 

Hence, we used the uniform density charge over the surface of the channel to be 2.65
6

10
−×  

C/
2

m  which is less by a factor of 10 than the maximum allowable surface charge density in 

order to avoid ionizing air. 

 

Using the commercial package COMSOL for the simulations of this problem, the distribution 

of electric field across the length of the filter channel is obtained. In COMSOL, the 

differential form of Gauss’s Law is used which is given as, 

Electric field, 
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Figure 2.4.1: Electric field color pattern plane along the length of the channel 

 

The above figure shows the intensity of electric field in color pattern along the length of the 

channel. It is observed that the intensity of the electric field with higher value is concentrated 

towards the ends of the channel and uniformly decreases towards the center of the channel.  

 

Ideally, the electric field at the centre of the channel should me zero, whereas the electric 

field at the edges should be infinite. Since, we are dealing with a finite domain with specific 

boundary conditions we get approximate values of the electric field in the simulation which 

can be compared with an approximate analytical solution. 
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Analytical Solution of Electric Field [24]: 

 

The electric potential along the center axis of a cylinder of length L and radius R and surface 

charge (
σ

) is given as: 

 

2 2

2 2
0

(0, ) ln
2 ( )

R z z R
z

z L z L R

σ
φ

ε

+ +
=

− + − +   

 

The electric field is the negative gradient of the electric potential: 

 

( , )E r z r k
r z

φ φ
φ

∂ ∂
= −∇ = − −

∂ ∂
  

 

For any point p on the cylinder of length L and radius R (see, Figure 2.1), the electric field 

along the axis of the cylinder can be found as, 

1 1

2 2 2 22 2

2 2 2 2
0

1 1
1 ( ) 2 1 (( ) ) 2( )

2 2( ) ( )
2 ( ) ( )

z

z R z z L R z L
R

E z
z z R z L z L R

σ
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− −

+ + + − + −
= − +
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Using MATLAB, the values of the electric field according to analytical solution are 

calculated for the model under consideration having uniform density charge. 

 

Comparison between simulation and analytical result: 

 

Figure 2.4.2: Electric field (along axis) comparison between simulation and analytical results 
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As seen in the above graph [see, Figure 2.4.2] and the colored pattern simulation result [see, 

Figure 2.4.1], the results are as expected. The maximum intensity of electric field is observed 

at the ends of the channel while the minimum intensity of electric field is observed at the 

center of the channel. The analytical result matches with the ideal condition at center of the 

channel which is E=0. Also, the simulation result line follows similar trend as the analytical 

result line with slight differences of the approximate values at the end and center of the 

channel.  

 

It can be observed from the comparison graph that the simulation results and the analytical 

solution results are comparable. Hence, the boundary conditions can be justified and this 

validates the model considered for single channel geometry. 
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CHAPTER 3 

MULTIPLE CHANNEL MODEL: 

3.1 Multiple channel filter geometry: 

 

 

Figure 3.1.1: Geometry of multiple channel filter model 

 

The above figure shows the filter model geometry with multiple filter channels (holes). The 

fluid flow under consideration is carried out at a small pressure drop of 50 Pa between the 

inlet and outlet as shown in the figure. The dimensions of the filter channel are same as 

discussed in the Chapter 2 for the single channel model. The size of the inlet domain (cube) 

is same as the channel length. Also, the centre to centre distance between the filter holes is 
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around three times the radius of the hole. The filter channels are charged with the same 

uniform density charge of 2.65
6

10
−×  C/

2
m  as discussed in the previous chapter. 

Since, the study consists of multiple physic boundary conditions it can be divided into fluid 

and electrostatic defined boundary problems. 

 

3.2 Fluid boundary definitions: 

 

A pressure difference of approximately 50 Pa-100 Pa is set between the inlet and the outlet of 

the filter model. The fluid flow takes place from high (inlet) pressure to low (outlet) pressure. 

The surface of the filter channels is assigned to be a no slip wall boundary. 

 

In COMSOL, the following equation is used in order to calculate the total force exerted by 

the fluid on the particle: 

 

D
F =

2 2 0.31 0.06 3.45( ) (1.84(Re ) 0.293(Re ) )p p p pr u uπ ρ −− +   [16] 

where, the definition of the particle Reynolds number ( Re
p
) is given as 

 

Re (| |)2 ) /
p p p

u u r ρ η= −        [16] 

 

This expression of force is known as ‘Khan and Richardson force’ which is used in 

COMSOL. 
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3.3 Electrostatic boundary definitions: 

 

In the discussion of the previous chapter, the electric field generated due to the uniformly 

distributed charge on the surface of the channel was considered and its nature was studied. In 

this study, the multiple channels (cylinders) of the filter are charged with the same uniform 

density charge distributed over all (five) the filter channels. Thus, the nature of the electric 

field generated as a result of it is similar to the one studied for the single channel model. 

 

 

Figure 3.3.1: Electric field and Electric potential generated inside the channels 
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The colored patterns in the above figure shows the distribution of the electric field and 

electric potential intensities throughout the filter channel. The colors ranging from blue being 

minimum intensity to red being the maximum intensity value. It can be clearly observed in 

the above figure that the electric field intensity is maximum towards the edges and minimum 

towards the center of the channels [see, Figure 2.4.2] while reverse is the case of electric 

potential. The electric potential tends to be maximum towards the centre of the channel while 

uniformly decreases towards the edges to be minimum. 

 

Figure 3.3.2: Electric potential along the axis of the filter channel 
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The presence of higher electric potential at the central region of the channel when uniform 

density charge is distributed results in the capture of the charged particles inside the channel. 

It will be discussed in the later chapters. 

 

3.4 Experimental Fabrication of charged monolith filters: 

 

The monolith filters which are taken into consideration for experiments [8] are supposed to 

have dimensions in sub-micron scale. It is not trivial to generate the filter film surface so 

small and to fabricate the grid of holes over the surface and further charge them. 

 

 The material which is used for the fabrication of these micron size filter films is 

Polypropylene. Since, polypropylene shows the significant material property of holding the 

charge over its surface for a longer time. In order to fabricate such filter surfaces, the Spin 

Coating System [8] is used to make the polypropylene film on silicon wafer. 

 

A focused ion beam system is used in order to make an array of circular holes in the 

polypropylene film. The spin coated polypropylene film in silicon wafer is passed under a 

focused Ga+ (Galium) ion beam which creates the holes for the filter. 
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Figure 3.4.1: Galium ion focused beam system [8] 

 

The above figure is the schematic representation of the focused gallium ion beam piercing 

the holes on the polypropylene film filter surface.  

 

The use of this method for the generation of filter holes has an important advantage over any 

other possible method. Since the filter surface is pierced with an ion charged focused beam, 

there is scattering of some stray charges which deposit over the surface (preferably towards 

the edges) of the filter film hence creating a significant effect of charging the monolith filters 

along with the creation of the holes. Hence, this method of fabricating the filter films proves 

to be a very useful method in multiple ways. The only problem which is encountered during 

this procedure is manually operating the focused beam for individually punching the holes on 

Ga+ ion beam 

PP film 
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the filter surface in order to create the arrays of holes. This makes it a time consuming and 

complicated process. 

 

 

Figure 3.4.2: Different orientations of charged monolith filter holes [8] 

 

The above figure shows the charged filter holes generated by the method of the Ga+ ion 

focused beam. The holes appear brighter in the images due to the ring of stray charges 

deposited at the edges of the holes due to the charged ion beam. As seen in the two images 

various different orientations or arrays of holes can be generated using this method.  

 

3.5 Comparison of simulation and experimental results for filter surface: 

 

Since, the dimension of the holes on the filter surface is very small it is not trivial to measure 

the electric field generated on the surface of the filter or around the edges of the holes due to 

charging.  In order to measure the electric field generated due to the charge distributed on its 

surface, Electric Force Microscopy (EFM) is used. 
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Electric Force Microscopy (EFM) is a technique which is used to map the electric properties 

of the surface [9]. This method is also known as Atomic Force Microscope (AFM) technique. 

The EFM/AFM system is used to characterize the surface topography and electrostatic 

charge of polypropylene films with the array of circular holes. 

 

Figure 3.5.1: Schematic of Electric Force Microscopy (EFM) measurement setup  

 

The above figure shows the schematic representation of the EFM measurement system. The 

pin is moved along the surface of the sample (filter surface) and based upon the existing 

electrostatic force on the surface the AFM cantilever deviates and the corresponding electric 

field values are noted at the receiver as seen in the figure.  

 

Bias Voltage  
-10 to 10v 

Ground 
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The EFM system is used to measure the intensity of the electric field across the face of the 

filter film along the line across the holes as seen in the following figure. 

 

 

Figure 3.5.2: Electric Field Across the filter holes (experiment) [8] 
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As seen in the above figure, the intensity of the Electric field along the surface of the holes is 

mapped. The solid line across the holes as seen in the top figure is the line along which the 

electric field is measured at the surface. The bottom figure shows the graph of the electric 

field against the phase shift angle along the length of the filter surface (X). In this 

measurement, the readings are taken for the phase shift angle which is proportional to the 

electric field qualitatively [8]. 

 

In the simulation study, for the model under consideration, similar region of the filter surface 

is considered for electric field measurement to compare it with the experimental values in 

some way. 

 

 

Figure 3.5.3: Charged monolith filter face 
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Figure 3.5.4: Electric Field Across the filter holes (simulation) 
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The figure shows the face of the charged filter face and the red line across the holes on the 

surface along which the electric field measurements are taken. The colored pattern shows the 

intensity of electric field at different regions across the surface of the holes where blue being 

towards minimum and red towards maximum. It can be clearly seen that the maximum 

electric field intensity appears at the edges of the filter holes and decreases towards the centre 

of the holes.  

 

Comparing the results obtained from the experiment [see, Figure 3.5.2] and the simulation 

[see, Figure 3.5.4] it can be observed that for both the cases the maximum peaks of the 

electric field measurements are seen at the edges of the holes while the intensity reduces 

towards the centre of the holes. Therefore, the peaks and depths appear in the graph of the 

electric field when plotted for values across the holes of the filter surface.  Thus, the results 

from simulation are qualitatively comparable with the result obtained with experiments. 

Hence, the model is validated. 
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CHAPTER 4 

PARTICLE TRAJECTORY AND BEHAVIOR: 

4.1 Particle characteristics theory: 

 

The study consists of charged monolith filters having micro size holes whose radius ranges 

from 1 micron to around 10 microns. Therefore, the particles which are considered for the 

analysis ranges from particle radius range of 0.1 micron to maximum of 5 micron radius.  

 

Brownian motion: 

 

For the particles which lie in the radius range below 1 micron i.e. sub-micron particles, it is 

important to consider the effect of force due to Brownian motion of the particles when the 

particle travels inside the fluid. The particles with such small sizes undergo random 

movement when suspended in the fluid because of successive collision with the molecules of 

the fluid. This force is a random force whose effect cannot be neglected for particles below 

certain range (normally below 1 micron) of the radius size.  

 

The effect of Brownian force can be considered into the problem with the use of an external 

sub-routine in FORTRAN/MATLAB. As discussed in the introduction/theory, the Langevin 

equation can be used to solve the combined physics problem of the fluid, electrostatic and 

Brownian force equation. In order to study the effect of Brownian force, the equation was 

solved (using MATLAB) considering that only Brownian force (
B

F ) acts on the particle. For 
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a definite time interval, the equation is solved in a MATLAB sub-routine and the result of 

Brownian force on the particle is analyzed. 

 

Using the following equation, 

Brownian Force [1], 
12

B
B i

a k T
F G

t

π µ
=

∆
 

where, 
i

G  is the Gaussian random number with zero mean and unit variance and ‘ a ’ being 

the particle radius. 

 

 

Figure 4.1.1: Effect of Brownian force on the particle 
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The figure shows the resultant two dimensional trajectory of a 0.1 micron radius particle 

under the influence of only Brownian force. The particle is injected at the inlet (origin) with a 

negligibly small velocity and the particle travels inside the channel of radius 1 micron (1e-6 

m) as discussed in previous chapters. The particle travels the random path along the x 

direction where it finally reaches the wall (bold line on graph) and can be assumed to be 

captured based on the assumptions discussed in Chapter 1. The resulting location of capture 

seen in the figure can be totally random as the Brownian force is dependant on the Gaussian 

random number. 

 

Since, in this study, for the further simulation results the commercial package COMSOL is 

used, the effect of Brownian force is not taken into consideration for this chapter. This effect 

can be completely neglected when the particle size is increased beyond the sub-micron range 

as the inertia of the particle plays an important role. 

 

Following the streamlines: 

 

In the filter model considered, the particles used in analysis lie in a very small dimension 

range. When the particle size is so small, it can be assumed that there exists a one way 

coupling [22] between the particle and fluid in which it is suspended. This means that the 

momentum of the fluid inside the fluid will not affect the momentum of the fluid in any way. 

But, since the size of the particles is so small, in the filter model it is observed that the 
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particle follows the streamlines of the fluid traveling through the filter which causes the 

particle to escape through the holes and thus leads to reduction in efficiency of filtration. 

 

 

Figure 4.1.2: Particles escape following the fluid streamlines 

 

As seen in the above figure, the light blue lines are the lines of fluid streamlines and it can be 

observed that the particles follow the path shown by the red lines tend to be along the same 

trend as the streamlines.  

 

Thus, most of the particles, due to lack of inertial effect tend to escape through the filter 

holes along with the fluid in which they are suspended. 
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Role of Electrostatic Force: 

 

Most of the particles which follow the streamlines as discussed in the previous part leads to 

reduction in the filtration efficiency since they escape through the filter holes and into the 

outlet. This needs to be rectified in order to improve the filter efficiency of such small 

particles. In the discussion, as mentioned in the Chapter 2 and Chapter 3, the filter channels 

are distributed with a uniform density charge along the circumference of the cylindrical 

channels. This charge results in the generation of electric field which in turn exerts an 

electrostatic force on charged particles which can be given by Coulomb’s Law. The 

Coulomb’s Law states that: 

 

“The magnitude of the electrostatic force between two point electric charges is directly 

proportional to the product of the magnitudes of each of the charges and inversely 

proportional to the square of the total distance between the two charges”. 

 

The electrostatic force between two point charges can be represented as: 

 

1 2

2e

q q
k=F

r
                                                                          (3.1) 
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where F is the electrostatic force, 1q  and 2q  being the respective point charges, r being the 

distance separating  the two point charges and 
e

k  being the proportionality constant, also 

known as ‘Coulomb’s constant’. 

where, 

9 2 2

0

1
8.988 10 . .

4
ek N m C

πε
−= = ×  

 

The nature of the resulting electrostatic force (F) depends upon the nature of charge on the 

particle. The effect of the electrostatic force can be attraction or repulsion based upon the 

polarity of the two point charges.  

 

The intensity of this force as seen in equation (3.1) depends upon the product of the two 

charges and also upon the distance separating those charges. This suggests that the effect of 

the electrostatic force can be controlled based upon three parameters as follows: 

 

• Polarity of the charge: changes in polarity results in changes in the nature of 

electrostatic force between attraction and repulsion. 

 

• Magnitude of the charge: increase in the magnitude or value of the charge results in 

the increase in the magnitude of the force. 

 

• Separation distance: decrease in the separation distance between the charges results 

in increase in the magnitude of the force. 
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Figure 4.1.3: Electrostatic Force of attraction and repulsion 

[Source: http://en.wikipedia.org/wiki/Coulomb%27s_law] 

 

The figure shows that depending on the polarity of the charge i.e. positive or negative, there 

is a respective change in the nature of the resulting force. In other words, “Opposite charges 

attract each other and like charges repel each other”. The utilization of this phenomenon in 

filtration is discussed in detail in the following later sections. 
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4.2 Particle trajectory in fluid through electric field of ATTRACTION: 

 

It is clear from the previously discussed section (4.1) that for the micro particles following 

the streamlines there is a necessity of additional force which would help in the capture of the 

particles escaping the filter channels.  As studied in the introduction/theory and previous 

chapters, the electric field generated due to the uniform charge would result in the exertion of 

electrostatic force on the traveling charged particle. In section 4.1, it is concluded that for the 

nature of the electrostatic force to be attraction, there must be opposite polarity charge 

between the particle and the charge distributed on the wall (wall charge) of the channel. 

 

In order to study the effect of electrostatic charge of attraction on the particle trajectory along 

with the drag force, the charge distributed over the surface of channel walls [see, Chapter 

2,3] is assigned a positive charge (polarity) and the charge on the particle is assumed to be 

negative (charge of an electron = 1.6e-19 C). Also, as discussed in the theory for this 

particular study the governing equation consists of only the drag force and electrostatic force 

terms on its right side. 

 

The particles are injected from different locations into the single charged channel. The 

purpose of injecting from different location is to verify the effect of the change in separation 

distance between the charges. Due to opposite polarity between the particle charge and the 

charged wall, there exists a force of attraction between the two. 
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Figure 4.2.1: Particle injected from different locations in electric field of attraction 

 

The above figure shows that three particles enter into the charged filter channel from 

different locations. The colored sliced planes perpendicular to the axis of the cylindrical 

channel shows the intensity of the electric field [see, Chapter 2].  The nature of the electric 

field inside the channel is symmetric in θ  direction (when cylindrical coordinates are 

considered). The fate of the three particles injected in the channel depends upon the distance 

between the particles and the charged walls.  

 



 63 

Particle 1 is injected from the centre of the circular inlet (distance of channel radius, Rc, from 

the charged wall) and since the electrostatic force acting on the particle as it travels along the 

axis is constant from all sides (balanced force) therefore, the only force pushing the particle 

is the fluid force due to which the particle is seen to travel along the straight line of the axis 

and out through the outlet. Therefore, the magnitude of the charge on both wall and the 

particle plays an important role in order to capture the particle. 

 

Particles 2 and 3 are injected at a distance of Rc/2 and Rc/4 respectively from the charged 

wall and are pushed inside the channel because of the fluid force. According to Coulomb’s 

Law [see, Section 4.1] the decrease in the separation distance between the two charges would 

result in increased electrostatic force between them. Hence, electrostatic force being 

inversely proportional to the separation distance, particle 3 gets attracted towards the wall 

and travel at a shorter distance inside the channel, while particle 2 being separated by larger 

distance comparatively and therefore travel a longer distance into the channel before it sticks 

to the wall of the channel and get captured.  

 

In case of particle 1, since the electrostatic force is balanced from all sides, the drag force 

acting on the particle plays a dominant role and the fluid pushes the particle out of the 

channel. On the other hand in case of particle 3, the particle is injected into the channel closer 

to wall so the electric field intensity is stronger and so is the force of attraction which 

dominates the drag force and pulls the particle towards the wall in a very short distance. 

Particle 2 is acted upon by both electrostatic and drag force as the fluid force pushes the 
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particle towards the outlet whereas the electrostatic force tries to attract it towards the wall 

and hence it results in the longer travel of the particle into the channel. 

 

Multiple channel filtration: 

 

The multiple filter channel model as discussed in Chapter 3 is used for the analysis of particle 

trajectory in field of attraction. 

 

Figure 4.2.2: Particle trajectories inside the multi channel field of attraction 
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The fluid flow is established in the domain with a pressure drop assigned between the inlet 

and outlet of 50-100 Pa. The particles with 1 electron charge (negative polarity) and 0.1 

micron radius are injected through the inlet inside the multi channel filter with uniform 

density charge along the surface of the channel. Therefore, the forces acting on the charged 

particles within this domain are the drag force due to fluid and the electrostatic force of 

attraction due to the developed electric field. 

 

According to the discussion in Section 3.3, the highest magnitude of the electric potential is 

observed at the centre of the filter channel. When the charged particles enter from the inlet 

along with the fluid and approach towards the channels it causes the particle to accelerate 

inside the channel, due to the change in the cross-sectional area of the domain (from inlet to 

filter channel diameter). Also due to the presence of the higher electric potential at the centre 

of the channel the field tends to suck the charged particles inside towards it further increasing 

its velocity initially.  

 

As the particles are suspended in the fluid flowing through the filter, the particles that enter 

the channel nearer to the central axis of the channel the particle is carried at longer length 

inside the channel and due to the higher potential at centre the particles get pulled back again 

towards the centre of the channel as seen in Figure 4.2.2. 
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Figure 4.2.3: Changes in the velocity of the particle inside the channel (attraction) 

 

The above figure shows the colored trajectories of the particles inside the channel under the 

presence of electric field of attraction. The color pattern of the trajectory indicates the 

changes in the velocity of the particles as they enter the channel from inlet and also inside the 

channel before getting captured. 
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It can be noticed clearly from the figure that as the particle gets inside the inlet and 

approaches towards the channel where the cross-section of the domain changes (area 

decreases) there is an increase in the velocity of the particle which is the resultant of the 

increase in fluid velocity.   

 

As the particle tends to enter the channel closer to the central axis of the channel, the fluid 

force tries to push the particle out of the channel, but since as the particle comes closer to the 

centre of the channel with highest electric potential, the resulting force of attraction causes 

the particles to slow down as seen in colored trajectories. Therefore, the particles which had 

already past the channel centre get pulled back due to the electric field and are captured at the 

channel walls. 

 

 

 

 

 

 

 

 

 

 

 



 68 

Blocking of channel and filter replacement: 

 

The electrostatic force of attraction causes the particles to get attracted towards the channel 

walls and stick to it. Due to increase in the number of particles the filter channel gets clogged 

as also studied by Walsh and Stenhouse [25]. 

 

Figure 4.2.4: Particles accumulating inside filter channels 

 

As seen in the figure, the particles after getting attracted towards the inner wall as they get 

deposited along the circumference of the channel from inside. The study of the force on the 

particle due to particle-particle interaction was studied by Kim and Zydney [2]. Since the 

particles deposit over other particles and may cause dendrite type formations in case of 

smaller particles it sometimes leads to faster blockage of the filter holes. Thus, because of the 

electrostatic force of attraction the channels are blocked by excess particles getting captured 

inside which would require frequent filter replacement. This can be avoided effectively by 

the use of Electric field of ‘Repulsion’ instead. 
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4.3 Particle trajectory in fluid through electric field of REPULSION: 

 

The electrostatic force of repulsion will exist when the two charges will have the same 

polarity of charge. In case of electric field of attraction, the charge on channel wall was 

assumed positive while a negatively charged particle was injected into the field. In this case, 

the wall charge is kept positive (same magnitude as discussed previously) whereas the charge 

on the particle is changed from negative to a positive charge of 1 electron magnitude. 

 

In the study performed by Kim and Zydney [3], they observed that for cross flow in micro-

channels when the channels have repulsive electric field not a single particle is able to enter 

the micro channel. In this study, the effect of repulsion electric field due to uniform density 

charge on the channel is studied for normal flow. 

 

When the electric field has the attraction (opposite polarity) effect, the particles are allowed 

to enter or sucked into the channel within the electric field due to the force of attraction 

where the electrostatic force acts on the particle along with the drag force and under the 

influence of these two forces the particle finally gets attracted towards the wall and is 

captured ultimately. In the case where the electric field has the repulsion (same polarity) 

effect, the positively charged walls of the filter channels repel the positively charged particles 

trying to enter into the channel from the inlet and deviates its trajectory. This phenomenon is 

discussed in detail in this section. 
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Figure 4.3.1: Particle trajectories in fluid under electric field of repulsion 

 

The colored pattern slice seen in the above figure represents the electric field plane along the 

channel. The nature of the electric field is repulsive, since the charged wall and charged 

particles have the same positive polarity. It can be clearly observed that the particles trying to 

enter into the filter channel gets repelled as they approach closer to the channel opening thus 

causing the particle trajectory to deviate from its path and the particle hits the front face wall 

of the filter resulting in its capture. This effect would considerably reduce the particles 

entering inside the channel and only the fluid escapes through the channel thus improving the 

filtration efficiency significantly. This phenomenon is observed in this case since the particle 

size is too small to have any inertial effect. 



 71 

 

Figure 4.3.2: Particles deviating from streamlines due to repulsion 

 

The particles being micro size follow the streamlines [see, Section 4.1] and tend to escape 

through the channel. When an electric field of repulsion is present, the particles are pushed 

back as they try to enter the channel. As seen in the above figure, the particles get pushed 

back and their trajectory is seen deviated from the streamlines. Initially, the particle 

trajectories (red lines) follow the streamlines (light blue lines) but they deviate from the path 

towards the entrance of the hole and gets captured at the filter face. 
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Figure 4.3.3: Reduction in particle velocity due to repulsion electric field 

 

The above figure shows the effect of repulsion force on the particles indicated by the changes 

in the velocity of the particles as they approach the channel entrance. The particle travels 

along with the fluid whose velocity increases due to changes in the cross-sectional area of the 

domain at channel entrance resulting in increased particle velocity.  

 

The increase in particle velocity can be observed in the figure from the velocity track where 

the particle accelerates as it approaches the entrance but unlike in attraction field the particle 

gets decelerated immediately as it is repelled by the electric field. The curve in the trajectory 
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is seen at the channel entrance as the fluid force pushing the particle is dominated by the 

electrostatic repulsion force and the particle is deviated over the filter front face. 

 

Advantage of Repulsion over Attraction Electric field: 

 

The particle-capture in case of repulsion occurs over the front face of the filter surface since 

the particle is not allowed to enter the channel. This phenomenon almost eliminates the 

chances of the particles getting clogged inside the channels as studied by Kim and Zydney 

[3] with the use of repulsive electric field and choking the filter which would reduce the need 

for frequent filter replacements.  

 

The particles with larger mass tend to have inertial effects and may escape through the 

repulsion field channel. The effect of increase in size of the particle and changes in particle 

on filtration efficiency will be studied in the following section. 
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4.4 Efficiency of Filtration: 

 

The efficiency of filtration in simple words can be described as the ratio of the number of 

particles captured to the number of particles injected through the inlet. 

 

Capture Efficiency (%) = (No. of particles captured) / (No. of particles injected)  

 

When the size of the particle is increased along with its mass the particle displays the effect 

of its inertia as it travels through the fluid. The particles with radius size below 1 micron 

(submicron particles) tend to follow the streamlines and display Brownian motion. When the 

particle size is increased beyond 1 micron, the resultant increase in mass (to keep constant 

density) makes the inertia of the particle effective which might get useful as the particles get 

separated from streamlines and instead of escaping through the filter channel the particles get 

captured at the front face of the filter. In the range above submicron range, the Brownian 

motion in particles can be neglected.  

 

Therefore, in order to study the effect of increase in radius of particle and increase in charge 

on the particle capture efficiency during normal flow filtration a unit cell geometry is 

modeled. The particles which are taken into consideration are within the range of 1 micron to 

5 microns and the charges on the particles being considered are 1e-18 C (~10 electrons) and 

1e-17 C (~100 electrons). 
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Unit Cell Model of Normal flow filtration: 

 

 

Figure 4.4.1: Normal Flow Filtration Model (Unit Cell) 

 

The above figure shows the unit cell model for normal flow filtration. The geometry of this 

model is similar to the multi-channel model discussed in Chapter 3. The difference with this 

geometry is that the walls of the inlet domain have ‘symmetric boundary’ condition [26]. In 

COMSOL, the symmetric boundary condition indicate that there is an absence of the shear 

stresses on the boundary therefore the boundary will not behave as a wall with the velocity of 

the fluid being zero.  
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Therefore, the entire model can be used as a unit cell which can be referred to as a scaled  

geometry since only limited number of hole density is considered whereas in realistic filters 

the density of holes is very large which is difficult to model for simulations. Thus the 

realistic results can be approximated by multiplying the unit cell geometry into the number of 

holes requirement. 

 

 

Figure 4.4.2: Normal flow filtration of the particles 

 

The above figure shows the efficiency of filtration due to the presence of the inertial effect of 

the particles without the presence of any electric field. At the entrance of the channel, when 

the fluid streamlines bend the particles due to its larger inertia continues traveling thus 

deviating from the streamlines and getting captured at the filter front face wall. 
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The efficiency of filtration for the model is measured by changes in the parameters for the 

particle radius range of 1 micron to 5 micron in the case of ‘No Electric Field’, ‘Opposite 

polarity’ (attraction force) and ‘Same Polarity’ (repulsion force) for the charged particles of 

1e-18 C and 1e-17 C. The charge on the walls of the filter channel is same as discussed in 

Chapter 2 and 3. 

The capture efficiency in this case is dependant upon two major parameters: 

 

Inertia of particle: 

Inertia of the particle plays a major role in filtration even with or without electric field. By 

keeping the density of particles constant and increasing the radius (size), the particle tend to 

disconnect from the streamline path whenever there is bending or curving of the streamlines. 

For example, when the cross-sectional (c/s) inlet area gets reduced to the channel c/s area 

causing the fluid streamlines to bend its way into the channel and in this case the particles 

having larger inertia tend to disconnect easily. 

 

Charge on particle: 

Larger the charge on the particle, the larger will be the electrostatic force acting on the 

particle. In case of attraction field, the particles get sucked in faster when the charge in larger 

and also in case of repulsion field the particles get repelled away even more easily. 

 

Thus, the inertia and the charge of the particle together play a key role in the filtration 

efficiency of the electrostatic monolith filter. 
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Figure 4.4.3: Capture efficiency (%) v/s radius (micron) of particles with 1e-18 C charge 

 

The figure shows the changes in the efficiency (%) of the particle filtration plotted against 

the radius (micron) of the particle for a set of 100 particles. For the range of 1 micron to 5 

micron radius and a charge of 1e-18 C (10 electrons) on the particle there is a steep increase 

in the particle capturing efficiency of the filter for the simulation unit cell model. 

 

As seen in figure, the particle efficiency for the smaller size (near 1 micron radius) is larger. 

This is due to the fact that, the particles are smaller in size and therefore they have low inertia 

and thus in case of same polarity (repulsion) the particles are deviated from the streamlines 

easily.  
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While in case of opposite polarity (attraction) the particles are sucked inside the channel 

which causes increase in its momentum and also the inertia of these particles are larger than 

the submicron particles. The particles escape through the channel resulting in lower 

efficiency attraction field as compared with the ‘No Electric field’ curve.  

 

As we move higher on the radius, the inertia of the particle proves to be more dominant over 

the effect of the electric field as all the three condition lines follow along almost same trend. 

The dip in the lines seen at the range 4 micron to 5 micron radius is the result of the type of 

hole orientation used in the geometry but since the drop is only of 5 particles it is not that 

significant in normal flow filtration but similar kind of concept if at all for a different type of 

flow or a larger value dip can be investigated for selective filtration which will be discussed 

in the later chapter.  

 

For this particular charge on the particles, the particles with radius 5 microns it can be seen 

that there is marginal improvement in the particles captured due to attraction over those due 

to repulsion. This shows that the increase in inertia tends to reduce the effect of repulsion 

electric field but this point of change varies with the charge on the particle. 
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Figure 4.4.4: Capture efficiency (%) v/s radius (micron) of particles with 1e-17 C charge 

 

The figure shows the graph of Capture efficiency (%) plotted against the particle radius 

(microns) for a particle charge of 1e-17 C (100 electrons) for a set of 100 particles. It can be 

observed clearly that for lower range radius the efficiency due to use of repulsion field is 

significantly large. This shows that the increase in charge on particle improves the effect of 

repulsion field over attraction for filtration. As the radius of the particle is increased the 

repulsion effect seems to decline towards the larger radius values whereas the increase in 

attraction line follows the similar trend as the ‘No Electric field’ line. The charge of 100 

electrons on a particle is used only for studying the effect of increased charge in simulation  

but it is practically not possible since the particles considered in realistic analysis cannot 
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possibly absorb charge of that value. In order to keep the simulations results feasible from 

practical application point of view, the charge on particles is assumed to be 1e-18 C (~10 

electrons) for further the further study. 

 

1000 particles (normal flow): 

 

 

Figure 4.4.5: Capture efficiency v/s radius for 1000 particles (normal flow) 

 

The figure shows the efficiency changes for the filtration with increase in radius for a set of 

1000 particles with charge on particles being 1e-18 C (10 electrons). For increased number of 
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particles, it can be seen clearly from the figure that the efficiency increases almost linearly 

with increase in particle size.  

 

It shows that for this particular charge, larger particle sizes beyond submicron radius range, 

the effect of electric field is not significant since the inertia of  the particles prove to be 

dominant. One of the way to improve the efficiency of filtration is to change the nature of 

fluid flow into the filter. The focus had been on the normal flow filtration and so to improve 

the efficiency by using the effect of particle inertia simulations are made for ‘cross-flow’ 

filtration.  

 

Unit cell Model of  Cross  flow filtration: 

 

Figure 4.4.6: Cross Flow Filtration Model (Unit Cell) 
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The unit cell boundary conditions are changed to simulate a cross flow through the inlet. The 

new inlet is positioned as shown in the figure which would result in the tangential fluid flow 

across the filter. The symmetry boundaries are arranged as seen in the figure. 

 

 

Figure 4.4.7: Cross flow filtration of the particles 

 

As seen in the above figure, the particles initially follow the streamlines (light blue lines) 

which bend as they enter the holes which results in the change of trajectory (red lines) of the 

particles. The increase in the amount of particles captured is more inside the channel as 

compared to the normal flow filtration for the same given conditions.  

 

It can be observed that the reason for increased efficiency is due to the particle capture due to 

impaction and also interception as discussed previously in the introduction. The particle 
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inertia resist the change in the particle motion when the streamlines bend and thus causes the 

particle to collide with the filter walls and results in capture. 

 

1000 particles (cross flow): 

 

 

Figure 4.4.8: Capture efficiency v/s radius for 1000 particles (cross flow) 

 

The figure shows the capture efficiency plotted against radius of particle for the cross flow 

filtration system when 1000 particles are injected through the inlet. The filter is charged with 

uniform density charge as discussed in previous chapters whereas the particles have a charge 

of 1e-18 C (~10 electrons).  
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As seen in the figure, the efficiency of filtration in cross flow is higher compared to the 

efficiency as seen in normal flow [see, Figure 4.4.5]. The maximum efficiency due to cross 

flow for 5 micron particles is around 64% which is much higher than 44% as observed with 

normal flow. This shows that when the particle radius (and mass) is increased, the effect of 

inertia is increased and thus for higher radius of particles the capture due to cross flow is a lot 

better than the normal flow. 

 

It is clear from the results that there is a significant increase in the efficiency by almost 20% 

when the nature of flow is tangential to the filter surface causing bending of streamlines and 

thus utilising the effect of inertia for efficiency improvement. In both normal and cross flow 

the effect of electric field shows smaller improvements in the efficiency. Hence, the cross 

flow filtration system prove to be better than the normal flow filtration system. 
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CHAPTER 5 

MULTIPLE LAYER FILTRATION: 

5.1 Multiple filter layer model: 

 

Figure 5.1.1: Geometry of Multiple filter layer model 
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This study performed so far according to the previous chapters was for a single filter layer 

with an array of holes machined as discussed in Chapter 3. In this chapter, the effect of using 

more than one filter layer with and without electric field and its applications are discussed.  

 

The multiple layer filter model as seen in the figure consists of two layers of filter plates 

(films). Both the filter plates have the same thickness and the distance between the two is 

equal to the channel length (film thickness) as shown in the figure. The above figure shows 

the geometry of the multiple layer filter domain inside the system of two filter plates. One of 

the filter plate has the channel located towards the central region of the face and the other 

filter plate consists of the channels located along the circumference of the plate. Thus, the 

filter plates have the same dimensions and channel sizes but the only difference being the 

orientation of the channels over the surface of the filter film. 

 

5.2 Multi-layer filtration under presence of only drag force: 

 

In order to study the advantage of using another filter layer with different hole orientation, it 

is assumed that few particles escape through filter 1 (filter with channel orientation 

concentrated at central region) and are analysed for filter 2 (filter with channels orientation 

concentrated towards the circumference). Initially, the flow is studied only under the 

presence of drag force i.e. no electric field. The next step is to consider the effect of the 

electric field of attraction and repulsion on the particle filtration. 
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Figure 5.2.1: Particle trajectory through multi-filter under only Drag force 
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The above figure shows the particle trajectories flowing along with the fluid in the multi-

filter under the presence of only drag force and no external electric field applied. In the 

figure, the top image shows from the particle trajectories that out of the particles which 

escaped through filter 1 few particles are captured at the front face of the filter 2 and the 

others pass into the channels of the filter 2. 

 

When the fluid is passed through the filter 1 with central channels and moves towards filter 2 

the streamlines of the fluid bend as the fluid escapes through the filter channels located 

towards the circumference. The bottom image of the figure shows the particle trajectory (red 

lines) follow the streamlines (light blue lines) of the fluid as they escape out of the filter 1 

and bend along with the streamlines.  

 

It can be observed clearly that the particles which escape through the central channel of filter 

one has the tendancy to get captured at the filter 2 front face more easily. This is because the 

streamlines from the central channel of filter 1 undergo a larger bend in order to enter into 

the filter 2, hence, in this case the particle inertia plays an important role as its mass causes 

the resistance to the larger change in the motion of the particle already in momentum and 

thus leads to its capture as it hits the front face of the second filter. The particles from the 

outer channels of  filter one follow the streamlines with lower bends and thus escape into 

filter 2 channels. 
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5.3 Multi-layer filtration along with electric field: 

 

In this study, instead of charging the filter channel surfaces with uniform desnity charge, the 

effect of electric field is generated by applying a potential difference along the circumference 

of the gap between the two filter layers. The behaviour of the particles under the presence of 

this electric field is studied for particles with opposite polarity (attraction) as compared to the 

field initially and later with same polarity (repulsion). 

 

 

Figure 5.3.1: Electric field intensity in the multi-filter system 
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The slices along the cross-section of the system shows the intensity of the electric field in the 

multiple layer filter system where the maximum magnitude is towards the circumference. 

Attraction force: 

 

Figure 5.3.2: Particle trajectory through multi-filter under drag + field of attraction 

 

There exists opposite polarity between the field and the charge (negative) on the particles. It 

can be observed clearly from the figure that initially the particles follow the streamlines 

through filter 1 and as they enter the gap with applied electric field they deviate from the 

streamlines and gets attracted towards the edges and only the fluid passes into the filter 2 thus 

improving the efficiency of filtration. 
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Repulsion force: 

 

Figure 5.3.3: Particle trajectory through multi-filter under drag + field of repulsion 
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The figure shows the trajectory of the particles under the electric field of repulsion when 

there exists same polarity between the field and the charged particles. Like in the observation 

of attraction field, the particles get deviated from the streamlines in the repulsion field also 

but unlike attraction condition, in this case the particles are pushed back against the filter 1 

back face as soon as they escape through the channels and enter into the gap with the applied 

electric field.  

 

The top image from the figure shows the particle trajectories (red lines) deviating from the 

streamlines (light blue lines) whereas the bottom image shows the changes in the velocity of 

the particles as the particles escape the filter 1 channels. It can be seen from the velocity 

color track that the particle velocity inside the channels of filter 1 is maximum but the 

momentum of the particles are opposed by the repelling electric field force and thus the 

particles turn back and there is decrease in the velocity as the particle ultimately hits the filter 

surface and gets captured. 

 

It can also be clearly observed from the particle behaviour in Figure 5.3.3 and the  changing 

electric field intensity as seen in Figure 5.3.1 that since the maximum field intensity is  

towards the circumference of the gap and reduces towards the centre, the particles show the 

respective behavior. The particles which escape through the central channel of filter 1 travel 

comparatively larger distance inside the gap since they experience lower intensity of the 

electric field as compared to those particles which escape through the outer channels of the 

filter 1. 
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5.4 Possible application of the multiple layer filtration system: 

 

The multiple filter layer system can be used in applications which involve use of ‘selective 

filtration’. This type of system would be of great help where the requirement of filtration is to 

separate a particular category of particles from the group of other particles which are not 

important. One of such application is the seperation of proteins. Magnetic separation methods 

have been used in this field where the magnetic fields are used for the separation of the 

desired particles. The study performed by Yazuva et.al. [9] shows the use of this technique in 

the various fields ranging from steel plants to bio-technology. 
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CHAPTER 6 

EXPERIMENTATION AND FILTER STRENGTH: 

6.1 Experimental Setup: 

 

 

Figure 6.1.1: Experimental setup 

 

The above figure shows the experimental setup for the testing of the filter samples made up 

of the polypropylene films. The experimental study of this project is performed at the 

College of Textiles at North Carolina State University where the sample filters will be tested 

for the amount of pressure the filter will be able to sustain before breaking and also the 
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filtration efficiency (without electric field). As seen in the figure, the setup consists of the 

following equipments and steps during testing: 

 

Atomizer: 

The particles are made up of Polystyrene and atomized with the help of atomizer. The term 

atomization refers to conversion of bulk liquid into particulate spray or mist which is the 

principle used in the generation of aerosols. 

 

Diffusion Dryer: 

The particles coming out of the atomizer has water content which needs to be removed. The 

stream of particles are passed through the diffusion dryer where the water content is 

completely removed as dry polystyrene particles are passed ahead. 

 

Classifier: 

Classifier is a device which is used for selection of particles which can be separated for 

specified range of radius. The advantage of using classifier is that only the particles within 

the specified radius range are allowed to escape so that there is uniformity while counting 

their number for efficiency readings. 

 

Particle Counter: 

Particle Counter is an important device which is used for the measurement of particulate 

filtration before and after the fluid is passed through the filter sample. The particles of the 
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specified radius coming out of the classifier are passed into the counting device which counts 

the number of particles before passing their mixture with fluid through the filter sample. The 

particles are injected into the pipe and mixed with air at the inlet. The mixture of air and 

particles is then passed through the filter sample. The fluid after passing the filter is again 

passed through the particle counter to count the number of particles which escape through the 

filter and thus efficiency of filtration for the filter sample is calculated. The fluid is then 

allowed to escape through the outlet. 

 

Filter Sample: 

The filter sample consists of spin coated polypropylene film. The sample is approximately 10 

micron thick and 1 inch x 1 inch size. The array of holes is placed at the centre of the film 

(1cm x 1cm) and the filter sample is clamped in between the couplings of the pipe. 

 

 

Figure 6.1.2: Microscopic image of filter sample 
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The above figure shows the microscopic image of the polypropylene film filter sample. The 

array consists of equally spaced holes of uniform diameter as discussed in previous chapters. 

The centre to centre distance between the holes is approximately 4 times the radius of the 

holes. 

 

Pressure Gauge: 

The pressure gauge is mounted across the filter sample as shown in the figure to detect the 

maximum pressure difference which the filter film can handle. The filter samples being 

extremely thin need to be used under a controlled pressure difference in order to avoid the 

ruptures and tearing of the film. The maximum intensity of pressure which the filter films can 

withstand are calculated with the help of structural simulation tests performed with the help if 

the commercial software ANSYS-11®. 

 

The detailed analysis of the maximum intensity of pressure which the filter can withstand and 

the filter strength is discussed in the following section. 
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6.2 Filter Strength: 

 

The filter strength can be defined on the basis of the maximum pressure drop that can be 

applied for fluid flow in order that the polypropylene filter film does not exceed the yield 

strength and break. The yield strength is the maximum stress limit beyond which the material 

begins to deform plastically as defined by Cook [27]. The ultimate/breaking strength is the 

maximum stress which the material can withstand without breaking or getting ruptured. 

 

Table 3: Material Properties of Polypropylene 

[Source:http://www.boedeker.com/polyp_p.htm] 

 

Material 

Tensile Strength 

(MPa) 

Tensile Elongation 

(%) 

Polypropylene 33.1 12 

 

 

Test Sample: 

 

The test sample for testing the strength of the filter material is taken with size of 2cm x 2cm 

and thickness of 10 micron. The analysis is performed with the help of ANSYS 11.0®. The 
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test film is subjected to pressure drop of 300Pa in order to see the effect of deformation and 

the distribution of stresses over the surface of the film. 

The filter film is mounted in between the couplings along its four sides and therefore is 

assigned to be on fixed supports along all four sides. 

 

 

Figure 6.2.1: Maximum displacement at the centre of the filter sample 
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As expected it is clearly observed that the filter film being subjected to a pressure drop 

undergoes maximum displacement due to deformation at the centre of the filter surface. 

 

 

 

Figure 6.2.2: Deformation in the filter sample subjected to pressure drop 

 

The above figure shows the deformation in the filter surface as it gets stretched at the central 

region where it has maximum value whereas as expected it is minimum at the edges of the 
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sample since the edges are fixed to support. The maximum displacement value is 2.023mm 

which is less than 12% tensile elongation value.  

 

The maximum stress concentration is towards the edges of the filter sample as the surface is 

tightly held along the supports. The possibility for the material to fail occurs at the locations 

where the material has maximum stress concentrations. 

 

 

Figure 6.2.3: Stress concentration over the filter sample surface 
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As seen in the above figure the maximum value of stress occurs towards the four edges of the 

filter surface. The stress concentration is also more at the central region as that is the region 

which is subjected to fluid where it has maximum value of velocity. As seen in the figure, the 

maximum value of the stress is 30.9MPa which close to the maximum tensile strength of 

33.1MPa of polypropylene material. This brings the sample closer to its breakage point and it 

will be feasible to consider 300Pa to be the maximum pressure drop which the sample can 

handle.  

 

Moreover, after considering the array of holes, the film tend to get ruptured even more easily 

since the stresses gets concentrated towards discontinuities in the surface which might also 

cause rupture at the central region of the filter due to fluid pressure. Thus, it will be safe to 

consider the filter sample for test values of between 100-200Pa considering the factor of 

safety dependant on the array of holes and geometric arrangement. All the simulation results 

are performed at a low pressure drop of 50Pa to consider a laminar low velocity fluid flow 

condition.  

 

Therefore, the material which is taken into consideration proves to be of sufficient strength in 

order to sustain the experimental conditions and for the practical applications of the filter.  
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CONCLUSION: 

 

This study determined the monolith filtration efficiency and the various techniques that can 

be used for its improvement. The machined micro-channel filters having uniformity and 

symmetry are easier to charge, design and model for simulations as compared to the naturally 

occurring complicated fibrous and membrane filters. The electric field distribution over the 

model filter is compared with the experimental results and the model is validated. It is 

concluded that the use of electric field of repulsion proves to be more effective than 

attraction as clogging of the filter channels can be greatly avoided. From the unit cell 

filtration system it can be shown that the use of electric field, though marginally, improves 

the efficiency of filtration. It is concluded that the change in the nature of fluid flow from 

normal flow filtration system to cross flow filtration system for same given conditions leads 

to a significant improvement in filtration efficiency. The multiple filter layer model with 

centrally and circumferentially located channels leads to bending of fluid streamlines which 

results in easier capture of higher inertia particles. This phenomenon can be applied as a 

‘selective filtration’ technique to filter out desired particles of higher mass from the mixture. 

The simulation of stress test on the filter sample used for testing in the experimental setup 

showed that the filter material of polypropylene can sustain the maximum higher pressure 

drop of 300 Pa. Since the flow parameters are laminar with 50 Pa pressure drop, the filter 

material of polypropylene with longer charge holding capacity prove to be the perfect choice. 
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