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Introduction

 The process of filtration is complicated, 

and although the general principles are 

well known there is still a gap between 

theory and experiment.  

 Therefore, filtration is still an active area 

for theoretical and experimental 

research. 
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Filtration
(Particulate Control)

➢Filter

➢Cyclone

➢Electrostatic Precipitator

➢Scrubber
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Types of  filters (1)

Fibrous filter

 A mat of fine fibers that arrange perpendicular 

to the direction of air flow

 Have porosities from 70 to greater than 99%

 the fiber size: submicrometer to 100 mm

 cellulose fibers (wood fibers), glass fiber, and 

plastic fibers are the most common types.

 the air velocity through high-efficiency filters 

is usually quite low, about 10 cm/s, therefore, 

it is often necessary to pleat the filter material.

(packing density)
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Types of  filters (2)

Porous membrane filter

 have porosities from 50 to 90%

 have high efficiency and air resistance

 they are made from cellulose esters, sintered 

metals, polyvinyl chloride, TeflonTM, and 

other plastics 

6



Types of  filters (3)

Capillary pore membrane filter

 has an array of microscopic cylindrical holes 

of uniform diameter

 the efficiency for particles small than the pore 

size is not as good as that of porous 

membrane filters. Why??

 have smooth surface 
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Types of  filters (4)

Fabric filter (woven, non-woven)

 is used in industrial air cleaning for high-

efficiency filtration at high dust 

concentrations

 has a low initial collection efficiency, but 

becomes highly efficient when a dust layer 

builds up on the fabric 

 can operate at high temperatures

(Needlefelt)
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Types of  filters (5)

Granular-bed filter

 a bed of fine granules 

 is used primary for corrosive aerosols and 

aerosols at high temperatures

 See Tien (1989) for details.

 蕭美芳，顆粒床過濾與負載特性，台灣大
學，碩士論文，2008。
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Types of  filters (6)

Others

Foam filter

賴全裕，氣懸微粒分徑採樣器的研發--以
海綿為分徑材質，台灣大學，碩士論文，
1995。

Cigarette filter

林宛筠，不同纖維方向的濾嘴對主流煙
微粒收集效率之影響，台灣大學，碩士論
文，2002。
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Q: Does a filter work like a 

microscopic sieve (to collect 

particles larger than the sieve

spacing)?

This view may be appropriate 

for the liquid filtration, but it 

is not how aerosol filtration 

works.

Filtering?

Sieving? 
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Airborne Particulate Cleanliness Classes
Class limits are given for each class name.  The limits designate specific concentrations 

(particles per unit volume) of airborne particles with sizes equal to and larger than the 

particle sizes shown.

Class Name

Class limits

0.1μm 0.2μm 0.3μm 0.5μm 5μm

Volume units Volume units Volume units Volume units Volume units

SI English (M3) (A3) (M3) (A3) (M3) (A3) (M3) (A3) (M3) (A3)

M1 350 9.91 75.7 2.14 30.9 0.875 10.0 0.283

M1.5 1 1240 35.0 265 7.50 106 3.00 35.3 1.00

M2 3500 99.1 757 21.4 309 8.75 100 2.83

M2.5 10 12400 350 2650 75.0 1060 30.0 353 10.0

M3 35000 991 7570 214 3090 87.5 1000 28.3

M3.5 100 26500 750 10600 300 3530 100

4 75700 2140 30900 875 10000 283

4.5 1000 35300 1000 247 7.00

5 100000 2830 618 17.5

5.5 10000 353000 10000 2470 70.0

6 1000000 28300 6180 175

6.5 100000 3530000 100000 24700 700

7 10000000 283000 61800 1750



What is the aerosol 

number concentration 

(#/cm3) in this room ? 

102, 103, 104, 105

(#/cm3)
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Determine the number of molecules 

in 1 cm3 of air at 760 mmHg pressure 

and 20C.

 1 mole of gas occupied 22.4 L volume at 

S.T.P. conditions.

 24.04L
273

20273
22.4V

C20
=







 +
=


319

3

23

/1050.2
1004.24

1002.6
cmmolecules

V

N A =



=

14



What do you see？

Dry Ice?

Liguid N?
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The earth's atmosphere near the surface is composed primarily of 

Nitrogen and Oxygen. Together, the two comprise about 99% of the 

gas in the atmosphere. Here's a listing of the key components of the 

lower atmosphere...

In addition, water vapor is variable but typically makes up about 1-

4% of the atmosphere.

Argon - 0.934%

Carbon Dioxide - 0.036%

Neon - 0.0018%

Helium - 0.0005%

Methane - 0.00017%

Hydrogen - 0.00005%

Nitrous Oxide - 0.00003%

Ozone - 0.000004%

Nitrogen - 78.084%

Oxygen - 20.95% 
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➢Name 7 gases or 

vapors you can see!
Fluorine

Chlorine! 

Bromine!

Iodine!

Ozone

Nitrogen dioxide!

??????
MW ↑   toxicity ↑ 17



Dec. 4, 1952

The great London 
smog lasted for 
five days and led 
to around 4000
more deaths than 
usual. The first 
Clean Air Act was 
eventually 
introduced in 
1956. (Beaver Committee Report)
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(T. Peters, 2010)

All or none?
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(T. Peters, 2010)

100 mm

4.0 mm
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(T. Peters, 2010)

45 
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(T. Peters, 2010) 23



(T. Peters, 2010) 24
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Col 5 vs Col 6 

Col 5 vs Col 7 

Col 5 vs Col 8 
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Single Fiber Efficiency, E
The fraction of particles approaching a fiber in the region defined by 

the projected area of the fiber that are ultimately collected on the fiber

lengthunit on incident lly geometricanumber 

lengthunit on  collectednumber 
=E

Cross section

of fiber
p

ro
je

ct
ed

 a
re

a 
st

re
am

Air flow df

 A particle sticks if it contacts the fiber.

 The flow inside a filter will be laminar.

Assumptions:
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The overall efficiency of a filter, E, is a 

function of E

2

4

fd
L




=

Total length L of fiber in a unit volume

Assuming all fibers in the filter have the same diameter, df

Packing density/solidity, 

1-porosity
total volume

fiber volume
==
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Number of particle collected when a unit volume 

of aerosol passes through an element of unit cross 

section and thickness dt

LdtdNEn fc =



f

f
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E
LdE
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How do you determine E?
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Deposition Mechanisms

1. Interception

2. Inertial impaction

3. Diffusion

4. Gravitational settling

5. Electrostatic attraction

mechanical collection mechanisms

The five deposition mechanisms form the basis set of mechanisms 

for all types of aerosol particle deposition, including deposition in 

a lung, in a sampling tube, or in an air cleaner.

Coulombic attraction

Dielectrophoretic force

Image force 
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1. Interception

when a particle follows a gas streamline that happens to 

come with one particle radius of the surface of a fiber.

For pure interception, it is assumed that the particles 

follow the streamline perfectly; that is, they have 

negligible inertia, settling, and Brownian motion.

Interception is the only mechanism that is not a result of 

a particle departing from its original gas streamline.
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1. Interception (Lee and Ramamurthi, 1993)
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44
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−+−−=Ku Kuwabara hydrodynamic factor

Q: Effect of 

increasing velocity? 

Increasing R?

Compensates for the effect 

of distortion of the flow 

field around a fiber because 

of its proximity to other 

fibers.
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2. Inertial impaction (Yeh and Liu, 1974)

( )
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f d
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18

0

2

0 ==

( ) 8.2262.0 5.27286.29 RRJ −−=  for R<0.4

Q: How to have a larger Stk?

1. a greater particle inertia

2. a greater particle velocity

3. a more abrupt curvature of streamlines 
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3. Diffusion (Kirsch and Fuchs, 1968)

32Pe2 −=DE

D

Ud
Pe

f 0
= Peclet number

The only mechanism that 

increases as dp decreases.

 near the size of minimum 

efficiency, it is necessary to 

include an interaction term to 

account for enhanced collection 

of diffusing particles due to 

interception of the diffusing 

particles.

( ) 21

32

PeKu 

24.1 R
EDR =
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4. Gravitational settling

gravitational settling.

Gravitational settling

0

2

0 18 U

gCd

U

V
G

cpgTS




==

( )RGEG + 1

( )RGEG +− 1

for Uo and VTS are in the same direction

gas flow in the direction opposite to VTS

EG is small compared with 

other single fiber 

mechanisms, unless the 

particle size is large and U0

is low.

When flow is horizontal, EG is much less – on the order of G2.
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5. Electrostatic attraction

 Coulombic attraction （庫侖力）

charged particles v.s. charged fibers

Dielectrophoretic force （介電力）

uncharged particles v.s. charged fibers

 Image force （感應力）

charged particles v.s. uncharged fibers

can be extremely important, 

but is difficult to quantify.
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5. Electrostatic attraction

 Columbic force（庫侖力）
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 Dielectrophoretic force（介電力）
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5. Electrostatic attraction

38



 Image force（感應力）
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5. Electrostatic attraction
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 Filter composed of charged fiber.

 With high particle collection efficiency and low 

pressure drop.

 Charges will lose when exposed to ionizing 

radiation, high temperature, high humidity, or 

aerosol particles.

Electret filter
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Total Filter Efficiency

( )( )( )( )( )GDRDIR EEEEEE −−−−−−= 111111

GDRDIr EEEEEE ++++

Valid for 

005 <  < 0.2

0.1 < U0 < 200 cm/s

0.1 < df < 50 mm

Ref < 1

theoretically incorrect!

when only one mechanism predominates and the 

others are less than 0.01.
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Total Filter Efficiency

E tend to overestimate efficiency because:

1. the fibers are not all perpendicular to the airflow

2. the fibers may be clumped together

3. packing density is not uniform

The use of the effective fiber diameter which is based on 

pressure drop measurement avoids this problem.
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Filter Quality Factor

P : aerosol penetration

Dp : pressure drop

p

P
qF

D










=

1
ln

Q: what does the best filter should be?

A useful criterion for comparing different types of filters 

and filters of different thickness. 

Comparisons of qF must be made for the same face 

velocity and test aerosol particle size. 

(Figure of Merit, FOM)
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FIGURE 1.   Effect of face velocity on aerosol penetration and filter quality
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The most penetrating particle size, mm
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* : mechanical filter

Table 1. Effect of operational factors on aerosol penetration, filter 

quality, and MPS within the simulated range.

Parameters Unit

Aerosol 

penetration

Filter 

quality

Most penetrating 

particle size

Face velocity cm/s   , *

Fiber diameter mm   

Packing density ⎯   

Filter thickness mm  ⎯ , ⎯*

Charge density C/m2   

HEPA filter??? PM2.5或PM10效率99％???
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What is slip-flow and how does 
it affect filter performance?
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Nano-fiber filter?

Theoretically simple, but ……
Melt blown?

Electrospinning?
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Thanks for your attention!
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