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Summery

This report is being submitted as the final report for grant #

IROI OH01485-01Al from the Center for Disease Control for a

research project entitled itA Fundamental Study of Respiratory

Flltration." The project covered the period of September 1. 1984

through December 31. 1987.

The objective of the program was to study the characteristics of

particulate air filters of the type used in respiratory protection

devices. The study was concerned with the theoretical and

experimental investigation of respirator air filters to determine the

overall efftdency of the filters as a function of particle size and as a

function of the velOdty of air flow through the filter. In addition. the

resitance of the filter media to flow was also determined.

During the first year of the program. an apparatus for testing

respiratory air fllters was designed. constructed and partially tested.

Further experimental development of the apparatus took place during

the second year and the developed apparatus was then used to

determine the efficiency characteristics of several commercially

avallable respirator air filters. In addition to the complete respirator

air filter units. measurement was als made on flat-sheet ffiter media in

order to gain a better understanding of respiratory air filtration

without the complication of the more complicated filter sturcture

inherent in a completed unit. The methodology and the results of

measurement are described in the report. The experimental results

indicate that for all respirator filters tested. there is a unique and well

defined particle size at which the aerosol penetration through the
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mter is a maximum and the filter effidency is a m1n1mum. This most

penetration particle size was found to vary between 0.1 and 0.4 J..LIIl.

The corresponding efficiency was found to vary between 55% and

98.8% depend1ng on the spec1ftc respiratory filter being studied and

the flow rate through the filter.

m. addition to the experimental measurements. a concurrent
,..

theoretical' analysis of respiratory filtration was made. A numerical

simulation model was developed and applied to the study of particle

collection by electrically charged filter fibers. Calculations were made

on a Cray 2 Supercomputer on the flow and particle collection

characteristics of the filters. Particular attention was paid to the

electret mter media consisting of rectangular electret fibers.

Calculation was made on the particle collection characteristics of the. .. '

filter fibers. taking into account various collection mechanisms

Including diffusion., interception and eleCtrical forces. both Coulombic

and induced forces.





A Fundamental Study of Air Filtration

For Respiratory Protection

A THESIS

SUB~tITTED TO THE FACULTY OF THE GRADUATE SCHOOL

OF THE UNIVERSITY OF MINNESOTA

....

BY

BEHZAD FARDI

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

AUGUST I 1988





Abstract

An experimental study of filtration performance of

several commercially available, disposable respirators was

conducted in conjunction with a theoretical study of

filtration characteristics of charged rectangular (electr.t)

fibers.

The experimental study involved measuring penetration

of monodisperse DOP and NaCl Aerosols through five different

respirators and a flat filter medium at a flow rate of 16,

28, or 48 liters per minute. The respirators were all

approved by NIOSH for protection against dust, mist, andlor

fume particulate hazards. The test parlicles ranged in

diameter from 0.035 to 4.0 pm.

The penetration measurements were made by a

condensation nucleus counter, an aerodynamic particle sizer,

and a laser optical particle counter for purposes of

comparing measurement results of different instruments. The

penetration measurements obtained by the above inst~uments

were found to be in reasonable agreement in the overlapping

region of the particle size range of the instruments.

The peak penetration through the repirator filters was

found to range from approximately 1.2% to 30% at 16 LIm,

3.5% to 37% at 28 LIm, and 6% to 45% at 48 LIm. The most

penetrating particle size was found to lie in the 0.1 to 0.4

\
~
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~m diameter range. Further, no significant difference in

penetration characteristic of NaCl and OOP particles was

found.

On the other hand, the theoretical study consisted of

numerical calculation of flow field in a staggered array of

rectangular fibers arranged perpendicular to the flow

direction followed by calculation of collection efficiency

of a single electret fiber of different aspect ratios by the

diffusion and interception mechanisms as well as Coulombic

and induced forces. The values considered for the

rectangular fiber aspect ratio ranged from 0.1 to 10.

Collection efficiency of a single electret fiber was

found to be proportional to -2/3, 1.55, 0.92, and 0.4;

powers of Peclet number, interception parameter, and

Coulombic and induced force parameters, respectively, when

individual collection mechanism prevailed. Further, the

single electret fiber collection efficiency due to pure

diffusion was found to be proportional to the square root of

the fiber aspect ratio while, that due to interception was

found to decrease as the fiber aspect ratio was increased to

a value of 5, beyond which the efficiency became virtually

independent of the fiber aspect ratio. The Coulombic and

induced single fiber efficiency calculations were carried

out for fiber aspect ratios of 1/4 and 4/1 which are common

values for manufactured electret fibers.
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The viscous drag on rectangular fibers was also

calculated and expressed in dimensionless form. It was found

that the dimensionless drag values on rectangular fibers

with aspect ratios greater than 1 were virtually independent

of the fiber aspect ratio and could be approximated closely

by the Kuwabara expression for cylindrical fibers while, for

values below or equal to 1, the dimensionless drag was found

to be a strong function of the fiber aspect ratio.

Further, the dependence of the single electret fiber

efficiency on the solid-volume fraction of the staggered

model was investigated also and the calculation results

indicated th@t. the single fiber capture efficiency was

proportional to 0.778, 0.54, and 0.15 po~ers of the

solid-volume fraction for the diffusion, interception and

Coulombic force interaction mechanisms, respectively, when

individual mechanism prevailed.
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HISTORY OF RESPIRATORS DEVELOPMENT

Respirators, designed to protect the wearer from

inhalation of harmful dust, gaS, and vapors, have been used

in various forms for many centuries. According to the brief

review of the history of respirator development ,iven by

Pri tchard (1976), the earliest reference to the use of a

face cover for protection against lead-oxide fumes was made

by Pliny the Elder who lived 23 to 79 A.D. But the ancestors

of the today~s modern respirators started to appear in the

1700' s as people began to real ize the need for protection

against various harmful dusts. It was, however, the

industrial revolution of the 1800' s which led to a rapid

progress in the desi,n and development of more sophisticated

respirators to provide a safer' protection to the miners.

In 1814, Brise' Fradin recorded the first filter

respirator as a box filled with cotton and attached to a

breathing tube which would go into the mouth. The respirator

was tested against mercury fumes which were known to be

dangerous to gilders. In 1823, C.A. Deane developed a "smoke

jacket" for firemen, by which the clean air could be

supplied with bellows attached to a breathing hose. A great

improvement in the design of the fibrous filters was
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achieved by the discovery of the Brownian motion of small

airborne particles by Robert Brown in 1827. In 1849, a dust

respirator designed to fil ter dusts or harmful substances

from the inhaled air was patented in the United States. The

filter was made of woolen fabric and was fitted to either

the nose or the mouth. In 1870, John Tyndall , the famous

English physicist, constructed a "fireman's respirator"

similar in many ways to the gas masks used during World War

I. The respirator consisted of a leather smoke cap to cover

the head and a brass canister to hold the filter materials

for cleaning the inhaled air. However, the most rapid

advances in the respirator and filter design were made'" .

during World War I in an attempt to counter the German use

of poisonous gases and highly toxic particulate matter on

the battlefield (Pritchard (1976)).

After the war the research continued toward more

scientific understanding of the filtration mechanisms and

thus, making better use of them in the filter designs.

The first efforts to study filtration scientifically

were made in Germany, where Albrecht in 1931 and Kaufmann in

1936 made original approaches to the theory of the mechanism

of aerosol filtration by fibrous pads. However, a major

breakthrough in the filter design was the development of the

wool resin-impregnated filter by Hansen in 1930. He found

great improvement in the collection efficiency of a wool
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filter after the filter was powdered with charged resin-

particles. The advantage of his filter over the others was

its high efficiency and low breathing resistance in

comparison with the standards of that time.

These filters were later used in the military

respirators by Danish, Dutch, French, and Italians by 1933

and the Bri tish used them in the civilian respirators in

1943. Since then, resin filters have been used a great deal

in various applications.

The recent discovery of the so-called electrets,

permanently charged dielectrics, and their development in

the form of fibers have resul ted in the production of new

types of fi 1ters, commonly known as the electret fi 1ters.

These filters contain fibers with much higher charge density

than the resin-impregnated wool fibers and give stable

performance at high temperature and humidi ty environments.

On account of their high efficiency and low breathing

resistance, the electret fi 1 ters are increasingly used as

the respirator filters. A detailed discussion on the

characteristics and construction ~f the electret filters is

given later.

Recent developments in respirators have been more

associated with prevention of seal leakage and general

wearing comfort than wi th the intrinsic efficiency of the

filter itself, since this is no longer the limiting factor
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in performance. Today, respirators come in a variety of

shapes and designs to provide protection against variety of

hazardous solid or liquid particulates as well as, different

gas and/or vapors. Below, an overview of the types of

available respirators and their intended applications is

presented.

1.1 Types of Respirators

Modern respirators come in a variety of shapes and

confiaurations to protect the wearer against inhalation of

harmful particulates, as well as gas and/or vapors. In

aeneral, the repirators can be divided into two major

categories, the air purifying and the atmosphere supplying

respirators. In the case of the former, the contaminated

surround ina air is drawn through the air purifying media,

filter pads in the case of particulates and/or gas and vapor

absorbing agents in the case of hazardous gas and vapors,

the surrounding air is drawn by a battery-operated blower

prior to being supplied to the face mask. This type of

non-powered type. Wi th powered air purufying respirators,

"1
";.a

..,
i

,J..
respirator can be further divided into powered and

1
.(

III

1'.

through an absorbing medium and suppl ied to the face mask

under a positive pressure, thus minimizing the amount of air

leaking through the face seal during inhalation. Wi th the
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non-powered air purifYing respirators, however,the purified

air is supplied to the face mask by the nelative pressure

created during inspiration. Because of this negative

pressure, maintaining a good seal between the face and the

respirator mask is essential to providing adequate

J

protection to the wearer. A common example of this type of

respirator is the single-use or disposable respirator which

is primarily used for protection alainst various kinds of

particulates. Some of the air purifying respirators are also

equipped with an exhaust valve to facilitate th~ passage of

exhaled air back to the atmosphere.

In the case of the atmosphere-supplying respirator, the

respirable air is supplied to the face mask under positive

pressure from a source other than the surrounding atmosphere

which may be oxygen-deficient and/or contain contaminants of

great hazard to the human health even in small dosales.

These respirators come in variety of designs and

configurations depending on the nature of the contamination

and intended application and like the air purifying

respirators, can be divided into two categories,

self-containing breathing apparatus and air supplied. In the

case of the former, the whole system of the respirable air

supply is carried by the wearer, while in the case of the

latter, the air is supplied to the face mask by means of a

hose from a blower or a compressed air reservoir under
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controlled pressure and flo~rate.

There are further sub-classifications for each of the

above respirators according to their design and intended

applications. A detailed review of the types of the

i
.1

..l1

respirators and their classification, as shown in Table 1.1,

is given by Liu and Japuntich (1987).

1.2 Types of Hazardous Particulates

Most of the commercially-a\"ai lable respirator fi 1ters

have been recommended for use against speci fie type (s) o(

the hazardQ,us part icula tes . Li u and Japunt ich (1987) have

defined the general types of the particulate hazards,

against which protection is necessary, as follows:

"Dust: Solid, mechanically produced (grinding, drilling~

sanding, blasting, etc. ) particles of sizes from

sub-micrometer to tens of micrometers which can cause

lung disease such as silicosis (silica), chronic

irritation (acids) and allergies (pollen spores),

including systemic poisons (cadmium) and carcinogens

(asbestos, radioactive particles).

Mists and Sprays: liquid particles produced by condensation

(mists) or mechanical means (spray). The particles may
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Table 1.1 General classification of respirators according
to their design and intended application (Liu
and Japuntich (1987»

~

Combination
Purification

Gas+
Vapors
•

PartIc­
ulate

CombInation
Purification

Gas+
Vapors

•

Medical Aviator
Respirators Masks

Hoods
Helmets

L Extremely dangerous at~ospheres. 02 deficient

atmospheres

___I Gas • Vapor and/or~
Particulate hazards of

known maximum

concentral!ons

I .~' .

I,.,
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range in size from the sub-micrometer to a few

micrometers and can cause respiratory illness such as

major chemical irritation (smoke containing acidic

condensa te ) , systemi c poi son ing (spray paint) and

chronic respiratory ailments (cigarette smoke, smog).

Fumes: solid particles produced by condensation, generally

of metal or metal oxides with diameters in the

sub-micrometer range and can cause systemic poisoning

(lead welding fumes) or chills followed by fever (zinc

or copper fumes)."

The respi rator fi 1 ter media used for removal of the

above mentioned particulate matter from the inhaled air are

typically made of fine fibers, approximately 2 ~m in

diameter or smaller depending on the type of particulate

hazard, to provide moderate to high filtration efficiency.

Besides, fibers of some respirator filter media are charged

so that the filter mats can be made much less dense than the

conventional fibrous mats, thus offering less resistance to

air flow without loss of efficiency in capturing submicron

particles.
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1.3 Respirator Approval Tests

Prior to the designation of the Bureau of Hines in

1918. as the agency responsible for testing and approving

satisfactory respiratory protec.tion devices •. there were no

reliable data available on the performance of such devices

at the time and the workers in the mines and other hazardous

industrial atmospheres could risk their health and life by

using these devices whose level of protection was not known.

On March 5. 1919. the Bureau initiated the use of Test

Schedule 13. which covered testing and approval of

. self-containe£i Breathing Apparatus. The first Bureau

approval was granted for this type of respirator on January

15. 1920. The Bureau played an important role in the

development of the army gas mask and on the basis of this

experience. the Bureau issued Schedule 14 for gas masks in

May. 1919. Subsequently. the demands for performance

requirements for other types of respiratory protection

devices led to the issuance of Schedule 19 for hose masks in

1927; Schedule 21. for filter type dust, mist. and fume

respiratiors in August. 1934; and Schedule 23 for chemical

cartridge organic vapor respirators in November, 1944.

These Schedules have been reviewed and revised a8 necessary

to correlate with advancing respirator technology. The
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latest revisions of the schedules are covered in Title 30,

code of federal regulations, Part 11 •

In 1971, the res pons i bi 1 it)· for testi ng and appro,," ing

respirators was shifted to the National Institute of

Occupational Safetj-- and Heal th (NIOSH l, which performs. the

tests according to the procedures and criteria presented in

Part 11. The resul ts are then reviewed by the ~fine Safetr

and Health Administration (MSHA) and ~IOSH, which may grant

an approval. The approval label on a respiratory protective

device is a guarantee that the de ..... ice, if maintained in

approved conditions will offer safety and protection to' the

wearer in,~ts intended application.

Since the focus of the present study is on the

filtration characteristics of the single-use filter me-dia

used in manufacturing of disposable dust, mist and/or fume

respi ra tors, only those NIOSH test procedures re la ted to

such respirator filters are briefly described here as

follows (for detail description, reference is made to the

sub-part K of Part 11 (Appendix All:

The NIOSH approval testing of the air-purifring

respirator filters, in general, invol ..... es a special mask

holder inside a test chamber containing a kno"-"n

concentration of a test aerosol and drawing air through a

respirator fil ter at continuous or cyclic flowrates for a
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fixed period of time. The total amount of unretained test

suspensions in samples taken during the test is measured and

the resistance to the air flow· is determined before and.

after the test. If the penetration and the resistance valu~~

are wi thin allowa-ble- limi ts, the filter will be approved·,:f()r·

protection against hazardous particulates of- type similar·t~~--:-::",

that of the test aerosol. A respirator submitted to NIOSH by

its manufacturer for approval against more than one

particulate hazard should comply with test requirements of

each particulate hazard requested in order to be approved.

The test aerosols include silica dust, silica m~~.t,

lead-oxide fumes and DOP mist, each with specific size
- .-

distribution. The silica dust and mist aerosols in t.he t'est

chamber are required to have a geometric mean diameter of

0.4 to 0.6 pm with a geometric standard deviation of

approximatley 2. The concentration of the silica dust or

silica mist inside the chamber is maintained at about 55 or

between 20 to 25 milligrams per cubic meter of air,

respectively, over duration of the test.· As for the size

distribution of fume particles, there is no information

given by NIOSH but Japuntich and Johnson (1983) generated

lead-oxide fume particles in a test set-up similar to that

of NIOSH and measured and presented results on the effect of

air relative humdi ty in the test chamber on the geometric

mean diameter and standard
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deviation of the fume particles. Their measurements showed

an averaie geometric mean diameter and a 'g of approximately

0.05 pm and 2.0, respectively, over relative humidities

raniini from 30S to 65S. The concentration of the lead-oxide

fume particles in the NIOSH filtration test is maintained

between 15 to 20 milliirams per cubic meter of air over

duration of the test.

The nop test which is designed for testing of high

efficiency filters, involves sampling air from an atmosphere

containini a nop concentration of about 100 microgram per

liter of air throuih non-powered air purifying respirators

at 32 and 85_ liters per minute and powered air-purifying

respi,rators at 115 and 170 Ii ters per minute. The maximum

penetration of nop aerosol should ~ot exceed 0.03S for each

test.

The sampling time for each test is different for

non-powered and powered air-purifying respirators. For the

case of the former, the sampling time is 90 minutes for the

silica dust test, 312 minutes for the silica mist and

lead-oxide fume tests, and 5 to 10 seconds for the nop test.

For the case of the powered respirators, the sampling time

is 4 hours for the silica dust and mist and lead-oxide fume

tests.

A summary of the NIOSH approval procedures and criteria

for the air-purifying respirator filters has been given by
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Luxon (1973) in a tabulated form.

1.4 Previous Work on Respirator Filter Testing

One of the earliest and most extensive evaluations of

the filter efficiency of dust respirators was done by

Katz et ale (1926a) in the Bureau of Hines, where a number

of firmly sealed dust respirators made of different filter

material includinl cheese cloth, cotton flannel, unbleached

muslin, closely woven bleached muslin, filter paper and

absorbent cotton were tested alainst tobacco smoke and

silica dust. The efficiency of filters alainst tobacco smoke.. -

ranged from 5~ for the cheese cloth fil ter to 97~ for the

dense woolen filter while, alainst silica dust, the

efficiency values varied from 9~ for the sponge filter to

96~ for absorbent cotten filters. In general, the filters

wi th higher efficiency also presented higher resistance to

the airflow. It was also found that the silica dust

particles, mostly 1 ~m in diameter, had a tendency to

quickly clog filters as compared to the tobacco smoke

particles wi th a mean diameter of o. 27 ~m which showed no

tendency to clog any of the filters. Some materials were

found to be more resistant to clogging than others. For

example, filters of loose texture like cheese cloth ,or

absorbent cotton clogged the least while, the dense filters
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of paper or closely woven muslin clogged very rapidly.

Katz et ale (1926b) tabulated the test conditions and

characteristics of each respirtor and its filter in another

report and summarized the main results of the tests

described above and the conclusions drawn from them.

A quantitative method for evaluating the over-ail

performance of respirators was developed by

Burgess et ale (1961), which involved sealing a respirator

on the face of a manikin in a test chamber containing a

known concentration of uranine particles. A mechanical

breathing pump was used to simulate the human breathing

pattern throu~h the respirator. The amount of uranine inside

the face piece was determined by a flurometric analysis

which was able to show penetration values as low as 0.05%.

Revoir and Yurgilas (1968) tested six Bureau of Mines

approved respirators wi th replaceable filter elements and

six _non-approved respirators, all available commercially.

The respirators were tested against aerosols of seven

metallic and non-metallic particulates including silica

dust, silicate polishing compound, cement, sulfur, lead,

iron and zinc which were generated by an apparatus similar

to that employed by the Bureau of Mines for generation of

silica dust (Schrenk (1939). The respirators were sealed

against special holders in a test chamber and the filter

efficiency and the pressure drop were measured. The
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such as flowrate, particle

concentration etc. were kept similar to the specifications

of the Bureau of Mines for approval test. The results showed

that the approved respirators were much more efficient in

removins the particulates, while offerinJ acceptable;:
-\-',----

resistance to the air flow, than the non-approved,

respirators whose performances was found to vary widely.

Ferber et al, (1970) measured the penetraton of a,

number of dust, mist, fume and hiJh efficiency respirator

fil ters using sodium chloride aerosol wi th a count median

diameter of 0.23 ~m and,S, of 2.3. The penetration

measurments w_ere made by a, flame, photometer at three flow

rates of 16, 32, and 42.5 liters per minute~ Their tabul~ted

penetration results show that the hilh efficiency filters

were more than 99.98% efficient and the fume filters made of

organic and asbestos fibers were more efficient than those

made of fiber Jlass and treated paper. Meanwhile, the dust

and mist filters made of orlanic and asbestos fibers and

resin-imprelnated wool fibers lenerall)" showed hilher

penetrations than the fume filters. When compared with the

nop results obtained for the same filters, the

resin-impregnated wool filters were 'found to be

significantly more efficient alainst NaCI aerosol than

against nop particles.

The performance of same type of respirator filters as
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above was also evaluated by Mitchell et ale (1971) using a

polydisperse NaCl aerosol and a monodisperse 0.3 /1m nop

aerosol. The NaCl aerosol had a count median diameter of

0.05 /1m and a 'g of 2.22. The penetration measurements were

made for the flow rates of 16 and 42.5 liters per minute.

Again, the tested high effi9iency filters were found to have

similar filtration characteristics, while the fume filters

made of fiber glass, treated paper, and organic and asbestos

fibers gave signi ficantly different penetration values for

the same aerosol. The efficiency of the dust and mist

fil ters containing resin-impregnated wool fibers was found

to degrade rapidly against nop aerosol.

Ferber et ale (1972) determined the penetration of a

polydisperse NaCI aerosol having count median diameter of

0.15pm and 'g of 1.9 through high efficiency, fume, and dust

and mist respirator filters at flow rates of 16 and 42.5

Ii ters per minute. A comparison of. the resul ts with those

obtained by the Los Alamos Scientific Laboratory (LASL) for

the same type of filters showed significant differences for

the dust and mist respirator filters. The differences were

attributed to the smaller mean diameter as well as lower

concentration of the NaCI particles used by the LASL.

Hyatt et ale (1972) evaluated the over-all performance

of five half~mask and six full-face particulate respirators

for their fil ter efficiency, leakage and fi tting comfort
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using a monodisperse DOP aerosol as the test aerosol. The

respirators were worn by human test subjects, with various

facial size and shape, who performed a number of different

excerises in a DOP test chamber. The air inside the face

piece was continuously sampled and the amount of penetratio~

of DOP particles during each excercise was determined.

Their study also considered the effects of the tightness of

the headband straps and the facial hair on the degree of

protection provided by the respirators. It was concluded

that DOP .aerosol respirator test would provide an accurate

and meaningful evaluation of the performance of respirators.

Lowry et ale (1977) completed a detailed evaluation of
'"'

over-all characteristics of single-use or disposable

respirators considering their ability to fit a wide range of

facial sizes , degradation of their fil ter efficiency after

storage in a humid atmosphere and consistency of their

protection when worn in a six-hour work shift. The

penetration of a polydisperse sodium chloride aerosol

through six different disposable respirators was determined

as they were worn by ten people. representing a variety of

facial dimensions. The results indicated that only two of

the six models tested provided a protection factor of 5

(protection factor is def ined as the ratio of the

contaminant concentration in the ambient air to that inside

the face piece) to all ten members of the test panel. It was
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also found that storage of respirtors in humid environment

for about three weeks and constant exposure of respirator

filters to the humid exhalation air in a six-hour work shift

had no detectable effect on the efficiency of the filters.

Another study involving the single-use respirators was

carried out by Harris and DeSieghardt (1977) in which three

models of disposable respirators were worn by 97 coal miners

who were asked to report the acceptability, as well as,

disadvantages and advantages of this type of respirators.

The collected data was basically qualitative showing that

the miners were more concerned with the comfort of

respirators than the level of protection provided by the

respirators.

Lowry and Revoir (1978) compared a NaCl aerosol filter

test method developed at the Los Almos Scientific Laboratory

(LASL) to 'the silica dust and mist filter test methods used

by NIOSH for respirator approval testing. The LASL NaCl

aerosol test set-up was used to measure the penetration of

NaCI particles through two types of resin-impregnated felt

filter materials. Samples of both filters were also sent to

four respirator manufacturing companies which performed the

silica dust and mist tests. Meanwhile, one set of filters

was sent to NIOSH where the materials were to be evaluated

again for NaCl aerosol penetration. NIOSH performed the

tests using NaCl aerosol test system identical to that of
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the LASL. The purpose of NIOSH tests was to determine the

reproducibility of the the NaCl aerosol penentration

results. It was found that the penentration values obtained

at the LASL were sianificantly different from those obtairi~d

at NIOSH. The cause of' the difference was attributed toth'e.

loss of the electrostatic charae on the filter mate;r:'!';':_'

during the time interval between the LASL and NIOSH NaCl

'aerosol tests. Also, the silica dust and mist tests did not

consistently differentiate between the penetration level of
I

the two types of fi 1ters as. opposed to the LASL Bodi um

chloride test method which did. The sil ica dust and mist

penetration values for each filter as obtained by the four'..
respirator manufacturers were different indicatina,

again, the absence of agreement between penetration'

".1

measurements of respirator filters obtained by the current

test methods.

Smith et ale (1979) determined the efficiency of eiaht

different respirator filters or filter/sorbent combinations

against benzene soluble fraction and Benzo(a)pyrene (Bap) as

found in the coke oven environment. The results showed that

the fil ters which are approved aaainst all three types of

particulate hazards namely, dust, mist, and fume are

significantly more efficient than those approved only

against dust and mist particulates. Meanwhile, the

penetration tests using NaCl aerosol revealed that the
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fil ters which have already been exposed to the coke oven

atmosphere, had higher NaCl aerosol penetrations than the

fresh filters.

Willeke et ale (1981) recommended the use of a

continuous flow Condensation Nuclei Counter (CNC) for fit

testing instead of conventional techniques in which the

particle concentrations inside and outside the face mask are

determined by photometers or gravimetrical methods. A

comparison of CNC versus photometer measured fit test with

DOP aerosols has also been presented.

~ooper et ale (1983) measured the efficiency of fabric

materials such as cotton fabric, thick and thin toweling,...
shirt material, bed sheet, and a single use respirator (3M

Model # 8710) which are readily available in the emergency

si tuations, as a function of particle diameter over the

range of 0.4 to 5 pm using an optical particle counter. The

test particles were generated by atomizing mineral oil using

a nebulizer. The measurements were made for face velocities

of 1.5, 5.0 and 15.0 em/sec under dry and wet conditions of

some of the materials. The results were presented in terms

of the quality factor defined as the ratio of negative of

the natural logari thm of penetration to the pressure drop

across the filter at a given face velocity. The disposable

respirator performed the best, showing higher effective

factors than any of the fabrics. Among the fabrics, however,
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the thick toweling material performed better than the rest.

It was also found that the wet toweling generally had lower

penetration values than the dry toweling while, the bed

sheet and. cotton fabric performed better in dry conditions

than in wet conditions.

performance of several disposable respirators against

airborne particulates found in potroom environment of a

pre-bake aluminum reduction plant.

respirators tested were models 9910,

The disposable

8706, and 9906

manufactured by the 3M Company. The respirators were worn by

38 non-bearded and 22 bearded workers while performing their..
duties. All three respi rators showed acceptable performance -'-~; -

( (lOX penetration on the average) for both bearded and
,,-"

non-bearded workers.

Tuomi (1985) evaluated the over-all penetration

characteristics of two half-mask respirators equipped wi th

gas or particle filters, and two surgical masks (3M Aseptex

and Johnson It Johnson Surgine II) using corn oil aerosol
.,

with a particle size range of o;a to 10 ~m. The flow through

the respirators was cyclic with only inhalation taking place

at a mean flow rate of 102 liters per minute. The

penetration values were measured by an optical particle

counter. The fitler efficiency of the 3M surgical mask was

remarkably low (a few percent) for particle diameters below
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1 I'm while that of the Johnson &: Johnson mask varied from

30~ to 55~ for particles ranging in diameter from 0.3 to 1

I'm. Both respirators were more than 95X efficient a,ainst

particle diameters above 5 pm. Meanwhile, one of the,

half~mask respirators was of high efficiency type and', the'
, "-

other one had efficiency values comparable to those of"' tb'e

Johnson &: Johnson surgical masks.

I..

1
1•

" .
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Chapter 2

REVIEW OF ELECTROSTATIC FILTRATION

thefromparticles

can damage

sub-micronof

they

The' removal

environment where

NI
; 1

LJ

.n

n
D;:

manufacturing of high technology products of very fine

tolerance has recently been receiving much attention. Among

various means for removing harmful airborn particles, such

Fil ters .Jolhich rely solely on the mechanical collect"i-b~::'"'

is filtration by fibrous filters.

.. .

mecharifsms"-' diffusion~
. - - : ....:.~_..:;:.:~~:~~-.~-~\:;:.,.;....-

will capture the very small particles if their fibers are-~ ",

fine and closely packed (Dorman (1974), Dorman and

Pich (1966), Davies (1973)). Such filters, however, have the

great disadvantage of imposing a high resistance to the air
..... ;.:...,....

that passes through them. By contrast, filters containing

fibers at some charging state, act mainly by long range

.,,
-j

~

electrostatic forces to attra:ct and remove the particles

from the air flow. These filters have the advantage that

they can be made much less dense than the mechanical fibrous

filters, thus offering less resistance to air flow without

loss of efficiency in capturing submicron particles. The

fibers of an electrostatic filter may carry unipolar charges
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J,. ·,":to attract char.ed particles of opposite polarity as well as

. ·UDcharled particles by induction. They may also carry
7" n:- .,:::" .... ., ..... "'."

- .-.... '

. ,p~rmane~tly induced posi ti ve and nelative charles in the

c··:f9rm of'" permanent electric dipoles to attract charled

"~;ar~icle~-:~f both polari ties as well as· uncharged particles.

:;~>~':";~*~::'lfb~:t~: carr;inl permanent dipoles are commonly rer~:;;:~d" i-1
- ,"<! ~~

, .

"to as' the electret 1'ibers .

Electrostatic effect may be employed to improve (under

-. relatively low efficiency mechanical filter by placinl the

proper conditions) the filtration performance of

1·,4,
'.: .filter. 1n an external electric field. As a result, the

'; ·::tibers of 1f..he filter media become polarized and
'. -.:

an
".,', .-"

"'inhomo.eneous electric field is produced wi thin the filter
• '. '"Q'. "'. ~.-

'.,;-',.

to influence the motion of both 'charled and uncharled
-. - :.~'---'''':'--'.~,.~'..::'' .---:..:.:......- ~ - .:_--

'l
I.,
,
I
~

,particles towards or away from fibers dependinl on the

.operatin. conditions as will be explained below.

In addition, it is found that a mechanical filter is

more efficient in capturinl charled particles than unchar'led

." . ,particles since a charged particle in approaching a fiber
.... ': ~ ~

induces charles of opposite polarity in the fiber which, in

turn, attract the particle towards the fiber. This type of

electrostatic force between a charled particle and an

uncharged fiber is called the image force as an image of

particle charge wi th opposi te polarity is formed in the

fiber.
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2
9

4(r•
e 1c

F'~ = ....,.e,;;,c-+~1-

'~~~~.··~~~ll·,:,:',','···
The literature review of the electrostatic filtration .~:":;':":\':'::~'

---:;;~~J[~F:-~ .

given below begins wi th studies deal in, with the case of::~~:'~1~~~~'
. ." , . " ..~. ~-~~1l~~!i7';.

urichar,ea.··fibers and char,ed particles followed by thoBe,,~·~;:'~):k,~,;.
. ..... ;' . .- - .~' ... - ....._ . ;:t;l:t~":

-- . ~ .~-, .~~"1 ;,;'.- ~ - .- ,-~~ ...-:

coosidedziil the effect of ao exteroal electric fieldOO\~;~~~~R,:

co'li~ctionefficiencyof' a-,sin,le, fiber. ,Also, a: review..,·'of:~~ .. ,'/',.

The effect of various electrostatic forces on

capture efficiency of char,ed and unchar,ed
. \', ,':.'" ~. . .- -. ~,'r~·?~,~~'f.l~~/~~~:_~:~;·

isolated c7linder was considered b7 Natanson (1957) assumin, .. '.:::~;:.

, . ..... .. '~;'::t:~f;f-;~g~fii~f,:;:
. both ,potential and viscous flo.ws around the c7linder. I'h::the-"'·:,<,,,~·<·,,:.:.,

:-~--:>'~',.~:, . .'~ .:,'-~ . '~~~';': ,... ~.

case 'bf: a s~ll char,edparticle approachi'n, an uncha~i~

c'i'iinde'r :-., the electric force was"":,i~~~~~1~.ated . b7 -~~~
'.. , ." . ·r..:-.::~\!·~~

':. ·.1:let",~~~n a point char,e and' an infinite plane asfollowin.:::':"~~;
,............. .'O:'~:$."'-""'-'- ..' _,_. . ......__ .. _." .... ... ..•.. " ~~:'G;P:;-'-

/- :~_ '~:::"~"'~;~~':": ::. ,~·;~;~~l~~.:~]~;:~:;.",~~<:::" .<.~. ~: .'. :'.._,.' -.- ~ .,' .... -:.~.' -:: -;; _~'_:~':';"~~ ~','-< ." ,.' ':~. '.".-'. ':,'~;-' ".: ..
the fil~~ation performance of ~har,ed fibers, in

, -~.:;,-, -:;"~" ...;:
-~-'~.":~ """,,,::.-.~.-.'.

the electret fibers, is ,ivenat the end.

'I

'!II
..1
1
~

.,
.,,..

". ,,',

.,::,.:....J ....

.,

approximate analytical solution was obtained usin. Lamb's

where e' is the dielectric constant of the cylinder,c·, ,.
-,:'~'-'--~-- .~•'1

'1 the particle charge, and R is the radius----. "'-,
The particle trajectory equations were solved and'

expressions (1932) for the viscous flow around the cylinder.

,
.!
l..

rJ
1

The cylinder capture efficiency of particles, " was then

I~-'i best available cop i
-'- y,~
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expressed by

- '"~-:--;.'~ : ... >-:- ..- -_.' .

2.0
•. =, - (2 • 002 - 1n Re) i

.j...
~

"

uo._ (2R)

II'
Re -where- is the Reynolds' number t U o is' t~e 0-"- ',.'

-.. ._-.. - ....--" -- .- ----:-~>:;~~2,~~/, .. ---
free stream' veloci ty t II is the kinematic viscosity, and N,.' ";":,'---oq· ,

"" .

is the dimensionless image force parameter defined as the

~-

ratio of the electrostatic image force to the drag on a

"1

j particle,

N
oq --

-'E 1ce + 1.e
- ~ - '-~ .~-~~: - --' .

. ':~' --.~~. r:' ~ i:::~,

Where

f
O

= permittivity of free space

d = cylinder diameterc

~ = gas viscosity
"

i
;

,
,

d = particle diameter
p

c = slip correction

Lundgren and Whitby (1965) measured the penetration of

charged aerosol particles through three different uncharged

filters to determine the influence of image force on
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filtration efficiency. The sin,le fiber efficiency values

were calculated froID the penetration data and the results
-, ." _. --'-::-~~ .?~.-' .

....,... ..._-'~-_.- .....
were found· to'be well correlated by the followinl equation.

~- -~- ..

(2·~4:"t·: .
',:-.-';":' .~' :' j'

:_,.' ~~~>cj;~';. ,-~
. ",,-- .

--~~-7,~'--:--~~_·:·::- ..<..-;.~.-... -
Where, is the sinlle fiber efficiency.s

The case of charged particles approachinl an uncharled,

isolated cylinder was also considered
...~

'-by

Yoshioka et ale (1968) who obtained numerical solutions' to

trajectories for each value of the Reynolds numbers equal~o

0.2, 0.5, and 1. It should be mentioned that the Lamb's

efficiency values were' determined from plots

the

for

the

particle trajectory equations usinl Lamb's express.ion'

flow fi~d. around the cylinder and equation (2 .l):-~~~i~;~~~~.::'
ima.e force actin~''on" - particies'-:'"~""The cOllec-~:i~~'~~o:,

.- ,--, .-.---, ..;.. ': ~~2-~<~~~~.k~~;7\~~"·.--

of particJ~..__ ."

equations should not be used up to such high values of"Re.
~. ~ .,. - ."

They also carried out experiments on the filtration
. -,.

efficiency of monodisperse 0.5 ~. particles carryinl 0 to 70

electronic uni ts .. The fil ters --;ere mats of Ilass fiber wi th

fiber radii 5.9, 9, and 23 "m and porosities of 0.96 and

0.98. The fil ters were 1 cm and 3 cm thick and the face

velocity was varied between 8 and 50 cm/sec. Their
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experimental results correlated well with the equation

( 2'.,5)

To take into account the influence of nei,hboroin,
"_'. ". - > • _A ~.?",

-,fibers on the flow field around a fiber, Stenhouse (1974)

considered a model filt~r consistin, of a sta"ered arr~~ of

parallel cylinders (fibers) arran,ed normal to the flow.

Usin, the Kuwabara's equations (1959) for viscous flow

around each fiber and ne,lecting the particle inertia,
"

. ",.,.S.tenhouse numerically solved the particle trajectory

~quations c~Qsiderin, several electrostatic interacti6~s~ '~-
'-:- < -,.-.-. ,"·1"

The values of the sin,le fiber efficiency were then obtain~d

.',from the cri tical trajectory calculations and the results
. ~-_ ..._-_. -_.~--~...:....,:.~ ...__ .-"---, ~

for the case of image forces (uncharged fiber and charged

~article) were found to be expressed well by

= 1.5 (N )t
oq

(2.6)

thus su,gestin, that the above

It ia interestin, to note that equations (2.2), (2.4),
-,

(2.5), and (2.6) all show the same f~nctional relationship

between the collection efficiency of an isolated fiber or a

sin,le fiber <, or 's ' respectively) and the dimensionless

image force parameter N ,
oq

relationship in the case of the image force interactions is
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unaffected by the interference effects of neighboring fibers

~

~ ,.

j,

on the flow and electric fields around a typical fiber ina

fi 1 ter-'ii~"dia.

-"~Aside from the influence of image forces, the
, "-

efficie~cy ofa mechanical filter can be greatly enhanced

also':bi"-~~PPlYinl an electric field across the filter during-
._~ ...__"~'.~.:_~.:;~~:;;;,•• ~.'~ • ,_". _ • _,' J ~,~._ ,'. -",~."'"

~
j

j

the fil t.ering operation. As a resul t, the fibers of the

filter become polarized and act as linear dipoles. The total

electric fi~ld iritensity around a typical fiber would then

be the intensity of the external field plus the sum of

intensities of the polarized fiber and, its neighboring

fibers~~-"The ... resulting electric field is

Let's consider an isolated dielectric cylinder with

toward'the fiber •

, '~.' ~:- -

causi;~i"l)'oth charged and uncha~g~d particles to be attr~-~'t~d-:~~:;';~c-·
',-, __.~ . . r:.";\.-

:" ..~:-

radius R, and dielectric constant E
c

placed normal to the

direction of an applied uniform electric field with an

..

..
i ­

oJ

intensi ty Eo' The components of the total electric field
1,-".-

around the cyl inder due to Eo plus the induced field are

,
expressed by

..

,

E' - 1 2

E
c R + 1 ) Eo cosO ( 2 • i )= Ec

• -::T""'r + 1 r

E - 1 2

EO
c R 1 ) Eo sinO (2.8 )= E • rr -+ 1
c

1.
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";..'1J where rand e are polar coordinates with their origin being

at the center of the cylinder. A charged particle in this

electric field ·will be drawn toward or repelled away from

the cylinder depending on the polari ty of particle charge

and direction of the applied field. The components of the

electric force acting on the particle can be written as

,
'.,
J (2.9)

(2.10)

On the other hand, an uncharged particle in the above

electric fieLP becomes polarized and is pushed toward region

ot higher intensity i.e. toward the cylinder. The electric

force acting on the particle is always attractive since the

polarity of the charge induced in the particle is opposite

to that of the cylinder. The force components, Hr and He' on

E - 1 3 E - 1 2
P c R +H - E

. 2a E • cos28)·- + 2 + 1 -rrr pp c
Ec - 1 2

R 2

Ec
• --;r Eo (2.11)+ 1

Ep - 1 3 E - 1 2
C R 2

He = 2a E • rr • sin2e) EoE + 2 p + 1
P c

(2.12)

constanta and dielectricpa particle of radius

expressed as

,,
~

.1
'j

,
!

.,,
II

,

,
j

J

1
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Provided that a p « R. In derivina the above equations .~~~ .

influence of the polarized field of the particle itself on

the existing electric field was neglected.

Zebel (1965) worked out a theory for particle'

deposition on an isolated, uncharged cylinder in an.

electrical field considering both charged and
, -·+~~:~~7·~7~'-·;· ': .. -~ ".-'

uncharged

,

particles. For the case of charged particles, he found that

the cylinder capture efficiency was independent of the type

of fluid flow, viscous or potential, and could be expressed

by

---
-~---......,--

, = C J +- 1
G" +- 1

( 2·. 14 )

provided that C>O .In this equation,

e - 1
A c= E 1+-

C

'i and
)

B,
Eoq•

G = Uo

(2.15)

(2.16)

where B is the mechanical mobility of particles aiven by

B = c (2.17)
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assumina Stokes law for the particle drag. For 8<0, it was

found that no particle deposi tion would take place and a

dust~free reaion is formed around the fiber.

For the case of uncharged particles polarized by the

combined electric field of the cylinder and the external

source, Zebel was able to obtain an exact solution to the

particle trajectory equations for the limitina case of
'I
"1
iilI

.4 ~ 0 (E ~ 1)
c for both viscous and potential flows. The

cylinder collection efficiency was then determined as

] for J < ,r2 potential flow (2.18)

and

,~+ for "'j« 1 viscous flow (2.19)

-.,
.j

J
oJ

1
.J
.,
:l

where
3 2

Ep - 1 Ec - 1 2a Eo B
J = Ec

p
• (2.20)Ep + 2 + 1 R Uo

is the ratio of particle veloci ty due to the influence of

drag and electrical forces to the free stream velocity and
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1 = p ( 2.002 - In Rel (2.21)

The terms inside the paranthesis come from the use of the

Lamb's equations for the viscous flow around an isolated

cylinder.

Subsequently, Zebel (1969) took a boundary layer

approach to formulate the combined effects of the

electrostatic forces and Brownian diffusion of particles in

the form of the steady state boundary layer equation for

particles with no inertia,

ON aN
u ox + v ---0;- = 1Fe . ( 2.22 )

where x and yare the spatial coordinates along and normal

to the surface of the cyl inder, respect i vely, u and v are

the velocity components of particles parallel and

perpendicular to the surface, respectively, N is the

particle concentration within the boundary layer, and Pe is

uoR
the Peclet number defined as Pe = D where D is the

di ffusion coefficient of particles. The above di fferential
, ,

equation was approximated by the integral equation of Karman

and Pohlhausen method which basically expresses the same

conservation principles for a finite control volume bounded
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by the cylinder and the edge of the boundary layer. The

intelral equation was evaluated assuming linear and fourth

order profiles for the particle concentration in the

boundary layer and the resul ts were used to determine the

deposi tion rate of particles. Expressions for the cylinder'

collection efficiency under various electrostatic·'

interactions were obtained.

Hochrainer (1969) carried out experiments to verify the

theoretical results of Zebel (1969). He found that particle

trajectories agreed qual i tati vely wi th the Zebel' s Theory,

but t.he lack of satisfactory agreement between theory and

experiment was attributed to inability to incorporate the...
theoretical. conditions in the experiments.

Walkenhorst (1970) proposed and tested a new method for

producing an inhomogeneous electric field inside a filter by

considering a membrane filter between two oppositely charged

wires. The fil ter and the wires were exposed to a flow of

coal dust aerosol and a dust. shadow picture was formed on

the filter. A comparison of the shadow graph of charged and

uncharged wires indicated the great influence of the

electrical forces in attract~ng and capturing particles

passing at distances far from the wires. The charge polarity

on the wires was then reversed and the effect on the

particle deposition was observed. These ideas were then

applied in a filter consisting of few layers of wound
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>~

J
frames. The winding of each layer was a pair of mutually

insulated wires. By applying 600V across each pair of

windings, a much improved filtration efficiency was obtained

in comparison to the efficiency of ordinary fibrous filters.

of filtration performance of' real and model filters unde'r'

the flow direction; 2) parallel rows of long cylinders with

Kirsch (1972) conducted an extensive experimental study

1) a

the influence of an applied external electric field at small

Reynolds numbers. The model filters were made as

staggered array of long parallel cylinders placed normal to

each row oriented at random similar to the "fan" model

J
.!
~,

,-

'j

J
3

j

.iI

,
i

introduced bI Kirsch and Fuchs (1968). Obviously, t~e

important advantage of either of these models over Zebel's

isolated cylinder model is the inclusion of the interference

effects of neighboring fibers on the flow field and electric

field around each individual fiber. The experimental values

of the single fiber efficiency as defined by Kirsch were

l
I found to' be well correlated by the following equation for

both model filters assuming Ec = Ep = ~,

where m and n are constants equal to approximately 1 and

2-r ' respectively, for the staggered lIodel and

approximately 0.8 and -j- respectively, for the ran model
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and J is given by equation (2.20).

Rao et al. (1973) studied theoretically the deposition

of charged dust particles on a single fiber as part of a

model consisting of three parallel fibers arranged

vertically normal to the air flow in a homogeneous electric

'.:-.

•
f.ield. Assuming potential flow, the velocity and

.~.,

electrostatic potentials were corrected for the interference

effects of the neighboring fibers. Also, the particles were

assumed small enough so that the effect of polarization of

part icles themselves as well as image, gravi ty and inertia

forces acting on particles could be neglected. For the case

of negligible interference effects (isolated fiber) an...
analytical solution was obtained to the particle trajectory

equations, which resulted in the following expression for

the fiber capture efficiency of charged particles,

where

(2.24)

J..
I = AC - 1

1 + G (2.25)

,, Note that equation (2.24) is identical to equation (2.14)

obtained by Zebel. For 1<-1, no particle deposition takes

place and the fiber is surrounded by a cylinder shaped

"dust-free" space in agreement with the Zebel's findings.

For the case of non-negligible interference effects as
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determined by the value of the Fuchs number not being much

2a f
1

where ,. is the distance between centers of two succesive

fibers and a
f

is the fiber radius), the particle trajectory

equations had to be solved numerically by the Runge-Kutta

method to obtain the critical trajectory for the calculation

of the single fiber efficiency. It was found that for 1>0

the inclusion of the interference effects in the

calculations gave lower single fiber efficiency values than

those obtained from the Zebel's isolated fiber theory. For

'<0 the three-fiber model and the Zebel's model gave nearly

same efficiency values.

Ariman and Tang (197~) using the same three-fiber model

as described above determined the collection efficiency of

uncharged particles by charged fibers placed normal to the

air flow in a homogeneous electric field. The particle

trajectory equations were solved numerically and the

critical trajectories and hence, the single fiber effeciency

values were determined for different values of A, Fu, and p.

The dependence of the fiber efficiency on each of the above

parameters was presented graphically.

Henry and Ariman (1981) used the Kuwabara (1959) cell

model instead of the three-fiber model to take into account

the interference effects of neighboring fibers more

effectively than the three-fiber model. Moreover, the use of
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potential flow in the three-fiber model seriously limits the

application of the results to the filtration problems which

almost always deal with the Reynolds numbers much below one.

For the case of charged particles, the particle

trajectory equations were solved and a formula expressing

the single fiber efficiency was obtained as following

C(J + 1)

CC4a + 1) + 1
(2.26)

Kn is the Knudsen number defined as

,
l

oi

,

where A and C are expressed by equations (2.15) and (2.16),

respectively, and a is the solid volume fraction defined as

the fraction_ of the cell volume occupied by the fiber. A

comparison with the Zebel's equation (equation (2.14»

indicated the efficiency values given by the isolated fiber

theory of Zebel are always greater than those given by the

cell theory.

For the case of uncharged particles, the particle

trajectory equation was solved numerically and the critical

trajectory was determined. The single fiber efficiency

values were calculated for various values of a and Kn, where

Kn = -!- and ~ is thea f

mean free path of gas molecules. The inclusion of Kn allowed

the effect of slip flow on .the fiber collection efficiency

to be investigated. A comparison of results for Kn = 0 (no

slip) with the Zebel's theory indicated again that the
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isolated fiber theory would give higher values for the

collection efficiency of uncharged particles in comparison

to the cell theory. It was also found that the occurrence of

slip flow on the surface of the fiber increases its

collection efficiency.

Henry and Ariman (1981) also studied the influence of­

neighboring fibers on the electric field around a typical

fiber in a cell model filter under the influence of an

external uniform electric field. It was found that taking

into account the electrical interference effects reduces the

single fiber efficiency compared to the case of no

interference effects. Also, the influence of neighboring

fibers was shown to be more significant when the Coulombic

forces were dominant. In general, however, it was suggest~~

that the neighboring fibers have a larger effect on the flow

field than the electric field around a typical fiber. But it

was mentioned also that this concept may not be applicable

to the case of highly charged fibers.

Thus far, the effects of image forces and the influence

of an external uni form electric field upon the collection

efficiency of an isolated fiber or a single fiber have been

cons idered. In both cases, some charge is induced in an

otherwise uncharged fiber resul ting in enhancement of the

fiber collection efficiency.

Another group of electrostatic filters which have been
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widely used in many different applications are those

containing charged fibers in the absence of any external

field. These fibers like those in a homogeneous electric

field ienerate a strong inhomogeneous electric field in

their vicinity and act upon the oncoming particles by strong

electrical forces. The filters containing charged fibers can

therefore be made less dense than conventional filters,

offering less resistance to the airflow. The combination of

high efficiency and low air resistance has made such filters

very attractive for use in the particulate-removing

respirators.

It is important to note that the high filtration.....
efficiency offered by the charged filters is obtained in the

absence of any external electric source which means cost and

energy savinga in the filtering operations.

The charges on the fibers could result from ei ther

direct charging such as impregnation of a wool filter by

negatively charged resin particles or a charging technique

which places a permanent line dipole on. a thin sheet of

filter material which will be processed later into fibers.

This type of bipolar fibers is commonly referred to as

electret fibers and will be described in detail later. Both

unipolar and bipolar charged fibers generate a very strong

inhomogeneous electric field around themselves, which cause

the attraction of charged particles by Coulombic forces and
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uncharged particles by polarization or induction forces.

Gillespie (1955) determined the charge level on fibers

of a wool-resin filter and gave a value of 0.003 nC/cm of

fiber. Since the fiber diameters were about 22 I'm, this

amounts to a charge denisty of 0.4nC/cm2 in comparison to

the electret fibers which have a charge density of 90 nC/cm2

(Van Turnhout et ale (1979)), a factor of almost 200 times

the charge density of a wool resin-fiber. Thus, the electric

field intensity around an electret fiber is much stronger

than that around a wool resin-fiber resul ting in higher

collection efficiency for the electret fibers. Moreover, the

charges on electret fibers are bipolar making them capable
-.. - .

of capturing particles of both polarities.

The electrets are usually made by heating a dielectric

material under the influence of a strong electric field to

facilitate the separation of negative and positive ions.

While separated, a rapid cooling of the material reduces the

mobility of ions so much that they will be virtually frozen

in their position, thus giving rise to permanent dipoles in

the material. The electrets can be made also by injecting

positive and negative ions, produced by corona discharge,

onto a thin film of the electret material. A review of the

types of electret materials and their charge-storing

capabilities and applications in a variety of products has

been given by Van Turnhout (1975). .In addition
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to his review, Van Turnhout determined the penetration of

the liquid DBP (dibutyl phthalate) and solid NaCl aerosols

through two types of the electret filter materials, namely,

PET (polyethylene terephthalate) and PP (polypropylene). The

resul ts of both fil ters indicated a very low penetration

ini tially followed by an increase in penetration as more

material was being loaded on the filters. This was probably

caused by the shielding effect of the deposited particles on

the electric field around fibers. The increase in

i

penetration was more dramatic for the DBP aerosol as the

liquid particles may have formed a conductive film around

the fiber. _The loss of the electrostatic efficiency,

however, was compensated at some point by an increase in the

mechanical efficiency as the filter was being loaded. A

comparison of the performance of the electret filters with

high efficiency, uncharged fi 1ters showed about the same

initial penetration values while the pressure drop for the

electret filters was about ten times lower than that for the

high efficiency filters at the same f,low rate. One year

later, Van Turnhout et al. (1976) described a method for

producing electret filters on an industrial scale. The

electret fibers produced by this method attained rectangular

cross-section with average dimensions of 9pm thick and 39pm

wide. It was also shown that relatively high environmental

temperature and relative humidi ty did not have any
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significant effect on the performance of the electret

filters. Van Turnhout et al. (1979) also reviewed properties

of the electret filters and their various applications in

detail.

Kraemer and Johnstone (1955) in a basic study of~

electrostatic forces considered the collection efficiency of

charged and uncharged particles by a spherical and a

cylinderical charged collector in the absence of any

external electric field. For the cylindrical collector, the

displacement of the flow streamlines by the cylinder was

ignored and a uniform flow was used for calculation of

particle tr~jectories. Approximate equations for
..

the

.!
"

collection efficiency of the charged cylinder were obtained

as following

31' 1.33, = (--r NQO )

charged particles (2.27)

uncharged particle

(2.28)

(2.29)

(2.30)
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where Q is the amount of charge per uni t lenght of the

cylinder.

Gellespie (1955) measured the penetration

characteristics of resin-wool filters using charged and

uncharged aerosol and compared the results with his

filtration theory.which considered both mechanical and

electrostatic capture mechanisms. Both theory and experiment

indicated that the most penetrating particle diameter for

the case of uncharged aerosol was smaller than that for the

case of the charged aerosol with the difference depending on

the charge density of fibers as well as the charge

distribution of the test aerosol. This result can be

explained by the fact that the Coulombic forces become

stronger with decreasing particle size in contrast to the

induction forces which become stronger with increasing

particle size. Therefore, in the case of uncharged particles

polarized by fibers, the peak of the

penetration-vs.-particle diameter curve tends to fall around

relatively small particles against which the induction

forces are weak, whereas, in the case of charged particles,

the curve tends to shift towards relatively larger particles

against which the Coulombic forces are weak.

Natanson (1957) considering an isolated charged

cylinder transverse to viscous flow obtained approximate

solutions to the trajectory equations of charged and
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uncharged particles and determined the capture efficiency of

the cylinder for each case. The results were expressed as

charged particles (2.31)

uncharged particles

(2.32 )

Notice that equation (2.31) is the same as equation (2.27)

obtained by Kraemer and Johnstone (1955) who used a uniform

flow field as opposed to the Lamb's flow field used by

Natanson. This similarity suggests that the efficiency of

capturing small charged particles by a uni formly charged

fiber is independent of the type of the flow field assumed

around the fiber.

Using the Kuwabara cell model, Stenhouse ( 1974 )

numerically solved the trajectory equations of charged and

uncharged particles as being attracted toward a charged

fiber. The particle size was also taken into account in the

calculations by increasing the cylinder capture radius by
---

the radius of the particle. The calculations were made for

the solid-volume fraction or packing density a = 0.03 and an

interception parameter NR= 0.05 where NR is defined as the

ratio of the particle diameter to the fiber diameter. The

calculated single fiber efficiency values were found to be
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well expressed by the following relationships,

's = 2.8 NQq

!
~.:.<t 1 .15

'S· = 0.84 NQO

charied particles (2.33)

uncharged particles

(2.34)

Aiain, equation (2.33) except for its coefficient is similar

to equations (2.27) and (2.31). The results of calculations

for several values of a indicated that in the case of

charied filters, increasing the filter packina density had

little or no effect on the sinale fiber efficiency.

Due to the complex nature of the electric field and

unavailability of an analytical solution for the flow field

around a rectaniular electret fiber carrying permanent

dipoles, Brown (1981) considered a circular line dipole

fiber instead, and determined its single fiber efficiency in

capturing both charged and uncharged particles by solvini

the trajection equation of particles. The flow field around

the fiber was expressed in a general form as a function of a

parameter called the hydrodynamic factor, K, whose exact

form depends on the theoretical flow field' assumed around

the fiber. Simple, but general power-law equations were

obtained approximating the single fiber efficiency as a
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function of appropriate dimensionless parameters as follows,

".1......,
_ 1 .21 1 .83, = 0.55 K Npq

_1 .6 J 1 .41,.- 0.41 K N
Po

charged particles (2.35)

uncharged particles

where Npq and N
po

are dimensionless force parameters

expressing the ratio of the appropriate electric force to

the drag on a particle,

N - , 9 c= 31',,(1 +Ef)uofodppq

....
2 •. 2

Ep
1 . 2, d c

N = ( )
3f o( 1

p
Po E + 2 + E

f
)2d f Puop

-- .-- - - . .. '

(2.37)

(2.38)

where' is the charge density on the fiber surface. It must

be mentioned that the coefficients of ~quations (2.35) and

(2.36) (0.55 and 0.41, respectively) are different from

those given by Brown in his paper (0.59 and 0.54,

respectively) because the Brown's coefficients do not yield

the specific equations obtained by him for the case of·

K = 0.797 (equations (16) and (24) ·in the Brown's paper)

while, the present coefficients do.

Brown (1982) developed a theory for the collection

efficiency of charged and uncharged particles by uniformly
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charged and line-dipole fibers arranged parallel to the

direction of flow. The resistance to the air flow in such

configuration of fibers was shown to be exactl,.. half the

resistance of a system of fibers arranged normal to the air

flow. Meanwhile, if the particles were charged and the

fibers were uniformly charged, the capture efficiency of a

parallel fiber system was shown to be consistently higher

than that of a perpendicular fiber system of similar

structure.

In the capture of charged or neutral particles by

line-dipole fibers or of neutral particles by uniformly

charged fibers, the parallel fiber system was shown to be
.....

more efficient over short distances.

It was also mentioned that the mechanical efficiency of

parallel fibers is low and cannot compensate for the loss of

electrostatic efficiency caused by deposition of particles,

especially those of organic materials.

Jodeit and· Loffler (1984) conducted experiments to

investigate the penetration characteristics of fibrous

filters when loaded with charged and uncharged aerosols. It

was shown that the efficiency of an uncharged filter made of

monodisperse polyacetate fibers increased wi th time as the

filter was being loaded with uncharged quartz particles. A

similar but a more rapid increase in the filter efficiency

was observed when the loading was performed wi th charged
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quartz particles. In addition, the filtration efficiency of

two different electret filters was also evaluated. One of

the fil ters made of very fine charged fibers (micro-fiber

fleece) was loaded with uncharged quartz particles and the

results indicated a continuous increase in efficiency with

loadina time for the particle size ran,e considered.

However, the other filter made of relatively coarse

polypropylene fibers wi th dipole characteristics and
2

rectangular cross-section (Maximum area of 10 X 200 ,.m )

showed an increase in penetration with the loadin, time for

a considerable period. Only after a considerable amount of

dust had been deposited on the filter, the penetration be,an...
to decrease as the mechanical filtration became dominant.

Schurmann and Fissan (1984) determined the penetration

characteristics of a charged filter as a function of

particle diameter using uncharged and neutralized OOP

aerosols containing particles ranging from 0.03 to 1 ,.m in

diameter. The experimental results indicated a rather rapid

loss of filter efficiency down to about 60% where it finally

leveled off as the fi 1ter was' loaded' wi th the neutral i zed

aerosol particles. The increase in penetration with loading

time was assumed to be due to discharging of fibers by the

charged particles in the neutralized OOP aerosol. Based on

this assumption, they estimated the number of charges per

uni t length of fiber by calculating the number of charges
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transported to the filter by the aerosol until the

collection efficiency leveled off.

Similarly, the efficiency of the same type of filter

was measured as the filter was loaded with the uncharged DOP

aerosol. The results indicated a nearly constant filter

efficiency at about 96% over duration of the test which

lasted about an hour. This, of course, suggests that the

deposition of uncharged DOP particles had no significant

effect on the filter efficiency in contrast to the findings

that the liquid particles such as DOP depositing on a

charged fiber can coalesce and shield off the electric field

around the fi ber, thus weakening the effect of the

electrostatic forces. Nevertheless, one can attribute the

results of the above experiment with the uncharged aerosol

to a combination of increasing effects of the mechanical

slowly weakening electrostatic

a rather constant collection

andmechanismscollection

forces, which results in

efficiency for the filter.

Lathrache et al. (1986), Lathrache and Fissan (1986),

and Fissan and Lathrache (1986) obtained theoretical

expressions for the collection efficiency of two types of

charged fibers, namely, spun and split fibers used in the

electret fil ters. The spun fibers are circular and carry

unipolar charges while, the split fibers are more

rectangular in their cross-section and carry bipolar
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theoretical results were examined

experimentally as the penetration values of monodisperse

sol id and I iquid aerosols through fi 1ters containing the

spun or split fibers were measured. The theoretical

expressions for the single fiber capture efficiency of "both

obtained from the critical trajectory calculations and are

i
'j

ii
charged and uncharged particles by dipole fibers

_.-,_.. ..'-

were-'

II!
:i
I,

roil

.j

expressed as following for the case of charged particles,

where K is the hydrodynamic factor corresponding to the

Kuwabara flow field and given by

3 2
K = - 0.5 In a - --4- - 0.25 a + a (2.41)

and Nand N are given, respectively, by equations (2.37)
pq Po

and (2.38).

The experimental and theoretical results were found to
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be in good agreement wi th both indicating a considerable

enhancement in the filter efficiency due to the

electrostatic forces. In addition, it was shown both

theoretically and experimentally that a charge-equilibrated
i
j

polYdisperse aerosol had a bimodal penetration

characteristics through the electret filters.

All the theoretical studies of the collection

efficiency of charged fibers, which have been reported so

far, consider circular fibers even for the electret filters

which are typically composed of rectangular fibers carrying

permanent positive and negative charges. The filtration

performance of electret... fibers has not yet been studied

theoretically because of the complexi ty of electric field

and unavailabili ty of an analytical solution for the flow

field around such fibers. But recently, Japanese

investigators have begun both theoretical and experimental

work on the collection efficiency of the rectangular

electret fibers. One such study has been conducted by

Emi et ale (in press) to determine the efficiency of a

single electret fiber in capturing both charged and

uncharged particles by solving the equation of particle

motion taking into account the effects of the Coulombic and

induced forces simul taneously. The flow field around the

fiber was approximated by the analytical expressions for the
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viscous flow around an isolated elliptic body with zero

thickness and the electric field intensity around the fiber

was a~proximated by the sum of the electric field

intensities of sufficiently large number of imagiriary line

charges of both polarities assumed on two opposite sides of

the fiber while, neglecting the effect of the polarization

field wi thin the fiber. The calculated fiber efficiencies

were compared with the experimental values obtained from the

penetration measurements of monodisperse NaCI particles

through an electret filter with the same physical properties

as those assumed in. the theoretical calculations. The

particle dia~eters ranled from 0.01 to 0.4 /1m and were

conditioned to carry no charge, single or double charles or

charges according to the Boltzmann charge equilibrium. The

results showed that a small change in the charging state of

particles would greatly influence the filter efficiency and

that both Coulombic and induced forces affect the collection

of charged particles simultaneously. Also, both theory and

experlment predicted the same dependency on the

dimensionless force parameters for both Coulombic and

inductive interactions.

Based on the theoretical and experimental resul ts, a

semi-empirical expression for the collection efficiency of a

single electret fiber was obtained wi th the coefficients

being dependent on the magni tude of the fiber charge. The
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equation expressed in a general form is

...
l

(2.42)

where constants X, Y, and Z are the fiber charge dependent

coefficients which according to the experimental results

were found to be 0.06, 0.067 and 0.017, respectively, and
,.
1
J

..l
and are the respective Coulombic and Induced

dimensionless force parameters given by equations (2.29) and

(2.30), respectively, with the exception that the fiber

diameter d f in those expressions should be replaced with the

width of the electret fiber for the case of the rectangular

fibers.

Kanaoka et ale (1987) measured the penetration

characteristic of an electret filter using monodisperse NaCl

particles ranging in diameter from 0.02 to 0.4 pm and at

different charging states. The experimental results of the

single fiber collection efficiency of charged and uncharged

particles were compared to those obtained theoretically from

equation (2.42) and a fairly good agreement was obtained.

To determine the single fiber capture efficiency of the

rectangular fibers due to the Brownian diffusion of

particles, the theoretical values of the single fiber

efficiency due to the induction forces were subtracted from

the experimental values obtained for the case of uncharged
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particles and small values of NQO and the results were fou~d"...

to be well correlated by the. following equation,

_2"3, = W Pes (2~4~)

~ ..
where W is a numerical constant whose values depend upon the

charge density of fibers and Pe is the Peclet number defined

being the width of the ·fiber facing normal to the flow

!..
,

as Pe = for the case of a rectangular fiber with w

direction. Notice that the dependency of, upon Pe for thes .

case of rectangular fibers is the same as that for the case

of circular .. fibers. Adding the above equation to equation

(2.42), the single fiber collection efficiency due to the
.-._'-......,-"'-,..,'

.,

combined effects of Brownian diffusion and electrostatic

mechanisms was experessed, in general, as

_2"3
+ W Pe (2.44)

This expression was found to give good correlation to the

experimental results. Meanwhile, the theoretically

determined values of the most penetrating particle siie were

also found to agree well with the experimental data. The

most penetrating particle diameter in the case of uncharged

particles was slightly larger than 0.1 ~m and was found to

increase wi th the particle charge in the case of charged
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particles.

Also, experiments with particles in charge equilibrium

indicated that the penetration of such particles through the

electret filters showed a bimodal dependency on the particle

diameter at high filtration velocities. This characteristic

was observed also by Fissan and co-workers as mentioned

previously.

2.1 Present Work

The main objectives of the present work are to conduct:

1- an experimental study of filtration characteristics of

disposable respirator filters and 2- a theoretical study of

filtration characteristics of charged rectangular fibers.

In the case of the experimental study, the penetration

values of monodisperse liquid and solid particles ranging in

diameter from 0.035 to 4 pm through filters of several

commercially-available disposable respirators are to be

measured. The measurements are to be made by three commonly

used aerosol ins truments for purposes of compar ing the i r

reponse when used in the fil trati on studies. In addi tion,

the penetration characteristics of several monodisperse

aerosols through one of the fil ters under various loading

conditions will also be investigated.

In the case of the theoretical study, the viscous flow
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field in a staiiered array of rectangular fibers is to be

determined numerically and used to obtain the values of the

single fiber efficiency due to the Brownian diffusion,

interception, and electrostatic capture mechanisms. The

calculations are to be made for a wide range of values of

the parameters involved.

, .
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Chapter 3

EXPERIMENTAL STUDY

The filtration performance of several commercially

available respirator filters are to be evaluated using

monodisperse liquid and solid aerosols at each of the flow

rates 16, 28, and 48 liters per minute. The penetration

values are to be measured by three commonly-used aerosol

instruments for purposes of comparing their response when

used in the fil tration studies. A detailed description of

the experime~tal apparatus composed of the test chamber,

aerosol generators and measuring instruments used is given

below. The apparatus performance and experimental procedures

are described at the end of the chapter.

3.1 Test Chamber

A schematic diagram of the test chamber is shown in

Figure 3.1. For ease of description, the chamber has been

divided into three sections: The mixing section at the top,

the filter holder setup in the middle and the exhaust

section at the bottom.

The function of the mixing section is to provide a

uniform distribution of the particle concentration across
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Filure 3.1 Schematic dialram of the test chamber for
testinl disposable respirators a8 well as
flat filter media



I.

.',

.~,

j

.,
i

•l
j

1

j
,.
1
,j

,
oj

- 60 -

the cross-section of the chamber upstream of the filter

being tested. This is assumed to be accomplished by the

large eddies generated behind the baffle plates placed

perpendicular to the aerosol flow. The success or lack

thereof this approach will be discussed later in th~

chapter. The clean air flow supplied at the top is used not

only to dilute the aerosol for controlling the particle

concentration upstream of the filter, but also to increase

the flow rate to the desired value in case the aerosol flow

rate itself is not sufficient.

The aerosol flow then enters the second part of the

chamber, The fil ter holder, through a bank of honeycomb
...

shaped pores which are used, to dissipate the energy of the

eddies and straighten the flow prior to its passage through
- .. - -

the filter. The effectiveness of this approach will also be

discussed. This part was designed to be replaceable so that

the chamber could be used for testing of not only disposable

face masks but also 4 and 8 inch flat filter media in the

future. For example, the holders for 8" and 4" flat filters

are shown respectively in Figures 3.2 and 3.3. As shown in

Figure 3.2, an 8" filter placed on a perforated plate is

compressed between the base of the holder aild a

,
I

tightly-fi tting ring upon which the upper portion of the

chamber rests during operation. As seen, various contact

points are sealed by rubber "0" rings to prevent air
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Filter
Holder Ring

l Filter Support Plate

Figure 3.2 Filter holder for 8" flat filter media
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l

Figure 3.3 Filter holder for 4" flat filter media

Filter Suppa rt

Plate
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leakage. Six toggle clamps provide additional reinforcemeri~- -

for better seal. Simi lar features are cons i de red also for-4"

filter holder as shown" in Figure 3.3, in addition to the""
• :...c....~ ~';,

converging section of the holder which causes the aerosol

flow to converge onto surface of the filter.

As for the design of . a face-mask holder which isca'''-:'-:i-~'-'""-'

main interest to the present study,

- '0""

- - :;;~~:~"::-~:.:~~,~

it seemed to _b~

impractical to design a universal holder for all the

variable shape and size single-use respirators available on
'.~ '..... ' '';' .

the market. Therefore, the approach taken here was to glu~

each selected face-mask onto the surface of a flat p~f~1~i~;~:'"
with a concentric hole and then design a holder for holdi~g ""

- '~-' "._-~ -~---.. - ..--' ·~:~~·~~""<~~.~.:;1,:~:~·,7i"·

the plate in the test chamber. A expanded diagram of the"""'-'".

face-mask holder of Figure 3.1 is shown in Figure 3.4. __The

face-mask plate made of aluminum contained a concentric hole

of 3" in diameter wh ich was smaller than the face coverage

area of the available face-masks. The plate was fastened to

a concentric disk having the same hole diameter as the plate

by several adjustable clamps. The disk was designed and made

compatible with the 8" filter holder in such a way that it

could be held in place around its edge between the holder

base and the filter ring just like an 8" flat filter would

have as described above. Notice that the perforated plate

used for supporting filters is removed for this application.

Figure 3.5 illustrates pictorially the face-mask holder as
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l
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Figure 3.4 Face-mask holder contained in the 8" flat
filter holder
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{

Figure 3.5 Photograph of a disposable respirator as
glued onto a supporting plate which is
held in place by adjustable clamps



- 66 -

. mounted in place. The white-appearing substance around the
......: ~:~, - .-'

"',In ~(jdition, this section of the chamber contains

--

edge of the respirator is the "hot melt"

to'Sl'ue,. the face.-mask to the plate.

type of glue used
- "S~i'-~~:"'. -

a sampling probe and two pressure taps (#1 and

in Figure 3.4 to measure the particle size

upstream of and the pressure drop across

:::t::b:~i1~iirE
-:: 'i~/~;&1i?!;;

a respirator' " .
. '.'

filter, respectively. The upstream probe was held normal to

the aerosol flow and could be moved in and out of the

chamber to collect aerosol samples at various locations for

:~~~;;~'::::e:::a::::~e 0 f spatia1uniformitl' 0 f the parti~:t~~i~L .
. '"" .-: ~ -....: .;. .. _.,~,.~. ". ;-:.~:~~.~~S,~~ '~-~)'" ".".

Finally, the bottom section of the chamber contains a'·:, .."

pr".J:e_~o_,: .sampling the aerosol dow~tream of the face-m~~~t:~f::_
a pressure tap (#3), and an exit port. The port was

connected to a HEPA filter using a big tube connector which
•....w•• ," .~

was mounted on the port. A small nozzle was bui I f and placed .. --

inside the connector to measure the total
;,,:'.i

::.."

the apparatus. Figure 3.6 shows position of the nozzle. As

the tube connector is tightened, the nozzle comes in contact
",

with the port and is pushed against a.rubber ring which is

placed under the nozzle to prevent air leakage. The

measurements of pressure at tap #3 and a point downstream of

the nozzle at various known flow rates can be subsequently

used for calibration of the nozzle.
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.Before describing the performance of the chamber in

general, the monodisperse aerosol generators and the·

instruments used for the filter penetration measurements

will first be discussed.

"3.2 Particle G~ne~ation Devices

In the case of generating monodisperse submicron

particles, the desired aerosol material, DOP for the liquid

particles and Nael for the solid particles, is first

- dissolved in a suitable solvent-usually alcohol in th~ cas~

of DOP and water in the case of Nael, and placed in an

atomizer to generate a polydisperse spray of droplets. The

..~rop_l.e1::~__ are t~en _all o",_ed _ .t.~ ..._E!_~.apo.rate to· z:'.emove.... _t.he

volatile solvent and obtain a polydisperse aerosol of the

dissolved aerosol material in the solvent. A portion of the

produced polydisperse aerosol is then passed through a

Differential Mobil i ty Analyzer (DMA) or Electrostatic

Classifier to generate monodisperse particles of a size

determined from the operating conai~ions of the DMA.

Meanwhile, in the case of generating monodisperse

particles equal or larger than Ipm in diameter, use was made

of the vibrating Orifice Aerosol Generator which operates on

the basis of controlled disintegration of a liquid jet of

the aerosol solution through a small vibrating orifice to
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produ~~_uniform droplets.

-A- detailed description of the above generators and

their operation is given below.

3.2.1 Condensation Aerosol Generator

."" ~" . ..:..:~-~~"_._. :

- .... -

A'polydisperse aerosol of OOP particles is produced by

an atomi zation condensati on aerosol genera ti on technique. -A

schametic diagram of the generator is shown, in Figure 3.7.

In this technique, as described by Liu and Lee (1975), a

-stream of volatile solution of ,OOP and alcohol .~s

into a polydisperse spray of droplets by a"

-- ----._.-. __ ._~-~--- .• _.~ ... -+- _ .• ,- ,. -.---=--~~-.....:....---". _.-

highve16ci t:r - air jet. The ato~izer is of the coli"r~dk"'~'~
.•••J ..

~to~izer design except that the waste liquid is accum~lated
- ._---_._- ... - -- ---_.~-_.-:~.'~-'"-- . - .

in a waste reservoir instead of being allowed to drain back

into the feed liquid reservoir.

The aerosol is then passed through a glass tube ~hose

upper part is heated by a heating tape to vaporize the

droplets. The vapor subsequently condenses to form

moderately monodisperse dropI'e-ts. In order to provide

nucleation sites for condensatio~, a small amount of

anthracene (O~Ol% of OOP concentration by weight) was added

to the OOP solution. The anthracene particles do not

vaporize in the heating section since their boiling point is

much higher than that of OOP and remain as the condensation
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Figure 3.7 Schematic diagram. of the condensation
aerosol generator used for generating
submicron DOP particles
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nuclei for the DOP vapor.

Because of the very high particle concentration of the
-- ~.:;...,;:...- ... -- . -'~- --- _.,.--, ~~ ~-"'- . ""

generated aerosol (of the order of 10 7 particles/cm3 ), orii y

a small fration of the aerosol flow was used and t-he
. --....;:_. -

-"--.,':'~..-----'.' ~.

aerosol' 'was then

exhs:usted through

output

-- .-.

flow was

_. ~. .J>o.",. ~

remaining

neutralizer to attain Boltzmann charge equilibrium. The

neutralizer contains a 2mCi Kr-85 source whose performance

has been investigated by Liu and Pui (1974a).

The size distribution of particles in the aerosol i~ a

function of the DOP concentration in the feed solutio'n.'

Several solutions with
",

various DOP
"

concentrations were

prepar~d according to
_ '";""'~' ~~~..: _--"._ .'. ' "~'_:. ;.~,_~:M'.~~_ . '.~ ~,~;~.~l,~~';~7,- ~ :',

the experimental measurements of----.. .~~, '~: .,. '.. :.

Lee ..U_~_?}J __ .~i!o._ det_e.J:'lJ.li1'!.~~ . ~he si ze distri but ion o(_~~h"e
.,',

~..~>~·c;-- .-

generator output aerosol as a function of the DOP

concentration. Lee's experimental results are presented.in

tabulated form in Table 3.1 with D and , being thegn gn
. ",,'

aerosol geometric number mean and standard deviation,

respectively.

"
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Table 3.1

Particle Size Produced by Condensation

Aerosol Generator as a Function of DOP

Concentration (Lee (1977))

DOP Volume
Concentration %

Geometric Number
Mean Diameter pm

Geometric Standard
Deviation

0.005 0.035 1. 69

0.013 0.05 1. 54

0.037 0.07 1. 52

0.1 O. 1 1. 42

0.3 0.15 1. 37

0.67 0.2 1. 39

2. 1 0.3 1. 37

8.3 0.5 1 .34

20.0 0.7 1. 19

55.0 1.0 1 .18

100.0 1.3 1. 15
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3.2.2 Electrostatic Classifier

This instrument was used in conjunction with the

condensation aerosol generator to produce monodisperse·

submicron particles. A schematic diagram of the classifier

is shown in Figure 3 .8. The polydisperse,

charge-equilibrated aerosol from the generator is introduced

into the differential mobility analyzer where singly charged

particles within a narrow mobility range are extracted. Liu

and Pui (1974b) and Knutson and Whitby (1975) have shown

that the mean aerosol electrical mobility of the extracted

aerosol is related to the operating conditions and

dimensions of the classifier by the following equation,
-..--p

". ".. :~~

" ,.

z
p

( 3 • 1 )

where is the flow rate of clean sheath air in the

classifier, q and q are the polydisperse and monodisperse
a s

aerosol flow ra tes, respect i vel y, r 1 and r 2 are the inner

and outer radii of the classifier,. L' is the length of the

precipitating electrode between aerosol inlet and outlet,

and V is the voltage difference between the inner and outer

electrodes. Having obtained the electric mobility of a

particle from equation (3.1), its diameter can be determined
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from the following equation assuming Stokes drag on the

particle,

z =p

n ecp
3ifpd

p
( 3 . 2 )

where n is the number of charges on the particle and e is
p

the elementary unit of charge. The uncertainty in the

calculated particle diameter can be reduced to less that 2%

if the flow rates, voltage and dimensions of the classifier

are accurately known. The electrostatic classifier used in

this study was a prototype designed· in and made for the

Particle Technology Laboratory of the University of

Minnesota. The pertinent dimensions of this particular unit

are

r 1 = 0.95 cm

r 2 = 1.90 cm

L' = 45.48 cm

(3.3a)

(3.3b)

(3. 3c)

if the polydi sperse aerosol flow rate at the class if i er

inlet, qa' is kept constant and equal to that of the

extracted monodisperse aerosol, qs' equation (3.1) can be

simplified as

zp =
qc In (r2/ r 2)

2rVL' (3.4)
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of and L' from equations

(3.3a)-(3.3c) in equation (3.4) gives

Z 0.0406
qc

( 3 . 5 )= VP

or

V 0.0406
qc

( 3 . 6 )= Z
P

where q is in liters per minute, V is in volts, and Z is
c P

'2
in cm Iv.s. Note that the rod voltage necessary for

extracting singly charged monodisperse particles of desired

size is independent of the aerosol or sample flow rate as

long as they are maintained equal to one another. In the

case of particles belot.' 0.1 pm in diameter, the clean air

and the aerosol or sample flow rates were maintained at 20

and approximately 2 liters per minute, respectively, while

in the case of particle diameters in the range of

O.l<d <0.5 /Lmp- ,. the flow rates were respectively 7 and 0.7

liters per minute. Similarly, monodisperse particles of 0.7

pm in diameter were also generated by maintaining the clean

ai r flow and aerosol or sample flow rates at 4 and 0.4

liters per minute, respectively. The above clean air flow

rates were chosen so that the calculated values of the rod

voltage were within the range of the available DC power

supply which was from 0 to 12,000 volts. Tables 3.2 and 3.3
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Table 3.2 DMA rod voltage setting for extracting monodisperse singly-charged

panicles of diameter Dp<O.l um with qc=20 Lpm and qa-qs

Dp,u V, volt

0.035 444.7
0.040 572.7
0.045 T14.2
0.050 868.4
0.055 1035.6
0.060 1214.6
0.065 1405.0
0.070 1606.0
0.075 1817.2
0.080 2038.4
0.085 2268.4 .
0.090 2507.2
0.095 2754.7
0.100 3010.0

Table 3.3 DMA rod voltage setting for extracting monodisperse singly-charged

panicles ranging in diameter from 0.15 to 0.5 um with qc=7 Lpm

andqa.qs

Dp,,U V, volt

0.15 2062.7
0.203-235.4
0.25 4507.1
0.30 5840.0
0.35 7213.9
0.40 8617.5
0.45 10039.0
0.50 11476.1
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particleschargedsinglyforvalues of V against D
p

and above 0.1 pm in diameter, respectively.

As shown by equation (3.2), a doubly charged particle

can have the same electric mobility as a singly charged

particle of half its size. Therefore, these larger particles

are also extracted by the mobility analyzer along with the

smaller single charged particles. As a result, the

monodispersity of the extracted aerosol can be reduced

considerably if the concentration of these doubly charged

particles is significant. An experimental method for

reducing the number concentration of these doubly or

list

below

multiply charged particles in the monodisperse aerosol of

singly charged particle is described below in section 3".5.

3.2.3 Vibrating Orifice Mondisperse Aersosl Generator

This generator, described by Berglund and Liu (1973),

was developed to provide a means for generating highly

monodi sperse aerosol s of accura t 1 ey known part i c I e size in

the range of 0.5 to 50 pm diameter with an average

geometrical standard deviation of 1.014. The device is shown

in Figure 3.9. It makes use of the controlled disintegration

of a liquid jet through a small vibrating orifice to produce

uni form droplets. The droplets are then dispersed ",,'i th a

small turbulent jet and mixed with a much larger volume of
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filtered air to form a monodisperse aerosol. The diameter of

the liquid droplet particles from the vibrating orifice

generator can be calculated from the liquid flow rate, g,.

and the disturbance frequency, j, by the following formula:

~ 2/3
Dd = (~)

when the liquid droplet is non-volatile,

( 3 .7 )

the aerosol

particle diameter is equal to the droplet diameter; however,

when a nonvolatile solute is dissolved in a volatile

solvent, the aerosol particle diameter is given by

:. .~.

( 3. 8 )

where C is the volumetric concentration of a non-volatile

solution in a volatile solvent. Table 3.4 below summarizes

the operating characteristics of the aerosol generator.

Table 3.4 Operating characteristics of the vibrating orifice aerosol generator

(Liu (1977))

Diameter of Nomlr'lal Droc::!et Parllc!e Nominal

LIQUIO Orifice F~eQuenC'f Dlameler Clarr:eter C~r'lcenlra\lcn

.u KHZ .u .u "I C c

5 450 , 5 0.6,'5 2 ;"3
, 0 225 25 , .0·25 , J ;-

20 60 40 , .8·4 a J 6
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The vibrating orifice generator was used in the present

study to generate monodlsperse OOP particles equal or larger

than 1pm in diameter. The electric charge on particles,

resulting from disintegration of the liquid jet was reduced

to the Boltzmann charge equilibrium by passing the

monodisperse aerosol through a Kr-85 neutralizer that could

be mounted vertically on the device.
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3.3 Particle Size Distribution ~easuring Devices

Since the

depends s tronl y

particle penetration

on the particle size

through

and its

any filter

upstream and

do~nstream concentrations, any error in the true measurement

of the these quantities I.'ould lead to incorrect penetration

'·alues. Therefore, it 1 S ,-pry important for the measuring

instruments to be I.'ell calibrated so that the true particle

size and concentration could be obtained from thE:-

measurements. But as often 1S the case in .-\erosol Science,

it is quite possible for tt.:o different instruments to gi,"e

distinctively different size disiributions for the same

aerosol. This beha\·ior, h01.·:ever, could ~. i eld diffE-'rent

penetration for the filter depending on tht':'

instrument used.

Therefore, as one

study, a comparison

of

of

the objecti\"es of the present

penetration characteristics of

t .. o commonly-used instruments, namely, a laser

monodisperse

measured by

particles through respirator filters as

particle sizeroptical particle counter

~as conducted. Although

and an

these

aerodynamic

instruments are able to

measure the size as ,-,ell as concentration of particles in an

aerosol, but in this study only their concentration

measuring capability I-o'as utilized as the test aerosl)l h"aS

monodisperse of knOl,n particle size. The penetration
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measurements made by the two instruments were also compared

to those obtained by a condensation nucleus counter which is

capable of measuring only the particle concentration.

In addi tion to the above measuring devices I another

ins trumen t wh i ch was used extens i vel y onl y in the

preliminary test runs was an electrical aerosol detector to

measure the particle concentration in the test chamber for

evaluating its performance.

Belo~, a detailed description of the above instruments

is given.

3.3.1 Condensation Nucleus Counter (CNCl

Th i sins trumen tis often used to measure the number

concentration of submicron aerosol particles which are too

small to be detected by other instruments. It accomplishes

this by passing the submicron aerosol aeroso£ through a

vapor which coridenses Dn the tiny particles to form

droplets. The droplets are large enough to scatter a

detectable amount of light when' they pass through a light

beam. The final size of a droplet is nearly independent of

its original size over a wide range of particle sizes so

that the light scattered is a function of number

concentration only and not of size distribution.
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The CNC used was the TSI Model 3020 (TSI Incorporated,

5ao Cardigan Road, St. Paul, MN 55164). Figure 3.10 shows a

schematic diagram of the instrument. It consists of a

saturator °kept at 35 C. The aerosol stream containing the

particles to be detected is first passed through this

saturator to cause the air stream to be saturated with the

vapor of butyl alcohol. The air stream is then passed

through a condenser kept at 10°C wi thin which the alcohol

vapor becomes supersaturated and condenses on the aerosol

particles. By this means, the aerosol particles of a size

belo'" the range tha t can be detected by 1 igh t scatter i ng

i.e. below approximately 0.1 pm in diameter can be grown to

a large enough size (approx i rna tel y 10 pm) to allo'" eas~·

detection by light scattering. The instrument has been

described in detail by Agarwal and Sem (1980).

The condensation nucleus counter has two operating

modes single particle counting and photometric modes. In

the single particle counting mode, the droplets are counted

individually as they pass through the light beam. This mode

is activated when the particle concentration is in the range
3

of 0.01 to 1000 particles/em. The photometric mode is used

for particle concentrations from 10 3 to 10 6 particles/em 3.

In this mode, the total amount of light scattered by all

particles in the vie",ing volume is measured, analyzed and
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displayed digi tally in terms of the number concentration

based on the calibration values already implemented in the

electronics of the instrument. In the present experiments,

the aerosol concentration upstream of a given filter was
3

maintained below 1000 particles/em so that the single

counting mode could be used.

Meanwhile, to account for the presence of two or more

particles in the viewing volume at the same time when

operating in the single particle counting mode, the

indicated concentration can be corrected by the follo\oo"ing

equation given by Willeke and Liu (1976)

( 3 • 9 )

where

N. Indicated particle number concentration
1

Nt True particle number concentration
3

Qs Aerosol sampling flow rate equal to 5 em /s

Td Particle residence time in the viewing volume equal to

35 psec according to the manufacturer.

Notice that the true concentration can be obtained only

by an iterative procedure. However, one can obtain an

approximation to the above equation by replacing Nt in the
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paranthesis by N. as follows,
~

( 3 . 10)

which can be easily solved for Nt'

3.3.1.1 Counting Accuracy

The accuracy of the concentration measurements is

strongly dependent upon the total number of particles

counted. The fractional uncertainty in particle count, D, is

given by the relative standard deviation,

, = 1/ r-;-r' V II

where II = NQ ts s

and

N: Particle concentration

(f , expressed as
r

(3.11)

3
Q : Aerosol sampling flow rate which is equal to 5 cm /ss

for the condensation nucleus counter

t s Sampling time

Note that the percent uncertainty in measurements

decreases as more particles are counted. For the case of

CNC, the particle count can be enhanced by increasing the

sampling time as the sampling flow rate is fixed for CNC.
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The longest automatic sampling time on the available Model

(3020) is 200 seconds which was used frequently in this work

for the concentration measurements downstream of filters.

3.3.2 Laser Optical Particle Counter

The use of single optical particle counters in the

filtration studies is becoming attractive because of their

of particles suspended in gases. In these

a beam of light focused onto a viewing volume

capability

distribution

instruments,

to make in-situ measurements of the size

is intercepted by passing particles. The amount of light

scattered or absorbed by each particle or several particles

is measured by a photosensitive detector which generates an

electric signal proportional to the amount of the scattered

or transmitted light. The analog signal is further analyzed

by a Multi-Channel Analyzer (MCA) which transforms the raw

data into particle size information and stores it in the

appropriate size channel. A detail description of the ope's

principle and application is given by Willeke and

Liu (1976).

The laser opt i cal counter used in th iss tudy i s P~S

Model ASAS-300X (Particle Measuring Systems Incorporated,

1855 South 57th Court, Boulder, Co 80301) which is an open

cav i ty, act i ve scat te ring aerosol spectrometer and uses a
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2mw He-Ne laser (wavelength = 632. 8nm) operating in t_ll~ ._

A schematic diagram of the instrument is shownTEM OO mode.

in Figure 3.11. The aerosol particles surrounded by a clean

sheath air are passed through the laser beam and the light

scattered by a particle is collected by collecting optics in

_~,i -

a narrow angle I 4 to 22 degrees I in the forward di recti on .

and focused onto a photodetector module which generates an'
electric pulse with an amplitude proportional to the amount

of the collected scattered light. The pulse is then

amplified and transmitted to the Multi-Channel Analyzer for

storage and further analysis. A reference signal

proportional to the illuminated light intensity is also-'

generated by the reference photodetector module from tile _.--'
!!

light transmitted to the black mirror (99.9% reflectivity).
" _,c'3 -- -- - ... __._o·__ .-

The sampling flo~ rate of the ASAS-300X is 1-3 cm Is,

while the clean sheath air confining the particles to a

narrow column before the laser beam flows continously in a
. 3

closed loop at the rate of 20-30 cm Is.

The instrument is designed with four overlapping size

range ~ith each divided into fifteen linear size intervals

providing up to sixty size channel's. Tabl e 3.5 shows the

boundaries of ,each size range and interval of each channel.

The measured particle size distribution in any of the four

size ranges can be displayed as a histogram on a CRT located
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on the front panel of the instrument.

Table 3.5 Particle size boundaries and channel width associated with each size

range setting for the PMS ASAS-300X laser optical particle counter

Range Se!':l~g . S:ze Ran<;e Interval
u 1.I

0 0.60-3.CO 0.'60, 0 . .10-1.00 o.O~O
2 0.23-0.60 0.025
3 0.~5-0.30 o 0' 0

It should be mentioned that the intensity of the

scattered light by a particle is a function of not only its

size. but also the index of refraction of its material,

wavelength of the incident light, geometry of the particle

and its orientation relative to the incident light. Willeke

and Liu (1976) and Liu et a1. (1984, 1985) experimentally

investigated the response of ASAS-300x to particles of

different materials and shapes and Szymanski and Liu (1985)

investigated the sizing accuracy of the laser optical

particle counters including ASAS-300X .

. _-

3.3.3 Aerodynamic Particle Sizer (APS)

This instrument is capable of measuring the

aerodynamic size distribution of aerosol particles in real

time (the aerodynamic diameter of a particle is the diameter

of a unit density sphere having the same settling velocity



sizer used was the TSI Model

Cardigan Road, St. Paul, MN

of the instrument is shown in·
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as the particle).

The aerodynamic particle

3010 (TS1 Incorporated, 500

55164). A schematic diagram

Figure 3.12. A vacuum pump controlled by a feed back loop

draws aerosol sampl es at the rate of 5 1 i ters per minute

through an outer nozzle. One liter per minute of the sample

aerosol is received by an inner nozzle, while the remaining

aerosol flow is filtered and reintroduced as sheath air to

confine the aerosol particles to the central portion of the

exiting jet where the velocity is uniform. The velocity of

particles exi ting from the nozzle is measured by a laser

velocimetry technique which involves dividing a laser beam

(2 mw He~Ne laser) into two beams. A particle passing

through the beams generates two light pulses which are

transformed into two electric pulses by a photomultiplier

tube. The time between pulses is a funtion of the particle

velocity which, in turn, depends on the particle aerodynamic

diameter. Wi lson and Li u (1980) performed experimental and

theoretical studies on the particle velocity near the exit

of a converging nozzle"

The calculation

from the raw data

(Apple II) which can

of the part i c Ie aerodynami c diameter

was performed by a microcomputer

display the resul ts in terms of the

number, surface area, or volume size distribution of
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the sample aerosol. This instrument is capable

particle aerodynamic diameters from 0.5 to

inparticles

of measuring

15 pm.

The coincidence error (presence of more than one

particle in the viewing volume) in the concentration

measurements can be determined from equation (3.9) with the

residence time and aerosol sampling flow rate being 200 nsec

and 1 liter per minute, respectively. It was found, however,

that the coincidence error in the measurements made by APS

in the present study was neglgi ble. Remiarz et al. (1983)

describe the instrument in detail.

3.3.4 Electrical Aerosol Detector (EAD)

A schematic diagram of the TSI Model 3070 EAD (TSI

Incorporated, 500 Cardigan Road, St.Paul, MN 55164) which

was used in the present study is shown in Figure 3.13. It

basically consists of an aerosol di ffusion charger and an

electrometer current sensor. The aerosol particles

surrounded by inside and outside sheath air flows are passed

through the diffusion charger where they are positively

charged by unipolar ions. The charged particles are then

collected by filtration in a Faraday cup where the particle

charge is sensed by the electrometer whose output is
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displayed as the aerosol current on the front panel of the

instrument. The total air flow rate through EAD is monitored

by a thermal mass flow meter and contorlled by a needle

valve located downstream of the Faraday cup.

Rubow (1981) performed an extensive evaluation of the

sensitivity and amount of particle loss in the aerosol inlet

and charger section of the instrument. Further, a detail

description of the prototype version of EAD is given by Liu

and Lee (1976) and Lee (1977).

3.4 Test Chamber Performance Evaluation Procedure

An extensive evaluation of the performance of the test

chamber was conducted prior to the main runs using a

polydisperse DOP aerosol containing particles with a mean

diameter of 0.5 #m and a ug of 1.34 as the test aerosol. The

aerosol was generated by the condensation aerosol generator

using 8.3% DOP solution and was at the state of Boltzmann

charge equilibrium. The electrical aerosol detector and the

aerodynamic particle sizer were used to monitor the particle

concentration at various stages of the system to determine

the amount of particle loss as well as the stability and

uniformity of the particle concentration inside the chamber.

Meanwhile, the test runs were performed with the 4" filter

holder in place holding a 4" Gelman type AE filter, cut out
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from a aXIl" filter sheet, as the test filter.

As described previously, the aerosol and clean air

flows were assumed to be mixed uni formly in the wake of

baffle plates placed specifically for this purpose. The

mixed flow was then passed through a flow-straightner

structure to eliminate the generated eddies. The resulting.

flow was assumed to be free of eddies. To verify this

assumption, the test aerosol and the clean air supplied from

the top of the chamber were introduced to the chamber. The

total flow rate was maintained at 50 liters per minute. The

upstream probe was then connected to EAD and samples were

taken at a fixed location of the probe. The particle

concentration measurements were recorded as a function of.

time by a strip chart recorder. Figure 3.14 shows a strip.

chart recording of the particle concentration variation with

time at about the center of the chamber. As can be seen,

there are significant variations in the particle count

suggesting that the turbulent eddies generated behind the

baffle plates are still present in the flow.

In order to improve the situation, the clean air flol'

from the top of the chamber was closed and the test aerosol

was diluted outside the chamber in a mixing nozzle prior to

delivering itto the chamber. The measurements were repeated

and the resul ts as shown in Figure 3.15 appear much more

stable in comparison wi th the previous case. It should be
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the occurance of small variations in the

concentration measurements is inevitable due to inability to

completely eliminate the eddies from the flow. Consequently,

it was decided to dilute the aerosol outside the chamber for

all the subsequent runs.

In addition, in order to determine the degree of

spatial uniformity of the particle concentration across the

cross-section of the chamber, the concentration values were

measured by CNC at two radial locations of the upstream

probe, r = 0.5" and r = 1.5" . The results as illustrated

in Figure 3.16 sho\-;" little difference in the concentration

val ues at the two loca t ions sugges t i ng tha t the part i c Ie

concentration is uniform across the chamber upstream of the

filter.

I t should be men t i oned that the aerosol sampl ing I."as

not performed isokinetically but that seemed to have no

appreciable effect on the measurements made in this study as

verified by the following experiment. A polydisperse DOP

aerosol was generated by the v i brat ing or i f ice genera tor

without the electric signal to the oscillator using a 0.1%

nop solution. The aerosol mixed with the dilution air was

neutralized in a Kr-85 container before delivering it to the

chamber at the rate of 28 liters per minute. The aerosol was

..'._'~'" -

then sampled
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at the chamber inlet as well as at the locations of the

upstream and downstream probes in the absence of any kind of

filter using the aerodynamic particle sizer. The results

expressed in cumulative number distribution are shown in

Figure 3.17. Note that the genera ted aerosol has a bimodal

size distribution of particles. The great similarity between

the distributions at the three locations testifies to the

insignificance of the anisokinetic sampling by the fact that

even though, the sampling velocity was nearly the same, the

aerosol floh1 veloci ties at the three locations were qui te

different due to the difference in the flo\.o' areas.

The re fore, the amoun t 0 f part i c 1 e loss due to an i sok i net i c

sampling was considered negligible in all the concentration

measurements.

Another component of the apparatus which needed to be

characterized was the nozzle inside the tube connector

mounted on the exit port, as explained previously. The

pressure drop across the nozzle was to be correlated against

the flow rate. The pressure drop was measured by a pressure

transducer (MRS Model 223BD-00010AA-SPCAL; MKS Instruments,

Inc., 34 Third Avenue, Burlington, MA 01803) with an

operating range of 0 to 5 inch of water. The transducer was

connected to a voltmeter (MRS Model PDR-D-1) with a

resolution of 1 mv corresponding to 0.0005 inch of water.
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The flow rate was measured by a rotameter which was

calibrated against a standard gas meter over a range of 10

to 70 liters per minute. The measured values of the pressure

drop corresponding to different flow rates are plotted in

Figure 3.18. Also shown is a plot of the semi-empirical

relationship bet~een the pressure drop and flow rate

obtained by applying the Bernoulli's equation to the flow in

the nozzle. The semi-empirical relationship is

where

Q
t

= 9.447 1
( 3 . 12)

3
Air density at atmospheric conditions, lbm/ft

2
Pressure drop across the nozzle, lbf/ft

Total flow rate through the nozzle, L/m

The calculated flow rates corresponding to the measured

pressure drops were found to be wi thin 5% of the measured

values.

Another important feature of the apparatus which was

essential to the accuracy of the results ~as its leak-proof

capability. To verify that, all the opennings of the test
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chamber were pI ugged wi th rubber stoppers and the chamber

was evacuated by a pump to about 20 inches of mercury. At

this time, the pump was turned off and the pressure of the

chamber was monitored and recorded as a function of time. No

noticeable change in the pressure was observed over a period

of three hours.

3.5 Experimental Procedure

The filtration characteristics of five different,

commercially-available disposable respirators and a flat

filter medium used also in the manufacturing of respirators

were to be determined experimentally as a function of the

particle size and type (solid or liquid) and flow rate. The

respirators were all approved by NIOSH for protection

against two or more of hazardous particulates such as dust,

mi s t, fume, and!" I' lisbes tos fibers.

A typical

preparing the

combination of

experimE'ntal run was usually commenced

monodisperse aerosol generator i.e.

the condensation aerosol generator

by

the

and

electrostatic classifier or the vibrating orifice generator

in the case of nop particles or the combination of a

collison atomizer and the electrostaic classifier in the

case of Nael particles. A short period of time was allowed

for the generator under consideration to reach at a steady
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operation, while its output aerosol line was connected to a

high efficiency filter. In the meantime, the respirator

selected for testing was glued onto the surface of the

face-mask plate by a "hot-melt" type of glue -which was

applied a few times to obtain a good seal. The plate was

then placed inside the chamber. Next, the pressure

flow in the

ready for

transducers were zeroed

chamber. At this time,

in the absence of any

the test chamber was

introduction of the monodisperse aerosol to it.

Figure 3.19 shows a schematic, diagram of the process.

In the case of the electrostatic classifier, the flow rate

of the'extracted monodisperse aerosol was less than 2 liters

per minute and therfore, enough clean air had to be added to

the aerosol in a mixing nozzle to increase its flow rate to

the desired value of 16, 28, or 48 liters per minute. In the

case of the vibrating orifice generator, the desired aerosol

flow rate was obtained by simply regulating the dilution air

flo\o.' valve on the instrument. Note that the flow rate' was

adjusted such that the pressure drop reading across the

nozzle was nearly equal to that obtained from

equation (3.12) for a given flow rate. After achieving the

desired aerosol flow rate, a short while was allowed for the

system to become stable before taking any measurements.

Next, the pressure drop across the respirator was recorded
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followed by openning the upstream sampling probe line to one

or two of the aerosol measuring instruments depending on the

size of particles in the aerosol and sensitivity of the

instrumen.ts. An average of several measurements of particTe

concentration was recorded as the aerosol particle

concentration upstream of the respirator along with a

percent variation of the concentration values about the

average. The line was then closed by a "pinch" clamp and

that of the downstream probe ~as opened immediately.

Similarly, an average of a few measurements downstream of

the respirator was recorded also with the percent variation

of particle concentration about the average. Next, the

upstream concentration ~as measured once more to determin~

if there has been any significant change in the previ_<:>.~_s_

value during the time taken for the do~nstream measurements.

Very often, the aerosol particle concentration ~as found to

be stable over duration of a complete test but, had that not

been the case, the measurements would have been repeated.

The sampling periods for the concentration measurements

upstream and do~nstream of respirator filters were as

follows depending on the instrument used 20 and 200

seconds, respectively, for the upstream and downstream

measurements by the condensation nucleus counter and 20 to

60 seconds for the upstream and 5 to 10 minutes for the
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downstream measurements by the aerodynamic particle sizer

and the laser optical particle counter.

Having completed the concentration measurements of

monodi sperse part i c 1es of one size at above and be.l ow the

respi rator fi 1 ter, the operat ing condi tions of the aerC?sol

generator and/or the concentration of the particles material

in the feed sol ution were changed to produce monodisperse

particles of different size. Once the entire sequence of the

particle size was covered, the test was terminated.

It should be mentioned that the same face-mask was used

for the entire test and no effect of filter loading such as

increasing filter resistance to the aerosol flow was noticed

at any time. Nevertheless, when the test was to be repeated

at a different flow rate or with particles of different

material, a clean respirator was used to eliminate any

possible effect of the deposited material on the subsequent

test.

As descirbed previously, the electrostatic classifier

extracts all particles having equal electric mobility

meaning that when a polydisperse aerosol is classified

electrically according to the electric mobility of its

suspended particles, the supposedly monodisperse aerosol at

the exit contains not only singly charged particles of the

desired size, but also multiply charged particles of larger

size all having the same electric mobility. For the case of
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a polydisperse aerosol in bipolar charge equilibrium

containing particles smaller than O. 1 ~m in diameter, the

number of particles carrying two or more units of charge in

the outPlIt aerosol of the classifier is negligible since

over 99% of the particles in this size range carry zero or
I

one uint of charge. Table 3.6 lists the fraction of

particles carrying n elementary units of charge for several
p

selected particle sizes according to the Boltzmann's charge

equilibrium (Pui and Liu (1976)). As can be seen from the

table, the fraction of multiply charged particles is not

negl i g i ble for partie les larger than O. 1 pm in di arne ter.

Therefore, when the electrostatic classifier is set to

extract monodisperse singly charged particles larger than

0.1 pm in diameter, it will also extract doubly or triply

charged particles which have the same electric mobility as

the singly charged particles if they happen to exist in the

polydisperse feed aerosol. For example, singly charged

particles of 0.2 pm diameter have the same electric mobility
.. -..J

as doubly charged particles of 0.32 pm diameter.

In the present experiment-s, in order to reduce the

number of charges on particles larger than 0.1 pm in

diameter in the polydisperse aerosol produced by the

condensa t i on aerosol genera tor (F igure 3.7), the pos i t ions

of the heater and neutralizer in the generator were



Table 3.6 Fraction of various size particles carrying np elemenlary unils 0'

charge aa:ordlng 10 the BoUzmann's charge dislrlbution (Pul and

Uu (1976))

Dp.... np_-4 . 3 . 2 - 1 0 1 2 3 <4

0.0 I 0.34 99.32 0.34
0.02 5.23 89.53 5.23
0.04 0.23 16.22 67.10 16.22 023
0.06 0.01 1.25 21.30 54.88 21.30 1.25 0.01
0.08 0.08 2.78 23.37 47.53 23.37 2.78 0.08
0.10 0.26 4.39 24.09 42.52 24.09 4.39 0.26
0.20 0.32 2.33 9.66 22.63 30.06 22.63 9.66 2.33 0.32
0.40 2.19 5.92 12.05 18.44 21.26 18.44 12.05 5.92 2.19
0.60 3.82 7.41 11.89 15.79 11.36 15.19 11.89 1.41 3.82 ~-0.80 4.83 1.94 11.32 14.00 15.03 14.00 11.32 1.94 4.83 N

1.00 5.42 8.06 10.71 12.10 13.45 12.10 10.71 8.06 5.42
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interchanged. Thus, the output of the atomizer is first-

neutralized before passing through the heater. The inceriti~~-'-

for such a change come s from hypothes i s that dur ing the

vapor i za t i on process in the heater, the mul t i ply charged

particles of the charge-equi Ii brated aerosol, particularly

those wi th more than 2 elementary uni ts of charge I would

reach the Rayleigh charging limit. At the Rayleigh limit,

the particles become mechanically unstable and spl it into

t~o or more smaller droplets, each carrying one or two units

of charge. Thus, when the vapor condenses, it finds only

singly and doubly charged particles. Th~ fraction of doubly

~ "....~ :~ _. u'_

charged particles in such a moderately polydisperse aerosol

hav i ng the same electr i c mobi 1 i ty as the sing ly charged

particles is small and should not affect significantly the

monodispersity of the output aerosol.
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Chapter 4

THEORETICAL STUDY

A theoretical study of filtration performance of

elec tret f i 1 ters composed of rectangu 1ar fibers is to be

conducted considering the Brownian diffusion, interception,

and electrostatic effect as the main particle capture

mechanisms. Such study, however, requires knowledge of flow

field around a typical rectangular fiber, which is extremely

difficult if not impossible to obtain due to the random

orientation of fibers, non-uniformity in size and space

distribution of fibers in a real filter. Therefore, much

simplified representations of a real filter are used for

purposes of theoretical studies. The model filter considered

in the present work is composed of a staggered array of

inf in i tel y long, parallelf i bers arranged perpendi cu lar to

the fluid flow and was selected mainly because of its

simpl ici ty and great success in predicting the performance

of mechanical filters composed of circular fibers

(Yeh (1972). Lee (1977)). The main feature of this model is

its ability to account for the interference effect of

neighboring fibers on the flo~ field around a typical fiber

and thus, to incorporate the porosity of real filters in the

calculation of the single fiber efficiency and pressure
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drop. In addition, in the case of circular fibers,

analytical solutions to the problem of viscous flow around a

fiber within the model filter are available

(Kuwabara (1959), Happel (1959)) and will be presented in

this chapter. In the case of rectangular fibers, however,

one can only perform a numerical analysis of the flow field

at this time since there are no analytical solutions

available to the problem of the viscous flow around a

rectangular fiber aside from the work of Brown (1984). Brown

considered both staggered and rectangular array of

symmetrically shaped fibers placed normal to a viscous air

flow and obtained a series expression for the stream

function by requiring that the rate of dissipation of energy

due to viscous drag to be minimal, while satisfying the

boundary conditions of the system. But one still has to use

a computer or a programmable calculator to calculate the

coefficients of the series. Besides, the calculated flow

field was found to be not accurate in the region close to

the surface of a fiber and thus, may not be suitable for use

in calculation of the single fiber efficiency.

The numerical technique which. is employed in this

study is based on a fin i te-d i fference formu la t i on 0 f the

flow equations subject to the periodic behavior of the flow

within the staggered array model. Once compeleted, the

calculation program is used to determine the flow field
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around rectangular as well as circular fibers contained in

the model filter. In the latter case, the results will be

compared with those obtained from the analytical expressions

of Kuwabara (1959) for verification of the numerical method.

The calculated flow field is then used to determine the

single fiber efficiency.

Prior to describing the numerical technique, a brief

review of the KU\.iabara theory will be given, which will be

often referred to in the present study.

4.1 Review of Kuwabara Theory

The theoretical study of viscous fluid flow in a system

of staggered array of infinitely long, parallel cylinders

(fibers) arranged normal to the flow direction, as shown in

Figure 4.1, was considered by Kuwabara (1959). In his

approach, Kuwabara argued that the flow field in the system

could be divided into identical imaginary cells, each

enclosing a fiber, and thus limited the flow analysis to

only one cell. Figure 4.2 shows a typical Kuwabara cell

model composed of an inner fiber of radius a f and imaginary

outer cylinder of radius a
c

such that tr , the solid-volume

equal to,isa =

fraction, defined as the ratio of the volume of the fiber to

a 2
f
~c

the volume of the cell and given by

the value of interest. Neglecting fluid inertia forces and
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0 0 0
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--+ 0 G 0
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0 0

0 0 0

Figure 4.1 Staggered array of cylindrical fibers placed
perpendicular to the flow direction



- 118 -

Figure 4.2 Kuwabara cell with assumed Boundary
conditions

CJJ=o
u • -u cose

o
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assuming steady state conditions, Kuwabara described the

flow field within the cell by the following equation which

is the compressed form of the Stokes' equations expressed in

terms of the vorticity, ~, and stream function, "

V
2

V
2

, = a

where

V\;
au fJ 1 au unr- = Or - -- ---or + = 1#

r r
2 2

v2 a + 1 a + 1 a
= or 2 -- rr a&2r "d"r

( 4 . 1 )

( 4 • 2 l

( 4 .3)

The fluid velocity components, u
r

and in the

directions of rand fJ (polar coordinates), respectively, can

be obtained from the defining equations of the stream

function as,

u
r

(4. 4a)

(4.4bl

The boundary conditions assumed by Kuwabara for solution of

equation (4il) are

at r = a f
u = ufJ = a (4. 5a)

r

at r = a u = u cos fJ (4.5b)
c r 0

t; = a ( 4 . 5c )
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where uois the free stream velocity and no-slip condition

was assumed on the surface of the fiber. In addition,

Kuwabara assumed the vorticity to be zero on the surface of

the imaginary cylinder.

A general solution to equation (4.1) is in the form of

where A
k

, Bk , Ck , and Dk are arbitrary constants which can

be determined from the above boundary conditions as follows,

Ak
1 ( 1 O. Sa) (4. 7a)= 2K -

Bk
1 ( 1 a) (4 . 7b)= - 2K -

Ck
1 (4. 7c)= K

Dk
a (4. 7d)= - --;nr-

where K is the hydrodynamic factor given by equation (2.41)

3 2
K = -0.5 lna - --4- - 0.25 a + a ( 2 . 41)

Consequently, the expressions for the velocity

components can be obtained from equations (4.4a) and (4.4b)

as
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U o a 2

[ 2 In
r

1
f ( 1 _tr_)U =~ - + a + r 2 -r a f 2

2
a r cosO- -2- ~J (4.8)

f
U o a 2

[ 2 In
r

1
f

( 1 _a_)Uo = + + It - --rr- -2K a
f

2 -- -

2
~,-

. ~~;"., ~

3tr r sinO- -2- ~J ( 4 .9 )
f

A comparison of the Kuwabara's results with those of others

such as Happel's cell model (1959), Kirsch and Fuchs "fan"

model (1968), Spielman and Goren (1968) and Lamb's single

cylinder model (1932) was conducted by Yeh (1972). He found-

the Kuwabara analytical resul ts to be in better agreement

with his numerical results obtained from the solution of the

complete Navier-Stokes equations than the others.

Furthermore, the experimental observations of Kirsch and

Fuchs (1967) i nd i ca ted that the Kuwabara theory ga \'e a

better prediction of viscous flow over a staggered array of

cylinders placed normal to the flow than the Happel theory

which is different from the Kuwabara theory only in the

treatment of the boundary condition on the imaginary

cylinder where Happel assumed the shear stress to be zero.
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4.2 A New Approach to Determining Drag on a Cylinder in the-

Kuwabara Model

The pressure drop,. £1p, across a fi brous fi 1 ter of-·-

thickness Lf is equal to product of drag on a unit length of ~
.,- --:---: ::"

a fiber, F, and total 1ength 1t of fibers contai ned in a'

column of unit cross-sectional area of the filter. Thus,

where It is given by

't

aL
f= J'a 2
f

(4.10)

~ --:--"-!G"-~:-- .
:;-;: .

( 4 • 11)

An expression for F can be obtained from a formulation

given by Imai (1951), which is an extension of the Blasius

formula to a viscous fluid. Pich (1966) and Yeh (1972)

applied the Imai's equation to the Kuwabara cell model and

obtained the following:

F = (4.12)

where p is the gas kinematic viscosity.
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In addition to the Imai's equation, one can also

determine the drag on a unit length of a circular fiber by

realizing that it is the sum of the shear drag and the form

or pressure drag, each expressible in terms of the velocity

components. Figure 4.3a shows the shear and normal or

pressure stresses on the surface of a circular fiber

The shear drag is produced by T rO ' the only non-zero

component of the shear stress tensor for the two dimensional

problem under consideration, which is expressed as

1
r

QUo ]
ab ) surface ( 4 . 13)

where u and
r

u e are gi .... en by equations ( 4 .8) and (4.9) ,

respectively, for the case of the Kuwabara flow field.

Having substi tuted expressions for the veloci ty components

in equation (4.13) and simplifying, one obtains

T rO = 3 a 1
[~ (1 - -2-) + ""'2'r (1 - 0')

30'r J sinO
4

1
r

In r

( 4 • 14 )

the net shear drag, however, is obtained by multiplying the
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_. p

Figure 4.3a Normal and shear stresses on a typical cylindrical
fiber

dA.a c9
f

y

Lx
Figure 4.3b Drag--contributing components of the normal and

shear stresses acting on an elemental surface area
of a cylindrical fiber
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x- component of T r e by an e I emen tal sur face area a f the

fi ber (Figure 4.3 b) and integrating the resul t around the

surface of the fiber as follows,

F
shear I

2 J'.

= T r8
o

(4.15)

where force acting onshearthe net fiber.the

above equationin theT r8for( 4 . 14)

is

equation

Fshear

Substituting

and carrying out the integration yields

Fshear = (1 - a) (4.16)

Meanwhi Ie, the other component of the total drag i. e.

the form drag is produced from a net pressure force acting

on the fiber in a direction opposite to that of the flow. In

the case of negligible inertia forces, the pressure function

is related to the veloci ty components through the Stokes I

equations by

2 2

*- [
o u e 1 OU& 1 o Uo ] (4.17)= Il Or:! + -- Or + ----rr oipr

and

2 0')

1 -#- [
a u

1
au

+ 1
a-u

]r r r
( 4 • 18 )= Il l1r 2 + -- Or ae 2r r --rr
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After substi tuting for u
r

and u 0 from equations (4.8) and

( 4 • 9 ) and performin~' necessary differentiation and

integration operations, pressure is found to be expressed by

p = [2ro + __2_] cosO + p
r CtI

( 4 . 19)

where Pm is constant of integration. Again, The net pressure

force acting along the x-direction is obtained by

mul tiplying the x-component of p by an elemental surface

area and integrating the res u I t around the surface of the

fiber as follows,
, .. '

. '.. -

F form -_ J
0

21

p a
f

cose de ( 4 . 20 )

where F form is the net form drag on the fiber.

Substituting for p from equation (4.19) and carrying out the

integration gives

F form = (1 + a) ( 4 . 21)

The total drag is then obtained by simply adding equations

(4.16) and (4.21),
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( 4 . 22 )

which is the same as equation (4.12) obtained from the

Imai's formulation.

Although the above approach for determining F is

algebraically more involved than using the Imai's

formulation, it serves to illustrate the contribution of

each component of the drag to the total drag on the fiber.

Notice that the form and shear drags are nearly equal for

ct«1, while for non-negligible values of a, the form drag

is always greater than the shear drag.

The drag is often expressed in dimensionless form by

the following equation

( 4 . 23 )

*where F is the dimensionless drag. Substituting for F from

equation ( 4 . 12 ) or (4.22 ) results in the following

. for F*,expresslon

F* = (4.24 )

This completes the review of the Kuwabara theory. Below, a

formula t i on of the problem of viscous flow ina staggered

array of rectangular fibers or any other
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symmetrically-shaped fibers based on the assumption of the
_r _ r

periodicity of the flow field is presented.

4.3 Formulation of Viscous Fluid Flow in Staggered Arrav

of Rectangular Fibers

Let's consider a system of infinitely long, parallel

rectangular fibers arranged staggeredly perpendicular to the

direction of flow, as shown in Figure 4.4. After a certain

depth from the entr~nce, the flow is assumed to become

periodic, meanning that the flow pattern is repeated after a

per i odi c 1 ength along the flow direct i on. Th is allows the

flow calculations to be limited to a periodic domain such as

rectangle ABCD shown in Figure 4.4, since the flow field in

each periodic cell is identical. The periodic length, I, in

this case is equal to 4h where 2h is the distance between

centers of two successive fibers along the flow direction.

The flow field in the periodic module ABCD can be obtained

from solution of the continuity and Navier-Stokes equations

which, for a constant property fluid, are expressed as

au + av
0 (4.25 )ox ay =

2 2

(u ~~ +
au )

*+ P. (
a u a u

(4.26 )P Vay = l1x 2 + Oy2.,
a2

vav av ) *- p. (
a-v

(4.27 )P (uox + Vay = +
Ox 2 + Oy2
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CJ 0
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Uo t-..
-.. h

-.. + y 0F D

~h ... 2h ~. h--.

D~
.--b---+

0

Figure 4.4 Staggered array of rect.a.ngular fibers wi th an aspect
ratio of b/w placed perpendicular to the flow
direction
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where u and v are the velocity components in the x- and ~~.

directions, respecti vely, p' is the pressure, and p is- the

fluid density. The boundary conditions necessary for solving

the above set of equations are given by:

on Be and AD
au
~= 0

v = 0

(4.28a)

(4.28b)

These equations arise from the symmetry condi tions assumed

for the x- component of the velocity at the top and bottom

boundaries of the domain. Al though, there is no explicLt

information about the velocity components at the inflow ~nd

outflow boundaries of the domain, one can wri te 't~h~

.., .. '

following equations which result from the assumption of the

periodicity of the flow,

u(x,y) = u(x+l,y)

v(x,y) = v(x+l,y)

(4.29a)

(4.29b)

where x and y denote respective coordinates of a point on

the domain inflow boundary. Also, assuming no-slip condition

on the surface of fibers,

on fiber u = 0

v = 0

(4.30a)

(4.30b)
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Note that the above boundary condi tions are necessary but

not sufficient to obtain a solution since they convey no

explicit information about the amount of mass flow into or

out of the periodic module. Such information, however, can

be obtained from the following consideration of pressure. It

is apparent that in order for there to be a net mass flow in

the positive x- direction, the pressure level must decrease

wi th x. Therefore, pressure does not obey the same type of

the periodicity condition as the velocity components. There

is, however, another type of periodicity condition for

pressure .. According to Patankar et al. (1977), pressure in a

periodic flow is actually composed of two components; one

being periodic, which obeys the same periodicity condition

as the velocity components and the other being linear, which

reduces linearly in the positive x- direction thus causing

the fluid flow. Therefore, the pressure function can be

expressed as

p(x,y) = P(x,y) - px ( 4 . 31)

where P is the periodic component of pressure such that

P(x,y) = p(xtl,y) = p(xt2l,y) = ( 4 .32 )

and P is a numerical constant which is regarded as an
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assignable parameter, a given value of which will generate

mass flow. Thus, in the case of the present problem, an

""
assigned pressure drop of Pl produces some fluid flow in the

per i odi c moduleat a rate depend i ng on the val ue of p.

Substituting equation (4.31) in equations (4.26) and (4.2i)

yields

( Ou +p u"""'QX

avP (u"""'QX +

OP
P - 0;;:-

ap +
- OY

( 4 . 33)

( 4 .34 )

2
where V in the cartesian coordinate system is given by

(4.35 )

Equitions (4.33) and (4.34) along with the continuity

equation (equation (4.25)) consti tute a coupled system of

partial differential equations which must be solved

simultaneously with the boundary conditions given by

equations (4.28)-(4.30) and (4.32) for the unknown functions

u(x,y), v(x,y), and P(x,y).

It was noted, however, that the flow field in one half

of the periodic module ABeD was symmetrical inversion of

that in the other half. It is thus possible to halve the

domain and consider only one of the half modules, such as

module ABEF as shown in Figure 4.4, for the flow as well as
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single fiber efficiency calculations. Such consideration

yields great savings in computation time and cost. The

periodicity conditions are consequently modified as

u(x,)') u(x + t h y) (4.36a)= -2-

v(x,y) = - v(x + _t_ h - y) (4.36b)2

p(x,y) p(x + t h y) (4.36c)= 2

notice that the negative sign in equation (4.36b) is

included because the y-component of the fluid velocity has

opposite directions at the inflow and outflow boundaries of

the module ABEF. Also note that the pressure drop necessary

for the fluid flow is now instead of Pi .
It shou ld be noticed that the above formu 1a t i on is

independent of the cross-sectional shape of the fi ber and

can be applied to rectangular, circular, or any other

symmetrically shaped fibers.

A brief review of the numerical technique used in the

present study to solve the flow equations is given next.

4.4 Numerical Method

A solution to the partial differential equations

expressing the periodic fluid flow around rectangular fibers

can be obtained only in a numerical form as an analytical
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solution is not currently available. The numerical scheme

used in the present study is a finite-difference scheme

which involves discretizing the governing differential

equations into a number of algebraic equations containin-g

unknown values of the corresponding dependent variables ~[

finite number of locations in the calculation domain, called

grids. The descritized equations are then solved

simultaneously or iteratively according to a solution

algorithm to obtain discrete

variables.

values of the dependent

The technique used here for discretization of a given

differential equation is based on the control-volume

formulation which is easy to understand and lends itself to

direct physical interpretation. The method is described in

detail by Patankar (1980). It basically involves dividing

the calculation domain into a number of non-overlapping

control volumes, each containing a grid at its center. Th~

differential equation of interest is then integrated over

each control volume assuming some mathematical profile for

variation of the dependent variable between adjacent grids

for evaluation of integrals. The resul t corresponding to

each control volume is an algebraic equation containing

unknown values of the dependent variable at the central grid

and its immediate neighboring grids.

A detail description of the discretization method and
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solution algorithm for solving the resulting equations is

given in Appendix B. In addition, details of the calculation

program developed for the present study are discussed also

in Appendix B.

4.4.1 Viscous Flow Field Around a Rectangular Fiber in

Staggered Array Mode]

Following the control-volume approach as described

briefly above, the calculation domain ABEF was divided into

several control volumes, as shown in Figure 4.5. The grids

are numbered from I = I to Ll in the x- direction and from

J = 1 to MI in the y- direction, where L1 amd HI are

integers equal to 36 and 31, respecti vely for the problem

under consideration. Since the boundary conditions are

symmetrically inverted at the inflow and outflo~ boundaries,

it is essential to maintain the grid layout symmetric with

respect to an imaginary line running parallel to the x-axis

through mid-section of the domain. As seen, several control

volumes have been placed fairly close to the fiber for more

accurate determination of the flow field in the vicinity of

the fiber which, in turn, yields more accurate values for

the single fiber efficiency. In general, the flow and

efficiency calculations were carried out for several values

of the filter packing density, fiber aspect ratio, b
w
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Figure 4.5 Control-volume layout of the calculation domain
around. half of a rect.angular fiber
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defind as the ratio of that side of a rectangular fiber

which is parallel to the flow direction, b, to that which is,

normal to the flow direction,

dimensionless parameters.

w, and other pertinent

A typical flow calculation session usually commenced by

specifying a value for P and allowing the solution algorithm

to iteratively calculate values of the velocity components

and pressure. The convergance or divergance of the solution

depended on the val ues 0 f the re 1axa t i on fac tors used to

retard or expedi te the convergance rate and after several

test runs with different relaxation factors a set of

values was selected for optimum convergance rate. Figure 4.6

ShOh"S a t:ypi ca 1 ca 1cula ted flow field around a rectangul ar

fiber with an aspect ratio equal to

Re = 0.19, where Re is thep = 600, 4' = 0.08, and

1
1 corresponding to

Reynolds number defined as

Re =
1/

( 4 . 37)

where 1/ is the fluid kinematic viscosity, Uo is the mean air

velocity normal to the inflow boundary, and D
h

is the

hydraulic diameter of the fiber given by

2wb
w + b

( 4 .38 )
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Meanwhile, since the pressure drop, ap, along the

domain is caused by the drag on the fiber, one can determine

the drag on a unit length of the fiber, F, by multiplying

the pressure gradient J3 by the domain length and surface

area normal to the flow direction as follows,

F = P(1}(h}(1) = ~p h (4.39 )

Expressing F in a non-dimensional form according to

equation (4.23) yields,

lip h
~U o

( 4 . 40 )

*the values of F for ft =0.08 and several values of b
w

and Re were obtained and plotted against Re, as shown in

Figure 4.7. As can be seen, for Re < 0.2, the F* values

corresponding to different aspect ratios are almost constant

independent of the Reynolds number, while for 0.2 < Re < 1,

the dimensionless drag seems to be a weak but increasing

function of the Reynolds number.
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Figure 4.7 Calculated values of the dimensionless drag on
rectangular fibers -in viscous flows with different
Reynolds numbers for a=O.08
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4.4.2 Viscous Flow Field Around a Cylindrical Fiber in

Staggered array Model

The present numerical method, as mentioned previously,

can be applied also to the case of viscous flow in a system

composed of staggered array of circular fibers as shown in

Figure 4.1. The results of calculations can be then compared

with the theoretical predictions of Kuwahara as a means of

verifying the accuracy of the numerical method .

Having assumed periodic flow behavior away from the

entrance, the flow field calculation could be limited to a

periodic module such as that shown in Figure 4.8, which

contains half of a circular fiber because of symmetry

consideration. The flow equations and boundary conditions

associated ~ith this domain are the same as those considered

for calculation of the flow field around a rectangular

fiber.

B E

x

y

A

Figure 4.8 Calculation domain considered around half of a
cylindrical fiber



- 142 -

As mentioned previously, the numerical technique used

in the present study requires dividing the calculation

domain into a pre-selected number of control volumes of

certain geometry ... hich is compatible with the geometry of:

the domain and its contents. The obvious choice for the
.' ~ '"

domain uncl :,onsideration is, of course, a combination '-of"
-- -'~;-~~7:"-' --

cylindrical and rectangular control volumes. But since, no

provision for interaction between two geometrically

dissimilar control volumes was considered in the present

numerical program, it was decided to use rectangular control

vol urnes for the en tire domain i ncl uding the c i rcul ar fiber.. _. _.
- _.-.......~_._~._---

as the conform best to the geometry of the domain as well
- ,·::-t--~·

,.

as rectangular fi bers which are of main interest to the

presen t study. Th is approach, however, requi res that the

circular boundary of the fiber to be approximated by a

"step" model as illustrated in Figure 4.9.

I,,
•I
•••.--.', .
••,
•,
•I

I I
I I

---,.-------~--I I I I
I I I I

-~---~----------.-I I I
I I I
I I I

~----------------

Fi£Ure 4.9 "Step" representation of round contour of a half
cylinder with a step &nile of 11.25 deirees
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The steps are basically formed from crossings of the

vertical and horizontal faces of control volumes with the

surface of the fiber. The model shoh'n in Figure 4.9 is

formed wi th vert i cal faces c ros sing the fiber boundary at

at

and

fiberthecrossingfaces

point

°9xl1.25 ,

horizontal

following angular positions with respect

° °lxll.25, 3xll.25,

° °llxl1.25, 13xl1.25,

stagnation

the

forward

having

the

points

to

. ° °5xl1.25, 7xl1.25,

15xl1.250 and ...·ith

the following

°6xll.25, and

. 0°,angu lar pos i t 1 ons

°8xl1 .25 . The arbi trary

2Xl1.250, 4xl1.250,

angle of 11. 25° is

reffered to as the step angle from hereinafter. Note that

the vertical and horizontal control volume faces cross the

circular fiber at odd and even multipliers of the step

angle, respectively. It should be mentioned that the

systematic procedure used here is by no means the only

method of generating the steps.

Meanwhile, in order to determine the effect of the

number of steps used in approximating the circular boundary

of a fiber on the calcula t ion resul ts, the step angl e was

reduced to 5° to obtain a better representation of the fiber

contour.

Figures 4.10 and 4.11 illustrate typical calculated

flow fields around the same fiber composed of steps

corresponding to step angles of 5° and 11.25°, respectively.
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no apparent differences in the flow fields

the Reynolds number based on the fiber

correponding to the two step angles exist. This agreement is

more evident by the plot shown in Figure 4.12 in which

values of the dimensionless drag, F*, as determined from

equation (4.40) are plotted against 4 for both step angles.

As seen, the resul ts are in excellent agreement suggesting

that the flow field is not sensitive to the number of steps

used in approximating the circular fiber. As a matter of

fact, in the limit that a circular fiber is approximated by

a square (corresponding to a rectangle with an aspect ratio

of +), the calculated values of F* vs. a (not shown) were

found to be in good agreement wi th those shown in Figure

4. 12.

To investigate the relationship between F* and ReD'

where ReD is

diameter, the calculations were conducted for several values

of ReD and the results are shown in Figure 4.13. Similar to

the case of rectangular fibers, the calculated values of F*

corresponding to were found nearly constant

independent of while, for 0.2<ReD<1 the

non-dimensional drag was found to increase slo"'ly as the

Reynolds number was increased.

Furthermore, the calculated values of F* for various

values of a and Re < 0.2 were compared with the

theoretical results of Kuwabara as obtained from
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o
~ 11.25
• 50

(J.

Figure 4.12 Effect of the step angle on the calculated. values
of the dimensionless drag on cylindrical fibers for
several values of a
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Figure 4.13 Effect of the viscous flow Reynolds number on the
calculated values of the dimensionless drag on
cylindrical fibers for a=O.05
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equation (4.24). In addition, for the sake of comparison,

the analytical results of Happel (1959) ~ho obtained similar

expression for F* as that given by equation (4.24) except

that his expression for the hydrodynamic factor expressed as

following ~as different from that of Ku~abara (equation

(2.41»

K = -0.5 Ina + - 0.5 for /1'«1 (4.69 )

Figure 4.14 shows the comparison bet~een the calculated

values of F* and those obtained from the analytical

expression of Ku~abara and Happel. As can be seen, the

agreement between the present calculated values and those of

Kuwabara is very good, while the Happel's results are

noticeably lower than both. The fact that the Kuwabara

theory gives a better prediction of the floh' field in a

staggered array of circular fi bers arranged normal to the

flow than the Happel theory was verified also by the

numerical work of Yeh (1972) and the experimental study of

Kirsch and Fuchs (1967). In addition, the good agreement

between the present results and those of Kuwabara attests to

the accuracy and capability of the numerical technique used

in the present study in determining the viscous flow field

in a staggered array of symmetrically shaped fibers placed

perpendicular to the flow.
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Figure 4.14 Comparison of the numerical and theoretical ~~lues

of F* on cylindrical fibers as respectively obtained
in the present study and by KllW'abara and Happel
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4.5 Dimensional Analysis of Viscous Drag on Rectangular

Fibers

Although there is no analytical expression available

for the drag on a rectangular fiber, one may obtain a

functional relationship between and other relevant

dimensionless parameters using the Buckingham

~-theorem (1915). The theorem states that in a physical

problem including n quantities in which there are m

dimensions, the quantities can be arranged into (n-m)

independent dimensionless parameters. Let AI' A2' AJ' •.. ,A
n

be the quantities involved which, for example, may represent

pressure, viscosity, velocity, etc. If all the quantities

are known to be essential to the solution of a problem then,

there will have

between them, i.e.

to exist some functional relationship

( 4 .41 )

In that case if ~I' J2' ~3 , ... represent dimensionless

groupings of the quantities ... , then wi th n

dimensions involved, an equation of the form

( 4 .42 )
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can be written.

Let's apply the above theorem to the present problem.

The quantities involved are ~p, p, U0' p, h, w, and b

which have the following dimensions,

~p
M (4.43a)LT2

M (4. 43b)P LT

Uo
L (4.43c)
T
M (4.43d)P --rr

h L (4.4 3e)

b L (4.4 3f)

w L (4.43g)

where M, L, and T represent Mass, Length, and Time

dimensions, respecti vely. Then, according to the theorem I

there should exist (7-3) = 4 independent, dimensionless ~

parameters which could be formed from the above quantities.

The method of determining J parameters is to select

m = 3 of the -n = . quantities, with different dimensions,

which contain among them the 3 basic dimensions (M , L, and

T) and to use them as repeating variables together with one

of the other quantities for each ~. Let's choose ~p, h, and

Ua as the repeating variables, which collectively contain M,

L, and T in their dimension. Then, the first J parameter can
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be formed as

x)

'1) = ~p

y) 21

h V
o

(4.44 )

the second one as

( 4 .45 )

and the third and fourth ones as

X3 Y3 23

'13 = ~p h Vo b ( 4 . 46 )

X4 Y4 24

'14 = ~p h Vo P ( 4 .47 )

since, by definition, the '1'S are dimensionless, the

exponents of each equation can be determined by requiring

that the right side of the equations must be dimensionless

as well. Thus, by substituting the dimension of each

quantity from equa t ions (4.43a)-(4.43g) in the above

equations, one obtains the follo~ing

000 - I _2 XI YI _ 1 2 I _ 1 _ 1

MLT = (ML T ) ( L) (LT ) (ML T ) (4.48 )

000 _ 1 _~ x2 Y2 _ 1 Z2
MLT = (ML T ) ( L) (LT ) (L) ( 4 .49)

000 _) _2 x3 Y3 _1 23
MLT = (ML T ) (L) (LT ) (L) (4.50 )
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000 1 2 X4
MLT = (ML- T- )

Y4
(L)

_3
(ML ) ( 4 .51 )

collecting the exponents of like dimensions on the right and

set t ing them equal to zero would yi e 1d three equa t ions in

three unknowns for each parameter, which, when solved, give

XI = -1 Yl = -1 z 1 = 1 ( 4 . 52)

x2 = a Y2 = -1 Z2 = a ( 4 . 53)

x3 = a Y3 = -1 Z3 = a ( 4 . 54)

X4 = -1 Y4 = a Z4 = 2 (4.55 )

Hence, the ~ parameters are

U Ii b U2 P0 w 0
1'2 = I1p h '12 = h ~3 = h 1'4 = I1P.

(4.56 )

which should satisfy the following

w

h
b

h = 0 ( 4 . 57)

Moreover, the if'S can be inverted, raised to any power,

and/ or mul t i pI i ed by each other to a bta in other forms as

long as their number does not change. Thus, after a fel.;

simple inversion and multiplication operations on the above
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'X'S, one obtains

b
w

w
-h- = 0 ( 4 . 58)

but according to equation (4.39) I the first " parameter in

the above equation is the dimensionless drag F*, and the

fourth" parameter in equation (4.58) is the Reynolds number

based on h as follows,

( 4 . 59 )

Therefore, equation (4.58) can be written as

f(F* , b
w

w
-h- , Re h ) = 0 (4.60 )

which can be rearranged and expressed as following

w
-h- I Reh ) ( 4 .61 )

Meanwhile, the solid volume fraction, a, associated with the

calculation domain of interest (Figure 4.4) is given by

a = wb
( 4 .62 )
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which can also be written as

b/w
4

( 4 .63)

Rearranging the terms in this equation gives

=
40'
b/w ( 4 .64 )

Notice that the square of the second ~ parameter in equation

(4.61) can be replaced by the above expression as follows,

4a
b/w ,Reh ) (4.65 )

multiplying the first and second ~ parameters together

yields

F* = G(~ , 0' , Re
h

)
w ( 4 . 66 )

Note that the numerical coefficient of the second term in

the right side of equation (4.65) has been ignored in the

above equation since it has no meaning in this functional

relationship. In addition, due to the functional nature of

the above express i on, replacement 0 f Re h wi th Re wh i ch is

based on the hydraulic diameter of a rectangular fiber

should not affect the relationship expressed by
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equation (4.66). Therefore,

F* = G(~ aRe)w ' , ( 4 .67 )

But as explained previously and shown in Figure 4.7, the

calculated values of F* were found to be independent of the

Reynolds number for Re < 0.2 . Therefore, the dependence of

F* on Re can be removed from equation (4.67) if the flow

calculations are limi ted to values of the Reynolds number

below or in the vicinity of 0.2 . Hence,

F* = H(~ a)
w ' if Re < 0.2 (4.68 )

I

This indicates that the dimensionless drag on a rectangular

fiber due to the flow of a viscous fluid over the fiber is a

function of both the filter packing density and aspect ratio

of the fiber in compar i son to the case 0 f acyl i ndr i cal

fiber for which the dimensionless drag is a function of the

filter packing density only (equation (4.24)).

A graphical representation of F* as a function of 0 for

several values of b
has been obtained and will be

presented and discussed later.



- 158 -

4.6 Formulation of the Single Electret Fiber Collection

Efficiency

Once

one can

particles

the flow

determine

due to

field around a typical fiber is kno\.Jn,

the single fiber capture efficiency of

var i ous collec t i on mechan isms. The

mechanisms considered in the present study are Bro\.Jnian

diffusion, interception, and electrostatic effect while, the

effects of gravity and particle inertia have been neglected.

Below, a description of each collection mechanism considered

and a procedure for calculating corresponding single fiber

efficiency are presented.

4.6. 1 Brownian Diffusion

One of the major particle collection mechanisms by

fibers of a fibrous filter, especially for submicron

particles, is the Brownian diffusion \.Jhich arises from

diffusion of particles towards fibers as a results of their

random motion caused by their interaction with molecules of

the carrier gas.

Let's consider an infinitesimal control volume across

equationconvective-diffusion

which particles

di ffus i on. The

can be

general

transported by convection and

expressing the conservation of number of particles in the
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control volume can be written as

div(-D VN) - div uN - div( v - u )N
p

(4.70 )

where the barred parameters denote vector quanti ties. In

this equation, N is the particle concentration, D is the

diffusion coefficient of particles which can be determined

from the Einstein's equation assuming Stoke's la\o; for the

particle drag

D = l T c
3Jfid

p
( 4 . 71)

the gas velocity,

T is the temperature and f is the Boltzmann's constant, u is

and v is the particle velocity which can
p

be different from the gas velocity if the particle is under

the influence of external forces such as inertia, gravity,

and electrostatic forces, and is the differential

operator. Note that equation (4.70) basically expresses a

balance between the rate of accumulation of particles in the

control volume as represented by the term on the left and

the net rates of particle transport into the control volume

due to Brownian diffusion, exchange of fluid of the control

volume wi th surroundings, and particle transport resul ting

from the re la t i ve mot i on between parti cles and the amb i en t

as represented, respectively, by the terms on the right side
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of the equal sign. Under steady state conditions and in the

absence of any external forces, equation (4.70) can be

simpli fied as

2
V • (Nu) = D V N

or

N(V . u) + (u . V)N
2

= D V N

(4.72 )

( 4 .73 )

where for the two dimensional cartesian coordinate system
2

considered here, V can be expressed as

+ (4.74 )

but from equation (4.25),

V • u = 0

hence, equation (4.73) can be written as

2
(u . V)N = D V N

or in expanded form as,

( 4 .75 )

2a N
= D ( Ox:l +

2a N
oy:l (4.76)

Note that this equation simply states that the net rate of

the particle transport by the gas flow (convection) out of
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the control vo I ume is equa I to the ne t rate of part i c Ie

transport by diffusion into the volume.

If the flow field around a typical fiber is known, one

can solve equation (4.76) subject to appropriate boundary

conditions to determine the distribution of particle

concentra t i on around the fiber, from wh i ch the di ffus i on

rate of particles towards the fiber can be calculated. In

the case of rectangular fibers, however, one can only obtain

a numerical solution since the flow field can not be

expressed analytically. Using the same numerical technique

used for solution of the flow equations, equation (4.76) can

be solved numerically in a calculation module identical to

that used for the flow calculations. Referring to module

ABEF sho ...n in Figure 4.4, the boundary condi tions assumed

for the particle concentration are as follows,

inflow boundary N = N ( 4 .77 )
0

top and bottom boundaries aN 0 ( 4 .78 )OY =
outflow boundary aN 0 (4.79 )ox =
on the fiber N = 0 ( 4 . 80 )

where No is an arbi t rary cons tan t . There fore, a un i form

particle concentration is assumed at the domain entrance

while, symmetry conditions are assumed at the top and bottom

boundaries. Note also the symmetry-like condition considered
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at the outflow ,boundary where there is no information known

about the particle concentration. As described by Patankar

(1980), the neglect of diffusion at the outflow boundary is

a way of eliminating the effect of unknown conditions at

that boundary on the rest of the domain. More discussion on

the implication of this assumption is given in Appendix C.

It sh ould be men t i oned al so that one could have used a

modified periodicity condition for the particle

boundaries ofconcentration

domain but

at the inflow

tha t idea was

and outflow

abondoned here because

the

of

introduction of unnecessary complications to the calculation

of the single fiber efficiency.

The calculation program for solution of equation (4.76)

has been described in Appendix C. T? start the calculations,

the program requires the input of the previously calculated

flow field corresponding to the desired values of the fiber

aspect ratio and filter packing density as well as a value

for the diffusion coefficient of particles. The calculation

of discrete values of particle concentration in the domain

under cons i dera t i on then beg i ns i tera t i vel y and con t i nues

until a converged solution is attained.

Once the particle concentration profile around the

fiber is determined, one can calculate the rate of particle

. :
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diffusion to the fiber by using Fick's law,

( 4 .81 )

where j is the particle flux defined as the number of

particles depositing on the fiber per unit area per unit

time, and n is the coordinate pointing in the direction of

the vector normal to the fiber surface. Due to the numerical

nature of the solution, The value of j for each control

volume adjacent to the fiber was approximated by the

following equation

. = _ D ~N
J """'!n

notice that equations (4.81 ) and (4.82)

( 4 . 82 )

yield similar

results if the concentration profile is linear in proximity

of the fiber. In fact, the slope of the calculated

concentration profile in the fine mesh around the fiber was

found to be constant for the cases where the diffusion

boundary layer thickness, 5, was relatively large. For other

cases where 5 was of the same order of magni tude as the

thickness of the fine mesh around the fiber, the calculated

concen tra ti on prof i 1 e was found to be non-l i near and as a

result, the error associated with using equation (4.82) was

reflected in the calculated values of the single fiber
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eff i c i ency as wi 11 be presented and discussed in the next

chapter. Of course, one can reduce the magni tude of the

error by further shrinking the si ze and/or increasing the

number of the control volumes in the region very close to

the fi ber, but that, in turn, would retard the convergance

rate and increase substantially the computation time and

cost.

The total number of particles deposi ted on the fiber

per unit time by diffusion, J, was then determined by

M

J = L j. A.
1 1

i=l

(4.83 )

where A. is the surface area of that face of the contr·o 1
1

volume i which is perpendicular to the normal vector of the

fiber, and M is the total number of control volumes adjacent

to the fiber. The results, however, are usually expressed in

terms of the single fiber capture efficiency defined as

( 4 .84 )

where dis a character i st i c length depending on the fiber

shape. For circular fibers, dis equal to the fiber radi us

and for rectangular fibers, it is equal to the half width of

the fi ber or hal f the side wh ich is fac i ng normal to the
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volumefiberthe
wratio,aspectfiber

flow direction. The values of ~D for different values of the

brectangular

fraction, a and the diffusion coefficient, D (or the

Peclet number) were calculated and the results will be

illustrated and discussed in the next chapter.

4.6.2 Interception

Another important particle capture mechanism is

interception which accounts for the finite size of

particles. When a particle comes to a distance equal or less

than its radi us from surface of a' fi ber, it is intercepted

and thus collected by the fiber.

Interception is usually important for a particle size

which is neither too small for diffusion nor too large for

the inertial impaction to become dominant. Whether or not

the interception effect should be considered in the

filtration studies is decided based on the value of the

interception parameter, NR , which is defined as

(4.85 )

for circular fibers and
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a p
wj2 ( 4 . 86 )

for rectangular fi bers. For the intercept i on

effect is often neglected in the calculation of the over-all

fiber collection efficiency. But when considered, the

interception effect is usually combined with other

collection mechanisms. The resulting filter efficiency will

be then due to the simultaneous action of interception and

any other collecti on mechan i sm cons idered. However, in the

present study, the interception effect for rectangular

fibers was treated alone, i ndependen t of othe r colI ect i on

mechanisms. Meanwhile, in the absence of the Brownian

di ffusion and external forces, a particle in a gas flo ...·

through a filter travels along the fluid streamlines and

will come in contact with a fiber if the streamline, along

which the particle is travelling, approaches within a

distance equal to the particle radius from surface of the

fiber. Hence, there must exist a critical streamline below

which all particles carried by the gas flow are collected by

the fiber and above which particles travel around the fiber

and are not intercepted by the fiber. Figure 4.15 shows the

situation pictorially. The collection efficiency of the

fiber due to interception, "R' is then simply the ratio of

the gas flow rate confined between the critical and
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Figure 4.15 Interception of particles of diameter a
p

by a rectangular fiber as they come to
within a distance of one particle radius
from surface of the fiber
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~tagnation streamlines determined as the difference between

values of the stream function associated with the two

streamlines to the total flow rate intercepted by the fiber,

had the flow not been deflected by the presence of the

fiber. Thus, ~R can be written as

~R = U w
o

( 4 .87 )

where ~ is the streamline value of the critical streamline
cr

having assumed a zero value for the stagnation streamline.

To determine J. from the numerical resul ts for thefer

flow field around a rectangular fiber, let's consider Figure

4.16 illustrating the familiar calculation domain with the

fiber enclosed by an imaginary rectangular cell which is the

locus of points being one particle radius away from surface

of the fiber. Notice that the cell has two arcs with

their centers located at two corners of the fiber.

The critical streamline must then come tangent to the

cell at two points which are more likely to be on the arcs.

The plan is therefore to calculate the flow rate between the

stagnation streamline and several locations on the imaginary

cell including the arcs and choose the maximum flow rate as

the value for the critical streamline.

Al though, the fluid veloci ty components on the cell can be

approximated from the calculated flow field obtained in the
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absence of the imaginary cell, but the results will be more

accurate if the flow calculations are repeated with the

presence of the imaginary cell taken into account.

~ap

~~

Figure 4.16 Imaginary interception region around a
rectangular fiber, which is one particle
radius from surface of the fiber

This, of course, requires the circular arcs to be

approximated by steps as described previously in the case of

flow calculations around circular fibers. Figu~ 4.17 shows

the left arc as approximated by steps. A step angle of

11.25° was used for generating the steps.
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Figure 4.17 "Step" representation of particle interception arc
of radius a ~ith a step angle of 11.25 degrees

p

The flow field was calculated for Re < 0.2 and

several values of NR , l! , and ~ . The calculated velocity
w

components in the x- direction were used to determine the

volume flow rate confined between th.e stagnation streamline

and each one of the points a, b, c, and d on the arc. The

maximum flow rate was often found to correspond to point c

and at times to point b depending on the fiber -aspect ratio

and value of N
R

. The angular positions of points band c on

o 0
the arc are 3xll.25 and 5x11.25 , respectively, as measured

clockwise from point P.
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It should be mentioned that a more precise calculation

of the value of the limiting streamline and its location on

the arcs requi res the use of finer steps in approx ima t i ng

the arcs which, in turn, will increase greatly the

computation time. But due to the small radius of curvature

of the arcs, an increase in number of steps is unlikely to

improve the results by any significant amount.

The calculation of the single fiber efficiency due to

interception was made for several rectangular fibers with

b 1ranging from --2- to 10 and for 0.1 ~ NR < 1 and

0' = 0.04, 0.08, and 0.16. The resul ts are presented and

discussed in the next chapter.

4.6.3 Electrostatics

As described previously, electret fibers are best

characterized by their rectangular cross-section and bipolar

charges on two opposite sides of the rectangle. The charges

are not the so called "free" charges but instead are

permanent dipoles induced during manufacturing as explained

previously. The electric field intensity function in and

around a typical electret fiber can be obtained from the

solution of the Poisson's equation u~ing the specified

sur"face charge distribution as one of the boundary

conditions. Such approach, however, is mathematically quite
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of approximating the electric field

electret fiber by that due to the netintensi ty around an

complicated and as a result until recently, almost all

studies involving electret fibers have been experimental and

any theoretical work such as that of Brown (1981) on the

electret fibers considers circular instead of rectangular

fibers since the viscous flow and electric fields around a

cylinder with permanent dipoles are known. Recently,

however, the Japanese investigators Emi etal. (in press))

have started both experimental and theoretical work on

electrostatic collection efficiency of rectangular electret

fibers. Their approach to expressing the electric field

intensity around an electret fiber was to approximate the

effect of bipolar charges by that of many line charges of

both polarities placed uniformly along two opposite sides of

the fiber. The electric field intensity around the fiber was

then assumed to be equal to the vectorial sum of intensity

of all 1 ine charges. Meanwhile, the flow field around the

fiber was approximated by that around an isolated elliptic

body with zero thickness for which analytical solutions are

available. The resul ts of the Japanese work were presented

in Chapter 2.

The concept

effect of several line charges of both polarities was also

used in the present study to determine the electrostatic

single fiber efficiency due to Coulombic and inductive
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interactions between paticles and the electret fiber.

It should be mentioned, however, that the effect of the

polarization field within the fiber on its surrounding

electric field is completely neglected and therefore, the

dielectric constant of the fiber does not play any role in

the formulation of the electric field intensity around the

fiber as presented below. Although. such consideration

limits the application of the results to the real problems

but, as a first order approximation, it will provide some

insight into the collection capabilities of electret fibers

due to electrostatic forces.

The present study, however, differs from the

theoretical study of Japanese in two aspects. One is that

the flow field used in the present study is indeed that

around a rectangular fiber as opposed to the approximated

flow field used by the Japanese. The second difference is

the inclusion

fibers on the

present study

of the interference

flow field around a

in contrast with the

effect of neighboring

typical fiber in the

isolated-fiber model

considered by the Japanese. It should be emphasized that the

interfernce effects were considered only in the flow field

calculations and were not taken into account in the

formulation of the electric field around a typical fiber

Figure 4.18 shows the cross-section of an electret
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fiber with positive and negative line charges representing

the polarized charges on two opposite surfaces of the fiber.

p
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Figure ~.18 Distribution of dipoles on an electret fiber,
approximated by pairs of positive and negative line
charges

The radial electric field intensity, E
r.

1

at ,a point

due to the combined effect of a pair of positive and

negative line charges as designated by i can be written as

I =r.
1

Q
21'( r

o p.
1

Q
21'( r

o n.
1

(4.88 )

where f
O

is the permittivity of free space, Q is the amount

of charge per unit length of each line charge, and rand
Pi
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r are shown in Figure 4.18. The angular field intens i tyn.
1

around a line charge is zero due to symmetry consideration.

Since, a more appropriate coordinate system for the present

probl ern is the cartes i an coordi na te s ys tern, it is bes t to

express the electric field intensity in terms of its

cartesian components, £x.
1

, as follows

£ Q cosB
Q cos B (4.89 )= 21l'f 2Jf rx. r p n

1 0 p. o n.
1 1

£ Q sinO
Q

sinO ( 4 . 90)= 2lf 211'f r:r· r p n
1 o p. on.

1 1

where angles & and 8 are also shohn in Figure 4.18. Using
p n

simple trignometry relations, the above equations can be

written as

Qx Qx
p. n.

£ 1 1 ( 4 .91 )= 2iff r 2 2iff r 2x.
1 o p. o n.

1 1

Qyp. Qyn .

£ 1 1 ( 4 .92 )= 2iff r 2 21f r 2y.
1 o p. o n.

1 1

where

r 2 = x 2 + y2 (4.9 3a)
p. p. p.

1 1 1

r 2 = x 2 + y2 (4.93bln. n. n.
1 1 1

with x and y distances shown in Figure 4.18. Considering the
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effect of all line charges, the components of the net

electric field intensity, E and Ex y

consideration can be written as

at the point under

E
x

Ey

n
c

= E
i =1

n
c

= E
i=l

Qx p.
1

27( r:J
o p.

1

Qyp.
1

211'( r 2
o p.

1

Qx
n.

1

211'( r:2
o n.

1

QYn.
1

211'( r:2
o n.

1.

( 4 .94 )

( 4 . 95)

where n is the total number of line charges of each
c

polarity assumed on the fiber. Equations (4.94) and (4.95)

describe the electric field intensity around a typical

electret fiber whose surface bipolar charge distribution is

approximated by several line charges of both polarities.

Having obtained the electric field intensity function,

one can determine the magnitude of electrostatic forces

acting on charged or uncharged particles approaching an

electret fiber.

In the case of a charged particle, the electric force

on the particle is Coulombic given by the follo .... ing

vectorial expression

FC = qE (4.96 )

where q is the particle charge and Fc is the Coulombic force



- 177 -

Express i ng the above equa t i on in terms of its x- and y-

components gives

= qE x

= qE y

( 4 .97 )

( 4 .98 )

where Fe and FC
are components of the Coulombic force in

x y

the x- and y- directions and E and E are given byx y

equations (4.94 ) and ( 4 .95) , respectively.

In the case of an uncharged particle in an

inhomogeneous electric field, the particle becomes polarized

and is attracted towards region of higher intensity, i.e.,

towards the fiber. The electrostatic force acting on the

particle, in general, is given by

3
lI'D f oP

4
" - 1
" + 2

2
V (E ) (4.99 )

is the induced force, D and" are the particlep
where Fr
diameter and dielectric constant, respectively, and

~ a A aV = l-OX- + j-oy- is the differential operator with i and j

denoting the unit vectors in the x- and y- directions,

respectively. Expressing the above equation in terms of its

components and substi tuting for E and Ex y from equa t ions

(4.94) and (4.95), respectively, results in the follol'ing
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exprerssions for the induction force components, F r
x

n 2 3 x x
c Q D

1
p. n.

~ p /Ii, - 1 1FI = r 1~

8if{o /Ii, + 2 r 1
x i=l p. n.

1 1

n 2 3
yp. Yn.c Q Dp 1

~
If. - 1 1FI = r 1 r 1

i=l 8if{O /Ii, + 2y p. n.
1 1

and F
I

y

(4.100 )

( 4 . 101 )

But the electrostatic forces are not the only forces

acting on a particle carried by the fluid flow around an

electret fiber as other external forces such as inertia,

gravi ty, and drag may be signi ficant also. However, The

influence of particle inertia and gravity were neglected in

the present study. Thus, under steady state conditions, the

electrostatic force acting on a particle is balanced by the

drag on the particle as follows,

(4.102)

for the case of a charged particle and

(4.103 )

for the case of an uncharged particle.

The drag on a particle, Fd can be expressed by the
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follow ing equa t i on assumi ng Stoke s law for the part i cle

drag,

3:fpD
P

c
(u v )

p
(4.104)

where u is the fluid velocity, and v
p

is the particle

velocity which is different from u due to the influence of

electrostatic forces. Again, expressing Fd in terms of its

components yields

3:fpD
Fdx = p (u v

px
) (4. 105)

c
3:fpD

Fdy = P (v - v py)' ( 4 . 106 )c

where v and v are components of the particle velocity
px Py

in the x- and y- directions, respectively

Equating like components of the drag and electrostatic

forces according to equations (4.102) and (4.103) for

charged and uncharged particles and solving for the

components of the particle velocity for each case, one

obtains the following relationships. For the case of a

charged particle,
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n x xc Qqc p. n.
~

1 1 (4.107 )v = U - 61 2f ollDp r 2 r 2px i=l p. n.
1 1

n Yp . Yn .c QqcE 1 1 (4.108)v = v - 6;t2follDp r 2 r 2PY i=l p. n.
1 1

while. for the case of an uncharged particle.

n 2 2 X Xc Q D c 1 p. n.
E p " - 1 1 ] (4.109)v = u - 24;t 2foil 2 r 1 r 1px i =1 " + p. n.

1 1

n 2 2
Yp . Yn .c Q D c 1E P " - 1 1

] (4.110)v = v - 2471' 2 foil 2 r 1 r 1PY " +i=l p. n.
1 1

Considering the number of parameters involved in equations

(4.107)-(4.110). it is best to express the equations in

non-dimensional form by introducing the following parameters

'* '*
v

U px
II = 'tJ =Uo px Uo

* *
vv PYv = v =

Do PJ- Uo

'* x * -L * r
I = 1 = T =

W W W

(4.111)

where * quantities are dimensionless. Substituting the above

in equations (4.107)-(4.110) and simplifying. one obtains
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* *n x x

* *
c p. n.

N
C

E 1 1 (4.112)v = II - · *2 *2px
i=l r r

Pi n.
1

* *n Yp . Yn .
* *

c
N

C
E 1 1

( 4 • 113 )u = v - · *2 *2py
i=l r r

Pi n.
1

for charged particles and

* *n x x

* *
c p. n.

NI ·E 1 1 ( 4 . 114 )u = II - *4 *1px i=l r rp. n.
1 1

* *n Yp . Yn .
* *

c
N1

E 1 1 (4.115)v = v - · *" *"py
i=l r rp. n.

1 1

for uncharged particles. In these equations, NC and N1 are

dimensionless force parameters expressing the ratio of

coulombic and induct i on forces, respect i vel y J to the drag

force and are defined as

NC =
Qqc

(4.116)
6~2f pD wU

o P 0

2 3
Q D c 1NI

P /{ - ( 4 . 117 )= 24~2f pw 3U " + 2o 0

In addition, the dimensionless particle velocity components
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can be wri t ten in terms of di f feren tial rate of part ic Ie

displacement as follows,

where

dx *
* p

v =px
d t*
d *

* Yp
v =py

d t*

=
t

w/U o
and

(4.118)

(4.119)

are dimens i onl ess

coordinates of the position of a particle in the space

around an electret fiber at a given time.

Equations (4.118) and (4.119) along with equations

(4.112) and (4.113) or (4.114) and (4.115), depending on the

charging state of the particle under consideration,

constitute the particle trajectory equations which can be

integrated with respect to the dimensionless time parameter

to determine the posi tion of the particle wi th respect to

the fiber. One can then determine whether or not the

particle is captured by the fiber and thereby calculate the

single fiber collection efficiency due to the influence of

electrostatic forces. To carry on such calculations,

however, requires knowledge of the flow field around a

rectangular fiber which was obtained numerically in the

present study for various aspect ratios of the fiber.

Considering the familiar calculation domain ABEF as shown in
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Figure 4.4, the calculated velocity components corresponding

to given values of the fiber aspect ratio and filter packing

density are used to integrate the particle trajectory

equations by the Runga-Kutta method. A detailed description

of the Runga-Kutta method and the program developed for the

particle trajectory calculations is presented in Appendix D.

A t~·pi cal trajectory calculation can be briefly

described as follows: a particle is introduced into the

calculation domain from a known location on the inflow

boundary of the domain. Its displacement in the domain can

be follo~ed by the results of succesive integrations of its

trajectory equations. Consequently, the particle either

colI ides with the fi ber or leaves the doma i n uncapt ured .

Hence, there must exist a critical trajectory such that all

particles entering the domain at y-coordinates below that of

the critical trajectory will be captured by the fiber

whereas, those entering the domain at locations above the

starting y-coordinate of the critical trajectory will not be

captured. It is the objective of the present study to
i

determine the starting y-coordinate of the critical

trajectory for given values of the parameters involved.

The electrostatic single fiber efficiency can be then

defined as



'IE =
2y

c
w
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(4.120)

where 'IE is the single fiber efficiency due to electrostaic

forces and y is the starting y-coordinate of the particle
c

cr it i cal traj ectory. Not i ce that yc can not be determi ned

exactly but it can be approximated wi th great accuracy as

the average of starting y-coordinates of two particle

trajectories corresponding to the cases of capture and

no-capture.

The results of the single fiber efficiency calculations

for both Coulombic and Induced force interactions are

presented and discussed in the next chapter.


