Collection Characteristics of Mist Aerosol Particles

by Fibrous Filter

Punnida Suwanwong

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science in Physical Chemistry
Prince of Songkla University

2008
Copyright of Prince of Songkla University

ey



Thesis Title Collection Characteristics of Mist Aerosol Particles
by Fibrous Filter
Author Miss Punnida Suwanwong

Major Program Physical Chemistry

Major Advisor Examining Committee:
................................................................................................ Chairperson
(Asst. Prof. Dr. Surajit Tekasakul) (Asst. Prof. Dr. Orawan Sirichote)
.......................................... Committee
Co-advisors (Asst. Prof. Dr. Surajit Tekasakul)
.................................................................................................... Committee
(Assoc. Prof. Dr. Perapong Tekasakul) (Assoc. Prof. Dr. Perapong Tekasakul)
..................................................................................................... Committee
(Prof. Dr. Yoshio Otani) (Assoc. Prof. Dr. Tawatchai Charinpanitkul)

The Graduate School, Prince of Songkla University, has approved this
thesis as partial fulfillment of the requirements for the Master of Science Degree in

Physical Chemistry

(Assoc. Prof. Dr. Krerkchai Thongnoo)
Dean of Graduate School

2



FoInentinus AMANHUZMIANIUIYMALD 155001 T2INNAZBIVDIUNAIAIA)

nsouduly
Y A o a o
Arae UNaMWUa qI3IuNdA
a a a Aaa o
19139 T and
Umsanm 2550

UNAAEID

Y Y Y Y ama 9 A a

ﬂ3$‘1J’Juﬂ15ﬂi@\‘]ﬂ’)Elﬁ’JﬂﬁENLﬁ'ualﬁllﬂu’J‘.ﬁ‘VN1ﬂlla$ﬁlﬁﬂi$ﬁﬂﬁﬂ1wqxﬂuﬂ13

v @ ~ (] <3 Aav dy YR
ﬂﬂ%’Uﬂuﬂ1ﬂll@13“ﬁﬂﬁﬂlﬁl’)uﬁ@EI’E'J§1u61ﬂ1ﬁjﬂﬁlmw1$@1§ﬂ1ﬂﬂluWﬂLﬁﬂ Glmmaﬁwu"lﬂﬁﬂm
AUANEUZATANIVOYNIALD I5¥PalszinnazeevouralaleainsouduloTaonis

{ @ 1 % ] < o 1 %
Lﬂaﬁluﬁ’)t!ﬂiﬁﬁ il vanegauls LFUAITULTIVOIDUN A i]1muuwummmmmtﬁ’uﬁlmmz
a { va a aa s 1 [ 09/’

“HHWUEJ\‘]GU@QLW@’J“ﬁﬁﬁuﬂﬂl‘ﬁﬂﬂﬁﬂﬁ“ﬁl!ﬂﬂﬁNﬂu i’JiJ‘V]\‘lﬁﬂ‘]el1ﬂ15ﬂ5$ﬁ]1ﬁlﬂlu1ﬂﬂlﬂ\‘lﬂ1§ﬂ1ﬂ

J
ﬂﬁWNL%N%HﬂI@Q@HﬂWﬂﬂI@QLWa’Jlla$ﬂ3$ﬁﬂﬁﬂWWﬁ§@ﬁuﬁiﬂugﬂlﬂiﬁﬁﬂﬁﬂil’éf}uiﬂﬂiQ{ﬂﬁ 1N
3 4 ]
HANITNARoINDN manuaugaydelusznimsanivoymaveunaIiaANNuI U0
3 A 4 4 < 1 a v W
mmmmmﬁu uamﬁammmﬁmqﬂ f]lgﬂ1ﬂll@13“lfﬂﬁ 15210200909 ANANITANIY
a @ Y Y 3 g ) Y Y a @ A
‘]_I‘LlW'J“’IJ9\1G]'Jﬂ39\1LE‘T‘L!181@i’)811\15’3ﬂLi'JL']JLlﬁ”lﬁﬁiﬁ]‘i/l”Iblﬁﬂ1ﬂ31uﬂuq@tﬁﬂﬂl@ﬂﬁ3ﬂi@ﬂuﬂ1
A dgl dyl [ o A A dgl A o I o Y A dgl ) @
INUUH uaﬂfamummwmuqmmaummmumammuuwummmmmmuimwmwmmu

< a

NNAIULTTY VUTIAUVDIDUNIA mms%’u%’uwwmma'Juammﬁqmmawmmmﬁumum

[

AReNIANIUEYMIA NINAIBVBIAINTOINAN1ILAI 9] VINNADIYANTIMINUIINTAN

o

@ 3’ @ 4 [ a { [
Jveumathiuihdavvudinseaudulevsinamisaveavearaisey o 1@ule luvazinnmsdn

q

€

Jueumalnsiaulnaneasziiareavearalsey 9 Wule tazianssiudlInuvedea

q

a I o Aa @ 3 o a a (4
vounaunauNaNYeUHaIUUHIVEIAINT B Lli’]ﬂﬁ]1ﬂﬁ]’lﬁ}1/l”lﬂ1iﬁﬂrl&lﬁ/‘|i]@]ﬂiillﬂ”li'f)ll@]'.]
o ) dA oy J ax o & 7
ﬂl@ﬁ@]?ﬂi@ﬂlﬁuiﬂﬂﬂhﬁﬁﬂﬁﬂu”l Twswau“lﬂaﬂaauazumuﬂmm AMMNMAANITNAADN
1 ~ 2 A 9 < A [ A A ~ ~ an
WU NAITULTATHAUNNAITULI §$EJ%L’JE]”I‘V]?’TI?"I'J"IllﬂL!q‘iy)tﬁfmﬂTﬂQﬂiHﬂiﬂl%ﬂ\ﬂWiWﬂu
= 1 = 3’ Y] 4 oy [ 1 Y] A A A A
"lﬂaﬂ’e)fcmmqmaﬂummmmumuﬂmmmzm HAZHAIIINAIANNAUTYLTIUATIAINTN
3 A g <3 1 3’ @ ] AA o 9 oy A1 e 1 A [l
ANNLITAUTHAUNDAITULTINYIN HWﬁuﬂﬂlﬂﬂLlNuﬂﬁﬂﬂ‘ﬂf]llﬁﬁﬂ']ﬁlu13Jﬂ1§nﬂ'3111v!ﬂﬁﬂwllmu

A o v an oy o J
ﬂﬁ@\i@ﬂ@nﬂjﬂiw3Wﬁu‘lﬂﬁﬂﬂﬁlla$u1ﬂuﬂ1ﬁﬂ

3)



Thesis Title Collection Characteristics of Mist Aerosol Particles by Fibrous
Filter

Author Miss Punnida Suwanwong

Major Program Physical Chemistry

Academic Year 2007

ABSTRACT

Filtration by fibrous filters is one of the simplest and more effective
means to remove contaminant aerosol particles from air streams, particularly in the
smaller size ranges. In this work, the collection characteristics of mist aerosol
particles by fibrous filter was studied by varying various parameters such as filtration
velocity, numbers of fibrous filter and types of liquid with different physical
properties. Moreover, size distribution, concentration of generated aerosol and
performance of virgin filter were also investigated. The results show that the pressure
drop evolutions during clogging increases when the filtration velocity increases. At
high filtration velocity, the mist aerosol particles deposit on the collecting surface
rapidly. This result causes the pressure drop of filter to increase. Furthermore, the
change in pressure drop increases with increasing the number of filter sheets for all
filtration velocities. Particle size, concentration and surface tension of the liquids
have an influence on clogging. From the optical microscope photographs of a single
filter at different stages, the deposition of palm oil aerosol particles is only made up of
droplets deposited around the fibers as the deposition of propylene glycol aerosol
particles is made up of droplets deposited around the fibers and join to form bridges
and liquid films on the surface of the filter. In addition, the saturation characteristics
of the medium performance fibrous filter saturated with water, propylene glycol and
palm oil were studied. The results show that the period that the saturation pressure
drop from all the initial velocity for propylene glycol is longer than that for palm oil
and water while the remained mass on the filter sheet saturated with water after the
pressure drop is constant at all the initial velocity is lower than when filter sheet

saturated with propylene glycol and palm oil.
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CHAPTER 1
INTRODUCTION

1.1 General Background

Mist aerosol particles can be generated in several production processes
including chemical production, mechanical atomization, evaporation-condensation,
entrainment by the gas flow in liquid-gas contactors, and other processes (Frising et
al., 2005). Mist aerosol particles such as metalworking fluids (MWFs), bis (2-
ethylhexyl) sebacate (BEHS), di (2-ethylhexyl) sebacate (DEHS), di-ethyl sebacate
(DES), di-octyl phthalate (DOP), decamethylcyclopentasiloxane (DMP) are used to
cool and lubricate the chip-tool-workpiece interface during machining. MWFs can
evaporate and then condense into small droplets and can also be ejected into the air
during application (Letts et al., 2003). People can be exposed to fine aerosol particles
through deep inhalation into human lungs and contact with the skin. These exposures
are associated with a variety of adverse health effects, most commonly skin disorders
such as rashed, dermatitis, folliculitis and keratosis. Eye, nose, and throat irritation
and respiratory disorders such as breathing problems, coughing, asthma, lipid
pneumonia, chromic bronchitis are also health effects associated with exposure to
aerosol particles. Therefore it is necessary to remove these mist aerosol particles
(Letts et al., 2003).

Filtration is the most common method of aerosol collection and is
widely used for air cleaning. It is also simple, versatile and economical (Hinds,
1999). At present, fibrous filtration is the most common means used to separate
liquid aerosol particles from an industrial and household gas streams. Liquid aerosol
particles are collected by many collection mechanisms, including interception,
impaction and diffusion. When the deposit is made up of droplets collected around
the fibers, droplets join together to cover the fiber and distribute themselves over the
surfaces of the fibers to form a liquid film on the surface of the filter. This causes a

decrease of penetration (or increase of collection efficiency), an increase of pressure



drop. In addition, it would appear preferable to work at high filtration velocities as
the penetration of the filter is minimized and collection efficiency increases (Contal et
al., 2004).

This research focuses on studying collection characteristics and
performance of fibrous filter as it collects mist aerosol particles. Among all the
devices designed to eliminate small aerosol particles from air streams, fibrous filters
are economically the most interesting technology since they are both effective and

simple to use.

1.2 Review of Literature

1.2.1 Size distribution of mist aerosol particles

In order to select an appropriate method or device for collection of
liquid aerosol particles, it is essential to study the size distribution of liquid aerosol
particles first. The size distribution of liquid aerosol particles has been investigated

by many research attempts.

Penicot et al. (1999) studied size distribution of the liquid particles
from a di-octyl phthalate (DOP) aerosol generated by an aerosol generator.
Compressed air at a pressure of 1.1 bar was used to generate the liquid aerosol.
Particle size distribution was measured using two techniques: Differential Mobility
Particle Sizer (DMPS TSI 3071) associated with Condensation Nucleus Counter
(CNC TSI 3020) and an Impactor Marple Personal Sampler 290, and the liquid
particles had mean diameter of 0.6 micrometer and the geometric standard deviation

(GSD) was 1.46.

Raynor et al. (2000) investigated size distribution of mist particles
generated by the collison nebulizer. Their results indicated that the mists had mass
median diameters (MMDs) ranging from 1.2 to 2.8 micrometer by the time the mist
reached the test filter. Log-normal distribution fitted to the data showed geometric

standard deviations (GSD) between 1.7 and 2.5.



Hajra et al. (2003) investigated size distribution of propylene glycol
generated by a Laskin nozzle. Results showed that the oil droplets had mean diameter

of 0.21 micrometer and the standard deviation was 0.0266 micrometer.

Vasudevan et al. (2004) studied size distribution of propylene glycol
aerosol droplets produced by a Laskin nozzle. Results indicated that the droplets had

mean diameter of 0.2 micrometer and standard deviation of 0.074 micrometer.

1.2.2 Particulate Control

There are currently a range of technologies used to remove particulate
matters from air stream in order to prevent or to reduce emission of aerosol particles
escaping to the atmospheric air such as electrostatic precipitators or ESPs,
gravitational settlers, centrifuged cyclones, venturi scrubbers, etc. However, these
methods are not effective for collecting liquid aerosol particles and small particles,
especially for fine particles between submicron and micron size ranges (0.01 to 10
micrometer particle sizes). Electrostatic precipitators and venturi scrubbers, although
theirs collection efficiency approach that of filters for particles in some size ranges,
are overall less efficient. Gravitational settlers can capture only large aerosol particles
(greater than 10 micrometer) and require large space for installation. Cyclones give
low collection efficiency for aerosol particles smaller than 5-10 micrometer in
diameter. The most efficient method to remove liquid aerosol particles is by the use
of filters which are widely used since they can remove sufficient quantities of
contaminated particles. Filters are used to remove the particles in the range of
submicron particle size. Nowadays, filtration method is one of the most frequently
used in diverse applications such as respiratory protection, air cleaning of smelter
effluent, processing of nuclear and hazardous materials, and clean rooms. Fibrous
filter is a common cleaning device often used to remove contaminated particles from
industrial gas stream. At low dust concentration, fibrous filters are the most
economical means for achieving high collection efficiency for submicrometer
particles (Hinds, 1999). Filtration is a simple, versatile, economical means for aerosol

collection and there is no limit to solid or liquid particles. However, there are some



disadvantages and the most significant disadvantages of filters are the requirement for
frequent filter cleaning, the change in efficiency and the pressure drop in the filter

during operation.

Walsh et al. (1996) investigated the effect of solid and liquid particles
on the microstructure of the filter samples and the variation in pressure drop of filter
as it collected solid and liquid particles. For solid aerosol loading, samples of prefilter
material of 12% packing density had been loaded with solid particles of 0.6, 1.4 and
2.2 micrometer stearic acid aerosol particles, at an air velocity of 0.10 m s™. Results
showed that smaller particles cause filter clogging more quickly because they have
larger specific surface. As the coverage of fiber surface is related to the projected
areas of the particles, then clearly one would expect smaller particles to have a more
clogging effect (higher pressure drop). For liquid aerosol loading, experiments were
conducted where a Bekaert stainless steel filter material was loaded with 3
micrometer di-ethyl sebacate at 0.2 m s'. From their results, the behavior of fibrous
filters under liquid particle loading was largely different from that under solid particle
loading. It was found that when loaded with solid aerosol, dendrites were formed,

and when loaded with liquid aerosol, bridges were formed.

Hajra et al. (2003) studied the effects of temperature, humidity, and the
addition of polymer nanofiber to coalescence performance of glass fiber filter media.
Experiment was carried out at conditions commonly found in industry. Results
indicated that temperature, humidity and fiber sizes affected the coalescence
performance of the glass fiber filter media. The addition of polymer polyamide
nanofiber to the glass fiber media significantly improved its collection performance.
At higher temperatures, the glass fiber media had better coalescence filtration
performance. For the effect of humidity, the glass fiber media performed better at a
dewpoint of -15 °C compared with dewpoints of -10 and -20 °C which suggested that

optimum performance may occur at an intermediate humidity value.

Letts et al. (2003) studied the filters such as glass fiber, polyester fiber

and polyaramid fiber as they collected droplets and retained liquid. Results showed



that efficiency of the filter declined while the pressure drop increased. This indicated
that filters drained more effectively and retained less liquid which may minimize
efficiency losses and increase the pressure drop. Microscope was employed to
examine the surface of the filter as it collected BEHS droplets. It was found that
polyaramid fiber allowed collected fluid to spread more easily than glass or polyester
fibers. It was suggested that the polyaramid fiber had higher surface energy than
other fibers. Experiments were performed on polyaramid and glass fibers to
investigate the effect of fiber material on wet filter performance. Using fiber with
higher surface energy might decrease the pressure drop through wet filter and allowed

liquid to spread and drain out of filter more effectively.

Contal et al. (2004) studied phenomena occurring during the clogging
of fibrous filters by submicron liquid particles. They measured simultaneously the
changes in the pressure drop and efficiency of filter media in relation to the generated
aerosol mass per unit area. Results showed that at the beginning of filtration, the
pressure drop and penetration increased because the droplets were deposited around
the fibers and the beads then became bigger and joined together to form bridges at the
intersections of the fibers. This then caused the less collection surface of the filters.
Subsequently all interstices were bridged and these bridges combined to form a liquid
film on the surface of the filter. This effect generated the increase of pressure drop
and the decrease of the penetration. At the end of the clogging, the pressure drop and
penetration no longer changed because liquid films were formed throughout the
thickness of the filter. Furthermore, they studied effects of filtration velocity, filter
properties (fiber diameter, packing density, wettability) and physicochemical
characteristics of the liquid on the change in pressure drop. Effect of each parameter
was studied by eliminating the effect of other factors. Results showed that the higher
the filtration velocity, the higher the pressure drop evolution. Aerosol concentration
had no influence on pressure drop evolutions of the filter. For the influence of the
nature of the filter during clogging by DOP aerosol, the Whatman-type glass fiber
medium had highest change in the pressure drop because this filter was composed of

the fine fibers.



Frising et al. (2004) investigated clogging of fibrous filters by liquid
aerosol particles. Experimental and modelling results described the pressure drop and
penetration evolutions of a glass microfiber HEPA filter (D309 HEPA filter) using
three filtration velocities: 5.8, 15.4 and 25 cm s™". Experimental results showed that
the pressure drop increased as the velocity increased. Initially, the penetration
increased identically for each filtration velocity until it reached maximum values.
Then the penetration decreased and the pressure drop increased due to rearrangement
of the liquid in the filter such as the forming of liquid bridges between fibers and at
the fiber intersections. In mathematical modelling, the collection mechanisms were
taken into account. Experimental values were then compared to their modelling
counterparts for different filtration velocities. It was found the pressure drop
evolution from modelling was close to that obtained from the experiment. However,
the penetration values obtained from modeling are much higher than those obtained
from the experiment. The penetration was lowest at the highest filtration velocity (v =

25cm s'l).

Vasudevan et al. (2004) designed an experimental setup to operate at
conditions encountered in industrial applications. They studied the performance of
filter media in coalescence filtration. Three types of filter media were prepared: (1)
B-glass fibers and acrylic binder, CARBOSET 560, (2) E-glass fibers and acrylic
binder, CARBOSET 560, and (3) a mixture of E and B glass fibers. Results indicated
that the B-E-glass media performed significantly better than the media with the

organic binders both in terms of collection efficiency and quality factor (QF ) which

is defined as QF = —ln(C /C, )/ AP, where C,, is the downstream concentration

out t

of oil, C, is the inlet concentration of oil and AP is the pressure drop across the
filter media (Brown, 1993). The advantage of the B-E-glass media was its flexibility
and its ability to maintain its hardness over longer periods of time after exposure to

oil.



1.3 Research Objectives

Although there are some investigation of collection characteristics of
liquids aerosol by fibrous filters, the knowledge is limited. In this research work,
collection characteristics of mist aerosol by fibrous filter will be further explored.
Initially, an appropriate experimental set-up will be designed and built. Its collection
performance will then be investigated by varying various parameters. The objectives
for this work are:

1. To investigate the collection characteristics of mist aerosol
particles by fibrous filter at various basic operating parameters such as filtration
velocity, number of fibrous filters and physicochemical properties of the liquids.

2. To investigate saturation characteristics of a medium-performance

fibrous filter (glass fiber filter).



CHAPTER 2
THEORY

2.1 Filtration

Filtration is the most efficient method for the removal of solid and
liquid aerosol particles. The rapid development of industrial processes such as
surface lubrication, composite manufacture and machining operation has given rise to
a need for highly efficient air quality control equipment. A variety of techniques is
currently available for the removal of alien particles from air streams. They include
electrostatic precipitators, venturi scrubbers, cyclones, settling chambers, etc.
However, fibrous filtration is by far the most efficient means of removing
contaminant aerosol particles from gas streams, particularly in the smaller size ranges.
Devices such as electrostatic precipitators and venturi scrubbers, although
approaching the removal efficiency of filters for particles in some size ranges, are far
less efficient overall.

Filtration by fibrous filter is the most commonly used process to
remove liquid aerosols. Fibrous filter captures aerosol particles on fibers within the
filter depth through several mechanisms including diffusion, interception and inertia.
Performance of fibrous filter is characterized by the proportion of liquid aerosol

particles which get through the material and the pressure drop across the filter.

2.2 Types of Filters

There is a wide range of filters that could be used for the removal of
particulate matters from air streams. These can be separated into two broad types,
surface filters and depth filters. Surface filters collect particulate contaminants on the
upstream face of the filter, and depth filters collect particles throughout the entire
filter. The principal types of filters used for aerosol collection may be classified as

fibrous filters, porous-membrane filters, straight-through pore membrane filters, and



granular-bed filters. The most important types are fibrous and porous membrane
filters. The salient characteristics of each type of filters are also summarized in Table

2.1 (Baron and Willeke, 2005).

Table 2.1 Salient Characteristics of the Various Types of Filters Commonly Utilized
for Aerosol Measurement (Baron and Willeke, 2005)

Filter Type Characteristics

Fibrous filters Mat/weave of fibers with diameters of 0.1-100 um

Cellulose or wood (paper), glass, quartz, and polymer
fiber filters are available

Porosities of 60 - 99%, thickness of 0.15 — 0.5 mm

Particle collection is throughout the depth of the filter
from interception, impaction, and diffusion onto
fibers

High particle collection efficiencies require low air
velocities

Pressure drops are the lowest among all filters under

comparable conditions

Porous-membrane filters Microporous membranes with tortuous pores

throughout the structure

Polymer, sintered metal, and ceramic microporous
filters available

Pore sizes (determined from liquid filtration) in the
range 0.02 — 10 pm

Porosities of < 85% and thickness of 0.05 — 0.2 mm

Particle collection through attachment to microstructure
elements

High collection efficiencies, but highest pressure drop

among all filters
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Filter Type

Characteristics

Straight-through pore filters

Granular-bed filters

Porous-foam filters

Thin polycarbonate films (10 um) with cylindrical
pores perpendicular to film surface, with diameters
in the range 0.1 — 8 um

Porosities are low, in the range of 5 — 10%

Particle collection through impaction and interception
near the pores and diffusion to tube walls of pores

Collection efficiencies are intermediate between
fibrous and microporous membrane

Pressure drops are significantly higher than fibrous
filters and comparable with or higher than
microporous membrane filters for equivalent

collection efficiency

For special sampling, granules of specially chemicals,
sugar, naphthalene, sand, metal, and glass beads are
used

Samples are recovered by washing or volatilization

Granular bead size range from 200 um to a few
millimeters

Filtration is achieved by impaction, interception,
diffusion, and gravitation

Filter porosities of 40 — 60% for stationary beds

Low collection efficiency due to large granule size
To enhance diffusion, low flow is used; bed depth is

increased, or smaller granules are used

Porosities of < 97%
Pore diameters from 10 to 50 um are common

Collection efficiencies are low
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2.2.1 Fibrous Filters

Fibrous filters, the type to be discussed in most detail here, consist of a
mat of individual fibers (fiber diameter < 100 pum) arranged so that most are
perpendicular to the direction of air flow as shown in Fig. 2.1 (Hinds, 1999). In
general, filter porosity is relatively high, ranging from about 0.6 to 0.999. Porosities
of less than 0.6 are not typically found in fibrous filters because of the difficulties in
effectively compressing the component fibers into a smaller thin layer. The most
common types of fiber are cellulose, glass, quartz, and plastic fibers. Sometimes,
mixed fibers of cellulose, asbestos, and glass are also used as filters for certain low-
cost qualitative sampling applications. Particles are removed by a fibrous filter when
they collide and attach to the surface of the fibers.

Fibrous filters are generally depth filters for the initial portion of their
operation. However as the filtration continues and the mass of collected particles
increases, the filtration regime changes to surface filtration and besides influent
particles are captured by the “cake” of collected particles on the surface of the filter,
rather than the fibers themselves. This switch from depth to surface filtration is
accompanied by an increase in collection efficiency of the filter, however at the cost
of increase of the pressure drop across the filter. Finally, while the filter begins to
clog, the pressure drop will increase exponentially as does the energy requirement to

force air through the filter.

Figure 2.1 Scanning electron microscope photograph of a high efficiency glass fiber

filter. Magnification (a) 4150x, (b) 800x. (Hinds, 1999)
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Cellulose fiber (wood or paper fibers) filters were once used very
widely for general-purpose air sampling. Whatman (WHA) filters are one of the most
representative filters in this type. These filters are inexpensive, come in various sizes,
and have good mechanical strength and low pressure drop characteristics. Some of
the limitations of cellulose fiber filters are their moisture sensitivity and relatively low
filtration efficiency of submicrometer particles.

Glass fiber filters typically have a higher pressure drop than cellulose
fiber filters and often provide filtration efficiencies of greater than 99% for particles >
0.3 um. These filters are more expensive than cellulose fiber filters. Glass fiber
filters are less affected by moisture than are cellulose fiber filters. Then they are
extensively used as the standard filter media for high-volume air sampling.

Quartz fiber filters are commonly used in high-volume air sampling
applications including subsequent chemical analyzes such as atomic absorption, ion
chromatography and carbon analysis due to their low trace contamination levels as
well as to their relative inertness and ability to be baked at high temperature to
eliminate trace organic contaminants.

Polystyrene fiber filters have been used for air sampling purposes to a
limited extent. These filters have less mechanical strength than cellulose fiber filters.
However, their filtration efficiency is comparable with that of glass fiber filters.
Other plastic materials used in filters including polyvinyl chloride and Dacron® For
special applications involving high temperatures and corrosive environments, the

filters made of stainless steel fibers have also been recently introduced.
2.2.2 Porous-Membrane Filters

Fig. 2.2 shows porous membrane filters which have a structure
different from that of fibrous filters, with less porosity (50 to 90%) (Hinds, 1999).
The air flowing through the filter follows an irregular path through the complex pore
structure. Particles are lost from the air stream as they deposit on the structural
elements that form the pores. A variety of porous membrane filters made of cellulose
esters, polyvinyl chloride, sintered metals and Teflon™ are commercially available.

Other types of porous membrane filters are gels formed from a colloidal solution and
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have a very complicated and uniform microstructure providing a tortuous or irregular
gas flow path. Frequently, the complex filter structure consists of a series of layers
formed by different processes, depending on the manufacturing technique. Generally,
the resistance to airflow (or pressure drop) and the particle collection efficiency are
very high, even for particles significantly smaller than the characteristic pore size.
Aerosol particles are captured by the surfaces provided by the filter structure,

principally by Brownian motion (diffusion) and inertial impaction mechanisms.

-

. e W

Figure 2.2 Scanning electron microscope photograph of a 0.8 um pore size cellulose

ester porous membrane filter. Magnification (a) 4150x, (b) 800x. (Hinds, 1999)

2.3 Filtration Theory

A great portion of the fundamentals of filtration and filtration theory
has been described and developed by Walsh et al. (1996), Hinds (1999), Raynor and
Leith (2000), Contal et al. (2004), Frising et al. (2004) and Baron and Willeke (2005).

In this section, filtration theory for fibrous filters is discussed.
Filtration mechanisms and some useful predictive equations for collection efficiency

of filter and the pressure drop across a filter are introduced for practical application.

2.3.1 Single-Fiber Efficiency

The most commonly used model for collection efficiency calculation is

the single-fiber efficiency model. This model views the void space inside the filter as

so great compared to the volume of fiber. Then only the interaction between particles
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and a single fiber needs to be considered. From the single-fiber efficiency, the total
efficiency can be calculated.

The beginning point in characterizing fiber filtration is to consider the
capture of particles by a single fiber. The single-fiber efficiency, 77, is then defined as
the ratio of the number of particles striking the fiber to the number that would strike if
the streamlines were not diverted around the fiber (Baron and Willeke, 2005). If a

fiber of radius R, removes all the particles contained in a layer of thickness Y as

shown in Fig. 2.3, the single fiber efficiency, 7, is defined as Y /R, .

Y
Niotar = TR_,

Figure 2.3 Definition of the single-fiber efficiency (Baron and Willeke, 2005).

The total efficiency, E, of a filter composed of many fibers in a mat

can be related to the single-fiber efficiency as follows (Baron and Willeke, 2005):

3 —4na,Z

E = 1- CXP{W)} (2 1)

where 77 is the single-fiber efficiency, «,is the solidity or packing density of the
filter (1 - porosity), Z is the filter thickness, and d fis the fiber diameter. Often, Eq.

(2.1) is used to calculate the single-fiber efficiency from the total filter efficiency, E,

which can be measured experimentally.
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2.3.2 Filtration Mechanisms

While air penetrates a filter, the trajectories of particles deviate from
the streamlines due to several mechanisms. As a result, particles may collide with the
surface of fiber and deposit on it. The important mechanisms causing aerosol particle
deposition are inertial impaction, interception, diffusion and gravitational settling.

The single-fiber efficiency, 77, can then be assumed in the first approximation to be
composed of the arithmetic sum of the individual efficiencies from inertial impaction

(7,,, )» 1interception (7, ), diffusion (7,,) and gravitational settling (7,,,)

mechanisms.

Inertial Impaction. The gas streamlines around the fiber are curved. Particles with a
finite mass and moving with the flow may not follow the gas streamlines exactly due
to their inertia. If the curvature of a gas streamline is sufficiently large and the mass
of a particle is sufficiently high, the particle may deviate far enough from the gas
streamline to collide with the media surface as shown in Fig. 2.4 (Hinds, 1999). The
importance of this inertial impaction mechanism increases with increasing particle
size and increasing flow velocity, as shown in Fig. 2.7. Therefore, the effect of
increasing flow velocity on the initial impaction of particles is contrary to that for the
diffusive deposition. The inertial impaction mechanism can be studied by the use of

the dimensionless Stokes number, Stk , defined by

2 ’
C.
Stk = M (2.2)
18p.d,



16

Gas streamlines\ / Impaction
N e Yy 5“'/’/ /
/ L //4 =

Particle / /// Center line
trajectory /

Cross section
of fiber

Figure 2.4 Single-fiber collection of a particle by inertial impaction.

where p is the liquid density, u, is the gas viscosity, u' is the interstitial gas
velocity, d, is the fiber diameter and C, is the Cunningham correction factor defined

as

C. = 1+——— for d,>0.1 um (2.3)

Here d , is the droplet diameter and A is the gas molecular mean free path.

The Stokes number is the basic parameter describing the inertial
impaction mechanism for particle collection in a filter. A large Stokes number
implies a higher probability of collection by impaction.

The single-fiber efficiency by inertial impaction, 77,,, , was proposed by

Stechkina et al. (1969):

My = o [(29.6- 2822 V2 - 27.5N2* ] stk 2.4)

(2Ku )2

for N, smaller than 0.4. If N, is greater than 0.4, a value of N, = 0.4 can be used

for the calculation. Eq. (2.4) has been used extensively for calculating the

contribution by the inertial impaction mechanism.
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Interception. Even the trajectory of a particle does not depart from the gas
streamline, a particle may still be captured if the streamline brings the particle center
to within one particle radius of the surface of a fiber, as shown in Fig. 2.5 (Hinds,
1999). One would expect the interception to be relatively independent of flow
velocity for a given fiber, and this characteristic can be contrasted to the flow-
dependent characteristics of Brownian motion and inertial impaction.  The
dimensionless parameter describing the interception effect is the interception

parameter, N, , defined as the ratio of the droplet diameter to the fiber diameter:

N, = = (2.5)

Gas streamlines x ilnterception

—

Center line

Cross section
of fiber

Figure 2.5 Single-fiber collection of a particle by interception.

The single-fiber efficiency by interception, 7,,,,, is given by Raynor

and Leith (2000) as
I+N 1Y o o
; = R12In(1+ N, )-1+a, + I-—L ==L (1+ N,V (2.6)
e = e (i) e

Although Eq. (2.6) is a complete expression for the interception efficiency, the form
of the equation is somewhat long, and it can be shown to be approximated into the

following simpler form:

77int er = (27)
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Enhanced collection of particles by a fiber can also occur from the
interception of diffusing particles as was proposed by Stechkina et al. (1969). The
magnitude of this additional efficiency term is of the same order as that of the errors
involved in the approximation method used in the analysis. Spielman and Goren
(1968) also indicated that the term is not theoretically consistent and is, consequently,

not introduced here.

Diffusion. Under normal conditions, the diffusion or Brownian motion of small
particles generally does not follow the streamlines but continuously diffuse away
from them. Once a particle is captured on a surface, it would adhere to it due to the
van der waals force. The trajectory of one such particle is shown in Fig. 2.6 (Hinds,

1999).

Gas streamlines \

Center line

Initial particle
streamline
{nonintercepting)

Actual particle
path due to
Brownian motion

Cross section
of fiber

Figure 2.6 Single-fiber collection of a particle by diffusion.

In general, Brownian motion increases with decreasing particle size; the diffusive
deposition of particles is increased when the particle size is reduced. This
phenomenon is illustrated in Fig. 2.7 (Baron and Willeke, 2005). Similarly at low air
velocities, particles can spend more time in the vicinity of the fiber surfaces, thus
enhancing diffusional collection. From the convective diffusion equation describing

this process, a dimensionless parameter called the Peclet number, Pe, is defined as

Pe = = (2.8)
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Figure 2.7 Filter collection efficiency versus particle size illustrating the different

filtration regimes.

where d, is the characteristic length of collecting media, U 1is the average air

velocity inside the filter medium, and D is the particle diffusion coefficient. For pure

molecular diffusion, D is expressed as

_ MG (2.9)

3mu,d

p

where k is the Boltzmann constant, 7 is the absolute temperature, g, is the air
viscosity, d, is the particle diameter, and C, is the Cunningham correction factor.

From the above discussion, particle collection by diffusion is expected to decrease

with increasing Peclet number. The Cunningham correction factor can be written as

A A d,
C. = 1424927 +0.84"exp —0.435-L (2.10)
d d A

p p

where A is the mean free path of the gas molecules (Hinds, 1999).

The single-fiber efficiency by diffusion, 7,, , was developed by Lee

and Liu (1982):



20

1—0{ 1/3
Nug = 2.6( Kuf J Pe?"? (2.11)

Where «, is the packing density of the filter. Ku is the Kuwabara hydrodynamic

factor, a dimensionless factor that compensates for the effect of distortion of the flow
field around the fiber because of its proximity to other fibers defined as
1 3 a;

Ku = ——lna, ——+a, ——— 2.12
ey ey = .12

Gravitational Settling. Particles will settle with a finite air velocity in a gravitational
force field. When the settling velocity is sufficiently large, the particles may deviate
from the gas streamline. Under downward filtration conditions, this would cause an
increased collection due to gravity. When flow is upward, this mechanism causes
particles to move away from the collector, resulting in a negative contribution to
filtration. This mechanism is important only for particles larger than at least a few
micrometers in diameter and at low air velocity. The dimensionless parameter

governing the gravitational sedimentation mechanism is
1% d;C,
Gr = & = PLts (2.13)
U 184, U
where U is the flow velocity, V, is the settling velocity of the particle, p, is the
density of gas, d, is the particle diameter, C, is the Cunningham correction factor, g
is the acceleration of gravity and z, is the gas viscosity.

The single-fiber filtration efficiency due to gravity, 7,,, can be

approximated as (Davies, 1973):

Gr
= 2.14
Merar 1+ Gr ( )

In filtration theories, it is common to consider that the individual
filtration mechanisms discussed above are independent of each other and additive.

Hence, 77, the overall single-fiber collection efficiency in Eq. (2.1), can be written as
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the sum of individual single-filter efficiencies contributed by the different
mechanisms. This approximation has been found to serve adequately in predicting
the total collection efficiencies of fibrous filters [Eq. (2.1)], owing to the different
ranges in particle sizes and face velocities in which the different filtration mechanisms

predominate, as illustrated in Fig. 2.7.
2.3.3 Pressure Drop

In a fibrous filter, pressure drop is the resistance to airflow across a
filter and is caused by the combined effect of each filter resisting the flow of air past
through it. A consideration of the pressure drop across filter media is essential in
choosing a specific filter type in a particular application. The pressure drop is easily
measurable and can be used as a check on the flow fields on which collection
mechanisms are based. More importantly, the measurement of the pressure drop
across filter media plays a central role in the practical estimation of collection
efficiency. Ideality, filters that exhibit a high collection efficiency at a low pressure

drop are the most desirable ones.

Davies (1952) gives the pressure drop across a dry fibrous filter, AF,,
as

z
AR, = ”zé; [640 1+ 560)]
f

(2.15)

where u is the gas velocity at filter face, u, is the gas viscosity, Z is the filter
thickness, a; is the filter solidity, and df is the fiber diameter. This shows that the

pressure drop is directly proportional to Z and inversely proportional to d;. It is also

directly proportional to the gas velocity at the filter face, as expected for laminar flow
inside the filter.

The fiber diameter, d , ,,,,,, , can be calculate from (Penicot et al. 1999)
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164,70’ (1+560)
df Davies 2\/ : : L (2 16)

K

where K is the slope of straight line between AP and u .

The change in the pressure drop of a fibrous filter when loaded with
liquid aerosol is quite different from that obtained with solid aerosol as shown in Figs.
2.8 and 2.9. The pressure drop starts off at its lowest value to increase slowly in the
first stage. In this stage the droplets are deposited mainly on the fiber surface where
they only interfere marginally with the flow, so the pressure drop increases slowly
(Walsh et al. 1996) as shown in Fig. 2.9. Liew and Conder (1985) explained the
increase of pressure drop is quickly in the second and the third stages due to the
formation of liquid bridges, coalesces and films between fibers and at fiber

intersections. This result was confirmed by Contal et al. (2004) as shown in Fig. 2.10.
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Figure 2.8 Pressure drop across fibrous filter samples (o = 12 %) loaded at 0.10 m s™

with 0.6, 1.4 and 2.2 um particles (Walsh et al. 1996).
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Figure 2.9 Pressure drop across a fibrous filter samples loaded with 3 pum Di-Ethyl
Sebacate at 0.2 m s™ (Walsh et al. 1996).
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Figure 2.10 Change in the deposit during clogging by liquid aerosol (Contal et al.

2004).
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Even though the pressure drop has been quite extensively studied
experimentally, very few modelling studied investigating the evolution of the pressure
drop across a fibrous filter during a filtration have been published to date.

Davies (1973) presents a modification of his own pressure drop model

64a)* (1+560)
AP = U, — (2.17)

f Davies wet

where the wet fiber diameter d is defined as

f Davies wet

d = d R

f Davies wet

(2.18)

f Davies

where m,,, is the collected liquid mass, € is filtration surface, p,, is liquid density
and «, is clean filter packing density.

Fig. 2.11 represents pressure drop evolution for a D309 HEPA filter
throughout the filtration experiment for three different velocities with a challenge
aerosol of DEHS.

In the first stage, the liquid is only deposited on the surface of a fiber.
No drainage or the migration of liquid from one layer to the next is observed. The

pressure drop is calculated by an adapted version of Davies’ equation (1973):

AP = 64ﬂudz(af+“zxaf+“z)o'5x[1+16(af+a,)2'5] (2.19)

2

f Davies wet

where u is liquid viscosity, u is filtration velocity, d is the mean wet fiber

f Davies wet

Davies diameter, dZ is filter layer thickness, «, is clean filter packing density, and

a, is liquid packing density defined as

_ Volume of collected particles  m/p (2.20)

a, =—
Volume layer wrZ

where m is the collected liquid mass and p is liquid density.
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In the second stage, the liquid bridges between fibers and liquid films
at intersections of fibers are formed. Some of the collected liquid particles migrate to
the next layer downstream. In this stage, the collection surface decreases due to the
formation of liquid bridges and films. The flow will be largely disturbed by the liquid
bridges and films. So the pressure drop expression has to take the modified filtration

velocity into account:

.5

AP = 64ﬂdz(af+“';be)(af+a’)0 x[1+16(af+a,)2-5]ﬁ .21)
- &

f Davies wet

tube

where «,,, 1s liquid packing density at the end of the first stage.

tube
In the third stage, all the collected liquid particles are supposed to
migrate to the downstream layer due to capillary (wetting) or flow (migration) forces.

The pressure drop is constant in this stage:

.5
(0( +a Xa +a )0 u
b 1 .5
AP = 64udz -~ — S Tfml [1 + 16(af + aﬁlm)z ] (2.22)
f Davies wet 1 - aﬁlm + azube
where @, is maximum liquid packing density.
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Figure 2.11 Pressure drop evolution for a D309 HEPA filter throughout the filtration
experiment for three different velocities with a challenge aerosol of DEHS (Frising et

al. 2005).



CHAPTER 3
EXPERIMENT

In the present work, a Laskin nozzle and a mist aerosol generator were
built, and an experimental set-up was designed to investigate evolutions of collection
efficiency and pressure drop of a medium-performance fibrous filter for various
conditions. Basic operating parameters include filtration velocity, number of filter
sheets and types of mist aerosols. Characteristics of filter clogging by mist aerosols

were studied by visualization of deposits on the surface of the filter.

3.1 Size Distribution and Stability of Generated Aerosol

Mist aerosol used in this study was generated from the Laskin nozzle
(see detail in Appendix A). Size distribution and concentration of generated aerosols
were determined to study their characteristics and stability. The liquids used for
aerosol generation were propylene glycol and palm oil. Their physical properties are
summarized in Table 3.1. The surface tension was determined at 25°C using a
tensiometer (CSC, DuNouy) and the viscosity was measured at 29.5°C using a
rotational viscometer (Brookfield, DV-[1+). The experimental setup used for
determination of aerosol size distribution and concentration is shown in Fig. 3.1 and
3.2. Compressed air at a pressure of 1.4 bar was used to generate the mist aerosol.
Moisture in the compressed air was removed by a diffusion dryer, an annular cylinder
in which the space is filled with silica gel. It was constructed from a 65-mm-diameter
and 290-mm-long PVC. After passing through the HEPA filter, the clean air entered
the Laskin nozzle at the flow rate of 3 L min’l, measured and controlled by an orifice
meter and a needle valve, respectively. The mist aerosol generated from the Laskin
nozzle was diluted by mixing with clean air passing through an absolute filter
(Cambridge Filter, 1GC-50-2-MCL). Photograph of the Laskin nozzle and an
absolute filter are shown in Fig. 3.3 (a) and (b), respectively. To provide sufficient

mixing between clean air and aerosol particles, a 40-mm-diameter and 80-mm-long
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nozzle and a 54-mm-diameter and 485-mm-long clear acrylic tube were used. The

mixture of air and aerosol particles flowed into the system by means of a vacuum

pump.

Table 3.1 Physical properties of the liquids used for aerosol generation

Aerosol Propylene glycol Palm oil
* Viscosity (cP) 64.6 94.6
® Surface tension (dynes/cm) 47.6 42.2
¢ Density (g/cm’) 1.034 0.914
“T = 29.5°C; 100 RPM
°T =25°C
°T = 30°C

An 8-stage Andersen sampler (Dylec, AN 200) with the cut sizes of 11.0,
7.0, 4.7, 3.3, 2.1, 1.1, 0.65 and 0.43 micron was used to determine the aerosol
concentration and the size distribution of the generated aerosol. Aerosol particles
were collected on HEPA filters (Cambridge Filter) cut into 80-mm-diameter circular
sheets and placed on the impaction plates. Sampling flow rate measured by a
rotameter (Cole Parmer, N044-40) was 28.3 L min"'. The HEPA filters were treated
in a desiccator at room temperature (25°C) and 50-60 % relative humidity for at least
24 hours and then weighed using a five-digit-readability analytical balance (Sartorius,
CP225D) before being placed in the Andersen Sampler.

Liquid aerosol particles were sampled for 10 minutes and HEPA filters
were weighed again. After each sampling, the filters were replaced and the
experiment was carried out in a repeated manner for 5 hours. There were 6 sets of
sample in total:

Set 1: After aerosol was generated for 60 minutes.
Set 2: After aerosol was generated for 90 minutes.
Set 3: After aerosol was generated for 120 minutes.
Set 4: After aerosol was generated for 180 minutes.
Set 5: After aerosol was generated for 240 minutes.

Set 6: After aerosol was generated for 300 minutes.
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To determine the size distribution of generated liquid aerosol the

normalized mass fraction, f/Ad, was plotted as a function of the average

aerodynamic diameter, d__ [um]. Here f is the mass fraction and Ad is the particle

ave

size interval for each stage of the Andersen sampler. Aerosol concentration (C) can

be calculated from

(3.1)

where M is the total collected mass and V is the sampling volume determined from
V = Qt (3.2)

Here Q is the flow rate and ¢ is the sampling time.

Dilution air Nozzle
—
/j I

Abzolute filter

50 e =]

. ——

Eegulator Diffusion drver Orifice meter | —

I:’ ﬁ Fotameter —

Vacuum pu | —

Compressed air HEPA 3.01lpm 4—ME

filter /( k Andersen sarmpler

Laskin nozzle

Figure 3.1 The schematic representation of the experimental set-up for examining

size distribution and stability of generated aerosol.
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Figure 3.2 Photograph of the experimental set-up for examining size distribution and

stability of generated aerosol.
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(b)
Figure 3.3 Photograph of (a) the Laskin nozzle and (b) an absolute filter.

3.2 Performance of Virgin Filter

Performance of a single virgin filter was evaluated by determining
filtration efficiency (or penetration) and pressure drop.

Liquid used for aerosol generation is propylene glycol. Compressed
air at a pressure of 1.4 bar was used to generate the mist aerosol after moisture was
removed by the diffusion dryer. Partial liquid aerosol from the Laskin nozzle was
removed by the use of a cotton box before dilution with clean air passing through the
absolute filter (Cambridge Filter, 1GC-50-2-MCL). The mist aerosol particles were
then introduced to the test filter using a vacuum pump (Gast, 0523-V4-G21DX).
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Flow rate was measured and controlled by a rotameter (Cole Parmer, N044-40). The
HEPA filter was used to prevent the re-entrained mist aerosol particles from passing
through the rotameter during the experiment. The test filter is a medium-performance

glass fiber filter in which the properties are given in Table 3.2.

Table 3.2 Properties of the test filter

Thickness, L Fiber diameter, d f
Test filter Packing density, o [-]
[mm] [um]

Medium performance

) ) 0.56 3.65 0.061
glass fiber filter

The schematic representation of the experimental set-up for measuring
the efficiency of a virgin filter is shown in Figure 3.4, and its photograph is shown in
Figure 3.5. Flow rates introduced through the Laskin nozzle and the test filter were
3.0 and 0.2 L min™', respectively. Excessive liquid particles were trapped in a buffer
chamber at a flow rate of 2.8 L min™ by the use of a vacuum pump. The flow rate
was controlled by adjusting the needle valve and measured by an orifice meter and the
corresponding U-tube manometer. A HEPA filter was used to prevent the mist

aerosol particles from passing through the orifice meter.
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Figure 3.4 The schematic representation of the experimental set-up for measuring the

efficiency of a virgin filter.

Figure 3.5 Photograph of the experimental set-up for measuring the efficiency of a

virgin filter.
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The test filters (glass fiber filters) were treated in the desiccator using
silica gel at room temperature (25°C) and 50-60 % relative humidity for at least 24
hours. They were then weighed using the five-digit readability analytical balance
(Sartorius, CP225D). The test filter was first weighed and then placed in the filter
holder and the pressure drop was measured at different filtration velocities. The
photograph of the filter holder was shown in Fig. 3.6. Filter loading was monitored
by measuring pressure drop. After 30 minutes, particle concentrations of the liquid
aerosol were sampled upstream and downstream of the filter simultaneously using a
laser particle counter (Royco, Portable 330B). The weight of the collected liquid
particles on the filter was measured using the identical analytical balance.

The filtration velocities were 5, 7, 10, 14, 21 and 28 cm st A
rotameter with a control valve (Cole Parmer, N044-40) was used to adjust and
monitor the flow rate.

To evaluate the performance of a single virgin filter, filtration
efficiency (or penetration) and pressure drop were measured. The efficiency ( E') can

be calculated from

£ o= 1 Nowe (3.3)

N

inlet

where N., and N

inlet

are number concentrations of particles at the upstream and

outlet

downstream of the filter. The penetration ( P ) can then be calculated from

P = 1-E (3.4)

The pressure drop across the filter was measured by a U-tube manometer.
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Figure 3.6 Photograph of the filter holder (the test filter).

3.3 Mist Aerosol Particles Collection Characteristics of a Fibrous Filter

To evaluate the collection characteristics of mist aerosol particles by
the fibrous filter, the relationship between pressure drop and collected mass at various
conditions including number of filter sheets, filtration velocity, and physical
properties of liquids were investigated.

The schematical diagram of the experimental set-up for studying mist
aerosol collection characteristics of a fibrous filter is shown in Fig. 3.7, and its
photograph is shown in Fig. 3.8. Similar to Sec. 3.2, compressed air at a pressure of
1.4 bar was used to generate the mist aerosol. The flow rate of the compressed air
introduced through the Laskin nozzle was 3.0 L min™. Only 1.0 L min™ of generated
aerosol was introduced to the system and diluted with the clean air. Excessive liquid
aerosol was removed by passing through a buffer chamber using a vacuum pump at a
flow rate of 2.0 L min™.

The glass fiber filters were treated in the same manner as done in the
preceding section. The change in the pressure drop across a single filter and five
filters were investigated at four different filtration velocities: 7, 14, 21 and 28 cm s'l,

by adjusting the flow rate using the rotameter.
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3.3.1 Effect of the Filtration Velocity

A single-filter was first weighed and then placed in the filter holder.
Then the pressure drop was measured at different filtration velocities. Filter loading
was monitored by measuring the pressure drop. The weight of the collected liquid
particles on the filter was measured every 10 minutes until the pressure drop reached

three times of the initial value.

3.3.2 Effect of the Number of Filter Sheets

To highlight experimentally any possible redistribution of the liquid
particles within the medium, five-filter experiment was conducted. Each filter was
first weighed and then place in the filter holder in a series side by side. The weight of
the collected liquid particles on each filter was measured at every 10 minutes until the

pressure drop reached three times of the initial value.

3.3.3 Effect of the Physical Properties of the Aerosol Particles

The influence of the physical properties of the aerosol particles was
investigated by using liquids with different physical properties. Propylene glycol and
palm oil were chosen. Single-filter and five-filter experiments were conducted in the
same manner as done in the Sec. 3.3.1 and 3.3.2. The pressure drop across the single
filter and five filters were measured at a filtration velocity of 14 cm s™.

To better understand the phenomena occurring and to be able to
explain the profile of the clogging, an optical microscope (OLYMPUS, BX60F5) was
employed to examine the surface of the filter at different stages. The glass fiber filter
was photographed after aerosol collection of 20, 40, 60 and 80 minutes for a single
filter and of 20 and 50 minutes for five filters to compare the appearance of deposits
within the filter when the filter was collected by propylene glycol and palm oil aerosol
particles.

Pressure drop across a single filter and five filters were plotted as a

function of the filtration time (7 ) and the collected aerosol mass (M ).
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The collected aerosol mass (M ) during clogging of five filters were
plotted as a function of particle loading Cvt [g/m’] which describes the amount of
liquid particle that flows to the filter per cross section. Here C is the initial particle

concentration, v is the filtration velocity and ¢ is the filtration time.
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fil / _—|\
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Figure 3.7 The schematic representation of the experimental set-up for studying the

collection characteristics of mist aerosol particles.
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Figure 3.8 Photograph of the experimental set-up for studying the collection

characteristics of mist aerosol particles.

3.4 The Saturation Characteristic of a medium-performance fibrous filter (glass

fiber filter)

The characteristics of a medium-performance fibrous filter (glass fiber
filter) saturated with liquids (water, propylene glycol and palm oil) were studied by
measuring the pressure drop and examining the surface of the glass fiber filter using
the optical microscope.

The experimental set-up, as shown in Fig. 3.9 and Fig. 3.10, composed
of a filter holder and an absolute filter. To test the influence of the surface tension
and viscosity of the liquids; water, propylene glycol and palm oil were used.

A filter was treated in a desiccator using silica gel at room temperature
(25°C) and 50-60 % relative humidity for at least 24 hours. The filter was first

weighed using a five-digit readability analytical balance. It was then immersed in a
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liquid (water, propylene glycol or palm oil) until it was saturated and then placed in
the filter holder. The clean air passing through an absolute filter was introduced to the
filter until the pressure drop was constant. The pressure drop was measured by a U-
tube manometer. The collected liquid particles on glass fiber filter were weighed
using the same balance. Then the filtration velocity was reduced from the initial
velocity to the minimum velocity of 1 cm s”. The constant pressure drop was

recorded at each step of reducing velocity. The initial velocities and the steps of

reducing velocities are shown in Table 3.3.

Table 3.3 Values of velocity set in the experiment to determine the saturation

characteristics of a medium-performance fibrous filter (glass fiber filter).

Initial velocity (cm ) Reducing velocities (cm s
28 24,20, 16,12, 8,4 and 1
21 18,15,12,9,6,3 and 1
14 12,10, 8,6,4,2 and 1
7 6,5,4,3,2and 1

To better understand the aerosol deposition, optical microscope
(OLYMPUS, BX60F5) was employed to examine the surface of the fibrous filter
when saturated with liquids (water, propylene glycol and palm oil) at different initial

velocities.
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Figure 3.9 The schematic representation of the experimental set-up for studying the

saturation characteristic of a medium-performance fibrous filter (glass fiber filter).

Figure 3.10 Photograph of the experimental set-up for studying the saturation

characteristic of a medium-performance fibrous filter (glass fiber filter).



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Size Distribution of Generated Liquid Aerosol

In this work, an experimental set-up was designed to investigate
collection performance of a medium performance glass fiber filter subjected to liquid
aerosol. The concentration and the size distribution of mist aerosol generated from
different liquids (propylene glycol and palm oil) were measured using an 8-stage
Andersen sampler (Dylec, AN 200). The stability of aerosol generation was
examined and the results are shown in Fig. 4.1 to Fig. 4.2 for propylene glycol and
Fig. 4.3 to Fig. 4.4 for palm oil aerosol. The size distribution appears very stable.
The average mass median aerodynamic diameter (MMAD) of propylene glycol
aerosol is about 2.24 and 2.35 um for the first and the second tests while the average
geometric standard deviation (GSD) of propylene glycol aerosol is about 2.32 and
2.42 um for the first and the second tests. The average MMAD of palm oil aerosol is
about 1.43 and 1.40 pm for the first and the second tests while the average GSD of
palm oil aerosol is about 2.10 pm for both tests. From the result of Hajra et al.
(2003), the mean diameter of propylene glycol droplets generated by a Laskin nozzle
was 0.21 um when the Laskin nozzle was operated under the supply pressure of 172
kPa (25 psi or 1.7 bar). Vasudevan et al. (2004) showed that propylene glycol aerosol
produced by a Laskin nozzle had mean diameter of 0.2 um when the compressed air
at a pressure of 1.1 bar was used to generate the droplets of propylene glycol and
Frising et al. (2005) showed that the average aerodynamic particle diameter of di-(2-
ethyl hexyl) sebacate (DEHS) generated by a Laskin nozzle was 0.18 um.

The mass median aerodynamic diameter and the geometric standard
deviation can be determined directly from a log-probability plot. The geometric
standard deviation, being the ratio between the size associated with a cumulative

count of 84.1% and the median size (a cumulative count of 50%) or between the 50%
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cumulative size and the 15.9% cumulative size must usually be greater than or equal

to 1.0. It can be expressed as

S

1/2
GSD = o — 84% — dSO% — (d84% J (41)

8
dSO% d16% d16%

The data in a log-probability graph of aerosol particles is linear which shows a
lognormal distribution behavior of the generated aerosol. The MMAD and GSD can
be determined from the 50" percentile size and Eq. 4.1 (Hinds, 1999).
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Figure 4.1 Characteristics of propylene glycol aerosol particles from the Laskin

nozzle (Test#1).
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Figure 4.2 Characteristics of propylene glycol aerosol particles from the Laskin
nozzle (Test#2).
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Figure 4.3 Characteristics of palm oil aerosol particles from the Laskin nozzle

(Test#1).
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Figure 4.4 Characteristics of palm oil aerosol particles from the Laskin nozzle

(Test#2).

Fig. 4.5 shows that the concentration of palm oil droplets generated
from the Laskin nozzle was slightly more stable than propylene glycol droplets. The
relationship between concentration of oil mist and collected mass is shown in Fig. 4.6.
Average aerosol concentrations of propylene glycol are 0.487 and 0.559 g m™ for the
first and the second tests, respectively while the average aerosol concentrations of
palm oil are 0.295 and 0.311 g m” for the first and the second tests. For identical
operating condition, the average concentration of propylene glycol is higher than that
of palm oil because propylene glycol is less viscous than palm oil and then easier to

be atomized by the Laskin nozzle.
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Figure 4.5 Concentration of oil mist from the Laskin nozzle as a function of the

filtration time.
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Figure 4.6 Concentration of oil mist from the Laskin nozzle as a function of the

collected mass.
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4.2 Performance of a Virgin Filter
4.2.1 Effect of Particle Size and Velocity on Efficiency

Effects of velocity and particle size on filtration efficiency of the virgin
filter using propylene glycol aerosol particles are shown in Figs. 4.7 and 4.8,
respectively. Filtration time was 30 min. The results indicate that the efficiency of a
virgin filter slightly decreases when the filtration velocity increases for all particle
sizes and increases when the particle size increases for all filtration velocities.
Moreover, the efficiency is nearly independent of particle sizes for filtration velocity
of 5to 21 cms™. At the highest velocity of 28 cm s, the difference in efficiency is
significant for all particle sizes. However, at the same filtration velocity (v = 28
cm s) it was found that the filter shows a better collection efficiency for larger
particles than smaller particles. This is due to the influence of impaction mechanism
(Hinds, 1999). The importance of this inertial impaction mechanism increases with
increasing particle size and increasing flow velocity. The collection efficiencies are
about 97%, 89%, 76% and 26% for the particle size of 1.0, 0.7, 0.5 and 0.3 um
particles, respectively, at a filtration velocity of 28 cm s”'. In addition, at the same
particle size, it was found that at the lower filtration velocity shows better efficiency
than at the higher filtration velocity. This is due to the influence of Brownian motion
of small particles (Hinds, 1999). Brownian motion increases when particle size and

flow velocity are decreased.
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Figure 4.7 Effect of velocity on efficiency of a filter using propylene glycol particles
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Figure 4.8 Effect of particle size on efficiency of a filter using propylene glycol
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4.2.2 Effect of Velocity on Pressure drop Evolutions

Pressure drop across a filter is a parameter used to determine the
collection performance. The pressure drop is the resistance to the air which flows
through the fibrous filter. The liquid used for mist generation in this experiment was
propylene glycol. The pressure drop across the virgin filter after filtration for 30 min

at different velocities is shown in Fig. 4.9.

120
Emo-
% s}
g
_560-
it
S5 40 F
(/)]
b
F 20 |
Oe ] ] ] ]

0 5 10 15 20 25 30

Velocity, U [cm s™]

Figure 4.9 Pressure drop across a filter where the oil mist is propylene glycol and

after filtration for 30 min at different velocities.

The results show that the pressure drop of the fibrous filter increases with increasing

the filtration velocity as commonly known. The increase is, however, is not linear.
4.3 Collection Characteristics of Mist Aerosol Particles

Different clogging tests were conducted by varying the operating
conditions, including filtration velocity, number of filter sheets and aerosol particles
with different physical properties. The influence of each parameter is studied by

eliminating the effect of other factors.
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4.3.1 Effect of Filtration Velocity

Figs. 4.10 and 4.11 represent the pressure drop evolutions of a single
filter as functions of filtration time and collected mass, respectively, during clogging

by propylene glycol aerosol with different filtration velocities: 7, 14, 21 and 28 cm s™.
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Figure 4.10 Pressure drop evolutions of a single filter as a function of filtration time

during clogging by propylene glycol aerosol with different filtration velocities.
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Figure 4.11 Pressure drop evolutions of a single filter as a function of collected mass

during clogging by propylene glycol aerosol with different filtration velocities.

From the results, it was found that the change in the pressure drop
during clogging as functions of filtration time and collected mass are in the same
direction for all filtration velocities. At high filtration velocity, the initial single fiber
collection efficiency is higher so that more droplets were collected in a thin layer of
filter surface. At the same filtration time, mass collected (M) on the filter at high
filtration velocity is greater than that at low filtration velocity since the liquid aerosol
particles deposit on the collecting surface rapidly. This result causes the pressure
drop of a single filter increases as the filtration time and the collected mass increase
which is similar to the result of Contal et al. (2004). They studied the change in
pressure drop of a D309 filter during clogging by a di-octyl phthalate (DOP) aerosol
for different filtration velocities ranging from 2.5 to 19 cm s”. Their result showed
that at high filtration velocity, the collected mass on the filter is higher than that at
low filtration velocity.

At the beginning of the filtration process (the initial stage), the whole
pressure drop is caused by the porous medium itself which maintains nearly constant.
As filtration time progresses, the particles retained in the filter increase the resistance

to the flow. A liquid film starts to build up on the surface of the filter so that,
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gradually, a greater proportion of pressure drop is due to the liquid particle resistance
to the flow.

For a filtration velocity of 28 cm s, the final pressure drop is barely
91.9% of that at a filtration velocity of 7 cm s™. At filtration velocity of 28 and 21
cm s, the pressure drop reached three times of the initial value after 30 minutes and
at filtration velocity of 14 and 7 cm s, the pressure drop reached three times of the
initial value after 50 and 60 min, respectively. The change in the pressure drop
increases when the filtration velocity increases. At the highest filtration velocity the
change in the pressure drop is maximum since the pressure drop is proportional to the
filtration velocity. At high filtration velocity the liquid aerosol particles deposit on
the collecting surface rapidly which causes the pressure drop increases more when
compared with lower filtration velocity. The filtration velocity, hence, plays a

significant role during clogging.

4.3.2 Effect of the Number of Filter Sheets

The pressure drop evolutions for 1 and 5 filters at different filtration
velocity as functions of filtration time and collected mass are shown in Figs. 4.12 to
4.19. The generated aerosol is propylene glycol. Results show that the change in
pressure drop increases with increasing the number of filter sheet for all velocities.
The changes in pressure drop during clogging as functions of filtration time and
collected mass are in the same direction for all filtration velocities. It was noted that
the changes in pressure drop of five identical filters in series were similar to that of a
single filter. When the number of filter sheets increases, the change in the pressure
drop increases since the pressure drop is directly proportional to the thickness of the

filter. The number of filter sheets plays an important role during clogging.
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Figure 4.12 Effect of the number of filter sheets on the pressure drop evolutions as a

function of filtration time for propylene glycol aerosol particles at filtration velocity
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Figure 4.13 Effect of the number of filter sheets on the pressure drop evolutions as a

function of filtration time for propylene glycol aerosol particles at filtration velocity

of 14 cm s
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Figure 4.14 Effect of the number of filter sheets on the pressure drop evolutions as a

function of filtration time for propylene glycol aerosol particles at filtration velocity
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Figure 4.15 Effect of the number of filter sheets on the pressure drop evolutions as a

function of filtration time for propylene glycol aerosol particles at filtration velocity

of 28 cm s
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Figure 4.16 Effect of the number of filter sheets on the pressure drop evolutions as a

function of collected mass for propylene glycol aerosol particles at filtration velocity

of 7cm s
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Figure 4.17 Effect of the number of filter sheets on the pressure drop evolutions as a

function of collected mass for propylene glycol aerosol particles at filtration velocity

of 14 cm s
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Figure 4.18 Effect of the number of filter sheets on the pressure drop evolutions as a

function of collected mass for propylene glycol aerosol particles at filtration velocity

of 21 cm s\
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Figure 4.19 Effect of the number of filter sheets on the pressure drop evolutions as a

function of collected mass for propylene glycol aerosol particles at filtration velocity

of 28 cm s\
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Figs. 4.20 to 4.23 show the change in the collected mass as a function of filtration
time during clogging of five filters for filtration velocity of 7, 14, 21 and 28 cm s™,
respectively. The aerosol generated is propylene glycol. It can be observed that as
filtration time increases, the collected mass of filter increases. Weighing each filter at
different degree of clogging yielded the change in the collected mass as a function of

filtration time (¢). The collected mass (M) can be calculated from

M = ’ 4.2)

where w, is the weight of clogged filter at any filtration time, w, is the weight of

clean filter and A is the filter cross-sectional area. When the filtration was carried
out with the filters placed in series, it was noted that the evolution of pressure drop
was similar to that of a single filter as shown in Figs. 4.12 to 4.19. Changes in the
pressure drop during clogging of five identical glass fiber filters and a single filter are
in the same direction. Observation of these results revealed that five filters are
clogged up one after another. For five filters, while liquid aerosol particles were
collected on the surface of the filter, these aerosol particles can partially penetrate to
the thickness of the medium.

It can be seen that in the first stage of clogging, the collected mass of
the filters is dependent on the filtration velocity as shown in Figs. 4.20 to 4.23. After
10 min, the collected mass on the first filter sheet increases when the filtration
velocity increases. The collected mass on the first filter sheet after 10 min is about
24, 52, 55 and 59 ¢ m™ at the filtration velocity of 7, 14, 21 and 28 cm s'l,
respectively, as shown in Figure 4.24. Moreover, when the pressure drop reached
three times of the initial value, the collected mass on the first filter sheet is identical
for each filtration velocity. Most of liquid aerosol particles are collected on the first
filter sheet. The collected mass on the first filter sheet is about 255 (90.6%), 246
(78.9%), 259 (78.8%) and 251 (76.5%) g m at the filtration velocity of 7, 14, 21 and
28 cm s™, respectively. Deposited mass of droplets on the second filter sheet through
the fifth filter sheet remained fairly constant during the course of filtration. At the

same filtration time, it was found that the collected mass on the first filter sheet at
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higher filtration velocity is higher than that at lower filtration velocity because the
mist aerosol particles deposited on the collecting surface rapidly. The collected mass
on each filter was measured every 10 min. The results indicate that the collected mass
on the first filter sheet at the highest filtration velocity increases rapidly while that at
the lowest filtration velocity increases slightly. At filtration velocity of 7 cm s™,
liquid aerosol particles can partially penetrate to other filter sheet because the test
period is longer compared to other filtration velocities.

At filtration velocity of 7 and 14 cm s, the pressure drop across five
filters reached three times of the initial value after 90 and 50 min, respectively as

shown in Figs. 4.12 and 4.13 and at filtration velocity of 21 and 28 cm s

, the
pressure drop across five filters reached three times of the initial value after 40 min as

shown in Figs. 4.14 and 4.15.
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Figure 4.20 The change in the distribution profile during clogging of five identical
filters in series for propylene glycol aerosol particles. (v =7 cms™; t = 10, 20, 30, 40,

50, 60, 70, 80 and 90 minutes)
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Figure 4.21 The change in the distribution profile during clogging of five identical
filters in series for propylene glycol aerosol particles. (v = 14 cm s t =10, 20, 30,

40 and 50 minutes)
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Figure 4.22 The change in the distribution profile during clogging of five identical
filters in series for propylene glycol aerosol particles. (v =21 cm sT: t =10, 20, 30

and 40 minutes)
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Figure 4.23 The change in the distribution profile during clogging of five identical
filters in series for propylene glycol aerosol particles. (v = 28 cm s': t =10, 20, 30

and 40 minutes)
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Figure 4.24 Collected mass evolutions on the first filter sheet as a function of the

filtration time for propylene glycol aerosol particles at different filtration velocities.
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Figs. 4.25 and 4.26 show the optical microscope photographs of five
filters clogged by propylene glycol aerosol after filtration for 20 and 50 min,
respectively. The photographs show that after 20 minutes of filtration, the deposit is
made up of droplets around the fibers of the first filter sheet [Fig. 4.25 (a)]. Propylene
glycol aerosol particles can partially penetrate to the second and the third filter sheets.
They seem not to penetrate to the fourth and the fifth filter sheets. After 50 min of
filtration, the quantity of liquid droplets increase and form a liquid film on the surface
of the first filter sheet and liquid particles can penetrate to the second and third filter
sheets and can partially penetrate to the fourth and the fifth filter sheets. This results
in an increase of pressure drop because the quantity of the collected liquid particles on

filter sheets increase.
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(a) sheet 1 (b) sheet 2

(c) sheet 3 (d) sheet 4

(e) sheet 5

Figure 4.25 Optical microscope photographs of five filters exposed to propylene

glycol aerosol for 20 min (100 X).
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(a) sheet 1 (b) sheet 2

(c) sheet 3 (d) sheet 4

(e) sheet 5

Figure 4.26 Optical microscope photographs of five filters exposed to propylene

glycol aerosol after 50 min (100 X).
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Figs. 4.27 and 4.28 show the optical microscope photographs of five
filters collected by palm oil aerosol for 20 and 50 min, respectively. The photographs
show that after 20 min of filtration the deposit is made up of droplets around the fibers
of the first filter sheet [Fig. 4.27 (a)]. Palm oil aerosol particles can penetrate to the
second and the third filter sheets, but not to the fourth and the fifth filter sheets. After
filtration for 50 min, the quantity of liquid droplets on the first filter sheet increases.
Liquid particles can penetrate to the second, the third, the fourth and the fifth filter
sheets. The quantity of liquid droplets on the surface of the second and third filter
sheets is greater when compared with propylene glycol aerosol particles, as shown in
Figs. 4.26 (b) and (c). This is because palm oil aerosol particles have smaller particle
size and larger surface area than propylene glycol aerosol particles so more palm oil
aerosol particles can penetrate to the subsequent filter sheets. This result generates

the low collection efficiency.
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(a) sheet 1 (b) sheet 2

(c) sheet 3 (d) sheet 4

(e) sheet 5

Figure 4.27 Optical microscope photographs of five filters exposed to palm oil
aerosol for 20 min (100 X).
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(a) sheet 1 (b) sheet 2

(c) sheet 3 (d) sheet 4

(e) sheet 5
Figure 4.28 Optical microscope photographs of five filters exposed to palm oil

aerosol for 50 min (100 X).
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4.3.3 Effect of Physical Properties of the Aerosol Particles

The change in the pressure drop across a single filter and five filters as
functions of the filtration time and the collected aerosol mass are shown in Figs. 4.29
to 4.32 when the glass fiber filters are exposed to liquid aerosol particles of propylene
glycol and palm oil at filtration velocity of 14 cm s™. It was found that in an initial
period, the clogging of the filter by palm oil aerosol is faster than that by propylene
glycol aerosol. This is because of the particle size effect. Palm oil mist has smaller
particle size and larger surface area than that of propylene glycol. Then the amount of
collected palm oil aerosol on the surface of the filter medium is greater than propylene
glycol aerosol. After some periods the fibrous filter that is exposed to propylene
glycol aerosol has a higher pressure drop. This is because propylene glycol is less
viscous (64.6 cP) than palm oil (94.6 cP) and then easier to be atomized by the Laskin
nozzle so the concentration of propylene glycol is higher than that of palm oil and the
large propylene glycol droplets deposited on the fibrous filter join to form bridges at
the intersection of fibers. Subsequently all interstices are bridged and these bridges
combine to form a liquid film on the surface of the filter medium. However, the palm
oil aerosol deposit is only made up of droplets collected around the fibers. This is
because propylene glycol has a higher surface tension (47.6 dynes/cm) than palm oil
(42.2 dynes/cm) which is in agreement with the result of Contal et al. (2004). They
studied the influence of the surface tension of three generated liquids:
decamethylcyclopentasiloxane (DMP), di-octyl phthalate (DOP) and glycerol, and
found that the filter that was exposed to glycerol aerosol had the highest pressure
drop. This is because glycerol has a higher surface tension (92 dynes/cm) than DOP
(35 dynes/cm) and DMP (19 dynes/cm) and the deposit of mainly spherical glycerol
aerosol particles offers a specific surface area larger than that of DOP.

From the Figs. 4.29 to 4.32, the pressure drop curves are divided into
two periods. Initially the pressure drop is linearly related to the collected mass. After

some periods the pressure drop also increases almost linearly but at a higher rate.
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Figure 4.29 The change in the pressure drop across a single filter as a function of

filtration time at 14 cm s,
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Figure 4.30 The change in pressure drop across a single filter as a function of

collected mass at 14 cm s™.
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Figure 4.31 The change in pressure drop across five filters as a function of filtration

time at 14 cm s™.
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Figs. 4.33 and 4.34 show the optical microscope photographs of a
single filter at different stages when the filter collected propylene glycol and palm oil,
respectively. The photographs for propylene glycol (Fig. 4.33) suggest that at the
beginning of filtration the deposit is made up of droplets deposited around the fibers
[Fig. 4.33 (a)]; the beads then get bigger and join to form bridges at the intersection of
fiber [Fig. 4.33 (b) and (c)]. Subsequently all interstices are bridged and these bridges
combine to form a liquid film on the surface of the filter medium [Fig. 4.33 (d)] and
cause higher pressure drop after some period. However, from Fig. 4.34, the
deposition of palm oil aerosol particles is only made up of droplets deposited around
the fibers even after 80 min of filtration. This is because propylene glycol has a
higher surface tension than palm oil so the fibrous filter that is exposed to propylene
glycol aerosol has a higher pressure drop because propylene glycol droplets deposited

on the fibrous filter join to form bridges and liquid film on the surface of the filter.
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(a) (b)

(© (d)

Figure 4.33 Optical microscope photographs of a single filter exposed to propylene
glycol aerosol for (a) 20, (b) 40, (c) 60, and (d) 80 min (100X).
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(a) (b)

(© (d)

Figure 4.34 Optical microscope photographs of a single filter exposed to palm oil
aerosol for (a) 20, (b) 40, (¢) 60, and (d) 80 min (100 X).
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Fig. 4.35 shows the change in the collected mass as a function of
filtration time of five filters using palm oil aerosol at filtration velocity of 14 cm s™'.
The results indicate that as filtration time increases, the collected mass of each filter
increases as in the case of propylene glycol aerosol. The collected mass on the first
filter sheet is about 26 and 232 ¢ m™ at 10 and 80 min, respectively. Moreover, at the
same filtration time, the collected mass of the first filter sheet is lower when
compared with the clogging of five filters by propylene glycol as shown in Fig. 4.36.
This is because palm oil aerosol particles have lower concentration than propylene
glycol aerosol particles. As filtration time elapses, palm oil aerosol particles can
penetrate further to the subsequent filter sheets. This causes the increase of the
collected mass on those filter sheets compared with propylene glycol aerosol particles,
shown in Figs. 4.37 to Fig. 4.40. This is because palm oil aerosol particle has smaller
particle size than propylene glycol aerosol particle and, hence, more palm oil aerosol
particles can penetrate to the subsequent filter sheets. Mass of palm oil aerosol

particles collected on the second filter sheet to the fifth filter sheet increases with

filtration time.
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Figure 4.35 The change in the distribution profile during clogging of five filters for
palm oil aerosol particles. (v =14 cm s'l; t =10, 20, 30, 40, 50, 60, 70 and 80 min)
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Figure 4.36 Effect of physical properties of the aerosol particles on the collected mass

evolutions on the first filter sheet as a function of the filtration time at 14 cm s™.
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Figure 4.37 Effect of physical properties of the aerosol particles on the collected mass

evolutions on the second filter sheet as a function of the filtration time at 14 cm s™
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Figure 4.38 Effect of physical properties of the aerosol particles on the collected mass

evolutions on the third filter sheet as a function of the filtration time at 14 cm s”
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Figure 4.39 Effect of physical properties of the aerosol particles on the collected mass

evolutions on the fourth filter sheet as a function of the filtration time at 14 cm s
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Figure 4.40 Effect of physical properties of the aerosol particles on the collected mass

evolutions on the fifth filter sheet as a function of the filtration time at 14 cm s™.

4.3.4 Comparison between Experimental and Modelling Results

The pressure drop evolution was estimated by an adapted version of
Davies’ equation (1973). It was calculated by different equations because different
layers exhibit different filtration stages. Frising et al. (2005) described the pressure
drop evolution in four filtration stages. During the first filtration stage, the liquid is
only deposited on the surface of the fiber. No drainage or liquid migration from one
layer to the next layer is observed. In this work, the evolution of the pressure drop of
a fibrous filter was investigated only in the first filtration stage because at the
beginning of filtration the deposit is made up of droplets deposited around the fibers
and no drainage is observed.

Frising et al. (2005) suggested the following expression to estimate the

pressure drop for a fibrous filter during the first filtration stage:

.5
AP = 64uU,dZ o+ o) +a) <[1+16(a, +a,}*] 4.3)

2
f Davies wet
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where u is liquid viscosity, U, is filtration velocity, d is mean wet fiber

f Davies wet
Davies diameter which can be calculated from Eq. (2.18), «, is clean filter packing
density, «, is liquid packing density and dZ is filter layer thickness which can be

written as

az = — (4.4)

where Z is filter thickness, np is number of layers. This model was chosen because

it gave the best results for initial pressure drop evolution.

Fig. 4.41 represents the comparison between experimental values and
those calculated from Eq. (4.3) for the pressure drop evolutions of a single filter as
function of collected mass during clogging by propylene glycol aerosol with different

filtration velocities: 7, 14, 21 and 28 cm gt during the first filtration stage.
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Figure 4.41 Comparison between experimental and modelling values of the pressure
drop evolutions of a single filter as function of collected mass during clogging by
propylene glycol aerosol with different filtration velocities during the first filtration

stage.
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From the result, it was found that the modeled pressure drop evolutions
overestimated the experimental results for all filtration velocities. The discretization
is low, however, at high velocity. This may be because of two reasons: First, at the
beginning of filtration the deposition of propylene glycol aerosol particles is made up
of droplets deposited around the fibers. The beads then get bigger and join to form
bridges at the intersection of fiber. Subsequently all interstices are bridged and these
bridges combine to form liquid films on the surface of the filter medium but the fibers
was not perfectly wetted with liquid. Second, an adapted version of Davies’ (1973)
pressure drop model needs the liquid to wet the fibers perfectly and to be uniformly
distributed throughout the fibrous filter. It gives, however, quite satisfactory results

for the first filtration stage (Frising et al., 2005).

4.4 Saturation Characteristics of a Medium Performance Fibrous Filter

The saturation characteristics of the medium performance fibrous filter
saturated with water, propylene glycol and palm oil were studied.

Initially, the test filter was immersed in the test liquid (water or
propylene glycol or palm oil) until it was saturated. It was then exposed to an air
stream at four different initial velocities: 7, 14, 21 and 28 cm s'. The velocity was

.. -1
then reduced to a minimum value of 1 cm s™ for each case.

4.4.1 The Filter Sheet Saturated with Water

The change in the pressure drop across a single filter as a function of
time and velocity when the liquid is water are shown in Figs. 4.42 and 4.43,
respectively. It was found that the change in the saturation pressure drop at different
initial velocities take nearly the same time. The saturation pressure drop from the
initial velocity of 7 cm s is greater than that from initial velocities of 14, 21 and 28
cm s, respectively. The remained mass on the filter sheet saturated with water after
the pressure drop is constant is decreased when the velocity is increased as shown in
Fig. 4.44. This is because at the higher initial velocity, re-entrainment of liquid hold-

up is greater.
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Figure 4.42 Change in pressure drop across the filter sheet saturated with water as a

function of time at different velocities.
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Figure 4.43 Saturation pressure drop across the filter sheet saturated with water as a

function of velocity.
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Figure 4.44 Remained mass on the filter sheet saturated with water after the pressure

drop is constant as a function of velocity.
4.4.2 The Filter Sheet Saturated with Propylene Glycol

The change in the pressure drop across a single filter as a function of
time and velocity when the liquid is propylene glycol are shown in Figs. 4.45 and
4.46, respectively. It was found that the change in the saturation pressure drop from
the initial velocity of 7 cm s takes longer than that from initial velocities of 14, 21
and 28 cm s™', respectively. The saturation pressure drop from the initial velocity of 7
cm sec”' is greater than that from initial velocities of 14, 21 and 28 cm s, respectively
as in the previous case. The remained mass on the filter sheet saturated with
propylene glycol after the pressure drop is constant is decreased when the velocity is
increased as shown in Fig. 4.47 as in the previous case. This is because at the higher

initial velocity, re-entrainment of liquid hold-up is greater.
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Figure 4.45 Change in pressure drop across the filter sheet saturated with propylene

glycol as a function of time at different velocities.
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Figure 4.46 Saturation pressure drop across the filter sheet saturated with propylene

glycol as a function of velocity.
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Figure 4.47 Remained mass on the filter sheet saturated with propylene glycol after

the pressure drop is constant as a function of velocity.

4.4.3 The Filter Sheet Saturated with Palm oil

The change in the pressure drop across a single filter as a function of
time and velocity when the liquid is palm oil are shown in Figs. 4.48 and 4.49,
respectively. It was found that the change in the saturation pressure drop from the
initial velocity of 28 cm s take longer than that from initial velocities of 21, 14 and 7
cm s, respectively. When the period is long, the weight of filter sheet saturated with
palm oil decreases. From Fig. 4.48, it was found that the saturation characteristics of
the medium performance fibrous filter saturated with palm oil is different from the
case of water and propylene glycol. This result possibly occurs out of the viscosity
effect. Palm oil is more viscous than propylene glycol so that palm oil can not re-
entrain easily. The remained mass on the filter sheet saturated with palm oil after the
pressure drop is constant is decreased when the velocity is increased as shown in Fig.
4.50 as in the previous case. This is because at the higher initial velocity, re-
entrainment of liquid hold-up is greater. The constant pressure drop characteristics

behave in the same manner as in the case of water and propylene glycol.
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Figure 4.48 Change in pressure drop across the filter sheet saturated with palm oil as

a function of time at different velocities.
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Figure 4.49 Saturation pressure drop across the filter sheet saturated with palm oil as

a function of velocity.
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Figure 4.50 Remained mass on the filter sheet saturated with palm oil after the

pressure drop is constant as a function of velocity.

Figs 4.51 to 4.53 show the optical microscope photographs of a single
filter after the pressure drop is constant at each initial velocity when the filter was
saturated with water, propylene glycol and palm oil, respectively. The photographs in
Fig. 4.51 suggest that when the pressure drop of the initial velocity is constant, the
fibrous filter saturated with water is made up of droplets partially deposited around
the fibers. However, from Fig. 4.52 and 4.53, the fibrous filter saturated with
propylene glycol and palm oil formed liquid films on the surface of the filter. This is
due to the difference in the surface tension of liquids. Water and propylene glycol
have higher surface tension than palm oil. Then the periods that the filter sheet
saturated with water and propylene glycol formed liquid films on the surface of the

filter is longer than that with palm oil.
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(a) (b)

(© (d)

Figure 4.51 Optical microscope photograph of a single filter saturated with water at
different initial velocity (X 100). (a) initial velocity of 28 cm st (b) initial velocity

of 21 ems™. (c) initial velocity of 14 cm s, (d) initial velocity of 7 cm s
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Figure 4.52 Optical microscope photograph of a single filter saturated with propylene

glycol at different initial velocity (X 100). (a) initial velocity of 28 cm s, (b) initial

velocity of 21 cm s, (c) initial velocity of 14 cm s, (d) initial velocity of 7 cm s
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(a) (b)

(© (d)

Figure 4.53 Optical microscope photograph of a single filter saturated with palm oil
at different initial velocity (X100). (a) initial velocity of 28 cm st (b) initial

velocity of 21 cm s, (c) initial velocity of 14 cm s, (d) initial velocity of 7 cm s



CHAPTER 5
CONCLUSIONS

In this work, an experimental set-up was designed and built for

investigation of the collection characteristics of mist aerosol particles by a medium-

performance fibrous filter. Initially, its collection performance was studied by

varying various parameters. As a result of the present experimental study, the

following conclusions can be reached:

&)

2)

3)

“)

(&)

(6)

(7

The average concentration of propylene glycol is higher than that of
palm oil for identical operating condition because propylene glycol is
less viscous than palm oil and, hence, easier to be atomized by the
Laskin nozzle.

The efficiency of a virgin filter slightly decreases when the filtration
velocity increases for all particle sizes.

At low velocity, the efficiency of a virgin filter is very high for all
particle sizes due to the influence of the Brownian motion of small
particles.

At the highest velocity, collection efficiency of large particles is higher
for virgin filter than that of small particles due to the influence of the
impaction mechanism.

The change in pressure drop during clogging increases when the
filtration velocity increases. At high filtration velocity, the mist
aerosol particles deposit on the collecting surface rapidly. This result
causes the pressure drop of a single filter to increase.

The change in pressure drop increases linearly with increasing the
number of filter sheets for all velocities since the pressure drop is
directly proportional to the thickness of the filter.

The changes in pressure drop during clogging of a single filter and five

identical filters are in the same direction. For five filters, while liquid



®)

€))

(10)

(11

(12)
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aerosol particles were collected on the surface of the filter, these
particles can partially penetrate to the thickness of the medium.

At the first stage of clogging, the collected mass of the filters is
dependent on filtration velocity. At the same filtration time, the
collected mass on the first filter sheet at higher filtration velocity is
higher than that at lower filtration velocity.

In an initial period, the clogging of the filter by palm oil aerosol is
higher than that by propylene glycol aerosol due to the particle size
effect. Palm oil has smaller particle size and larger surface area than
propylene glycol then the amount of collected palm oil aerosol on the
surface of the filter medium is greater than propylene glycol aerosol.
After some period the fibrous filter that is exposed to propylene glycol
aerosol has a higher pressure drop because the large propylene glycol
droplets deposited on the fibrous filter join to form bridges and liquid
films on the surface of the filter as shown in the optical microscope
photographs.

For five identical filters, while filtration time increases, the collected
mass of each filter increases as in the case of propylene glycol aerosol.
At the same filtration time, the collected mass of the first filter sheet
when clogged by palm oil aerosol is lower when compared with the
clogging of five filters by propylene glycol. This is because palm oil
aerosol particles have lower concentration than propylene glycol
aerosol particles.

More palm oil aerosol particles can penetrate to the subsequent filter
sheets because they have smaller particle size than propylene glycol
aerosol particles.

From the optical microscope photographs of five filters after filtration
for 50 min, liquid aerosol particles can penetrate to the second, the
third, the fourth and the fifth filter sheets. The quantity of palm oil
droplets on the surface of the second and the third filter sheets is
greater when compared with propylene glycol aerosol particles due to

particle size and surface area effects.
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The period that the saturation pressure drop from all the initial velocity
for propylene glycol is longer than that for water and palm oil. This is
because propylene glycol has lower vapor pressure and higher boiling
point than water so that propylene glycol can not evaporate easily.
This causes the remained mass on the filter sheet saturated with water
after the pressure drop is constant at all the initial velocity is lower
than when filter sheet saturated with propylene glycol.

The remained mass on the filter sheet saturated with propylene glycol
after the pressure drop is constant at all the initial velocity is lower
than when filter sheet saturated with palm oil. This is because
propylene glycol is less viscous than palm oil so that propylene glycol

can re-entrain easily.
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Drawing of a Laskin nozzle
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Appendix B

Size distribution of aerosol particles from the Laskin nozzle
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Figure 4. Size distribution of propylene glycol aerosol particles from the Laskin

nozzle (Test#1).
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Figure 5. Size distribution of propylene glycol aerosol particles from the Laskin

nozzle (Test#2).
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Figure 6. Size distribution of palm oil aerosol particles from the Laskin nozzle

(Test#1).
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Figure 7. Size distribution of palm oil aerosol particles from the Laskin nozzle

(Test#2).
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