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Abstract

The filtration processes have recently received more attention to meet air pollutant
emission standards, which have become stricter because of the urgent need to improve the
air quality and reduce the emission of contaminants that may be harmful to human health.
Thus, a filter media with high durability and excellent performance is required to overcome
this problem. Polyphenylene sulfide (PPS) nonwoven fabric filters having excellent
chemical, thermal, and mechanical properties are one of the promising options to meet these

criteria. A brief description of each chapter in this dissertation is shown below.

Chapter 1 provides the background and the motivation for current research on the
fundamental study on the improvement of the performance and durability of filter media.
The description of the filter media and a review of the previous studies were presented in

both experimental and numerical simulations utilizing filter media.

At first, in Chapter 2, this dissertation focused on the degradation of polyphenylene
sulfide (PPS) nonwoven bag filter media by NO> gas at high-temperature conditions. The
durability test was examined based on the “Test method for evaluating the degradation of
characteristics of cleanable filter media” which was specified in ISO16891:2016. The
exposure time was varied to investigate the degradation process on the PPS filter. It is found
that NO» gas at high temperature reduced the tensile strength and elongation of the PPS filter
in both transverse direction (TD) and machine direction (MD) with increasing exposure time.
Some damage was also found in the morphological appearance of the PPS fiber which led
to reduce the tensile strength of PPS filter media. A model to estimate the change in the NO»
gas concentration in the exhaust gas and the change in the tensile strength was proposed.
Our model successfully estimated the degradation of tensile strength in both MD and TD

direction, regardless of NO: concentration in the exhaust gas.

Numerical simulation was utilized to perform the permeation of gas through a fibrous
filter in Chapter 3 by coupling computational fluid dynamics and immersed boundary
method. The realistic geometry of polyphenylene sulfide (PPS) and polyimide (PI) fibrous
filter were re-constructed using X-ray computed tomography (CT) images. The simulated
pressure drop of each filter media was then compared with the experimental data and existing
empirical equation to validate our numerical method. Our simulated pressure drops were in

good agreement with the experimental and empirical equation results. Our numerical method



was also useful to investigate flow characteristics in a fibrous filter, where the permeability

of the PI filter was lower than the PPS filter under the same porosity conditions.

In Chapter 4, numerical simulation of permeation of particles through PPS fibrous filter
was performed by utilizing signed distance function. We proposed a method to calculate the
signed distance function around complex geometry of filter microstructure by using the
Phase-field model and the Level set method. By this method, we could reasonably describe
the contact behavior between particles and fiber. Our result showed that the permeation
behavior of particles was significantly affected by porosity and the structure of the filter
media such as the arrangement and fiber orientation. It was found that the particles tend to
contact the perpendicular orientation fibers than parallel orientation fibers because the

projected contact area of the perpendicular orientation fiber was larger.

General conclusions of all topics are listed in Chapter 5. Suggestions for further

research utilizing nonwoven filter media are also proposed.
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Chapter 1

Introduction

Air pollution is a global problem for much of the developing country which become our
concerns nowadays. Airborne particulate matter (PM) is detrimental to health, and has been
estimated to cause between 3 and 7 million deaths every year, primarily by creating or
worsening cardiorespiratory disease[1-3]. The electric power plants, industrial facilities,
automobiles, and biomass burning are the sources of the particulates matter. Currently, there
are several air pollution control device that commonly used to reduce the air pollution i.e.,
scrubbers, bag filter, cyclones, and electrostatic precipitator (EP). Bag filter system and
electrostatic precipitator have been increasingly to be used in the industrial plant to meet air
pollutant emission standards, which have become stricter because the urgent need to improve
the air quality and reduce the emission contaminant that harmful to human health[4]. By
using special fabric for special separation purpose, the high efficiency of the bag filter system

can be guaranteed.

1.1 Nonwoven fabrics filter media

0 1.0kV %500

Figure 1.1 Scanning electron microscope (SEM) image of poly-phenylene sulfide

fibrous filter



Chapter 1 Introduction

Nonwoven fabric filter is one of most used filtration media. This type of filter is typically
composed of randomly packed arrays of fibers, which may be composed of molten plastic,
stainless steel, glass fiber, or various polymers, and typically have very low densities. They
are flat or tufted porous sheets and they are not made by weaving or knitting and do not
require converting the fibers to yarn. Generally, they are called fibrous filters[5,6]. Figure
1.1 shows a scanning electron microscope (SEM) image of polyphenylene sulfide (PPS)
fibrous filter.

In comparison with woven fabric filters, nonwoven offers many unique technical
characteristics including greater permeability, greater specific surface area, and controllable
pore size distribution as well as smaller pore sizes. This type of filters also has the advantages
of greater filtration efficiency, lower energy consumption, and better cake discharge
properties over woven filtration media.

Various types of fibers could be used in making nonwoven fabric filter, they include
glass fibers, synthetic fibers, cellulosic fibers (e.g., natural wood pulp fibers, viscose fibers
and lyocell fibers), wool fibers, metal fibers, ceramic fibers, high-performance fibers (e.g.,
inherently fire-resistant fibers, chemical resistance fibers, high strength, and high modulus
fibers), microfibers and nanofibers.

Nonwoven filters have diverse applications in many sectors in air, gas, and liquid
filtrations. Air and gas filtrations consume approximately 65-70 % of the nonwoven
filtration media, with liquid filtration accounts for the remaining 30-35 % [7]. The examples
of their bulk applications include air and water filtrations in heating, ventilation, and air-
conditioning (HVAC) applications in residential, office, and commercial space. Nonwoven
elements are also widely used in coalescing filters in the oil and gas sectors to remove
entrained droplets form gases and mist, as well as employed in gases and blood filtrations

for medical applications, and wastewater filtration in environmental industries.
1.2 Polyphenylene-sulfide

Polyphenylene sulfide (PPS) as a byproduct of chemical reactions was discovered by
Charles Friedel and James Mason Crafts in the 1888s for the first time[8,9]. PPS is a
thermoplastic polymer consisting of benzene and sulfide atoms and its glass transition
temperature (T) is 85 °C and melting temperature (Trm) is 285 °C [10-12]. A commercially
important preparation procedure of PPS involves the polycondensation of 1,4-
dichlorobenzene and sodium sulfide in polar solvent, such as N-methyl pyrrolidone, at high

temperature and pressure [13]. Figure 1.2 illustrate the chemical structure of PPS.

2



Chapter 1 Introduction

Figure 1.2 Chemical structure of PPS

PPS possesses high temperature resistance combined with good mechanical properties,
exceptional chemical, and solvent resistance, high dimensionally stability, and easy
processing. PPS has been increasingly used owing to its excellent chemical, thermal, and
mechanical properties [14-18]. Several researchers have been investigated the effect of
harmful materials on the degradation of PPS filter media.

In 2006, Tanthapanichakoon et al. investigated degradation of semi-crystalline PPS bag-
filter materials by NO and O; at high temperature [19]. Their results showed that the relation
between strength and crystallinity is based on two things: strength is dominated by
crystallinity, and strength is dependent on the defect in amorphous regions and some parts
of crystalline regions. The annealing effect leads to re-crystallization, resulting in a higher
crystallinity thus increase the strength of the fabrics. An increase in NO concentration has a
potential to increase the deterioration rates of amorphous and crystalline phases, but the
crystallization process is unaffected. An increase in O> concentration leads to enhancement
of both crystallization and deterioration.

Tanthapanichakoon continued their study by investigating mechanical degradation of
PPS polymer filter materials. They checked the durability of PPS nonwoven fabrics to HNOs3,
H>SO4, and HCI [20]. Their results showed that PPS nonwoven fabrics has high resistance
to acid exposures by hydrochloric and sulfuric acids while significant degradation of PPS
was induced by nitric acid, especially at high concentration of HNO; because of the
polyarylene sulfoxide formation. Even though the HCI and H2SOj4 are not harmful to PPS
filter materials, they accelerate degradation of HNOj in the binary and tertiary mixtures,
leading to lower retention of strength than the sum of their individual effects. They also
recommend using PPS nonwoven fabrics in the incineration plant below 200 °C and at NO
concentration far below 1000 ppm to avoid the faster degradation of PPS nonwoven fabrics
[21]. Chang et al. then studied the effect of SO> in flue gas on PPS filter media used in

baghouse [22]. Their results showed that PPS filter media had good corrosion resistance to
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Chapter 1 Introduction

SO, and was competent in disposal of flue gas which contains SO>. However, SO still had
an effect on PPS filter media where the corrosion increased with the increase of SO»
concentration and exposure time. When the temperature was above 210 °C, the breaking
strength of PPS filter media declined greatly. Mao et al. also experimentally studied the
effect of SO2 and NO on the durability of PPS filter media[23-25]. They proposed a new
testing method of filter media durability for corrosive gas proof performance. Both
experiments were performed under 1000 ppm of SO; and NO at 200 °C. Their results showed
that both SO, and NO gas increasing the warp strength and weft strength at the beginning
and then gradually decreased with increasing exposure time. The change for both strength

and elongation is higher than the warp.

Temperature and pressure
control unit

Thermostat

1
1
1
1
: .
f [ ]
! E //
e .
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Figure 1.3 The schematic diagram of the corrosive gas proof performance testing rig for

filter media durability proposed by Mao. [19]

Cai and Hu studied the oxidation degradation of PPS needle felt at different sulfuric acid
dew point temperature [26]. They predict the oxidation reaction mechanism using Fourier
transform infrared (FTIR) analysis. Their results showed that the degradation starts with S
atoms in the PPS molecular chain. The thioether bond was broken, followed by sulfonation
of benzene, and finally concluding with the carbonization of PPS. They also confirmed that

H>S0O4 dew point temperature determines the degree and the route for the oxidation reaction
4



Chapter 1 Introduction

between PPS needle felt and H2SO4. Recently, Wang et al. investigated the thermal aging
performance of two kinds of PPS composites reinforced by glass fiber (GF) in high
temperature [27]. They compared the tensile strength, oxidation layer thickness, color,
crystallization and melting behavior of aged GF/PPS composites. Their results revealed that
tensile strength of GF/PPS composites was significantly decreased with increasing of aging
time below 200 h. The thermal aging results in the formation of crystal with higher melting
point to increase the melting temperature of GF/PPS composites. They found that addition
of epoxy resin can increase the mechanical property and the thermal aging performance of
GF/PPS composites. The tensile strength of GF/PPS composite modified by resin was higher
than the original GF/PPS composite. The oxidation layer thickness of modified GF/PPS

composite was significantly thinner than that of original GF/PPS composite.

1.3 Application of polyphenylene sulfide nonwoven filter
1.3.1 Application in air filtration system

Suspended particulate matter (PM) pollution has becoming an urgent problem with the
rapid development of the industry [28]. PM pollution mainly result from resources and
energy combustion like petroleum industry, metallurgical industry, iron and steel industry,
waste incinerator as well as coal-fired power plants, which seriously affected the living
environments in terms of air quality ecological environment, atmospheric visibility, and
traffic safety. Moreover, PM has characteristics of large surface area, high activity, and easy

to carry a large number of toxic substances which are detrimental to human health [29,30].

Bag filter is one of the system to control the particulate matter and harmful material
using fibrous filter. Bag filter has been used as filtration system in widely industrial field
such as incineration plants because it has high collection efficiency and good economic
aspects[31,32]. PPS filter is one of the most widely used material for bag filter because its
thermal and chemical resistance. The melt-blown PPS fiber possesses superior thermal and
chemical resistance. At high temperature, this filter material maintains excellent air
permeability, and the filtration efficiency for fine particles is over 99%, which significantly

improved compared to other filter.
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Figure 1.4 A camera image of the population of agglomerates observed in the filter

housing [33].

Saleem et al. investigated the influence of operating parameters such as upper limit of
pressure drop (4Pmax), filtration velocity, and dust concentration on cake formation in pilot
scale pulse-jet bag filter utilizing PPS and polyimide (PI) filters [33]. They found that the
filtration velocity had a pronounced effect on pressure drop as well as on cake properties,
cake density and specific cake resistance. Cake density and specific resistance increase with
increasing filtration velocity at constant dust concentration. Specific resistance of filter
media was increasing linearly while the specific resistance of filter cake was decreasing on
aging. Nurnadia et al. investigated the effect of filter aids on pressure drop and permeability
of PPS and PTFE filter media under various air flow rates [34]. Filter aids material is newly
developed filtration aids consisting of a combination of precoating material and activated
carbon. Their filter aids was formulated by mixing adsorbent activated carbon with the pre-
coating material PreKot. They found that their filter aids could reduce the pressure drop and
enhance the permeability across the filter cake. In all cases, the polyphenylene sulfide (PPS)
filter media had a lower pressure drop compared to PTFE filter media, which indicated that
PPS filter media had a better filtration performance and suitable for air filtration system.
Yan-Ru et al. coated polyphenylene sulfide (PPS) fibrous felt with a conductive polymer
polyaniline (PANI) via in situ polymerization [35]. Based on their ageing experiments
indicated that PPS/PANI fiber has better heat resistance and mechanical properties than the

pristine PPS fiber. The tensile strength and elongation at break also improved which the
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Chapter 1 Introduction

PPS/PANI composite fiber would show longer service life. PANI layer also offered the fiber

conductivity, which would be used as a pressure sensor for PPS bag filter when running.

PPS filters were utilized not only filtering substrate to get rid of the fine dust in the high
temperature gas exhaust, but also catalyst supporting material for the selective catalytic
reduction (SCR) to increases the filtration performances. Liu et al. fabricated MnOx-
CeO2/PPSN by loaded MnO«-CeO; catalyst to nitric acid treated PPS filter using ultrasonic
method [36]. The effects of catalyst temperature, NH3 volume fraction, O> volume fraction,
catalyst loading on the NO removal efficiency were studied. The found that MnOy-
CeO2/PPSN denitration efficiency showed an increasing trend with increasing reaction time.
They found the best condition to reach higher NO removal efficiency when the catalytic
temperature was 130 — 160 °C, NH3/NO ratio was slightly higher than 1 and O> volume
fraction was about 5%. The NO removal efficiency increased with increasing catalyst
loading. Zheng et al. uniformly decorated MnO»> catalyst on the surface of PPS filter felt by
a polypyrrole (PPy)-assisted method to fabricated catalytic filter felt for the removal of NOx
from flue gas [37]. The high adhesive strength between MnO,/PPy nanocoating and the PPS
filter felt contributed to the greater than 70% NO conversion obtained when using the
catalytic filter felt. A too high or too low a concentration of KMnO4 was unsuitable for the
preparation of a highly efficient catalytic filter felt. The catalytic filter felt prepared using a
highly acidic KMnOs solution showed only weak adhesion between the MnQO,/PPy
nanocoating and the PPS filter fiber. Yang et al. then prepared catalytic filter by coating PPS
filter media using Mn—La—Ce—Ni—Ox catalysts [38]. They tend investigated the influencing
factors on low temperature denitration performance of catalytic filters applied for cement
kiln. Their results showed that the catalytic filter had highly removal efficiency in a
temperature range of 100 — 200 °C and had the maximum value at 200 °C. NH3/NO molar
ratio was also significant for removal efficiency of catalytic filter and NH3/NO = 1 was the
best value. Even in low concentration of oxygen 4 — 5 % in the flue gas, removal of NO by
the developed catalyst loaded PPS filter media was sufficiently high. They also poisoned the
applied catalyst of using Mn—La—Ce—Ni—Ox loaded on PPS filter media and compared to
Mn-based catalyst. The removal efficiency of catalytic filter media still above 85% at
reaction time 200 °C and concentration of 300 ppm. Their results suggested that Mn—La—
Ce—Ni—Ox/PPS catalytic filter was promising to achieve the expectation of simultaneously
removing particulate and NOx for cement kiln. Zheng fabricated Mn—CeOx/PPS catalytic for

denitration filter materials[39]. The activity test were evaluated in a fixed-bed quartz reactor
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with the gas composition of 440 ppm NH3, 440 ppm NO, and 5% Ox. Their result showed
that the 0.4, 0.6, and 0.8 Mn—CeOx/PPS denitration filter materials possessed outstanding
denitration activity in test temperature (80 — 180 °C). The denitration activity of 0.8 Mn—
CeO,/PPS is optimum in the test temperature and could achieve 100% NO conversion at 140
°C. However, the 0.6 Mn—CeOy/PPS sample exhibits the optimal low-temperature
denitration activity, which was benefited from its good low-temperature reducibility, weak
crystallinity, and highly dispersed properties. Chen et al. also loaded Mn and Ce oxides onto
the PPS needle-punching fibrous felts (NPFF) to remove the fine dust[40]. Mn and Ce oxides
were used as catalyst for selective catalytic reduction of NOx with NH3. They employed two
different pretreatment methods: 1.e., sodium alginate (SA) deposition and plasma treatment,
to modify the PPS NPFF before the traditional impregnation and thermal treatment processes
during the catalyst loading. Their results showed that both two pretreatment methods were
afforded the PPS NPFF with the enhanced loading rate and stability of Mn/Ce oxides. Both
pretreatments also presented excellent dust-removal properties and the filtration efficiency
could reach 100% when the particle size of the fine particulates was above 4 um. Ju et al.
used PPS needle punching fibrous felt (NPFF) as catalyst-supporting material to load MnO»
catalyst for selective catalytic reduction (SCR) of NOx with NH3 using an in-situ deposited
method [41]. They low-temperature plasma treatment was used to pretreat PPS NPFFs and
investigated how the pretreatment method influences the loading rate and stability of MnO»
catalysts. Their results showed that the PPS/MnO, NPFFs prepared by combination of
plasma pretreatment and in-situ deposition exhibited significantly higher NOx reduction
activities compared with those without plasma pretreatment. Plasma pretreatment was
demonstrated to effectively improve the load rate and fastness of MnQO» catalyst on PPS
NPFFs. All the PPS/MnO, NPFFs presented obviously enhanced dust removal performance
than the pure PPS NPFFs. Recently, Su et al. prepared sulfur-doped porous carbon materials
from waste polyphenylene sulfide for efficient adsorption removal of Cd** from wastewater
[42]. Their result shown that the porous material prepared at 450 °C have the best adsorption
performance of cadmium ion. When the concentration of cadmium ion was 250 ppm, the
removal cadmium was 98.74% under the optimal adsorption conditions. They found that the
number of acid groups and the sulfur content of the materials had a close relationship with

the removal of cadmium.
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1.3.2  Application in oil-water separation

The separation of a mixture of oil and water has been attracting widely attention
worldwide because of a growing problem of water pollutions resulting from discharging of
the industrial oily wastewaters (e.g., automotive, aviation, mechanical, and petrochemical
industries) which seriously threaten human health and the ecological environment
security[43—45]. Several conventional approaches have been put forward to address this
problem, such as centrifuges, chemical demulsifies, magnetic separations, oil absorbing
material and bioremediation[46—49]. However, some challenge including a complex
operation process, high energy cost, low separation efficiency and emitting secondary
pollutions. Alternatively, the membrane separation technique based on microfiltration
membrane (MF) or ultrafiltration membrane (UF) has been used to be an effective strategy

with easy operation process, relatively low cost and higher efficiency[50,51].

PPS fiber attract widely attention due to its properties including wettability, chemical
resistance, separation flux and separation efficiency [52]. Wettability and chemical behavior
are crucial factors both for super hydrophilic and super hydrophobic separation membrane
[53,54]. Huang et al. prepared a superhydrophobic and super oleophilic PPS microfiber
membrane by a simple and effective spray-coating method [55]. They successfully created
superhydrophobic PPS microfiber membrane possessed good resistance to acid, alkali, and
salt solutions. Importantly, their membrane was effective for separating a wide range of
oil/water mixtures by gravity and could still retain high oil flux and separation efficiency
even after many cycles. They then modified their superhydrophobic PPS membrane by
added chitosan (CTS) [56]. They fabricated a superhydrophilic and underwater
superoleophobic microfiber membrane with high porosity and diminutive pore size by
applying a simple dip-coating following by a hot-pressing approach. The CTS/PPS
microfiber membrane were displayed superior performance for separating oil-in-water both
for surfactant-free emulsions (SFEs) and surface-stabilized emulsions (SSEs). In addition,
the excellent antifouling performance and significant antibacterial activity endowed the
membrane with robust performance for long-term separation. Qin et al. prepared
polytetrafluoroethylene-polyphenylene sulfide composite by a simple layered transitional
spray-plasticizing method on a stainless-steel mesh [57]. Their mesh showed both super-
hydrophobic and super-oleophilic properties with a contact angle of 156.3° for water and
close to 0° for diesel and kerosene. An oil-water separator with six stages was designed with

the mesh film as the separation element. The oil removal rate of their oil-water separator
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reached about 99%. PPS improved the adhesive force and hardness of film effectively. Wang
prepared super-amphiphobic PPS/PTFE coating by a simple spraying technique [58]. The
contact angles of water, crude oil and oilfield produced water on PPS/PTFE coating were
172°, 151°, and 168°, respectively, indicating excellent superamphiphobic properties. The
wear rate of the superamphiphobic PPS/PTFE coating in oilfield produced water was lower
than that of pure PPS and commercial coating, showing outstanding wear resistance. Yang
et al. Fabricated a PPS porous membrane with a rough concave topographic via thermally
induced phase separation (TIPS) process [59]. They successfully prepared a PPS membrane
with an excellent superoleophilicity and a highly under oil superhydrophobicity, which made
it capable for separating the surfactant stabilized emulsions, especially of some strong polar
oil emulsions. The purities of all oils after separation were above 99.97% with a high flux,
implying its high separation efficiency. Gao et al. fabricated superhydrophilic PPS
membrane via modifying the PPS membrane by nitric acid, and —S—, —SO,—, C=0, —-NH>,
and —-NO; hydrophilic groups were introduced onto the surface of membrane without change
its texture to improve the hydrophilicity of PPS membrane [60]. Their result showed that
PPS-50 membrane was superhydrophilic with the contact angle at 0°, and its pure water flux
achieves at 154.95 L/m*h. For the separation of oil in water emulsions, the interception of
the supper surface of membrane can effectively intercept the oil drops with the separation
efficiencies above 95.0%. For the separation efficiency of chlorobenzene/water emulsion
achieves at 98.98%. Their membrane could effectively separate oil-in-water emulsions with
high separation efficiency under the effect of gravity conditions and possesses great cycle

performance.
1.4 Simulation of filter media

Numerical simulations are a cost-cutting and useful tools for investigating fluid motion
within a porous material. In the numerical simulations, the motion of fluid within a porous
material can be easily observed, and various parameters can be independently evaluated.
Over the past few decades, a number of numerical studies involving porous materials such

microfiltration, air filtration, and oil-in-water coalescence have been increased.
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Figure 1.5 Snapshots of backwash operation for 1 ps. [57]

Ando et. al., carried out simulations of pressure-driven dead-end microfiltration with a
backwash operation [61]. Their simulation was performed using Structure of Nano Particles
(SNAP) which was developed by Fujita et al. [62,63]. This model is based on the discrete
element method (DEM) [64] for particle motions and computational fluid dynamics (CFD)
for solvent flow and considers the particle-particle and particle-membrane physiochemical
interaction and hydrodynamics interactions between particle motions and fluid flow. They
numerically modeled membranes with regularly spaced straight pores, which are assumed
to be track-etched pores. They found there are two modes for particle fouling: one is that
initially particles fill the pore and form a cake layer on the surface of membrane, and another
is that particles are accumulated on the surface of the membrane without filling the pore and
a cake layer grows across the entire filtration. After the backwash operation, the particles
remaining on the membrane decrease the effective pore area and cause a charge in fouling
conditions from pore blockage to cake formation. Ishigami et al. simulated permeation of
dispersed particles through a pore in dead-end constant flux microfiltration [65]. They
investigated the effects of fluid and particle motions on transmembrane pressure behavior
during dead-end constant flux filtration using two-way coupled scheme combining DEM

and direct numerical simulation (DNS) in two-dimensional simulation. The transmembrane
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pressure increases with increasing volume fraction of the feedwater because of an increase

in the number of particles inside pore.
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Figure 1.6 Flow state around a plain Dutch weave mesh[62]

Yoshida et al. investigated the effect of aperture structure of Dutch weave mesh on flow
resistivity [66]. They proposed a calculation model for estimating the aperture size of a Plain
Dutch weave and twilled Dutch weave meshes. Their simulation results showed that drag
force increased at the inside aperture with different peak for plain Dutch weave mesh and
twilled Dutch weave mesh. The also applied the Kozeny-Carman equation to represent the
flow resistivity and derived an equation for estimating the pressure drop of the filter media.
The Kozeny constant of the plain Dutch weave mesh remained almost constant, while the
Kozeny constant of twilled Dutch weave mesh was varied with local torsion. Akamatsu et
al. simulated particle rejection by microfiltration membranes with straight cylindrical pore
during pressure driven dead-end filtration [67]. They utilized mesoscale simulations with
SNAP to demonstrate the effect of surface porosity and the ratio of particle diameter to pore
diameter on the movement of particles and rejection behavior. Their results showed that

those two parameters strongly affect particle transport and rejection properties, resulting in
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two different fouling modes and flux profiles. When the surface porosity was low and ratio
of particle diameter to pore diameter is large, the particles will cover the entrance at the front
surface of the membrane and the cake layer was develops and flux subsequently slowly
decreased. When the surface porosity was high and ratio of particle diameter to pore diameter
is small, particles will pass through the pore entrance initially, but then trapped at the back
surface of the membrane. The pore clogging progresses from the back towards the front
surface of the membrane. Tao et al. performed the filtration performance of fiber arrays with
different types of geometrical arrangements using 3D adhesive DEM-CFD coupling
simulation [68]. The effect of fiber arrays were investigated by comparing parallel array and
staggered array. Their results showed that the staggered array entered the clogging stage in
a much shorter time than parallel arrays and had a relative low pressure drop at the same
number of captured particles. The filtration efficiency of the staggered array in the initial
clean filter stage also higher than parallel array which indicating that staggered array has
better overall filtration. They then compared the different types of densification in the
staggered array. They found that the front densified array has best filtration performance
compared to back densified array and regular array.

Tao et al. also investigated the effect of adhesion on clogging of microparticles in fiber
filtration [69]. A two-way multiscale time-step coupling of adhesive DEM and CFD was
utilized to investigate the occurrence of clogging of microparticles in a two cylindrical fiber
filtration system. The clogging was occurred due to the growth of particle chains and the
lodging of particles chains bridging the two fibers. The time for particle chains to grow
increases dramatically as adhesion parameter (Ad) increases, leading to the delay of clogging.
The particles tend to be mainly distributed to the foreside of fibers with high Ad, which
restrains the bridging of lodged particle chains and delays the clogging. Fotovati et al. have
been studied the influence of fiber orientation distribution on performance of aerosol
filtration media [70]. They found that the pressure drop, and submicron particle capture
efficiency of a fibrous medium are independent of the in-plane fiber orientation, which mean
the in-plane fiber orientation has a little effect on performance of the filter medium. On the
other hand, increasing the fiber’s through-plane orientation improves the performance of a
filter medium when challenged with nanoparticle aerosols. The fiber’s in-plane orientation
becomes important when the size of the particles is comparable to that of the fibers, for
example the influence of fiber’s in-plane orientation with a fiber’s diameter of 10 um can be
observed when the particles are greater than 1 um. Chen et al. investigated the clogging

behavior of charged microparticles using DEM-CFD simulation [71]. The effect of long-
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range Coulomb repulsion on clogging is characterized in term of bulk permeability, the
number of penetrating particles, particle capture efficiency, and the distribution of the local
volume fraction. Their results showed that the repulsion could delayed or totally prevented
the clog formation. They also found that long-range Coulomb repulsion among particles has
a significant effect on particle capture only when the number of deposited particles was
moderated, and a critical state was identified as a clogging — non-clogging criterion for
repulsive particles. The distribution of the local volume fraction was determined mainly by
short-range adhesion. With relatively strong adhesion, a loose clog would be formed which
made particles easier to penetrate. Qian et al. established a 3-D mimic model of fibrous filter
which could create fibrous filter which more similar with actual condition based on the
stochastic control algorithm [72]. They then utilized the CFD-DEM coupled model to
investigate the dust loading filtration in the created fibrous filter. The porosity of fibrous
filter, face velocity and particle size were used to investigate the filtration performance. Their
results showed that the filtration efficiency of fibrous media increases with the porosity, face
time, and particle size in dust loading filtration. The pressure drops increases with the
porosity and face velocity but decreases with the particle size. Furthermore, the pressure

drop increases linearly with particle deposition mass per unit area.
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Figure 1.7 The deposition process of particles.[69]

Yue et al. established the three-dimensional random structure of fibrous filter with fiber
diameter in the range of 10 to 20 pm and solid volume fraction (SVFs) in the range of 12 to
19% [73]. They used non-uniform rational B-splines (NURBS) to form curved fibers. They
assumed that fiber arrangement was three-dimensionally random, and all fibers had the in-
plane fiber orientation in random angle and the same diameter in each case. They
successfully showing particle collision and aggregation phenomena, as well as particle
detachment from fiber in their simulation. At the beginning of the filtration, particles were
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captured by fibers and gradually formed particle dendrites, and the most particles were
captured on the surface of the filter, but small particles were easier to penetrate fibers and
dendrites. With the filtration going on, the filter was blocked by more deposited particles
and dendrites, resulting in the velocity of particles at the upstream decreased and the pressure
drop increased significantly with time. They also found that the filtration efficiency could
be improved by increasing the solid volume fraction (SVFs), decreasing fiber diameter, and
also decreasing the inlet velocity. Li et al. studied the optimization of the filtration
performance of multi-fiber filter using ANSYS-Fluent with a discrete phase model (DPM)
[74]. They created a simple three-dimensional model of the parallel and staggered filters
using the software Gambit. All of their fibers were in perpendicular orientation to the main
flow direction. Both filtration efficiency and pressure drop of the staggered filter was higher
than parallel filter. They then modified the staggered filter by replacing fibers of the first
layer with smaller fibers. This model could achieve higher filtration efficiency but also
increasing the pressure drop. Hosseini simulated particle filtration in electro spun
nanofibrous filter [75]. In this study, they presented algorithm for generating virtual 3-D
fibrous media based on the randomness algorithm and simulated the pressure drop and
collection efficiency of nanofibrous media in the Fluent environment with customized C++
subroutines. Their results showed good general agreement with the existing correlations, and
they demonstrated that the popular correlation of Davies fails to accurately predict the
pressure drop of nanofiber media. Bacchin et al. combined experiments and simulations in a
microfluidic chip to investigate the influence of tortuosity and connectivity on the fouling
[76]. They prepared three kinds of microchannels geometries: straight microchannels,
connected microchannels, and staggered square pillars. The clogging process were varied in
each geometries. With straight parallel channels at high velocity, the clogging is the
consequence of arches formation at the channel entrance leading to cake formation. For
lower fluid velocity, only accumulation on pillars were observed. With tortuous porous
media (staggered pillars), a progressive plugging of the internal spaces occurred, and the
plugging progresses toward the upstream zone and led to the blocking of the channels
entrance and the formation of a dense superficial deposit later on. With connected channels,
an intermediate clogging behavior was observed. Because of the initial capture of particles
at the pore entrance, the distribution of the flow inside the channel was modified, then the
dead connection zone between pores could be flowed. The deviation of streamline toward
the connection zone could then led to the capture of particles inside the porous media as it

has been observed with tortuous porous media. Lohaus et al. carried out numerical
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simulations of a fouling process in a microfluidic membrane mimic using CFD-DEM
numerical simulation[77]. They prepared three kinds of microfluidic membrane geometries
as same as Bacchin study. Their simulation results were show good agreement with the
experimental work of Bacchin et al[76]. They found that interparticle interactions have a
strong effect on the clogging dynamics. Adsorbed particles could re-entrain form the inner
membrane surface or they could glide downstream. The inner structure of the porous
membrane could significantly affect the clogging process. In particular the re-entrainment
of particle clusters and their reattaching to the inner surface could lead to a complete

blockage of the flow channel.

Figure 1.8 Clogging development in the staggered, connected and straight geometries[77]
16



Chapter 1 Introduction

Lohaus et al. continued their study by investigating the microscopic events of the
membrane backwash of a clogged pore using both experiments and numerical CFD-DEM
simulations [78]. The backwash was conducted with gradually increased velocities. During
the backwash, they found three phenomena: detachment of individual particles, breakage of
clusters and orientation of attached particle clusters/bridges in the region of lower drag, and
fragmentation of a cluster and partial removal of particle agglomerates from the pore
structure. The detachment of individual particles was predominantly observed at the
beginning of the backwash process. They revealed that particle-membrane interactions
dominantly control backwash efficiency, and the influence of particle-particle interactions
was comparatively small.

For multiphase flow simulation, Kagawa et al. simulated permeation of concentrated
oil-in-water emulsions through membrane pore [79]. They carried out two-dimensional
numerical simulation based on the coupled level set method and volume of fluid (CLSVOF)
[80] method to observe the behavior of concentrated oil-in-water (O/W) emulsions through
a pore. The effects of the wettability on the pore surface, filtration flux, and pore size on the
motion of concentrated O/W emulsions and demulsification efficiency were investigated.
They found that the wetting of oil droplets on the membrane surface led to coalescence. The
coalescence was significantly increased at the outlet of the membrane surfaces when the
wettability of the membrane surface was high, and the fluid velocity was low. The wettability,
filtration flux and pore size were significantly affecting the demulsification efficiency. Mino
et al. was continuing the study carried out by Kagawa with simulated the permeation of O/W
emulsions through a membrane with a single straight pore using the same method. But they
focused on the effects of basic physical factors of O/W emulsions on the demulsification
behavior [81]. The physical-chemical factors, such as the interaction of droplets and droplet-
membrane and the adsorption of surfactants on the interfaces were neglected in this study.
Their results showed that the oil droplets attached to membrane and mainly coalesced on the
permeation-side surface of the membrane. In the case of low droplet volume fraction and the
size ratio of the oil droplet and pore was also low, initially oil droplets will be passed through
the membrane without attaching to its surface and the growth of the droplets was slow. After
the coalescence progressed steadily on the permeation-side of the membrane surface, the oil
droplets grew to form a large droplets. The maximum size of oil droplets greatly depended
on the pore size because the growing droplets blocked the flow path in the case of small pore
size. Mino et al. also simulated permeation of O/W emulsion through a modeled fibrous filter

using 2D numerical simulation model based on the phase-field model [82]. They investigated
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the effects of wettability, permeation flux, and fiber diameter on coalescing behaviors of
O/W emulsions. They demonstrated that the wettability of the fiber is one of the most
important factors determining coalescence mode. For hydrophobic filters, oil droplets
attached to the fibers and coalesced, forming bridging structures between fibers. The
bridging structures then promoted droplet coalescence unless the structures blocked the
entire flow path. This coalescence-promoting effect of bridging structures was observed
under the large permeation flux and large fiber diameter when the number of fibers per unit
filter volume was fixed. Chen et al. numerically studied the dynamics behaviors of water-in-
oil emulsified droplets on single coalescence fiber and two coalescence fiber system [83].
They investigated the motion, coalescence, and detachment behaviors of emulsified droplets
on fibers surface using 3D simulation model based on phase-field method. In the single-fiber
simulation, they found that the droplets will move downstream along the fiber surface under
the fluid shear, and their moving velocity was proportional to the fluid speed and the contact
angle of the fiber, whereas it decreased with the increase of the fibers’ tilt angle and droplet
size. In the case of two-fiber simulation, the emulsified droplets would directionally
transport to the intersection of two angled fibers under the drive of asymmetric Laplace
pressure. They also observed that the droplets could be removed from the surface of the fiber
when their size was larger than a critical value. In addition, their results reveal that a fiber
with better wettability could inhibit the droplet from detaching, and a large fluid speed could
promote the detachment droplets. The two closely attached fiber system have a larger area
of low velocity at their backside could further inhibit the detachment of the droplet compared
to the single-fiber system. They concluded that the emulsified droplets tend to coalesce and
grow at the intersection of fibers during the process of emulsions permeating through a
coalescing fibrous filter.

Although there are many studies about filter media that have been carried out by
previous researchers through both experimental and numerical studies. There are still several
remaining issues that still unclear. As already mentioned in this chapter, the durability of
PPS filter media against several harmful materials have been tested. However, the
mechanism of the degradation of PPS filter by NO; gas, which was speculated to act as the
main species that degrade the PPS, has not been sufficiently clarified. In the numerical
simulations, despite there are many numerical simulations involving porous materials with
various shapes, ranging from simple shapes to complex filter structures, both 2D and 3D,
none of them use realistic geometry of the filter media which has the most important role in

the filtration process. Therefore, a further method to create a realistic geometry of filter
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media is necessarily needed so that the numerical studies carried out are more effective and

reliable.
1.5 Objectives and outline of the dissertation

Bearing in mind the nonwoven filter media is very useful for processing harmful
materials in many industries, we aimed to improve the performance and durability of filter
media. Therefore, in this dissertation, we investigated the durability and performances of
poly-phenylene sulfide fibrous filter media. At first, we performed the durability test of PPS
nonwoven filter media against various concentration of NO» gas at high temperature
condition. Second, we proposed a method to create complex geometry of fibrous filter using
numerical simulation. Permeation of air and particles through realistic fibrous filter were
carried out. Several parameters such as fiber orientation and porosity of the filter have been
investigated to find the best condition to improve the performance of the filter media.

At first, we investigate the effect of NO» gas at high temperature on the degradation of
PPS nonwoven bag filter media, as described later in Chapter 2. The durability of the PPS
fabric filter was examined using “Test method for evaluating the degradation of
characteristics of cleanable filter media” which specified in ISO16891:2016. The exposure
time were varied to evaluate the degradation of the PPS filter. We proposed a novel model
to estimate the change in concentration of NO» in the exhausted gas and the tensile strength
of PPS filter based on the chemical reaction between PPS and NO; gas with the assumption
that no structural change of the fiber packed bed occurred.

Chapter 3 describes the direct numerical simulation and experimental validation of
flow resistivity of nonwoven fabric filter. We proposed a filter image processing method to
construct a realistic geometry of fibrous filter utilizing X-ray computed tomography (CT)
images. In this study, commercial PPS and PI nonwoven fabric filters were utilized. The
simulation of single-phase flow through realistic geometry of fibrous filter was performed.
An experiment was performed to measure the pressure drop across the fibrous filter. Then,
we compared the simulated pressure drop with the experimental results and existing
empirical equations proposed by previous researchers to validate our method. Based on the
simulation results, we calculated the permeability and the Kozeny constant of the fibrous
filter using Darcy’s law and the Kozeny-Carman equation to investigate the flow resistivity
during permeation of a gas though PPS and PI filters.

In the Chapter 4, we propose a new method to create a signed distance function (SDF)

from the microstructure of an actual bag filter obtained from X-ray CT images by utilizing
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a phase-field model and a level set method to calculate contact force between particles and
filter. To demonstrate our simulation method, a direct numerical simulation of the
permeation of particles through the realistic microstructure created from X-ray CT images
of the PPS filter were performed. The effect of fiber orientation and filter porosity were
studied to analyze the permeation behavior of particles through PPS filter.

Chapter 5 contains the summary of all chapters and the guideline for further

investigation.
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Chapter 2

A continuous-flow exposure method to determine degradation of poly-
phenylene sulfide non-woven bag-filter media by NO; gas at high

temperature

2.1 Introduction

Flue gas from waste incineration facilities and coal-fired power plants are primary
sources of air pollution. To control dust emission, including some harmful gases (e.g., NOx,
SOy, dioxin and HCI), bag filter systems [1-5] have been installed in these facilities since

they are more economical and effective than other dust collection systems[6,7].

Polyphenylene sulfide (PPS) has been increasingly used as a filter medium owing to its
excellent chemical, thermal, and mechanical properties [8—10]. PPS nonwoven fabric is also
one of the most cost-effective filter media used in processing the flue gas of waste incinerator
facilities and coal-fired power plants [11]. PPS filter media can be used at high temperatures
(e.g., 140 — 200 °C) and in the presence of acid gases. In general, though the service life of
a PPS filter can reach several years provided that it is maintained and used properly, the
degradation and deterioration of its mechanical and chemical properties progresses gradually

throughout the lifetime of the filter [12,13].

Flue gas discharged from industrial plants often contains some corrosive gases (e.g.,
NO, NO, SO», SO3, and Cl»). Oxidation and acid-base corrosion are the main factors causing
the degradation of PPS filters [14—-16]. Therefore, effects of a single or mixture of gas
components on the degradation of PPS fabric filter media have been investigated.
Tanthapanichakoon et al. examined the effect of NO, and mixtures of NO and O at high
temperatures [17,18]. They also studied the durability of a PPS nonwoven fabric filter
against several chemicals, and identified that HNO3 caused severe degradation of the PPS
filter, while remaining highly resistant against HCl and H>SO4 [19]. Cai and Hu investigated
the oxidation degradation of PPS filter media at different sulfuric acid dew point
temperatures [20]. Although the influence of several chemical species on PPS filters has
been determined to a certain extent, the influence of NO> and SO; gases has not been

sufficiently studied.
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NO: gas has been speculated to act as the main species which degrades PPS fabric filters
[21]. It was reported that corona discharge enhances the degradation of PPS by forming NO»
gas. However, the effects and mechanism of NO> gas on the PPS filter were not sufficiently
determined, since NO2 was produced in O2 and NO atmospheres, which can also cause
deterioration of the PPS filter [22]. Furthermore, almost all investigations focus on the
degradation of the filter media using batch or semi-batch types of exposure chambers,

whereby the test gas does not pass through the filter media [17-19].

In this study, the durability of the PPS fabric filter media toward NO- gas was examined
in detail with a continuous-flow type exposure chamber where the gas was forced to
permeate the filter media. This method is specified in ISO16891:2016 “Test methods for
evaluating the degradation of characteristics of cleanable filter media” [23]. Since this
method measures the change in the gas composition discharged from the exposure chamber
with time, the reaction rate between PPS and NO- gas can be assessed. Hence, we proposed
a novel model to estimate the change in concentration of NO> in the exhausted gas and the
tensile strength of PPS filter media based on the chemical reaction between PPS fiber and
NO: gas with the assumption that no structural change of the fiber packed bed occurred.

These findings are useful for proper utilization of PPS fabric filters in industrial settings.
2.2 Materials and methods

PPS nonwoven filter media (Toyobo, Procon®; 500 g/m? and 1.76 mm thickness) was
used as the test material. The properties of the filter media and its fiber are listed in Table

2-1.

Table 2-1 Physical properties of tested PPS filter and fiber

PPS filter Basis weight 500 g/cm?
Thickness 1.76 mm
Melting point 285 °C
PPS fiber Diameter 15 um
Density 1.34 g/cm?
Cross-sectional shape round

A simple exposure system was employed to investigate degradation of the filter media

by an acid gas at high temperatures. NO> was used as the acid gas, which is among the
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components contained in the flue gas from coal-fired power plants and waste incineration

facilities and is thought to promote the deterioration of the filter media.

- 1@

I o S BN

@ [MF.C1|[MFC2]| MF.C3 |

(D Gas cylinder 2 Mass flow controller @ Electric furnace
@ Exposure chamber ® FT-IR ® Gas washing bottle
@ Data Logger

Figure 2.1 Schematic diagram of the experimental setup and photo of the exposure

chamber.

Figure 2.1 shows the schematic diagram of the experimental set-up, which was
constructed in accordance with ISO16891:2016 “Test methods for evaluating degradation of
characteristics of cleanable filter media” [23]. This exposure system consisted of a gas
supply unit, heating and exposure unit, gas analyzer unit, and exhaust gas cleaning unit. The
test gases were supplied continuously to a stainless-steel exposure chamber kept at 200 °C
in an electric furnace at 1.0 L/min through mass flow controllers (KOFLOC, 8500MC) from
gas cylinders. The composition of the test gas was adjusted by controlling the flow rate from
each gas cylinder. Test gas I contained 1000 ppm of NO2, 10% O, and N> as a balance gas,
while test gas II included 10% Oz and 90% N,. The gas discharged from the exposure

chamber was exhausted into a draft chamber through a gas washing bottle because the acid
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gas used in this experiment is harmful even at low concentrations. NO; concentration in the
supplied and exhausted gases was measured intermittently by monitoring the infrared
absorption peak at 1628 cm™! by Fourier-transform infrared (FT-IR) spectroscopy (Thermo
Scientific, Nicolet iS5).

Test specimens in the machine direction (MD) and transverse direction (TD) with
dimensions of 250 mm X 105 mm were prepared from the filter media. The MD is the
direction parallel to the direction of the movement of the fabric. The TD is also known as
the cross-machine direction. To prevent direct interaction between fibers in different
specimens, two pairs of MD and TD specimens alternately layered with a non-cohesive
PTFE separator sheet (1.0 mm thickness) were set tightly in the exposure chamber. The test
gas passed sequentially through 2 pairs of MD and TD specimens without leakage. The

exposure time was varied from 50 to 200 h.

The test specimens were taken out from the exposure chamber after cooling, and then
they were used for further testing and analysis. The thickness was measured by using a digital
thickness gauge (TECLOCK, J type PG—15) according to JIS L1096. The specimens were
cut into small pieces with dimensions of 200 mm X 25 mm to analyze the mechanical
properties. The tensile test was performed by a tensile tester (Shimadzu, SBL-500K-350)
for both MD and TD. Here, the tensile rate was set at 100 mm/min, and the gap between the
grippers of the specimen was 100 mm. The tensile strength 7 was defined as in Eq. (2-1)

with the maximum load Pmax and the specimen width V.

Pmax
= 2-1
T Tw S

The morphology of the specimen was observed by a field-emission scanning electron

microscope (FE-SEM, Hitachi High-Technologies, S-5200). Elemental analysis was
performed using a CHNS analyzer (Perkin Elmer, CHNS/O 24001I) and energy dispersive
X-ray spectroscopy (EDS; Edach Japan, Genesis XM 2). Infrared absorption was measured
by attenuated total reflection (ATR) FT-IR spectroscopy (Thermo Scientific, Nicolet iS5).
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2.3 Results and Discussion

2.3.1 Effect on physical properties

2.1
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Figure 2.2 Change in the filter thickness of PPS filter media as a function of exposure

time.

The physical changes of the PPS filter media, such as filter thickness, filter appearance,
and tensile strength were used as the primary indicators for degradation. The filter thickness
as a function of exposure time is shown in Figure 2.2. Both gases showed similar trends in
the filter thickness, which increased to reach a constant value with increasing exposure time.
However, the PPS filter exposed by Gas I was thicker than that by Gas II. These results
suggest that the gaps between fibers in the filter media expanded upon exposure to NO» gas

during the heating process.
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Figure 2.3 Appearance of filter media: (a) original; (b) exposed to Gas I (NO; + heat) for
200 h; and (c) exposed to Gas II (heat) for 200 h.

Figure 2.3 shows the appearance of the original PPS specimen and the specimens after
exposure to Gas I and Gas II for 200 h. Compared with the original specimen that is white,
both exposed specimens were brown, but the specimen exposed to Gas I was much darker
than that of Gas II. The difference in the appearance suggests that NO» gas reacted with PPS,

resulting in a color change.

10.0 pm

(a) (b)

Figure 2.4 Morphology of PPS filter fibers: (a) original; (b) exposed to Gas I (NO +
heat) for 200 h; and (c) exposed to Gas II (heat).

SEM images of PPS single fibers are shown in Figure 2.4. The original PPS fiber is
cylindrical in shape with a smooth surface. Though few scratches could be found on the

surface of the PPS fiber exposed to Gas II, severe damage could be observed on the fiber
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exposed to Gas I. Many protrusions cover the entire surface of the fiber with cracking and
splitting, as shown in Figure 2.4(b). This finding suggests that NO> gas enhances
degradation of the filter media, since the morphological damage of filter fibers directly

results in a decrease in the strength of the filter media.
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Figure 2.5 Stress-strain curves for PPS filter media: (a) MD and (b) TD.

The stress-strain curves for the PPS filter media in the machine and transverse directions
(MD, TD) are shown in Figure 2.5(a) and 2.5(b), respectively. In the case of both directions,
the exposure to Gas II for 200 h increased the elastic modulus of the PPS filter media, and it
could not be clearly found the difference in the elastic modulus between Gas I and Gas II.
These facts revealed that only high temperature without NO» gas, annealing effect, could
reduce the elastic deformation of the PPS filter media [17,18]. This tendency was more

prominent in the TD.

The retention of tensile strength and elongation in the MD and TD are the mechanical
properties of the PPS filter media that were monitored. From Figure 2.5, the tensile strength
of the original PPS filter media in the MD was 12.3 N/mm and that in the TD was 39.9
N/mm. The tensile strength in the TD was higher than that in the MD since the nonwoven
fabric contained more fibers oriented in the TD than in the MD. Elongation of the original

PPS filter media in the MD was 22.04 mm and that in the TD was 42.34 mm.
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Figure 2.6 Change in the retention of the tensile strength of the PPS filter media as a

function of exposure time to Gas I and Gas II.

Figure 2.6 shows the retention of strength as a function of exposure time. Both kinds of
exposure gases provide similar changes of the tensile strength in the MD as well as in the
TD. In the case of Gas II, the tensile strength in the MD and the TD initially increased up to
100 h and then decreased very gradually. Namely, the crystallization of the amorphous
region and the degradation of the crystalline and amorphous regions occurred simultaneously
in the fiber. In general, the crystallization process increases the fiber strength whereas
degradation decreases the strength of the fibers [22]. Since the crystallization process in the
fiber was thought to be dominant initially, this increase in tensile strength is considered to
be due to the improvement in the crystallinity of the PPS fiber by the annealing effect under
a high temperature oxygen atmosphere [17]. However, this trend was more pronounced in
the TD than in the MD. On the other hand, in the case of Gas I, the tensile strength decreased
rapidly to reach a constant value. An increase in tensile strength did not occur in either
direction due to NO: gas accelerating the degradation of the crystalline and amorphous
regions in the PPS fibers. The tensile strength for the TD and MD at 200 h were 62.3 % and
87.8 %, respectively. The decrease in tensile strength was greater in the TD because this

fiber orientation has more laid fibers than in the MD. The deterioration of filter strength is
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hypothesized to be caused by the change of fiber strength from faults in the morphology of

the fibers, as mentioned above.
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Figure 2.7 Change in the retention of the elongation of the PPS filter media as a function

of exposure time to Gas I and Gas II.

Figure 2.7 represents the change in retention of elongation of the PPS filter as a function
of exposure time. When the PPS filter was exposed to Gas II, elongation in the MD gradually
and slightly decreased, whereas in the TD, elongation initially decreased drastically. On the
other hand, when exposed to Gas I, elongation in both the MD and the TD initially decreased
considerably, then plateaued. Moreover, this trend was observed more clearly in the TD than
in the MD, independent of the kind of gas used. Reduction of the tensile strength shown in
Figure 5 could also be caused by a decrease in the maximum elongation [18]. As the filter
media exposed to NO> gas always has a lower retention of elongation than that exposed to
Gas I, chemical degradation is thought to occur from NO: gas in addition to thermal

degradation.
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2.3.2 Effect on chemical properties
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Figure 2.8 Atomic ratio of C in the PPS filter media as a function of exposure time to Gas

L.

The relationship between exposure time and the ratio of carbon in the PPS filter media by
CHNS analysis is shown in Figure 2.8. The ratios of other elements by CHNS analysis of
Gas I and Gas II are listed in Table 2.2. In the case of Gas I, the atomic ratio of C in the PPS
filter drastically decreased with increasing exposure time during the first 50 h, then slightly
decreased and remained constant. This trend is in good agreement with the change in tensile
strength of the PPS filter. It has been reported that the change in strength of the filter media
is almost proportional to that in the atomic ratio of C in PPS [19]. However, since the
reduction of the atomic ratio of C in this experiment was much less than in the previous
paper [19], it may not be appropriate to evaluate the strength with the atomic ratio of C.
Further, it was also confirmed that the atomic ratios of H and S slightly increased and
decreased, respectively. The increasing atomic ratio of H and decreasing atomic ratios of C
and S are thought to be mainly due to the formation of polyarylene sulfoxide and diphenyl
sulfone [24]. This also suggests that oxidizing corrosion occurred during NO> gas exposure.

On the other hand, it could not be found the substantial change in the CHNS analysis results
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of the PPS filter exposed to Gas II for 200h. These facts mean that oxidizing corrosion could

not occur without NO> gas.

Table 2-2 Result of CHNS elemental analysis of PPS filter media.

Gas Type  Time [h] C [%] H [%] S [%]
0 66.62 3.73 29.65
Gas 1 50 62.61 3.98 28.76
100 62.79 4.01 28.83
200 61.71 3.98 28.45
Gas 11 200 65.24 3.93 29.59
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Figure 2.9 EDS spectra of PPS filter media: (a) original; (b) exposed to Gas I for 50 h; and

(c) exposed to Gas I for 200 h.

EDS spectra of the PPS filter media are shown in Figure 2.9. The peaks of C and S were

detected in all filters. However, though the peak of O could not be detected at 0.51 keV in

the original filter and one exposed to Gas I, it could be found only in the filters after NO-

gas exposure. Moreover, the peak intensity ratio of O/C initially increased considerably with

increasing exposure time for Gas I. This finding also reveals that oxidizing corrosion

proceeds due to NO; gas.
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Figure 2.10 Infrared absorbance of PPS filter media exposed to Gas I at select exposure

times (0, 50, 100, and 200 h).

Figure 2.10 shows the FTIR spectrum of the PPS filter media exposed to Gases I and
I1. The spectrum of the original PPS filter showed characteristic peaks at 1397 cm™!, 1481
cm™, and 1579 cm’!, which are attributed to the C—C in-plane stretching vibration of the
phenyl ring. The peak at 1092 cm™ is due to the in-plane C—S stretching vibration, and the
peak at 830 cm™! corresponds to the C—H vibration of the benzene skeleton, arising from
surface deformation [25]. New absorption peaks are observed at 1024 cm™ and 1153 cm™ in
PPS after exposure to NO; gas, of which the intensity increased with increasing exposure
time. These new absorption peaks correspond to —SO— and O=S=0 stretching vibrations
[20,26]. This finding indicates that the S atoms in PPS were oxidized and that the structure
of PPS changed. This proves that a reaction occurred between PPS and NO> gas. Ultimately,
new oxygen-containing functional groups were introduced into the PPS molecular structure.
On the other hand, new absorption peaks could not be also detected on the FTIR spectrum
of the filter media exposed to Gas II for 200 h. This result strengthens that PPS could not be
oxidized and changed structurally without NO> gas under high temperature condition.
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Under long-term exposure in a corrosive and oxidative atmosphere at high temperature,
cross-linking and oxidation occurred in PPS molecules [16]. Oxidation occurred at the thio-
ether bond and the oxygen linked to the main chain of PPS in the form of sulfide, resulting
in the formation of sulfoxide and sulfone groups in PPS molecules. Radical reactions with
different transition states formed diphenylsulfone as the final product [27]. It has been
reported that a chain of molecules becomes connected to each other and forms a network
with a dense molecular arrangement [28]. PPS molecules could be oxidized into compounds
with phenolic and carbonyl groups by cleavage of the benzene-sulfur bonds and through

other free-radical reactions [24].
2.3.3 Effect of NO: gas concentration

SEM images of the fibers that constitute the PPS filters exposed to test gases of various
NO: concentrations and exposure times are shown in Figure 2.11. The original PPS fiber
was cylindrical and had a smooth surface. At a relatively low NO> concentration of 250 ppm,
protrusions, and mottles on the surface of the fiber increased with increasing exposure time,
but severe damage (e.g., cracks) were not detected on the surface, even after 200 h of
exposure. On the contrary, exposure to the relatively high NO, concentration of 1500 ppm
resulted in severe damage, such as cracking and splitting, that occurred on the entire surface
of the fiber, even at a short exposure time. As the exposure time increased, the extent of
damage became more severe, and the number of cracks and delamination increased. These
findings suggest that increasing NO» gas concentration promotes degradation of the
mechanical properties of the PPS filter, because the morphological damage of filter fibers

directly results in a decrease in the tensile strength of the PPS filter.
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Figure 2.11 SEM images of PPS filter fibers: (a) original; (b) 250 ppm NO: for 24 h; (c)
250 ppm NO: for 50 h; (d) 250 ppm NO; for 200 h; (e) 1000 ppm NO> for 24 h; (f) 1000
ppm NO: for 200 h; (g) 1500 ppm NO: for 24 h; and (h) 1500 ppm NO: for 200 h.

The change in the retention of the tensile strength of the PPS filter in the MD and TD
with increasing exposure time for various NO> concentrations is shown in Figure 2.12(a)
and 2.12(b), respectively. All NO; concentrations resulted in similar changes in the tensile
strength in the MD and TD. Tensile strength decreased rapidly at the beginning of exposure,
especially within the initial 24 h, gradually reaching a constant value. An increase in tensile
strength was not observed in either direction; this occurred because of the improved
crystallinity of PPS induced by the annealing effect upon exposure to the atmosphere at high

temperature [17]. Hence, NO; gas is thought to accelerate degradation of both the crystalline
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and amorphous regions in the PPS. Furthermore, the PPS filter exposed to higher NO:
concentrations always exhibited lower tensile strength. As the NO; concentration increased,
the decrease in tensile strength occurred more rapidly, which was more pronounced in the
TD because more fibers were oriented in the TD than in the MD. It has been reported that
the degradation of PPS filter tensile strength is caused by both a reduction in the tensile
strength of PPS fibers due to fiber damage, as described above, and by a change in the
friction coefficient, which represents contributions from fiber friction and entanglement to
the tensile strength of the PPS filter [19]. Accordingly, both influences should be considered
when estimating tensile strength degradation of the PPS filter. No fiber damage was
observed by SEM in the fibers within 24 h of exposure at low NO> concentration, which
suggests that tensile strength degradation in the early stage of exposure is mainly due to a
change in the friction coefficient, whereas degradation in the latter stage is due to fiber

damage.
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Figure 2.12 Change in the retention of the tensile strength of the PPS filter media as a

function of exposure time: (a) MD and (b) TD direction.
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Figure 2.13 DSC analysis curves of the original PPS filter and filters exposed to test gases

with various NO; concentrations.

DSC analysis of the original PPS filter and filters exposed to test gases of various NO2
concentrations for 200 h are shown in Figure 2.13. Regardless of the NO; concentration in
the test gas, each filter exhibited only an endothermic peak around the melting point of PPS
(285 °C). Table 2-3 lists the degree of crystallinity of each PPS calculated from Figure 2.13
using the heat of fusion of completely crystallized PPS (146.2 J/g). Assuming that the change
in the molecular structure of PPS induced by NO: does not affect the heat of fusion, the
degree of crystallinity of all PPS exposed to test gases containing NOx> is nearly the same as
that of the original PPS. The filter exposed to the test gas without NO» exhibited higher
crystallinity than the original filter, which implies that NO, gas may inhibit crystallization
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of PPS or amorphized the crystalline part of PPS. In other words, regardless of the NO:
concentration in the test gas, the crystallization of PPS hardly progressed even at high
temperature. Furthermore, a reduction in the diffusion coefficient of the gas into PPS due to

crystallization did not occur for PPS exposed to test gases containing NO2 [29].

Table 2-3 Degree of crystallinity of the original PPS filter and filters exposed to test gases

of various NO; concentrations for 200h.

NO: concentration [ppm]  Degree of crystallinity [%]

Original 22
0 38
250 18
500 19
1000 25
1500 21

2.3.2 Estimation with reaction model

As described in sections 3.1 and 3.2, the chemical reaction between NO» gas and PPS
changes the molecular structure, which is thought to reduce the tensile strength of the PPS
filter media. Modeling the gas-solid reaction can be used to investigate the oxidation of PPS
by NO» gas because the oxidation process is fundamentally a type of gas-solid reaction [30].
Therefore, in order to propose a simple model to estimate the change in tensile strength of
the PPS filter media with exposure time, the reaction rate was analyzed with a gas-solid
reaction model based on the change in the NO; concentration in the gas exhausted from the

exposure chamber.

To simplify the reaction model, the chemical reaction between NO> gas and PPS was
assumed to proceed as a NOz gas diffusion-controlled reaction with the following

stoichiometric formula:
a NO; +PPS — H PPS’ + ¢ NO +d N,

This means that NO, gas diffuses from the fiber surface through the annular product
PPS’ layer and reacts on the surface of the unreacted cylindrical PPS remaining in the center

of the fiber. According to the unreacted core model in the cylindrical coordinate system, the
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relationship between the conversion of PPS xpps and the reaction time # can be given by Eq.

(2-2) [30]:

t

[T xpps + (1 — xppg) In(1 — xpps) (2-2)

where ¢ is the reaction completion time, which is the time when xpps= 1 and can be defined

by the following equation:

a R?
tr = PPes (2-3)
4 De CNOZ—in
Here, D. is the effective diffusion coefficient of NO> gas in the product PPS’, ppps is the
density of PPS, R is the radius of the PPS fiber, and Cnoz-in is the NO2 molar concentration

in the supplied test gas.

Hence, the NO> concentration in the exhausted gas Cno2-out can be obtained from the

following equations, with ¢ and K as fitting parameters.

1
Cnoz-out = Cnoz-in (1 - K t* In(1 — prg)) (2-4)
Vc
K = PPS (2-5)
av

Here, V' and v are the volume of the PPS fiber and the flow rate of supplied gas, respectively.

Crps represents the molar density of PPS.
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Figure 2.14 NO, concentration in exhausted gas as a function of exposure time.

Figure 2.14 shows the change in the NO: concentration in the exhaust gas as a function
of the exposure time. The solid lines in the figure represent the NO> concentrations in the
supplied test gas. The NO; concentration in the exhausted gas initially remained constant at
almost zero; lower NO> concentrations in the supplied test gas resulted in the exhaust gas
remaining at nearly zero concentration for a longer duration. Then, the NO» concentration in
the exhausted gas increased monotonically over time toward that of the supplied gas, and
the slope decreased with increasing exposure time. The correlated curves shown in Figure
2.14 represent the fitted results obtained from Eq. (2-2) — (2-5) using the optimized fitting
parameters listed in Table 2-4. In any case, the optimum value of one fitting parameter, K,
was found to be 23 mol-h/m* constant, which gave a = 20.3 in the stoichiometric formula.
The optimum value of the other fitting parameter, ¢, decreased as the NO, concentration in
the supplied gas increased. A lower NO> concentration in the supplied gas gave a slightly
larger value of D derived from ¢, suggesting that the diffusion rate of NO, gas into the PPS

fiber is slightly faster for lower concentrations of NO> in the supplied gas. This may be
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caused by differences in the extent of physical damage of the PPS fibers, as the crystallinity
of PPS was not affected by exposure to NO> gas at high temperature (Table 2-3), and higher

NO: concentrations led to more severe damage of the PPS fibers (Figure 2.11).

Table 2-4 Optimal parameters used for fitting and calculation of physical properties

Cnoz-in [ppm] K [mol-h/m?] t* [h] a De [m?/h]
250 8000 3.1x107
500 4000 3.1x107

23 - 203 -
1000 1500 4.1x107
1500 1000 4.1x107

Because the theoretical correlated curve obtained from the proposed model agreed well
with the experimental data for all test gases, this model is a reliable representation of the
system for all NO; concentrations. However, a little larger errors at the initial stage of
exposure, particularly in the case of higher NO> concentrations, imply that the diffusion
coefficient may increase with exposure time. This is further supported by the observation
that fiber surface damage grew more severely with increasing exposure time and NO>

concentration.

Next, a model to estimate the change in the tensile strength of the PPS filter media was
proposed. The tensile strength o(7) of the PPS fiber was assumed to be the linear sum of the
tensile strength of the unreacted part and that of the completely reacted part. It has been
reported that the tensile strength of the PPS filter can be expressed by the tensile strength of
the PPS fiber and the overall friction coefficient for fiber friction and entanglement in the

filter [19]. Therefore, the tensile strength of the filter is obtained as follows:

Oriteri(O) = fil (1 = xpps) 0y originar + Xppsoi(t™)] (2-6)
where, f; and oner,() are the overall friction coefficient and the tensile strength of the PPS
filter in the 7 direction (MD or TD), g original 1s the tensile strength of the original PPS fiber
(i.e., that of the unreacted part), and oi(f') is the tensile strength of the PPS’ fiber at the

completion time, which represents that of the completed reaction part.

Based on the above discussion related to Figures 2.12 (a) and 2.12 (b), the sudden
decrease in the tensile strength of the PPS filter observed within the first 3 h of exposure

may be attributed primarily to a decrease in the overall friction coefficient, whereas the
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subsequent decrease in strength over a prolonged period is primarily attributed to a reduction
in the tensile strength of the PPS fiber. Tanthapanichakoon et al. reported that fiber
orientation in the filter media barely changed during exposure to an acid [19]. Therefore,
assuming that i original 1S almost equal to the tensile strength of the PPS fiber in the i direction
at 3 h, and that f; is constant after 3 h of exposure, ofier,i(?) (¢ > 3 h) can be expressed by

following equation:

Ofitteri (t) = (1 — Xpps) Ofiier i (3 hour) + Xppsopijter i (t7) (2-7)
Hence, orieri() (1 > 24 h) can be obtained using Eq. (2-2) and (2-7) with ofireri(t") as a
fitting parameter because orier,{(3 h) and xpps were previously acquired from the

measurement and model calculations.

The relationship between the exposure time and the tensile strength of the PPS filter in
both MD and TD directions is shown again with the fitted correlated curves in Figure 2.15
(a) and 2.15 (b), respectively. Independent of the NO» concentration, all correlated curves
could be determined using optimal constant fitting parameters for both directions, where
e mp(t) = 12 N/mm and oer,rp(t) = 9 N/mm, thus demonstrating the validity of this
model. This developed evaluation model can adequately predict the change in the tensile
strength of the PPS filter with increasing exposure time for any NO» concentration. For both
the machine and transverse directions, the predicted fit line accurately reproduced the

experimental results.

The present prediction model for tensile strength change of the PPS filter is practically
useful, since it may also be adapted to bag filters operated on an industrial scale in real severe
environments. Therefore, bag filter lifetime can be estimated to control dust emissions in

industrial facilities [32].
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Figure 2.15 Change in the tensile strength of PPS filter media with exposure time for Gas
I: (a) MD and (b) TD.
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2.4 Conclusions

The degradation of the PPS filter media by NO> gas at high temperature was clarified
using a continuous-flow exposure method. Moreover, a method to evaluate the decrease in
the mechanical strength of the PPS filter media by NO gas exposure was proposed through
modeling the progress of a chemical reaction between the PPS fiber and NO> based on the
unreacted core model of reaction engineering. The results obtained can be summarized as

follows:

1. As the exposure time to NO> gas increased, the tensile strength and elongation of the
PPS filter media for both the machine and transverse directions decreased. These
reductions were observed in the TD more markedly than in the MD.

2. SEM images revealed that the exposure to NO> gas severely damaged the PPS fiber
through many protrusions on the surface, cracking, and splitting, which ultimately
reduce the tensile strength of the filter media.

3. The atomic ratio of C in the PPS filter media exposed by gas I measured by CHNS
analysis drastically decreased with increasing exposure time, then slightly decreased to
remain constant. This trend is in good agreement with the change in tensile strength of
the filter media.

4. SEM-EDS analysis clarified that the only filter media after NO» gas exposure contained
O, which the original PPS did not contain.

5. The exposure to NO> gas enhanced the oxidation of S in PPS and introduced new
oxygen-containing functional groups such as —SO— and O=S=0 into the PPS molecular
structure.

6. The increasing NO> gas concentration promotes more degradation of the mechanical
properties of the PPS filter because the morphological damage of filter fiber increased.

7. Assuming that the chemical reaction between PPS and NO> gas is diffusion-controlled
by NO», an unreacted core model in the cylindrical coordinate system can be applied as
a model to estimate the change in NO: concentration in the exhaust gas, which
successfully reproduced the experimental data.

8. A model that evaluates the change in the tensile strength of the filter media with the
conversion of PPS and the tensile strength of the PPS fiber was also proposed, which

could express experimental data in both the MD and TD direction.
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Chapter 3

Direct numerical simulation and experiment validation of flow resistivity

of nonwoven fabric filter

3.1 Introduction

Bag filter systems are increasingly being installed in incinerators and coal fired power
plants to control the emissions of dust and harmful materials because of their economic
appeal and collection efficiency[1,2]. Polyphenylene sulfide (PPS) and polyimide (PI) filters
have been increasingly used in these systems owing to their excellent chemical, thermal, and
mechanical properties[3—7]. PPS filters can be used at temperatures ranging from 160 °C to
240 °C[8], while PI filters can be used at a higher temperature range, from 200 °C to
400 °C[9,10].

The pressure drop across fibrous filter media is a key factor in estimating filtration life
and required operating power, and this pressure should be as low as possible. Flow resistivity
is one of the main parameters that causes a pressure drop in a fibrous filter. However, both
PPS and PI filters have high flow resistivity as a consequence of their complex structure,
because commercial filters are commonly formed using nonwoven fabric prepared from long
fibers. Thus, it is necessary to further investigate the flow resistivity of PPS and PI filters.
Several researchers have constructed empirical equations for the prediction of the pressure
drop across a fibrous filter. However, the effects of the random orientation of the fibers were
neglected because of the assumption that the fiber arrangement was either perpendicular or
parallel to the main flow direction[11]. Very recently, Yang et al. examined the pressure
drop across a randomly generated fiber network by applying a direct numerical simulation
approach[12]. The results indicated that their model could be used to predict the pressure
drop. However, the actual structure of commercial filters, such as PPS and PI filters, is more

complicated, and it may be difficult to predict the pressure drop.

Numerical simulations are useful for investigating fluid motion within a porous material.
In numerical simulations, the motion of fluid within a porous material can be easily observed,
and various parameters can be independently evaluated. In recent years, in addition to the
Yang et al. study[12], several studies involving membrane or filter simulations have been

reported by other researchers. Ando et al.[13] and Ishigami et al.[14] conducted numerical
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simulations of dead-end microfiltration using a direct numerical simulation technique.
Kagawa et al.[15] and Mino et al.[16] simulated permeation through a coalescing filter.
These studies used membranes and filters with pores and fibers modeled with the simplest
geometries, that is, straight and cylindrical pores and fibers. Yoshida et al.[17] applied a
combination of the lattice Boltzmann and immersed boundary methods to investigate the
effect of the aperture structure of metal woven mesh on flow resistivity. They
mathematically created a well-arranged mesh geometry. Ishigami and Mino[18] simulated
the permeation of colloidal particle dispersion flow in a microfiltration membrane. The
coordination of microporous structure was calculated using a phase-field model in their
study. However, the fibrous filter could not be re-created using mathematical or numerical

simulation approaches owing to its complex structure.

X-ray computed tomography (CT) is an advanced imaging technique that allows
nondestructive and noninvasive imaging of a specimen to depict the cross-sectional and
three-dimensional internal structure of the material[19]. Using this technique, the realistic
morphology of a fibrous filter can be depicted. Recently, a number of studies that simulate
flow directly on an X-ray CT image of porous media have been conducted[20-25]. It is
expected that direct numerical simulation that combines an X-ray CT image and the
immersed boundary method will make it possible to clarify the relationship between the

pressure drop and the flow resistivity of a fibrous filter.

In the present study, a direct numerical simulation model was constructed to investigate
the permeation of gas through a fibrous filter by coupling the immersed boundary
method[26] and X-ray CT images. Because this model recreated the geometry of the fibrous
filter realistically, the investigation of the permeation process was more accurate. In this
study, commercial PPS and PI nonwoven fabric filters were utilized. An experiment was
performed to measure the pressure drop across the fibrous filter. Then, we compared the
simulation results with the experimental results and existing models proposed by previous
researchers to validate our model. Based on the simulation results, we calculated the
permeability and the Kozeny constant of the fibrous filter using Darcy’s law[27] and the
Kozeny—Carman equation[28,29] to investigate the flow resistivity during permeation of a

gas through PPS and PI filters.
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3.2 Numerical method
3.2.1 Governing equations

The governing equations of fluid flow are the continuity and the Navier—Stokes

equations, respectively defined as follows:
V-u=0 (3-1)
Jdu
pE+pu-Vu= —Vp + uV?u +f (3-2)

where u denotes velocity, ¢ is the time, and p is the pressure. The density p and viscosity u
of the fluid are assumed to be constant. f is the momentum exchange that expresses the
interaction between a solid and fluid. The fluid is assumed to be incompressible and
Newtonian. A Cartesian staggered grid system is used for the arrangement of the Eulerian

variables.
3.2.2 Fractional steps method

There are several methods can be used to solve the Navier-Stokes equation, such as
Marker and Cell (MAC) method, Semi-Implicit Method for Pressure-Linked Equation
(SIMPLE) method, Fractional Step Method, Simplified MAC (SMAC) method, and Highly
Simplified (HSMAC) method. In this study, we used the fractional step method [30].

The fractional step method solves the Navier-Stokes equation in a few steps as follows:

Step 1 (Convection term)

u® —yn
+u"-Vu" =0 (3-3)
At

Step 2 (Viscous term)

@) —qg@®
u u 1
el » S VP 3-4
A7 LV KV (3-4)
Step 3 (Continuity equation and pressure gradient term)
utl — u(Z) 1
—  =—-V 3-5
A7 oVP (3-5)

By dividing each term, the Navier-Stokes equation can be solved using a method which

suitable for each term, and it is easy to modify or add another term to the program.

To solve the Eq. (3-4), fully implicit method is used. Time increment condition in the

viscous term when the term is solved explicitly is expressed by the following equation.
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_p(Ax)°D
U

where D represents diffusion number, which the value less than 0.5. As a result, when the

At (3-6)

spatial increment becomes small, the time step depends on the square, and in the mesoscale
calculation, the time increment condition of the viscous term will become rate limiting. In

this research, to avoid this, the fully implicit method was used.

In this study, the central difference method was used to discretize the convection term
and viscous term of the governing equation. In the central difference method, the point to be
calculated is denoted by P, the points on the east and west sides of P are E and W,
respectively. The boundary points of the area to be integrated by the finite volume method

are e and w. The values of ¢ at points e and w are

1
e = 5 (¢p + Pr) (3-7)

1
G =5 (bw + dp) (3-8)
By combining the Eq. (3-7) and Eq. (3-8), ¢pp can be expressed as
dp = Pe— Py (3-9)

Next, the projection method was used to solve the continuity equation and pressure

gradient term in this study. First, taking the divergence of Eq. (3-5).

V-u'tl—v.u® 1
=V- (——V ) 3-10
A7 o VP (3-10)
From the continuity equation we have

V-ul=0 (3-11)

By Substituting Eq. (11), Eq. (10) become
O_V'u**—v( 1v> 3-12
A 5P (3-12)
vu_y (1v> 3-13
e VG (3-13)

This equation is Poisson equation. When matrixed, it becomes a triple-diagonal matrix,
which can be used with the tridiagonal matrix algorithm (TDMA) and can be regarded as
independent equations in x, y and z directions. The pressure can be obtained by the alternative
direction implicit (ADI) method which repeats the calculation until the consistency of both

side can be obtained. The calculated pressure is used to update the velocity as follows:
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1
u"tl =g — EVpAt (3-14)
The spatial gradient of p is obtained using the central difference method.
3.2.3 Immersed boundary method

The Immersed Boundary (IB) method proposed by Kajishima et al. [26], was used to
calculate hydrodynamics interaction between solid (filter) and fluid. The calculation in this
method is done by modifying the fluid flow velocity based on solid volume fraction in the

cell. The volume-averaged velocity u is defined as follows:
u=aug+ (1 - a)us (3-15)

where a represents the local volume fraction of solid in the computational cell, uris the fluid
velocity, and us is the velocity inside the solid filter. The velocity inside the solid filter is set
to be 0.

The time evolution difference equation for Eq. (3-2) is expressed as:
1
uhtt =u“+At(—[—)Vp—u-Vu+uV2u+f> (3-16)

Where n is the number of time step and At is the time increment. Despite the computational
cell is located at the fluid (a = 0), solid (a« = 1), or at the interface (0<a<1), the velocity is

predicted as the fluid motion as the following equation.
R 1
u=u“+At(—;Vp—u-Vu+uV2u> (3-17)

The force f is introduced to modify the calculated velocity to the desired velocity

according to each phase, where f is defined as follows:

B a(ug —u*)

— 3-18
f I (3-18)

where u” is the fluid velocity temporarily obtained in each iteration. If the cell is located
inside the solid region (a = 1), the velocity is equal to the velocity of the solid. Conversely,
if the cell is located within the fluid region (a = 0), the velocity is equal to the local fluid

velocity.

61



Chapter 3 Direct numerical simulation of flow resistivity of nonwoven fabric filter

3.2.4 Validation of present method

Before conducting the simulation of permeation of air through the fibrous filter, several
validation tests have been conducted to know the accuracy of the program. We conducted

flow between parallel plates, Rayleigh flow, and flow around a cylinder.

3.2.4.1 Flow between parallel plates

no slip

/

34
134
3

N

Uniform flow

10

Figure 3.1 Computational domain of flow between parallel plates

Figure 3.1 shows the computational domain of flow between parallel plates in the 3D
simulation model. Bottom (z=0) and upper (z=1) boundary were wall surfaces. As an initial
condition, uniform flow and uniform pressure were set at the left side boundary (x=0). The
value of initial velocity was 1 in the inlet part, the slip-free condition was applied in the wall
surface and the value of the outflow was calculated using extrapolation. The Reynolds
number was set to be 100. The velocity distribution at steady state condition is shown in

Figure 3.2.

U 010203040506070809 1 11121314

Figure 3.2 Velocity distribution of flow between parallel plates

From the Figure 3.2, the result is showing that the Poiseuille flow was formed from the
distribution of the velocity vector arrows. It is shown that this program is qualitatively
correct. Moreover, the theoretical result for the maximum velocity of the flow between
parallel plates at the center of the cross-section is 1.5 times the average velocity of the cross-

section. In this case, the average velocity of the cross-section is 1, so the maximum velocity
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at the center of the cross-section should be 1.5. As shown in the figure, the velocity at the

center of the computational domain is approximately to 1.5, as represent by red color. This

result is quantitatively validated our model.
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Figure 3.3 Relationship between the number of grids and Umax

Figure 3.3 shows the relationship between the number of grids vs the maximum velocity

of the flow between parallel plates. From this figure, it shows that the error is decreased by

increasing the number of grids until a certain number of grids. It can be concluded that there

is almost no grid dependency on the program after a certain number of grids.

3.2.4.2 Rayleigh flow

To verify the unsteady calculation in single-phase flow, a simulation of Rayleigh flow

was conducted. Rayleigh flow is a flow generated when a wall surface is instantly moved at

a constant speed in a semi-finite region partitioned by one flat wall. Since we cannot deal

with the semi-infinite region in computation, we set up a computational domain as shown in

Figure 3.4 and conducted numerical analysis in the non-stationary state.
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>< L /
NI

Figure 3.4 Computational domain of Rayleigh flow simulation

The length of the computational domain in the x, y, and z direction was 2x1x1 and
equally divided into 80x40x40 grids. The Reynolds number was set to be 100. As the initial
condition, velocity (U) at bottom wall (y = 0) was set equal to 1, and in another wall, the
velocity and pressure were given at 0. The slip-free boundary condition was set at the bottom

wall. The boundary conditions at inflow and outflow were applied 0™ order extrapolation.

Figure 3.5 shows the velocity distribution of Rayleigh flow simulation at steady state
condition. The result showed that due to the influence of the viscosity, the momentum is
transported from the wall surface in the direction of the y-axis positive direction. The flow

has a velocity along the y-direction. This result was qualitatively validated our model.
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Figure 3.5 Velocity distribution at steady state condition

To carry out quantitative investigations, the temporal change of shear stress acting on

the wall surface was compared with a theoretical solution. The results are shown in Figure
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3.6. The theoretical solution of the shear stress acting on the wall surface is given by the

following equation.

ﬂ(au) _ pu 1 (-19)

oy),y N AT

0

-0.01
-0.02
-0.03
-0.04
-0.05

Shear stress

-0.06 ——theoretical
-0.07 ® 3D simulation result

-0.08
-0.09 ' ' '

Time

Figure 3.6 Time variation of shear stress acting on the wall

The result showed that calculation result of our model is in good agreement with the
theoretical value. It is understood that the unsteady calculation in the CFD program is
quantitatively appropriate. From the result, the reliability of unsteady calculation in single-

phase flow was obtained.
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3.2.4.3 Flow around a cylinder

Periodic boundary

condition
Cylinder
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|
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Figure 3.7 Computational domain for simulation of flow around cylinder

The simulation of flow around a single cylinder was also carried out to test the reliability
of our numerical framework based on the immersed boundary method. A cylindrical shape
was chosen to represent the shape of the fiber. Figure 3.7 shows the computational domain
for the validation. A cylinder with diameter d = 1 was placed in the center of the
computational domain. The length of the computational domain in the x and y direction was
15. The number of grids in the x, y, and z-direction were 132, 132, and 67, respectively (7
= 132, n,= 132, n.= 67). The periodic boundary condition was applied in the z direction.
The uniform inlet velocity Ui, was set to 1 at the left boundary. The calculation continued
until a steady state was reached. The simulation was performed with various Reynolds
numbers. For each case, the fluid viscosity was tuned to achieve the desired flow regime that

was characterized by the Reynolds number Re:

Re = (3-20)

Figure 3.8 presents the cross-sectional (a) velocity and (b) pressure contours of flow
around a cylinder at a steady state condition with the Reynolds number Re = 5. Figure 3.8(a)
shows that the velocity of the fluid is approximately zero inside the cylinder, showing that
the immersed boundary method successfully described the solid boundary. Figure 3.8(b)
shows that the pressure is high in front of the cylinder then significantly decreases in the
direction of the main flow, indicating that a pressure drop occurs due to the existence of the
cylinder. Thus, the constructed numerical simulation model can reasonably describe the flow

and pressure drop around cylindrical obstacles such as a fibrous filter.
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Figure 3.8 Cross-sectional (a) velocity and (b) pressure contours of flow around cylinder

when Re =5

The relationship between the Reynolds number and the drag coefficient was investigated
to check the accuracy of the simulation model quantitatively. The drag coefficient was
calculated from the drag force from the simulation results as follows:

C_ZFd
¢ pURLA

(3-21)

where Cy is the drag coefficient, Fy is the drag force, and 4 is the projected area of the
cylinder. Based on the immersed boundary method, the drag force acting on the solid can be
easily obtained by integrating the interaction between solid and fluid f over the solid volume

as follows:

Fy=—p| fadv (3-22)

Vs
where Vs is the solid volume. Figure 3.9 presents the relationship between the drag
coefficient and the Reynolds number with a comparison of the drag coefficient calculated
using the present method with the experimental results of Tritton et al. [31]. The results show
that they are in good agreement over a wide range of the Reynolds numbers with an error

below 5%. This result indicates that the present method gives accurate simulation results.
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Figure 3.9 Drag coefficient as a function of Reynolds number

3.2.5 X-ray CT images

Direct numerical simulations were performed on commercial PPS (Procon, Toyobo Co.,
Ltd) and PI (P84, Toyobo Co., Ltd) nonwoven fabric filters. To create realistic morphologies,
we scanned both fibrous filters using a high-resolution X-ray CT system (TDM1000H-Sp,
Yamato Science Co., Ltd). The principle of this system is to represent the filter as a stack of
layers (Figure 3.10a), and each layer is then converted to a grayscale image. The samples
were scanned at an energy level of 30 kV and 0.075 mA. The dimensions of the X-ray CT

image results were 1024 pixels x 1024 pixels, with a pixel size of 0.78 pm.

| 1024 pixels |

(b)

Figure 3.10 (a) Schematic illustration of X-ray Computed Tomography process and

(b) representative binary image of a layer

Several further processes were carried out on the X-ray CT images results. First, noise

reduction, inverting, and thresholding processes were conducted with Adobe Photoshop.
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Then, the binary images (Figure 3.10b) were smoothed and converted to text file data using
the Image J/Fiji software platform [32]. The text file data contained a combination of
numbers in the range of 0 to 255 according to the color brightness of the image. Solid fiber,
which was black in color, was represented by 0, while void space, which was white in color,
was represented by 255. In the immersed boundary method, the evaluation of the solid
volume fraction («) is very important. Regarding the arbitrary-shape wall model in staggered
grids, some researchers have applied the signed distance function (SDF) to determine the
value of ¢[33,34]. The SDF value of a given point is determined by the minimum distance
from the point to the surface of the wall. The value will be negative inside the wall and vice
versa. In this study, we used the linear transformation of the text file data to determine the
value of the solid volume fraction (a) used for the immersed boundary method. The value of

a in a cell was calculated using:

g Bw=B (3-23)
B, — B,
where B, is the white color value, By is the black color value, and B is the value of the color
brightness in the cell. If the value of color brightness is small, the value of a will approach
1, which represents the solid zone. In contrast, if the value of the color brightness is high,
the value of a will approach 0, which represents the fluid zone. We constructed the filter
domain using voxel data, with dimensions of 156 x 156 x 78 um corresponding to the x, y,
and z directions, respectively. It should be noted that the size of the filter domain was kept
small to reduce the simulation time, and thus, the arrangement and porosity of fibers varied
considerably with their locations in the actual filter. This variation may significantly affect
the pressure drop within the filter. Here, we prepared six filter domains with a different
porosity for each filter type by selecting a small part randomly from the X-ray CT image to
correspond to the unbalanced fiber arrangement in a filter. The porosity of the filter domain

was determined by the volume of the voids in the filter domain divided by the total volume

of the filter domain using:

YA -aae
EW.X)

where ¢ is the porosity and A@ is the cell volume, and the summation is taken for all the

(3-24)

computational cells. The visualizations of the modeled filters with different porosities for

both types of filters are presented in Figure 3.11.

69



Chapter 3 Direct numerical simulation of flow resistivity of nonwoven fabric filter

PPS-1 PPS-2 PPS-3 PPS-4 PPS-§ PPS-6
(2= 0.883) (e = 0.853) (£ = 0.825) (&= 0.824) (£=10.752) (=0.712)

PL-1 PL-2 PL3 Pl-4 PL5 PL-6
(&= 0.886) (&= 0.871) (£ = 0.859) (£ = 0.853) (£ =0.797) (6= 0.768)

Figure 3.11 PPS and PI filter domains created from X-ray CT images

3.2.6 Simulation details

Uniform inlet
velocity -
Y

z

78 um

2 ok

Figure 3.12 Computational domain for simulation of permeation through a filter

Figure 3.12 shows the computational domain used to simulate the permeation of gas
through the realistic fibrous filter created by X-ray CT. The computational domain was
divided into three sub-domains of the same size, which were the fluid domains in front of
and behind the filter, and the filter domain created by the X-ray CT image. The size of the

computational domain was 156 X 156 x 234 um in the x, y, and z directions, respectively.
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The main flow direction was set according to the flow along the z-axis. The flow field was
divided into 100 x 100 x 150 cells in the x, y, and z directions, respectively (n.= 100, n, =
100, n. = 150). A uniform flow was set at the inlet boundary (z = 0) with the specified
superficial velocity. The inlet velocity was varied between 0.05 m/s and 0.125 m/s. At the
right (outlet) boundary, the velocity was calculated by the Neumann condition, and the
pressure was set to 0. The other boundaries were modeled as slip walls. The difference
between the average pressure at the inlet boundary and the outlet boundary defined the
pressure drop in this study. The density and viscosity of the fluid were set at constant values
of 1.25 kg/m?® and 1.76x107° Pa-s, respectively. Nitrogen gas at a temperature of 298.15 K
was used as the fluid in this simulation. This fluid was employed in the experiment explained
below. The physical properties of nitrogen gas and the detailed simulation conditions are

given in Table 3-1.

Table 3-1 Conditions for simulations of gas permeation through a filter

Nx X Ny X N 100 x 100 x 150

Fluid density 1.25 kg/m®

Fluid viscosity 1.76 x 10” Pa-s
Superficial velocity 0.05, 0.075, 0.1, 0.125 m/s

3.2.7 Experimental pressure drop measurement

An experiment was performed to measure the pressure drop across a fibrous filter and
to compare this measurement with the simulation results. A schematic of the pressure drop
measurement is given in Figure 3.13. A sample of the fibrous filter with dimensions of 25
x 10.5 cm was placed in the exposure chamber, and nitrogen gas fed from a gas cylinder
flowed through the filter. The experiment was carried out at a temperature of 25 + 3 °C. The
flow rate was controlled by a mass flow controller (KOFLOC 8500; Kojima Instruments
Inc.) within 0.05-0.133 m/s. The pressure drop across the filter cloth was measured using an
inclined manometer (KM-306, Okano works, Ltd). The experimental conditions are given
in Table 3-2. The porosity of the filter was measured using the specific gravity and mass of
a sample filter measuring 3 % 3 cm. The thicknesses of the PPS and PI filters were 1.76 mm
and 1.83 mm, respectively. Each experiment was conducted three times for each fibrous

filter, and the average value was used in this study.
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Figure 3.13 Experimental setup for measurement of pressure drop for nitrogen gas passing

through a filter

Table 3-2 Experimental conditions

Fluid Nitrogen
Temperature 20+£3°C
Superficial velocity 0.05, 0.067, 0.083, 0.100, 0.117, 0.133 m/s

3.3 Results and Discussion
3.3.1 Investigation of the length of approach zone

It is important to confirm if the fluid flow is fully developed in the filter simulation. A
simulation of PPS-2 (¢ = 0.853) filter domain with several lengths of approach zone was
carried out to show that the present approach zone was enough to develop the fluid flow. We
compare the present approach zone with the length of 78 um, with longer and shorter
approach zones with the lengths of 117 um and 39 um, respectively. The simulation
conditions are the same as with present conditions with the inlet velocity of 0.1 m/s. Figure
3.14 presents the comparison of pressure contours with three approach zones. It is shown
that the pressure drop in the shorter approach zone was significantly higher than the present
result, while the longer approach zone gave an almost similar result with the present results.
The calculated pressure drops of the shorter approach zone, present approach zone, and
longer approach zone were 16.74 Pa/mm, 14.66 Pa/mm, and 14.27 Pa/mm, respectively.
This result indicated that the length of the present approach zone was enough to develop the

fluid flow in this simulation.
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Figure 3.14 Pressure contours of PPS-2 with various approach zones (a) shorter, (b)

present, and (c) longer approach zones

3.3.2 Comparison between PPS and PI filter pressure drops

A comparison between the PPS and the PI filter pressure drops was conducted. Based
on the product information for the PPS and PI filters[35,36], the fiber shapes of PPS and PI
are different. The shape of the PPS fiber is round, whereas the PI fiber has a trilobal shape.
The average diameters of these PPS and PI fibers are 15 pm and 18 pum, respectively. The
effect of the fiber shape on pressure drop was therefore investigated in this study.

(b)
Pressure
[Pa]
2
1.4
0.8
L 02
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Figure 3.15 Pressure contours of (a) PPS and (b) PI filters with the same porosity (¢ =
0.853)

We conducted a simulation of gas flowing through PPS and PI filters having the same
filter porosity. PPS-2 and PI-4 were used as the filter domains because they both had the
same filter porosity, ¢ = 0.853. Figures 3.15(a) and 3.15(b) show the pressure contours of
the PPS and PI filters in the steady state with a superficial velocity of 0.1 m/s, respectively.
The pressure in front of the filter domain was high, and then it significantly decreased inside
the filter along the main flow direction. This result indicates that the pressure drop occurred

owing to the presence of the filter. In addition, the pressure in front of the filter domain for
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the PI filter was higher than that for the PPS filter. From this observation, the pressure drop
for the PI filter was qualitatively higher than the PPS filter for filters with equivalent porosity.

Figure 3.16 presents a comparison between the calculated pressure drop per unit
thickness of the PPS and PI filters having the same porosity according to the superficial
velocity. When the superficial velocity was set to 0.05 m/s, the pressure drops of the PPS
and PI filters were 7.29 Pa/mm and 11.37 Pa/mm, respectively. When the superficial velocity
was increased to 0.075 m/s, the pressure drops increased to 10.98 Pa/mm and 17.07 Pa/mm,
respectively. As the superficial velocity was increased, the pressure drops of both filters
displayed a linear increasing trend. This result matches the experimental results reported by
Wang et al. [37], Bian et al. [38], and Xia et al. [39]. Figure 3.16 also shows that the pressure
drop in the PI filter was higher than the pressure drop in the PPS filter for all velocities. In
addition to quantifying the pressure contour results (as shown in Figure 3.15), this result

further confirmed that the PI filter produced a higher pressure drop than the PPS filter.
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Figure 3.16 Comparison of pressure drop between PPS and PI filters with the same

porosity (¢ = 0.853) as a function of superficial velocity
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3.3.3 Effect of filter porosity on the pressure drop
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Figure 3.17 Effect of superficial velocity on pressure drop of (a) PPS and (b) PI filters

with various porosities

The effect of filter porosity on the pressure drop was investigated by conducting a
simulation with gas flowing through PPS and PI filters with various porosities. The porosity
and calculated surface area of each filter domain are presented in Table 3-3. Figure 3.17
illustrates the relationship between the calculated pressure drop per unit thickness and the
superficial velocity at various porosities. As depicted in Figure 3.17(a), at the superficial
velocity of 0.05 m/s, the pressure drops of PPS-1 (e = 0.883) and PPS-6 (¢ = 0.712) were
3.49 Pa/mm and 30.16 Pa/mm, respectively. In Figure 3.17(b) at the same velocity, the
pressure drops of PI-1 (e = 0.886) and PI-6 (¢ = 0.768) were 8.36 Pa/mm and 34.13 Pa/mm,
respectively. PPS-1 and PI-1 were the filter simulation domains with the highest porosity for
each type of filter. Contrarily, PPS-6 and PI-6 were the domains with the lowest porosity. It
was found that the pressure drop across the filter increased with a decrease in porosity. This
can be explained by the fact that with decreasing filter porosity, the effective pore size for
fluid flow decreased, and the surface area of the filter increased[40]. This led to an increase

in the flow resistance of the filter, which resulted in an increase in the pressure drop[41].
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Table 3-3 Calculated porosity and surface area for simulated filter domains

Filter Porosity Surface area [* 107 m?]
PPS-1 0.883 1.28
PPS-2 0.853 1.77
PPS-3 0.825 2.10
PPS-4 0.824 2.13
PPS-5 0.752 2.47
PPS-6 0.712 2.75
PI-1 0.886 1.59
PI-2 0.871 1.70
PI-3 0.859 1.99
PI-4 0.853 2.20
PI-5 0.797 2.79
PI-6 0.768 3.58

The black line in each figure represents the experimental results for each filter. For the
PPS filter, the experimental result (¢ = 0.768) was located between the results of PPS-4 (¢ =
0.825) and PPS-5 (¢ =0.752). For the PI filter, the experimental result (e = 0.818) was located
between the results of PI-4 (e = 0.853) and PI-5 (e =0.797). Both results were also consistent
with the order of filter porosities. The reliability of the simulation results was qualitatively

proven by this result.

A number of previous studies have been carried out toward developing pressure drop
relationships in a fibrous network. Davies[42] proposed an empirical formula to calculate
the pressure drop in realistic fibrous filtration. Happel[11] used the free-surface model to
predict the resistance to flow in assemblages of spherical particles and in the flow relative to
cylinders. Flows parallel to cylinders and perpendicular to cylinders were simulated in the
study. Drummond[43] simulated laminar viscous flow through regular arrays of parallel

solid cylinders and calculated the pressure drops. Very recently, Yang et al[12] proposed a
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predictive model to calculate the pressure drop across combined polydisperse spherical

*

dp* to both Re and
dz

particle-cylindrical fiber networks. They developed an expression relating

the microstructure of fiber and fiber-particle networks. Their proposed expression is

@Re=1348(1—e+V)+8594
dz* ' P '

2
(1-e+1,)

(e-%)

dp* . . . .
where d—:* represents the dimensionless pressure drop per unit length, Re is the Reynolds

(3-25)

number, ¢ is the filter porosity, and ¥, is the particle solidity. Yang et al.[12] also provided
an expression resulting from the non-dimensionless results proposed by Davies[42],
Happel[11], and Drummond[43]. The expressions from Davies’s study, Happel’s study for
flow parallel to cylinders, Happel’s study for flow perpendicular to cylinders, and

Drummond’s study are respectively shown below:

. dp*

Davies dlz)* Re = 64(1 — &)1°[1 + 56(1 — €)3] (3-26)
Parallel dp” Re = 32(1 —¢)

, dz* 1N 1-(1-e)2 (3-27)
to cylinder In (1 — g) TTF (=22
Perpendicular ﬁ _ 32

, a7 e 3 2 1 (3-28)
to cylinder 3+€—1_g+1_gln(1_5)

dp* 32(1—¢)

Drummond’s g, K€ = 1 (3-29)

In(7=) — 1476 + 2(1 — £) — 1.774(1 — &)?

dp*
dz*

The dimensionless pressure drop per unit length (=) in our study was calculated by

equation below:

dp* _ (pin - pout) Dfiber
dz* L pU?

(3-30)

where pin represents the pressure in the inlet boundary, pou is the pressure in the outlet
boundary, L is the length of filter domain, Dsver is the diameter of the fiber, p is the fluid
density, and U is the superficial velocity of the fluid. To calculate the Reynolds number, we
used the average diameter of each fiber and the density, viscosity, and superficial velocity

of the fluid in each case.
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Figure 3.18 Comparison of present simulation results with existing models

The comparison of the present simulation results and the prediction model results
proposed by Davies[42], Happel[11], Drummond[43], and Yang[12] is plotted in Figure

3.18. The product of the dimensionless pressure drop per unit length and Reynolds number

(ZZ: Re) is plotted against the porosity of the filter (¢). The results show that in the high

porous filter (PPS-1-4), the PPS filter results fit the results from Happel|[11] for flow parallel
to cylinders. This is because the arrangement of fibers in the PPS-1 to PPS-4 filters was
mostly parallel to the main flow direction, as shown in Figure 3.2. The PPS-5 and PPS-6
results were located between Happel’s results[11] for flow parallel and perpendicular to
cylinders, probably because the fibers were arranged in parallel and perpendicular
combinations to the main flow direction. For the PI filter, the results closely agreed with the
results from Davies[42] and Yang et al[12]. This result is reasonable because the PI filter
has an irregular arrangement and complex geometry, which was the case for the filter
structures evaluated by Davies[42] and Yang et al[12]. These results quantitatively support

the reliability of the present simulation results.
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3.3.4 Flow characteristics in porous media

The permeation of fluid in porous filter media is characterized by Darcy’s law[27],
which describes the relationship between the average (macroscopic) velocity and the fluid
macroscopic pressure drop through a porous medium. Eq. (3-31) is the one-dimensional
form of Darcy’s law:

where J is the permeation flux, which is the same as the superficial velocity in this study, K

(3-31)

is the permeability, Ap is the pressure drop, and L is the filter thickness. Permeability K
denotes the capability of a porous material to allow fluid flow, which depends on the
microstructure of the solid phase in the porous media and is independent of the fluid

properties.
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Figure 3.19 Relationship between porosity and permeability

The change in permeability as a function of porosity is shown for both filters in Figure
3.19. The permeability increased with an increase in the porosity for both filters. Non-
linearity was observed for the permeability-porosity relationship. The slope increased with
an increase in the porosity. This trend is consistent with those reported by Feng and
Weinbaum([44], Crawford et al.[45], and Zhu et al.[46]. The permeabilities obtained from
the simulation results deviated slightly from the trend line in both filters. This was probably

79



Chapter 3 Direct numerical simulation of flow resistivity of nonwoven fabric filter

due to the complexity of the fiber arrangement. The fiber arrangement varied significantly
for each domain. Although the fiber arrangement affects the pressure drop, the effect of
porosity is more significant, as shown in these results. The experimental results of each filter
are also plotted in Figure 3.19, where the experimental results for the permeability of both
filters are correlated with the trend line, and indicate that the present simulation method is

quantitatively reliable.

To investigate the reason why the permeability of the PPS filter was higher than that of
the PI filter as shown in Figure 3.19, and why the pressure drop of the PPS filter was lower
than that of the PI filter as shown in Figure 3.16, the flow around a single fiber was simulated.
We performed the same processes used to create a filter domain to create a single fiber. The
cross-sectional shape of each fiber was isolated from an X-ray CT image. The fiber being
evaluated was located at the center of the y-z plane and was then pulled in the x direction.
The dimensions of the computational domain in the y and z directions were 312 um for each
axis, and 78 um in the x direction. A periodic boundary condition was applied in the x
direction. The uniform inlet velocity was set to 0.1 m/s at the left boundary (z = 0). The

pressure at the outlet boundary (z =312 pm) was set to 0. The calculations continued until a

steady state was reached.
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Figure 3.20 Pressure contours around (a) PPS and (b) PI single fibers for an inlet velocity
of 0.1 m/s

Figure 3.20 shows a comparison of the pressure contours around single PPS and PI
fibers. As shown in these contours, the pressure in front of the PI fiber was higher than for
the PPS fiber. In addition, the drag forces acting on the PI and PPS fibers were 8.26x101°
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N and 6.88x107'° N, respectively, quantitatively showing that the drag force for the PI fiber
was higher than for the PPS fiber. This was probably due to differences in the cross-sectional
shapes. It was considered that this drag force difference between the two types of fibers
contributed to the permeability difference between the two types of filters, as shown in
Figure 3.19. From this result, we confirmed that the permeability of a filter was influenced

not only by its porosity but also by the shape of its fibers.
3.3.5 Kozeny constant

Permeability and porosity have a close relationship that depends on the amount of void
space in the material. The permeability may also be influenced by the complexity of the flow
path inside the porous media. A common equation used to determine the permeability of
porous media is the Kozeny—Carman equation[28,29], which estimates the flow resistivity
in laminar flow. The Kozeny—Carman equation is given by

2
AL_p =k (18_—38) uS,*u

where k is the Kozeny constant, ¢ is the porosity of the filter, S, is the surface area per unit

(3-32)

solid volume, and u is the superficial velocity. The Kozeny—Carman equation indicates that
the velocity is proportional to the pressure drop and is inversely proportional to the fluid
viscosity[47]. The Kozeny—Carman equation has been applied to evaluate the flow resistivity

of various filters in previous research[48—50].

The Kozeny constant in Eq. (3-32) is a dimensionless value that represents the flow
characteristics in particle bed and porous media, which are correlated with the shape of the
flow path. The determination of the Kozeny constant is crucial for practical applications in
a porous medium, and it should be a known value[51]. However, it is difficult to obtain the
value of the Kozeny constant using experimental approaches because accurate measurement
of the filter surface area is required. In this study, we estimate the value of the Kozeny
constant numerically instead. The surface area per unit solid volume of the filter is calculated
numerically using the local volume fraction of the solid (a) defined by the immersed

boundary method as

_ Y600 Y|Valae
T YaAO® Y alo

S—AS 3-33
U_Vs (_ )

where A5 and Vs are the surface area and volume of the filter domain, respectively. d is the

delta function given by § = |Va|. A summation is taken for all the computational cells. By
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using the immersed boundary method, the surface area of a fibrous filter having a
complicated fiber arrangement can be estimated. Consequently, by introducing the surface
area per unit solid volume, conditions such as porosity, viscosity, and superficial velocity,
and the resultant pressure drop per filter thickness into Eq. (3-32), the Kozeny constant can

be obtained.
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Figure 3.21 Kozeny constant as a function of porosity for each filter domain

The Kozeny constant as a function of filter porosity is shown in Figure 3.21 and
indicates that the change in porosity did not affect the Kozeny constant (~ 0.60) in the PPS
filter. On the other hand, interestingly, the Kozeny constant of the PI filter increased with
increasing filter porosity. The value of the Kozeny constant was high in the high porosity
region, and vice versa. This difference may have been caused by the different flow paths
between the two filter domains because of the different arrangements of the fibers. This trend

agrees with the study reported by Ozgumus et al. [51].
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Figure 3.22 Effect of porosity on streamlines for (a) PPS and (b) PI filter

One of the most important parameters in the determination of the Kozeny constant is
tortuosity. As an assumption of the Kozeny—Carman equation, tortuosity is defined as the
ratio of the length of the flow path in a porous medium to the length of the flow path in the
absence of the porous medium[51]. Figure 3.22 compares the streamlines of different
porosities for both filters. In Figure 3.22 (a), the streamlines inside the filter media of PPS-
2 (¢=0.853) were similar to those of PPS-1 (¢ =0.883). Thus, it is assumed that the tortuosity
was also similar for both porosities, whereas in Figure 3.22 (b), the streamlines inside the
filter domain of PI-3 (¢ = 0.859) were shorter than those of PI-1 (e = 0.886). These results
can be used to qualitatively describe the results shown in Figure 3.21. Importantly, we can
quantitatively estimate the value of the Kozeny constant using the present method, in
particular, the calculation of surface area per unit solid volume. This data is very useful for

practical applications using porous mediums.
3.4 Conclusions

In this study, we constructed a 3D numerical simulation model to investigate the
permeation of gas through a fibrous filter. This model is based on CFD and the immersed

boundary method and was used to consider the hydrodynamic interactions between a fluid
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and solid. The X-ray CT images of polyphenylene sulfide (PPS) and polyimide (PI) filters
were used to construct realistic geometries of the filter domains. Several filter domains with
different porosities were simulated for various superficial velocities. The relationships
among filter porosity, superficial velocity, and pressure drop of the filter were investigated.

The following conclusions can be drawn from the results.

1. The effects of superficial velocity, filter porosity, and type of filter on the pressure drop
were investigated and analyzed based on Darcy’s law. The predictions from our
numerical method were quantitatively in good agreement with our experimental

measurements.

2. The permeability of the PI filter was lower than the PPS filter under the same porosity
conditions. Utilizing our simulation method, we clarified that the reason was that the

drag force acting on a single PI fiber was higher than on a single PPS fiber.

3. The Kozeny constant of the PPS filter was unaffected by changes in filter porosity,
retaining a value of approximately k£ = 0.6, while the Kozeny constant of the PI filter was

significantly affected by the filter porosity.

It is important to note that the pressure drop that occurred across the filter was also
affected by particle deposition during the filtration process for the bag-type filters evaluated
in this study. Thus, future work should introduce particle motion to further clarify the

permeation process of a nonwoven fibrous filter.
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Chapter 4

Direct Numerical Simulation of Permeation of Particles through a
Realistic Fibrous Filter Obtained from X-ray Computed Tomography

Images Utilizing Signed Distance Function

4.1 Introduction

Gas—solid two-phase flows are often encountered in various industrial processes. A bag
filter is a typical gas—solid flow system that, due to their economic appeal and collection
efficiency, is frequently used in chemical, environmental, and energy industries to control
the emissions of dust and harmful materials [1]. Polyphenylene sulfide (PPS) is one of the
most widely used materials for bag filters because it is extremely resistant to chemicals and
highly durable under high-temperature conditions (160 — 240 °C)[2—4]. Filtration processes
have recently received more attention to meet air pollutant emission standards, which have
become stricter because of the urgent need to improve the air quality and reduce the emission

of contaminants that may be harmful to human health.

The pressure drop across the filter media is a crucial aspect of the filtration system of
bag filters, which is a key factor in estimating the filtration life and required operating power.
During filtration, dust is deposited on the surface of the filter media forming a filter cake,
which is responsible for increasing the pressure drop of the system. Many researchers have
studied the bag filter mainly through an experimental approach, especially the effect of
operating conditions [5—7], filtration velocity [8,9], and filter treatment [10,11] on the cake
formation. However, the interaction between particles and filters is still unclear, as well as
how the cake layer grows on the filter media surfaces causing increased pressure drops. The
flow in a bag filter system is too complicated to fully characterize experimentally because

of the complex geometry of the fibrous material.

Numerical simulations are effective and useful for studying the flow field and particle
motion within porous media such as bag filters. Several researchers have also investigated
the filtration system of porous media using numerical simulation, in both 2D and 3D cases.
For 2D simulation cases, most researchers have used simple shapes, such as cylindrical fibers.
Karadimos and Ocone [12], Wang et al. [13], Mino et al. [14,15], and Muller [16] used a

simple 2D cylindrical fiber model to simulate the filtration process in a fibrous filter.
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Karadimos and Ocone simulated the loading process of aerosol particles on a 2D cylindrical
fiber and investigated the influence of fluid flow recalculation around a single fiber during
the loading process. Wang et al. investigated the particle deposition on a cylindrical fiber
filter under laminar flow using the lattice Boltzmann method. Mino et al. simulated the
permeation of oil-in-water emulsions through a coalescing filter using the lattice Boltzmann
method. They investigated the effect of fiber diameter [14] and filter structure [15]. Fuse et
al. [17] also investigated the permeation of dispersed particles through a pore, and the
transmembrane pressure behavior in dead-end microfiltration using 2D direct numerical
simulation. For 3D simulation cases, researchers have usually used simple geometries such
as filtration through cylindrical pores and filtration through cylindrical fibers. For example,
Ando et al. [18] simulated the permeation of particles through cylindrical pores in dead-end
microfiltration. They investigated the effect of pore size on particle fouling. Tao et al.[19]
simulated the filtration of microparticles within arranged cylindrical fibers using a coupled
simulation based on computational fluid dynamics and the discrete element method (CFD-
DEM). They examined the pressure drop and filtration efficiency of the system. Fotovati et
al.[20] and Pradhan et al.[21] investigated the effect of 3D fiber orientation distribution on
filtration media performance using a modified discrete phase model and a stochastic ordinary
differential equation model, respectively. They created a filter with a regular arrangement of
uniform cylindrical straight fibers. Fotovati et al.[20] focused only on in-plane fiber
orientation, whereas Pradhan et al.[21] varied the fiber orientation only in the perpendicular
plane, and the parallel plane orientation was kept constant. Hosseini and Tafreshi [22]
generated 3D fibrous material to simulate filtration efficiency and the fibrous filter pressure
drop. Yue et al. [23] established a three-dimensional random structure of a fibrous filter and
investigated the filtration process using the CFD-DEM method. They assumed that the fiber
arrangement was three-dimensionally random, and all fibers had an in-plane fiber orientation
at a random angle and the same diameter. Although 3D geometries of fibrous media have
been successfully created, several assumptions are still taken while creating a fibrous filter.
Recently, our group has successfully developed a 3D fluid dynamics simulation method that
utilized X-ray CT images of an actual fibrous filter.he robustness of the method was proved
by simulating single-phase flow permeation through a fibrous filter, and the simulated
pressure drop was in good agreement with experimental results and previous empirical
equations [24]. The simulation of two-phase flow and droplet coalescence of an oil-in-water

emulsion permeating through a fibrous filter was also conducted using our method [25].
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In numerical simulations, the wall boundary is usually modeled by surface equations
[26] or meshes [27]. The surface equations are useful in creating simple regimes, for example,
spheres, cylinders, rectangular, and cones, but it is not easy to express complex geometry
shaped walls. The meshes are more adaptable for arbitrary shapes, but it is difficult to detect
collisions between particles and walls. A simple boundary model where a scalar field
expresses the wall boundary with a signed distance function (SDF) was proposed to solve
these problems [28]. An arbitrarily shaped wall boundary can be easily created without any
complicated algorithm, and the collision can be detected without any complicated
procedures. The application of SDF has been proved through validation tests in die-filling,
hopper, mill, and screw conveyors [29-32]. Although the robustness of the SDF model was
demonstrated in some practical granular flow systems, the application of the SDF model to
filtration systems has not yet been examined. It is challenging to calculate the SDF of the
actual filter media due to its complex geometry, as shown in the X-ray CT images. In
previous studies, a number of researchers have reconstructed the SDF from arbitrary shapes
using the fast marching method [28,33] and an interpolation method that finds the closest
point on the interface [34,35] in the numerical simulation of free-surface flow. In specific, a

coupled level set and volume of fluid method has been employed.

Although these methods can describe the SDF, Cummins et al. pointed out that the error
in the curvature defined by the reconstructed SDF did not decrease at high spatial resolutions
[36]. Hayashi et al. explained that the interface profile reconstructed from the Cahn-Hilliard
equation based on the phase-field model [37] improved the accuracy of the curvature and
normal vector, which is used for the calculation of the contact force between the surface and
the particle in the discrete element method (DEM) owing to the linearity of the interface

profile reconstructed in the phase-field model [38].

In the present study, we propose a new method to create an SDF from the microstructure
of an actual bag filter obtained from X-ray CT images by utilizing a phase-field model and
a level set method. A direct numerical simulation model was constructed to investigate the
permeation of particles through a fibrous filter by coupling the immersed boundary method
and SDF. A commercial polyphenylene sulfide (PPS) nonwoven fabric filter was utilized.
Because this model realistically expresses the microstructure of the fibrous filter, the fluid
flow around the fibers, and the contact between particles and the fiber surface were
accurately described during simulations. To demonstrate our simulation method, direct

numerical simulations of the permeation of particles through the realistic microstructure
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created from X-ray CT images of the PPS filter were performed. This study focused on the
physical interaction between the gas—solid flow and the fibers, where the fibers were
randomly arranged and oriented perpendicularly and parallelly to the main flow direction.
From the simulation results, the suitability and applicability of the present numerical

framework to simulate gas—solid flow inside an actual fibrous filter were confirmed.
4.2 Numerical methods
4.2.1 Fluid and particle motions

In this model, the incompressible Newtonian fluid is governed by the continuity and

Navier—Stokes equations, which are expressed as follows:

V-u=0 (4-1)
6u+ Vu = 1v +1v Vu+g+f 4-2
5; TuVu= ) p ) nVu+g (4-2)

where u is the velocity, ¢ is the time, p is the pressure, and g is the gravitational acceleration.
The density p and viscosity # of the fluid were assumed to be constant. A Cartesian grid
system was used for the arrangement of the Eulerian variables.

The motion of each particle is tracked based on the Lagrangian approach using Newton’s

law of motion. The translational and rotational motions of a solid particle are given by

dv
mpd_tp= F, +ZFc+mpg (4-3)
dw
P
Ip ? = Th + Z TC (4'4)

where mj, denotes the mass of the particle, v, is the translational velocity of the particle, 7, is
the moment of inertia, @, is the angular velocity, and Fy, F¢, T, and T, are the hydrodynamic
and contact forces, and the hydrodynamic and contact torques acting on a particle,
respectively. Note that the van der Waals force acting on the particles is neglected because
the calculation of the contact force between the particle and the fiber surface using SDF is

the focus of this study.

The hydrodynamic interaction between the solid (particles and filter) and fluid is
expressed as the momentum exchange at the solid—fluid interface. The immersed boundary
method (IBM) [39,40] was employed to solve these momentum exchanges. The volume-

averaged velocity u is defined as follows:
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u=oau,+ (1-au (4-5)
where a represents the local volume fraction of the solids in the computational cell. u, and

ur are the velocities of the solid phase and fluid phase, respectively.

The velocity inside the particle can be decomposed using the translation, and the

rotational components of the particle motion as given by

U, =Vp +wp Xr (4-6)
where r is the relative position vector between the center of the particle and the grid. The
force f is introduced to modify the calculated velocity to the desired velocity according to

each phase, such that f is defined as follows:

B a(up - u*) 4
f=—"t— (4-7)

where u” is the fluid velocity temporarily obtained in each iteration, and At is the time step.
If the cell is located inside the solid region (a = 1), the velocity is equal to the velocity of the
solid. Conversely, if the cell is located within the fluid region (a = 0), the velocity is equal
to the local fluid velocity. The solid volume fraction of the particle was estimated using the

smoothed profile method [41].

The hydrodynamic force and torque acting on the particle are obtained by integrating

the interaction force over the particle volume:

F,=—p | fdv (4-8)

p
T,=—-p | fXRdAV (4-9)
p
where V), is the volume of the particle and R is the relative position vector from the center

of the particle.

This study employed the DEM [42] to calculate the contact force acting on each particle.
The particles were modeled as solid spheres, and it was assumed that the particles could
overlap each other when the contact occurred. The contact force F. between the particles is

divided into the normal and tangential components as follows:

F. =F. +F. (4-10)
where the subscripts n and t indicate the normal and tangential components, respectively.

The contact force acting on a solid particle is given by elastic and damping forces. The elastic
95



Chapter 4 Direct numerical simulation of permeation of particles through PPS filter

force is expressed by analogy with Hooke’s law for springs. The normal component F,_ is

expressed as

Fo, = —kpd, —npvy (4-11)

and the tangential component by:

—kp8y —1MpVn (lFCtl = .“ppchnD

v,
_'“pchnllTil (lFCtl > /lppchnD

(4-12)

F., =

where k; 1s the spring constant, 8 is the overlap distance between particles, 7, is the damping
coefficient, v is the translational velocity of the particle, and yp is the friction coefficient.

The damping coefficient is acquired based on the energy dissipation, given by

f k
n, = —2(Ine) % (4-13)

where e represents the restitution coefficient.
4.2.2 Wall boundary model of fiber surface

The boundary condition of the fiber surface for fluid computation was also described by
IBM. An arbitrary shape wall boundary can be easily created by IBM. The velocity of the
fibers was assumed to be zero in this study. When we set up, = 0 in Eq. (4-7), the velocity is
forced according to the solid volume fraction a in the cell of the fiber, and the no-slip
condition on the fiber surface is implicitly achieved. Although no specifications of the
boundary conditions around the solid are required, the no-slip boundary conditions on the
solid surface can be realized in the structured grid system. This method is suitable for the
description of solids with complex geometries [42,43], such as fibrous filters.

The contact interaction between the particles and the filter was calculated as the contact
between the particles and the wall boundary, where the arbitrary-shaped wall boundary
model was expressed by the scalar field with the SDF. The advantage of the SDF model is
that the collision detection procedure is unaffected by the complexity of the boundaries. The

SDF, denoted by ¢, is defined as follows:

Px) = dx)s(x) (4-14)
where d(x) is the minimal distance from the position vector x to the surface of the solid, and

s(x) is the sign, which is negative for x inside the solid and vice versa. The normal component
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of the contact force based on the improved SDF model by Shigeto and Sakai [29] is
expressed as follows:
FCSIPF = —kPSEDFlvqbl — NpVn (4'15)
and the tangential component by:
—kp8PF —mpve ([Fe| < "R, )

Vi
N N

(4-16)

F., =

_'uplFCnl

The superscript SDF indicates the case when an overlap occurs between particle and solid
(filter structure) surfaces obtained from the SDF. The purpose of the simulation in this study
is to qualitatively represent the contact behavior of particles on the fiber surface by using
SDF. Therefore, the parameters of stiffness and friction coefficient of the fiber used in the
simulation are based on the previous studies [29-32], which had been sufficiently validated
by comparing simulations and experiments in several studies. The value of the parameters
of the fiber are also adopted the same with the particle because the effect of hydrodynamics
force on particle motion is more dominant than the effect of stiffness[45]. The application
of the SDF in the DEM simulation has been validated in several studies, such as in a die-

filling [46], in an industrial blender [47], and in a ribbon mixer [48].

The wall boundary model combined with the SDF and IBM has been validated
sufficiently. This method has been employed in several industrial applications such as
fluidized beds [31], spouted beds [49], and gas—solid flows between thin walls [50]. The
simulation results were shown to be in good agreement with the experimental results, and
thus, the adequacy of the wall boundary model combined with the SDF and IBM has been

proven.
4.2.3 Creation of filter domain

A commercial PPS fibrous filter (Procon, Toyobo Co., Ltd) was employed in this
simulation. The microstructure of the filter was modelled in the simulation based on an
image processing method using X-ray CT, which was reported in our previous work [24].
The filter sample was scanned using a high-resolution X-ray CT system at an energy level
of 30 kV and 0.075 mA (TDM1000H-Sp, Yamato Science Co., Ltd). The X-ray CT images
were then processed as follows. First, Adobe Photoshop was used to reduce the noise, invert,
and set the threshold of the images to obtain a binary image of the PPS filter. After that, the

images were smoothed and converted to text file data using the open-source Imagel/Fiji
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software, which outputs a combination of numbers in the range from 0 to 255 according to
the color brightness of each pixel. Finally, the solid volume fraction « used for the IBM was
determined by linear interpolation of the text file data. Illustration of image processing
procedure is shown in Figure 4.1 and the detailed explanation can be found in our previous

work [24].

Figure 4.1 Image processing procedure for X-ray CT images of PPS filter: (a) a slice of X-
ray CT images, (b) images after noise reduction, (c) images after inverting and thresholding,

(d) images after smoothing process by Fiji, and (e) contour of solid volume fraction

The filter domain used for the simulation was created using voxel data with dimensions
of 58.5 x 58.5 x 58.5 um corresponding to the x, y, and z directions, respectively. It should
be noted that the size of the filter domain should be kept small to reduce the simulation time.
Four filter domains were prepared. The visualization of each domain is presented in Figure
4.2. It can be seen that the arrangement and fiber orientation of each filter domain are clearly
different. The porosity of each filter domain was calculated using the solid volume fraction

a.

21— a)Ae

510 (4-17)

where ¢ is the porosity, and A@ is the cell volume, and the summation is taken for all the

grid cells in the filter domain.
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Figure 4.2 Filter domains created from X-ray CT images. The length of all sides of the

domains is equally 58.5 pm.

4.2.4 Calculation of signed distance function from complex geometry obtained by X-
ray CT images

lid ph
Solid phase Eq. (4-19)

4

Solid volume fraction &

Fluid phase

Order parameter ¢
)
e,
| =
Signed distance function ¢
=

0 0 0
Distance from interface Distance from interface Distance from interface

Figure 4.3 One-dimensional schematic illustration of the present scheme for calculating
the signed distance function from solid volume fraction obtained from X-ray CT

processing.

In this study, we propose a method to calculate the SDF value around the complex
geometry of the filter microstructure obtained from X-ray CT images using the phase-field

model and the level set method [51]. The scheme of this method is shown in Figure 4.3.
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First, the solid volume fraction of the filter microstructure obtained from the X-ray CT
images was transformed into the order parameter ¢ for the phase-field model, where ¢ = 1
for the solid, ¢ = —1 for the fluid, and —1 < ¢ <1 for the interface. The aim of this procedure
is to convert the solid—fluid interface with a sharp interface profile to a smoothed interface
profile defined by the phase-field model. When an interface was located at the yz-plane
(normal to the x-axis), the interface profile of the order parameter was analytically expressed
as

c(x) = tanh (?) (4-18)

where ¢ is the width of the interfacial region and is set to 1.5Ax (Ax is the mesh size). To
obtain the order parameter from the solid volume fraction, the following Cahn-Hilliard
equation was employed.

2= — MV? 4-19
. Veu (4-19)

where 7 is the pseudo time, and M is the mobility, which is a positive constant that affects
the reconstruction of the diffusive interface. u is the chemical potential and is expressed as

follows:

u=f'(c) —kVic (4-20)
where x is the gradient energy coefficient. f{c) is the bulk energy, which is written in the

following double-well potential.

flo) = —%(ZCZ —c* (4-21)

where a is a positive constant, and the potential yields two minima at ¢(x) =—1 and ¢(x) = 1.

In addition, at equilibrium, the following relationship holds for a, x, and &

N i (4-22)

By iteratively calculating Eq. (4-19), the order parameter can be obtained from the solid
volume fraction. Note that, if the number of iterations is increased, the interfacial shape will
gradually change so that the interface area is minimized. Thus, it is necessary to set the
number of iterations to an appropriate value. In this study, the number of iterations of Eq.
(4-19) was set to 200. Here, considering that the profile of the solid volume fraction is 0 <

a < 1 and the profile of the order parameter is —1 < ¢ < 1, ¢, = Za — 1 was used as the
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initial value for calculating Eq. (4-19). The central difference and Euler schemes were
applied to calculate the right-hand side and unsteady term of Eq. (4-19), respectively. The

pseudo time step and mobility were set to 8.2 x 107 s and 5 x 103 m*-s/kg, respectively.

Next, we obtain the SDF from the order parameter. Because the interface profile of the
order parameter is described as a hyperbolic function, as shown in Eq. (4-18), the order
parameter is mathematically linear at the solid surface. Hence, the SDF at the solid surface

can be calculated as follows:

$o =4c (4-23)
Using the obtained ¢o as the initial value of ¢, the following reinitialization equation is
solved:

g

Fri sign(¢)(1 — |Ve|) (4-24)

where sign(¢) is the smoothed sign function and is given by

sign(¢) = - (4-25)
JP? + Ax?

Eq. (24) can be rewritten in the following advection equation.

0

% + w- V¢ = sign(¢) (4-26)
where

: Vo
w = sign(¢) Vol (4-27)

This procedure is called the reinitialization process in the level set method, in which the SDF
is reconstructed according to the interface shape. Eq. (4-26) implies that ¢ is advected with
the characteristic velocity w pointing outwards from the surface [52]. Therefore, by
iteratively calculating Eq. (4-26) until the solution converges, the SDF on the solid surface
propagates across the entire computational domain, resulting in a field of the SDF. The
essentially non-oscillatory and Runge-Kutta schemes were applied to calculate the

convection and unsteady terms of Eq. (4-26), respectively [52].

The shape of the filter might be slightly changed during the reinitialization process
because of the non-conservation property of the volume. In the present reinitialization
process, the filter volume has decreased by less than 4%. We should investigate the

installation of a method for preserving volume in a future work. Therefore, the solid volume
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fraction of the filter needs to be recalculated based on the SDF, as proposed by Sun and
Sakai [43]. The cell can be categorized as a fluid zone (¢ > 0) and a solid zone (¢ < 0). The
solid cells are identified by the SDF value, where ¢ is non-positive for at least one of the two
adjacent cells. It should be noted that Eq. (4-26) results in the sign of ¢ being negative in the
fluid zone and positive in the solid zone. Therefore, we inverted the sign of ¢ after calculating
Eq. (4-26) in order to make it consistent with the settings proposed by Sun and Sakai et al
[43].

4.2.5 Simulation details

The governing equations for the fluid flow were solved numerically using the explicit
fractional step method. The central difference method was applied to discretize the
convection and diffusion terms. The pressure gradient and continuity equations were solved
by the projection method [53]. The differential equations were solved iteratively using the
alternating direction implicit method [54]. The velocity and position vectors of the particle
computation were updated using the symplectic Euler scheme. The time step Az was limited
by the Courant-Friedrichs-Lewy condition and the diffusion number condition of the fluid

computation, and the stiffness in the contact by DEM:

CAx DpAx? m
At < min( p —p>

) ) 4-28

Ul 7K (329
where C is the Courant number, which is usually less than 0.3, and D is the diffusion number,
which is less than 0.5. The simulations were performed with a stable time step that satisfied

Eq. (4-28).
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Figure 4.4 Computational domain for simulation of particle permeation through the filter

domain.
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Figure 4.4 shows the computational domain for the simulations. The size of the
computational domain was 58.5 x 58.5 x 156 um, and the domain was equally divided into
75 x 75 x 200 cells in the x, y, and z directions, respectively. The main flow direction was
set according to the flow along the z-axis. A total of four particles (Particle 1, 2, 3, and 4)
with a diameter of 5 pm, together with a fluid, were set to flow from the left to the right
boundaries. 4 particles were chosen because it is easy to track the particle position and will
be used to investigate the permeation behavior during permeation process. For the boundary
conditions, the inlet velocity on the feed side was set as uniform at a constant value of 0.2
m/s. The Neumann condition was applied to the outlet boundary. The slip boundary
conditions were applied to the other boundaries. The velocity and pressure at the steady state
obtained from the simulation in the absence of particles were used as initial conditions. The
center of each particle was initially placed at (x [um], y [um], z [um]) = Particle 1 (14.6,
14.6, 10), Particle 2 (14.6, 43.9, 10), Particle 3 (43.9, 14.6, 10), and Particle 4 (43.9, 43.9,
10). The particles then flowed with the same translational velocity as the inlet uniform
velocity of the fluid. Nitrogen gas at a temperature of 298.15 K was used as the fluid and
glass bead was used as particles in this simulation. The physical properties of the fluid and

particles are listed in Table 4-1.

Table 4-1 Physical properties of the fluid and particles used in the simulation

Fluid properties

Viscosity 1.76 x 10” Pa-s
Density 1.25 kg/m?
Particle properties

Density 2500 kg/m?
Diameter 5 um

Spring constant 50 N/m
Coefficient of restitution 0.9

Coefficient of friction 0.3

4.3 Results and Discussion

First, we calculated the SDF value of each filter domain using our method. Figure 4.5(a)
shows the iso-surface of PPS-2, where the SDF was equal to 0. The fiber surface shown by

the SDF was smoother than the original fiber surface reconstructed from the X-ray CT
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process, as shown in Figure 4.2, especially at the edges. This is due to the nature of the
Cahn-Hilliard equation. Choi et al. applied the Cahn-Hilliard equation for smoothing
piecewise linear shapes of various objects [55]. They explained that the gradient energy
coefficient x, which determines the interface thickness, affects the degree of surface
smoothing. Increasing the value of x increases the smoothness of the surface, whereas
decreasing it may ultimately turn the surface into a profile mosaic. Although the shape was
slightly changed, the representation of the original filter shape was still successfully created.
Figure 4.5(b) shows a comparison of the SDF value and solid volume fraction a. The SDF
value of the cell inside the filter is negative, as shown by the dashed line, and the SDF value
is positive when the cell is located in the fluid region. The red line represents a = 0.5. It is
clearly seen that the location of a = 0.5 corresponds to an SDF value of 0, which is located
at the surface of the fibers. In addition, it can be seen that the smooth SDF contours were
arranged at equal intervals according to the surface shape. This indicates that our method is
useful for calculating the SDF value of the complicated geometry created from X-ray CT

images.

(a) >
<9

(—-

— | *dashed line = negative value
SDF [um]
[ T
-3 -2 -1 0 1 2 3

Figure 4.5 SDF in the computational domain including PPS-2. (a) Iso-surface of SDF
value = 0 and (b) cross-sectional view of SDF and iso-surface of solid volume fraction
value = 0.5 at y = 18.25 um.
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4.3.1 Application of the signed distance function

To check the application of the SDF model, we first compared the permeation behaviors
of the four particles through PPS-3 with and without SDF. It should be noted that in a very
recent study, Pan et al. simulated the particle and fluid behavior through a realistic porous
membrane obtained by X-ray CT [56]. This study did not consider the contact forces between
the particle and the solid surface. This is because the fluid drag force was considered to be
dominant in the simulation. However, Mino et al. quantitatively showed that the contact
force between the particle and solid surface has a significant effect on the permeation
behavior in the pore, even in systems where fluid drag is dominant [57]. In order to clarify
the effect of the contact force between the particle and the solid surface on the particle
permeation behavior through the realistic porous structure obtained by X-ray CT, we

compared the simulation with and without SDF.

t =0.280 ms t=0.265ms
1 =10.350 ms t = 0.380 ms
t=10.725 ms t = 0.490 ms
t = 0.900 ms t=0.625ms

. in front of fiber

B e Feshadber

0 01 02 03 04 o5 U : penetrate to fiber

Figure 4.6 Time variation of permeation behavior of particles through PPS-3 (a) without

SDF and (b) with SDF. Colors of particle and streamlines represent magnitude of velocity

in z-direction.

105



Chapter 4 Direct numerical simulation of permeation of particles through PPS filter

Figure 4.6 (a) and 4.6 (b) illustrate the snapshots of the permeation behaviors of particles
through PPS-3 without SDF and with SDF, respectively. The line corresponds to the
trajectory of each particle, where solid black line indicates the particle in front of the fiber,
grey dash line indicates the particle behind the fiber, and the red dash line indicates the
particle penetrating into fiber. The particles and streamline colors correspond to the
magnitude of the translational velocity in the main flow direction. In both cases, all of the
particles were transported to the filter domain accompanied by the fluid flow. Without SDF,
Particles 3 and 4 passed through the fiber surfaces and penetrated into filter despite the
presence of fibers (Figure 4.6 (al) and 4.6 (a2)). This occurred because in the case without
SDF, the distance between the particle and the surface of the fiber could not be calculated.
Thus, the contact force between the particles and the fiber surfaces could not be calculated.
These particles moved through inside the fiber as shown in Figure 4.6 (a2) and 4.6 (a3).
The particle velocities of Particles 3 and 4 significantly decreased because the velocity inside
the fiber was set to 0. The particles then exited from the fibers and transported towards the
right boundary of the computational domain accompanied by the fluid flow (Figure 4.6 (a3)
and 4.6 (a4)). Particles 1 and 2 were also immersed in the fiber (Figure 4.6 (a2)) because
they were slightly in contact with them. Then, the particles moved towards the right
boundary of the domain. From the above results, it was found that reasonable particle
behaviors could not be expressed without appropriate boundary conditions on the fiber
surface when the particles were in contact with the fibers. With SDF, Particles 3 and 4
contacted the front of the fibers and bounced back several times, as shown in Figure 4.6
(b1) and 4.6 (b2). Because the fibers were tightly arranged in the upper part of the filter
domain, the particles could easily come in contact with the fibers. After the particles moved
while being in contact with the surface of the fiber (Figure 4.6 (b2) and 4.6 (b3)), they were
transported through the gaps between the fibers and then towards the right boundary of the
computational domain accompanied by the fluid flow (Figure 4.6 (b3) and 4.6 (b4)).
Particles 1 and 2 entered the filter domain through the bottom region (Figure 4.6 (b1)) and
contacted the fibers (Figure 4.6 (b2)). The particles were then transported by the fluid flow
(Figure 4.6 (b2) and 4.6 (b3)). All of the particles were in contact with the fiber, and the

contact behaviors were reasonable due to the SDF.
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Figure 4.7 Trajectories of particles during permeation through PPS-3: (a) without SDF,
and (b) with SDF

For a more detailed investigation of the particle behavior, the particle position in the main
flow direction was tracked. Figure 4.7 (a) and 4.7 (b) show the trajectories of the particles
passing through PPS-3 without SDF and with SDF, respectively. In both cases, the positions
of the particle center initially increased with time, indicating that the particles moved
towards the filter domain. Without SDF (Figure 4.7 (a)), the position of the center of Particle
2 reached 150 pum earlier than in the other cases, showing that Particle 2 immediately left the
filter domain after detaching from the fiber. This is due to the fact that Particle 2 did not
penetrate into a fiber as well as the other particles, as shown in Figure 4.6 (al). For Particles
3 and 4, the slope of the particle center was significantly decreased by approximately 0.2 ms.
This occurred because Particles 3 and 4 penetrated deep into the fibers, as shown in Figure
4.6 (a2) and 4.6 (a3). The slope of the particle center, which represents the particle velocity,
significantly decreased when the particle was immersed in the fiber and increased gradually
after the particle was detached from the fiber. With SDF (Figure 4.7 (b)), in the cases of
Particles 1 and 2, the slopes of the particle position changed at approximately 0.3 ms,
showing that Particles 1 and 2 only contacted once with the fibers (Figure 4.6 (b2)) and then
left the filter domain (Figure 4.6 (b3)). This occurred because there were only a few fibers
in their flow paths. On the other hand, in the case of Particle 3, the position of the particles
barely changed from approximately 0.25 ms to 0.45 ms. This indicates that the particle
moved on the fiber surface after contact with the fiber, as seen in Figure 4.6 (b1) and 4.6
(b2). In Particles 3 and 4, several inflection points in the slope of the particle position can be
seen. Particles 3 and 4 made several contacts with the fibers because there were several fibers

in their flow paths (Figure 4.6 (b1) — 4.6 (b3)). With SDF, since both the snapshots and the
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particle trajectories showed reasonable results, we can say that the permeation of particles

through a complicated geometry of a fibrous filter was successfully simulated by applying

SDF.

4.3.2 Effect of fiber orientation
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Figure 4.8 Time variation of permeation behavior of particles through PPS-1. Colors of

particle and streamlines represent magnitude of velocity in z-direction.

In this study, we investigated the effect of the filter structure, i.e. fiber orientation, on the
permeation behavior of particles through the PPS fibrous filter. First, we simulated the
permeation behavior of the particles through a filter domain with a perpendicular fiber
orientation. PPS-1 contains four fibers oriented relatively perpendicular to the main flow
direction. The porosity of PPS-1 was ¢ = 0.794. Figure 4.8 shows the snapshots of the
permeation behaviors of particles through PPS-1. Particles 1 and 3 contacted the front fibers
at the inlet of the filter domain (Figure 4.8 (a)). The dark blue color on Particles 1 and 3
indicates that the particle bounced back and moved in the opposite direction of the main flow
(Figure 4.8 (a)). Particle 1 was pushed back by the fluid flow and then moved below the
bottom fiber (Figure 4.8 (b) and 4.8 (c)). The velocity of Particle 1 gradually increased as it
passed through the narrow flow path and then exited from the filter domain without making
further contact with the fibers (Figure 4.8 (¢) and 4.8 (d)). At the same time, Particle 2
contacted the upper side of the bottom fiber (Figure 4.8 (a) — 4.8 (¢)) and flowed through
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the gap between the two front fibers (Figure 4.8 (d)), while Particle 3 was still restrained in
front of the upper fiber because it contacted with a flat surface (Figure 4.8 (b) and 4.8 (c)).
After contact with the upper side of the back fiber, Particle 4 moved through the upper part
of the filter domain and then exited (Figure 4.8 (¢) and 4.8 (d)). For PPS-1, all particles were

in contact with the fibers.
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Figure 4.9 Trajectories of particles during permeation through PPS-1.

Figure 4.9 shows the trajectories of the particles passing through PPS-1. In the early stage
when the particles approached the inlet of the filter domain, the position of the particle center
increased with almost the same slope. This indicated that they moved at the same velocity
until the particles were positioned near the inlet of the filter domain. In the case of Particle
1, the slope of the particle position was sharply changed at approximately 0.25 ms and then
continuously increased with time, showing that Particle 1 only contacted once with the fiber
at the inlet of PPS-1 (Figure 4.8 (a)) and then left from the filter domain without further
contact. For Particle 2, inflection points can be seen at approximately 0.32 and 0.51 ms,
indicating that Particle 2 contacted the fiber twice, as shown in (Figure 4.8 (b) and 4.8 (d)).
The position of the center of Particle 3 remained almost the same below approximately 60
um, which corresponds to the inlet of PPS-1, from approximately 0.25 to 0.45 ms. This
occurred because Particle 3 was restrained in front of the inlet of the filter domain, as shown

in (Figure 4.8 (a) — 4.8 (¢)), and started to permeate to the filter domain after that (Figure
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4.8 (d)). For Particle 4, the slope sharply changed at approximately 0.38 ms, showing that

Particle 4 only contacted once, as shown in Figure 4.8 (c).
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Figure 4.10 Time variation of permeation behavior of particles through PPS-2. Colors of

particle and streamlines represent magnitude of velocity in z-direction.

Then, we investigated the permeation behavior of the particles through PPS-2. The
porosity of PPS-2 was ¢ = 0.780. PPS-2 contained five fibers oriented relatively parallel to
the main flow direction. Figure 4.10 illustrates the snapshots of the permeation of particles
through PPS-2. Particle 4 contacted the left upper fiber (Figure 4.10 (a)) and then contacted
the right upper fiber (Figure 4.10 (b)). The other particles entered the filter domain with
various velocities according to the flow paths and fluid velocity around them. Particle 3
entered the filter domain (Figure 4.10 (a)) and then went through the filter domain very fast
(Figure 4.10 (b)) since it passed through the upper region of the filter domain where the
fluid velocity was high. On the other hand, Particles 1 and 2 entered the filter domain at
relatively the same velocity as the lower part, as shown in Figure 4.10 (a). Then, the velocity
of Particle 2 gradually increased since it passed through a small gap between the
perpendicular and right fibers until it left the filter domain (Figure 4.10 (b) and 4.10 (c)).
Particle 1 was slightly in contact with the right fiber, as shown in Figure 4.10 (d), then
bounced downward and flowed over the perpendicular fiber. In contrast to the case of the
perpendicular fibers (PPS-1), only Particles 1 and 4 contacted the fibers and the other

particles flowed away without contact during the permeation process, despite having lower
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porosity than PPS-1. This occurred because parallel fibers have a smaller projected contact
area and a more dominant open space area than perpendicular fibers under the same porosity,

and therefore the contact probability is also smaller.
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Figure 4.11 Trajectories of particles during permeation through PPS-2.

Figure 4.11 shows the trajectories of the particles passing through PPS-2. Similar to the
case of PPS-1, the positions of all particle centers increased with time until the inlet of the
filter domain, indicating that the particles moved with the same velocity in front of the filter
domain. The position of Particle 1 continuously increased until approximately 0.45 ms when
the slope of the particle position slightly decreased. This indicates that the particle velocity
decreased because it contacted with the right fiber, as shown in Figure 4.10 (d). The trends
of Particles 2 and 3 were nearly identical. The slopes were roughly equal until the position
approached the inlet of the filter domain and increased thereafter. No clear inflection points
could be seen in the trends of Particles 2 and 3, except at the inlet of the filter domain, which
means that the particles did not contact any fibers during the permeation process. In the case
of Particle 4, inflection points were found at approximately 0.25 and 0.35 ms, showing that
two contacts occurred, as shown in Figure 4.10 (a) and 4.10 (b). After the second contact,
the slope of the particle center, which is the particle velocity, increased gradually because
the particle passed through a high-velocity region in the upper part of the filter domain
(Figure 4.10 (d)).
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Figure 4.12 Time variation of permeation behavior of particles through PPS-4. Colors of

particle and streamlines represent magnitude of velocity in z-direction.

We also investigated the behavior of particles that permeated through more complex
fibers. PPS-4 contains parallel, perpendicular, and curved fibers with a porosity of ¢ = 0.665.
Figure 4.12 shows the snapshots of the permeation of particles through PPS-4. Particle 4
entered the filter domain with high velocity (Figure 4.12 (a)) and then bounced back after
contact with the back fiber (Figure 4.12 (a)). Because the fluid velocity on the right side of
the filter domain was high, Particle 4 was pushed back (Figure 4.12 (c)) and left the filter
domain at high velocity (Figure 4.12 (d)). Particle 3 entered the filter domain through the
upper side, then contacted the back fiber (Figure 4.12 (c)) and bounced downward (Figure
4.12 (d)). Particles 1 and 2 entered the filter domain through the lower part, where several
fibers were tightly arranged. Particle 2 slightly contacted the bottom side of the middle
parallel fiber (Figure 4.12 (c)) and then flowed through the gap between the fibers (Figure
4.12 (d)). Particle 1 was in contact with the middle fiber (Figure 4.12 (d)) and then bounced
downward. Similar to the case of perpendicular fibers (PPS-1). All of the particles were in
contact with the fibers during the permeation process. The frequency of contact increased as

the number of fibers increased with more complex arrangements.
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Figure 4.13 Trajectories of particles during permeation through PPS-4.

Figure 4.13 shows the trajectories of the particles passing through PPS-4. At the initial
stage, 2 different trends can be seen, namely, the trend of Particles 1 and 2, which moved
through the lower velocity region at the bottom of the filter domain, and trends of Particles
3 and 4, which moved through the higher-velocity region in the upper part of the filter
domain, as shown in Figure 4.12 (a). In the case of Particle 1, the slope of the particle
position was changed at approximately 0.44 ms, showing that this particle contacted the
center fiber, as shown in Figure 4.12 (d). Another inflection point can be clearly seen at
approximately 0.66 ms, indicating that the contact occurred again. Particle 1 was inside the
filter from approximately 0.28 to 0.79 ms, which was longer than the other particles. This
occurred because of the presence of several fibers around the flow path of Particle 1, which
easily made contact and held Particle 1 within the filter domain. For Particle 2, the slope of
the particle position increased after approximately 0.32 ms because the fluid velocity was
higher owing to the narrow flow path within the filter domain. No inflection point is clearly
seen, although contact is inferred because of the slight change in trajectory (Figure 4.12 (c)).
For Particle 3, the slope of the particle position decreased from approximately 0.40 to 0.44
ms. This occurred because Particle 3 contacted the back fiber and moved down (Figure 4.12
(c) and 4.12 (d)). For Particle 4, the inflection point was clearly seen at approximately 0.30
ms when the contact occurred with the back fiber, as shown in Figure 4.12 (b). The position

of Particle 4 was decreased until 0.35 ms, showing that Particle 4 bounced back. This
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occurred because Particle 4 flowed relatively fast when the contact occurred, as shown by

the red color in Figure 4.12 (a).

From the above results, it can be seen that the permeation behavior of the particles
changed significantly due to the differences in the filter microstructure. The particles tended
to contact the fibers in a perpendicular orientation because their projected areas were larger
than those in a parallel orientation. The residence time of the particle inside the filter
structure differed greatly under this situation, depending on the initial position. The
trajectory was significantly different even after the particles entered the filter depending on
their flow path. In addition, lower porosity increased the frequency of contacts, thus

increasing the duration of the particles inside the filter structure.

It is difficult to quantitatively compare our study with previous experiments studies.
This is because the filter thickness and size used for the present simulation are much smaller
than actual filters used for experiments. However, results correspond with the previous
studies [20,21,58], where the parallel (in-plane) fiber orientation has a little effect on the
filtration process because of less contact between particles and fiber. While the perpendicular
(through-plane) fiber orientation has a greater effect on the filtration process due to the

frequency of contact.
3.4 Conclusions

A direct numerical simulation model was developed to investigate the permeation
behavior of particles through a PPS fibrous filter. This model was based on a two-way
coupled scheme involving DEM and SDF, which was used to calculate the contact forces
between particles and the filter surface, and a direct numerical simulation that included IBM
used to calculate the hydrodynamic interaction between the fluid and the solids. X-ray CT
images were used to construct realistic geometries of the microstructure of the PPS filter.
We proposed a method to calculate the SDF value around the complex geometry of the filter
microstructure obtained from the X-ray CT images by the phase-field model and level set
method. Our numerical framework, which utilizes a simple algorithm, can efficiently
calculate the contact forces between particles and the complicated geometry of fibrous filters.
The permeation of four particles through several filter domains with different
microstructures was simulated using this method. The effect of filter porosity and filter
microstructure, such as the fiber orientation, on the permeation behavior of particles was

investigated. The following conclusions can be drawn from the results:
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1. SDF was successfully calculated around the filter microstructure obtained from X-ray CT

images.

2. The behaviors of the particles in contact with the fiber surface can be reasonably described

by applying SDF.

3. The permeation behavior of particles was significantly affected by the structure of the

filter media.

4. Particles tend to contact the perpendicular orientation fibers rather than parallel orientation

fibers because the projected contact area is larger in the perpendicular fibers.

We successfully demonstrated that the porosity and structure of the fibrous filter media,
such as the arrangement and fiber orientation, significantly affected the particle behaviors
inside the filter media. These results can be used for the optimization of the design of the
bag filter where the filter with more perpendicular fiber orientation could increase the ability
of the filter media to capture the particles. However, despite the fact that the pressure drop
across the filter media was markedly affected by the deposition, accumulation, and
adsorption of particles during the filtration process, the number of particles was limited in
this study. The simulation model developed in this study can be easily extended to systems
with adhesive forces and several particles. Thus, future work should increase the number of
particles in the simulation and study the effect of the adhesion force between particles, and

between the particles and the fiber surfaces.
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Chapter S

Summary and Conclusions

Polyphenylene sulfide (PPS) filter media has widely used in many filtration applications.

Thus, an improvement in the filtration performance and durability of the filter media is very

useful for technical applications. This dissertation was aimed at studying the improvement

of the performance and durability of filter media by investigating using both experimental

and numerical simulations. The major highlights of this dissertation are as follows:

1.

NO: gas at high-temperature conditions has a very strong effect on the degradation of
polyphenylene sulfide (PPS) filter media. The tensile strength and elongation of the PPS
filter media for both machine direction (MD) and transverse direction (TD) significantly
decreased by increasing the exposure time to NO> gas. Their reductions was observed
more markedly in TD than in the MD. The physical appearance of the PPS fiber was
damaged during exposure to NO; gas showed by many protrusions on the surface,
cracking, and splitting, which ultimately reduced the tensile strength of the filter media.
The exposure to NO; gas also enhanced the oxidation of atom S in the PPS and
introduced new oxygen-containing functional groups such as —SO— and O=S=0 into the
PPS molecular structure. An unreacted core model in the cylindrical coordinate system
can be applied as a model to estimate the change in NO; concentration in the exhaust
gas, which is in good agreement with the experimental data.

The permeation of gas through a fibrous filter was successfully performed by coupling
computational fluid dynamics and the immersed boundary method. The realistic
geometry of the fibrous filter successfully re-created using filter image processing
utilizing X-ray CT images of PPS and PI fibrous filters. The robustness of our method
was successfully validated by comparing the simulated pressure drop of our numerical
method with the experimental data and existing empirical equations where the results
were in good agreement. Our method also could be used to investigate the permeability
of PPS and PI fibrous filter, where the permeability of the PI filter was lower than the
PPS filter under the same porosity conditions because the drag force acting on a single
PI fiber was higher than on a single PPS fiber.

As a further application of X-ray CT images of fibrous filter, we successfully calculated
the signed distance function around the complex filter microstructure by using the

Phase-field model and the Level set method. By this technique, we could reasonably



Chapter 5 Summary and conclusions

describe the behaviors of the particles in contact with the fiber surface. We also could
investigate the permeation behavior of particles through PPS fibrous filter. Our results
show that the permeation behavior of particles was significantly affected by porosity
and the structure of the filter media such as the arrangement and fiber orientation. The
particles tend to contact the perpendicular orientation fibers rather than parallel
orientation fibers because the projected contact area is larger in the perpendicular fibers.
These results can be used for the optimization of the design of the bag filter where the
filter with more perpendicular fiber orientation could increase the ability of the filter

media to capture the particles and increasing the collection efficiency.

The present research represents a promising method to investigate the permeation process
both particles and fluid through complex porous media using numerical simulation.
Moreover, we expect that our method could be used to improve the performance of filter
media used for the filtration system. However, our present is still limited on two-phase flow,
and the interaction force between particles and particle-filter is also still neglected. Thus, for
further research, the number of particles should be increased by considering interaction
forces such as van der Waals force and electrostatic force and extend the simulation model
into a three-phase flow simulation. Other types of filter media and harmful gas in various
concentrations and temperatures should be used regarding the investigation of the durability

of the filter media.

124



List of Publications

1. M.LFE. Rozy, K. Ito, K. Une, T. Fukasawa, T. Ishigami, M. Wada, K. Fukui, A
continuous-flow exposure method to determine degradation of polyphenylene sulfide
non-woven bag-filter media by NO2 gas at high temperature, Advanced Powder
Technology. 30 (2019) 2881-2889.

2. M.LF. Rozy, M. Ueda, T. Fukasawa, T. Ishigami, K. Fukui, Direct numerical
simulation and experimental validation of flow resistivity of nonwoven fabric filter,
AIChE Journal. 66 (2020).

3. M. Ueda, ML.LF. Rozy, T. Fukasawa, T. Ishigami, K. Fukui, Phase-Field Simulation of
the Coalescence of Droplets Permeating through a Fibrous Filter Obtained from X-ray
Computed Tomography Images: Effect of the Filter Microstructure, Langmuir. 36
(2020) 4711-4720.

4. M.LF. Rozy, Y. Maemoto, M. Ueda, T. Fukasawa, T. Ishigami, K. Fukui, M. Sakai, Y.
Mino, K. Gotoh, Direct numerical simulation of permeation of particles through a
realistic fibrous filter obtained from X-ray computed tomography images utilizing
signed distance function, Powder Technology. 385 (2021) 131-143.

5. M.LE. Rozy, M. Ueda, T. Fukasawa, T. Ishigami, K. Fukui, Direct numerical
simulation of flow resistivity and oil droplets coalescence on X-ray CT images of
nonwoven fabric filter. The 18th Asian Pacific Confederation of Chemical Engineering

Congress (APCChE 2019).



Acknowledgment

Praise be to the Allah SWT almighty for His merciful blessing.

I would like to express my deepest gratitude to Professor Kunihiro Fukui who allowed
me to work in his group and gave his valuable time and expertise to make this dissertation
possible. I am also grateful to Associate Professor Toru Ishigami and Assistant Professor
Tomonori Fukasawa who helped and taught me to gather the knowledge needed to compose

this dissertation.

Special gratitude to Professor Satoshi Nakai and Associate Professor Shin-ichi Kihara
for the constructive critics, suggestions, and insights to improve the quality of this

dissertation.

I would like to thank all my former and current colleagues of the Fine Particle
Technology Laboratory, special mention goes to Masaki Ueda, Yuto Maemoto, Kazuki Une,
Keiya Ito, Genki Ichiba who assisted me and collaborated with me during my research.
Furthermore, I would like to acknowledge all my co-authors Assoc. Prof. Mikio Sakai from
University of Tokyo, Prof. Kuniaki Gotoh and Assist. Prof. Yasushi Mino from Okayama
University for the collaboration work and constructive advice improving the quality of the

manuscripts and this dissertation.

I am also indebted to the Ministry of Education, Culture, Sports, Science, and
Technology of Japan (MEXT) for the master and doctoral scholarship and Hosokawa

Foundation for the research fund.

I am truly grateful to my friends in Indonesia and Higashi Hiroshima, special mention
for Ratri for their ongoing support and continual encouragement. My acknowledgment
would be incomplete without thanking the biggest source of my strength and motivation, my
beloved mother, Sriati, my father, Subandi, and my brother Yoga. I would like to dedicate

this work to them for listening and praying for me continuously.

Mohammad Irwan Fatkhur Rozy





