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This thesis explores the potential use of laser-drilled stainless steel sheet metal as a filtration
medium in place of polypropylene fabric. In many instances, the lifetime of polypropylene
fabrics falls short, leading to an exploration of an alternative solution. The background study
of this thesis delves into lime mud filtration in general and investigates how the filterability
of various mediums can be compared and analysed. Different laser drilling methods are also
examined, and the D/B transpiration law is introduced to calculate the airflow through laser-
drilled sheets.

Design of Experiments (DoE) is employed for planning and analysing the experiments, and
various phases and methods of DoE are elucidated in the background study.

In order to ensure that the filtration performance of the lime mud filter does not decrease
when altering the filtration medium, this thesis involves the production and testing of laser-
drilled samples for air permeability and filtration resistance. Air permeability testing adhered
to the ISO 9237 standard, while filtration resistances were evaluated using laboratory
equipment and Darcy's law as the basis for analysis.

As a result, the suggested hole parameters were found that could be used in the replacement
stainless steel filtration medium. Utilizing these parameters, the filtration performance
should remain uncompromised during the medium switch, and an extended lifespan can be
anticipated. Furthermore, the proposed configuration offers additional advantages, including
reduced filtration resistance, the potential for more efficient medium cleaning, and enhanced
resistance to medium plugging.
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Tédssd opinndytetydssd tutkitaan laserporatun ruostumattoman terdslevyn kéyttod
suodatinviliaineena korvaamaan polypropeenikankaan. Usein polypropeenikankaiden
kayttoikd jad lyhyeksi, minkd takia vaihtoehtoista ratkaisua tutkitaan tissd diplomitydssa.
Taustatutkimuksessa perehdytdédn kalkkilietteen suodatukseen yleisesti ja tutkitaan, miten
eri viliaineiden suodatettavuutta voidaan verrata ja analysoida. Myds erilaisia
laserporausmenetelmiéd tarkastellaan ja D/B-transpiraatiolakia tutkitaan laserporattujen
levyjen ldpi kulkevan ilmavirran laskemiseen.

Kokeiden suunnittelussa ja analysoinnissa kidytetddn koesuunnittelun periaatteita ja
taustatutkimuksessa selvitetdéin myds koesuunnittelun eri vaiheita ja menetelmia.

Suodatusteho ei saa heiketd suodatusvéliainetta muuttaessa, joten tdssd opinndytetydssd
tuotetaan laserporattuja néytteitd ja testataan niitd ilmanlépdisevyyden ja suodatusvastuksen
suhteen. Ilmanlipéisevyyden testauksessa noudatettiin ISO 9237 -standardia, kun taas
suodatusvastukset testattiin laboratoriolaitteilla ja Darcyn lakiin perustuen.

Tuloksena l0ydettiin reikdparametrit, joita voitaisiin kayttdd terdksestd valmistetussa
suodatinelementissé. Néitd parametreja hyddyntéen suodatuksen suorituskyvyn pitdisi pysyé
vihintddn ennallaan, ja odotettu kédyttoikd olisi pidempi. Loydetylld ratkaisulla olisi myos
muita etuja, kuten pienentynyt suodatusvastus, mahdollisuus tehokkaampaan
puhdistamiseen ja mahdollisesti heikommin tukkeentuva rakenne.
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SYMBOLS AND ABBREVIATIONS

Roman characters

M grycake

Myetcake

constant in D/B curve

spot size on the focal point
constant in D/B curve

area of the fabric under test
concentration of solids in liquid
mass fraction of solids in the feed mixture
diameter of hole

modulus of elasticity

area for flow

shape factor for thick filter medias
holes distance

energy intensity

mass of dry cake

mass of wet cake

gradient for slope in constant pressure filtration

intercept for slope in constant pressure filtration

permeability constant

constant acquired from tables of EN 1993-1-7

thickness of filter media
Mach number

number of holes per area

[W/mm?]
[ke]

[ke]

[-]



Py stagnation pressure [Pa]

P, energy peak power [W]

0 volumetric flowrate [m3/s]
o mass flowrate [kg/min]
q, mean flowrate of air [dm?/min]
R gas constant [J/kg K]
R, medium resistance [m!]

R, air permeability [mm/s]
S portion of perforated area in the flow [-]

s thickness of the plate [mm]

t time [s]

Ty temperature [K]

t time at start of constant pressure period [s]

v collected filtrate volume [m’]

Vs filtrate volume at the start of constant pressure period [m’]

w deflection of the plate [mm]

X length of the shorter side of the plate [mm]

X, moisture ratio [-]

Zarin maximum drilling depth [mm]

Greek characters
o specific cake resistance [m kg!]

AP pressure drop [Pa]



Ap, pressure drop over cake [Pa]
Ap, pressure drop over medium [Pa]

K specific heat constant [-]

U air viscosity [Pa s]
H liquid viscosity [Ns m?]
9, peak fluence [J/mm?]
P, ablation threshold [mm]
0y beam focal point radius [mm]

p density of filtrate [kg/m’]
Abbreviations

DoE Design of Experiments

FEA Finite Element Analysis

Nd:YAG  Neodymium-doped yttrium aluminum garnet
OFAT One-factor-at-a-time
PP Polypropylene

SEM Scanning Electron Microscopy
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1 Introduction

Lime mud is composed mainly from calcium carbonite CaCOs3, and it’s filtration is an
essential part of the chemical pulping process, serving the purpose of washing the lime mud
and increasing its solid contents to an appropriate level before it is fed into the lime kiln
(Knowpulp 2023). Typically, lime mud drum and lime mud disc filters employ
polypropylene (PP) fabrics as their filtration medium (Gullichsen & Fogerholm 1999, p.
171). An example of filter element with Polypropylene (PP) filtration bag is shown in Figure
1. While the standard practice involves changing the filtration cloths once a year, certain
mills encounter difficulties in adhering to this annual timeline due to their operational
conditions (Gullichsen et al. 1999, p. 169). Traditionally, pulp mill maintenance shutdowns
occur every 12 months; however, some regions now experience intervals as long as 18
months, with aspirations to extend it further to 24 months in the future (Spectrum 2019, p.
70). For polypropylene fabrics, this aspiration is beyond reaching.

Figure 1. Disc filter sectors covered with polypropylene fabric woven filtration bags.
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Filtration can be described as the process of separating solids from liquids. This is achieved
by flowing a suspension through a porous permeable medium that effectively holds back and
captures the suspended particles and to obtain fluid flow through the filter medium, a
pressure drop must be applied across the medium (Svarovsky 2000, p. 303). A schematic
drawing of a filtration system is shown in Figure 2. Lime mud particles are microscopic,
typically variating between 0.2 pm and 100 pm in size, necessitating a finely structured
filtration medium (Khunton & Nilpairach & Samgsuk 2014, p. 3). Lime mud is highly
alkaline and abrasive material, so durable and chemically resistant materials are required as

filtration medium (Knowpulp 2023).

,. ﬂ Suspension
v ﬂ Filtrate flow

Figure 2. Schematic drawing of a filtration system (Svarovsky 2000, p. 303).

Driving force /
Pressure drop

Laser processing offers distinct advantages over conventional manufacturing techniques,
particularly in precise and rapid treatment of microscopic, localized areas, and their
capability to handle superior materials has been demonstrated (Padmanabham & Bathe 2017,
p. 360). With the increasing prominence of lasers as a manufacturing method, their potential
application to lime mud filtration holds significant promise. However, this subject remains
largely unexplored in prior research, motivating this thesis to address the existing gap in

knowledge.
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1.1 Objective

To address the challenge of maintenance intervals, a more effective solution is being sought
to replace polypropylene filter bags. Laser drilling holds the potential to create sheet metal
that could function as a practical alternative to polypropylene-based filtration products.
However, the design considerations, as well as the selection of manufacturing methods and
materials, necessitate further research. While traditional mechanical drilling technology can
produce numerous small-scale holes, its high associated costs make it impractical.
Additionally, additive manufacturing technologies are not viable due to the issue of powder
accumulation within these small holes. Consequently, laser technology emerges as the sole
feasible option capable of accommodating the required number of tiny holes at a reasonable

cost. (Grzelak & Szwaba 2021, p. 6624.)

While a theoretical model may not comprehensively capture the efficiency of the filtration
process, this research leverages existing knowledge from filtration theory, lime mud
behaviour, and laser drilling. The outcomes of this study have the potential to yield economic
advantages through the development of products informed by these insights, ultimately
enhancing customer satisfaction. The focus of this research is limited to the filtration of lime
mud in lime mud disc filters. However, the findings may bear relevance to other particle

types, filtration media, and systems.

The objective of this research is to formulate a structural configuration for lime mud
filtration medium, considering the substitution of filter fabrics with laser-drilled sheet metal
steel in economical manner. Existing filtration bag fabrics are composed of polymer strings,
where the arrangement, weave pattern, and tightness of these strings predominantly define
the geometry of the fabric surface and the holes within it. However, when sheet metal
replaces fabric, the filtration geometry undergoes a complete transformation. Despite this
shift, the filter elements must perform at least at the same efficiency level as the existing
structure in order to achieve improved filtration medium. Ensuring this efficiency demands
comprehensive testing of key performance indicators such as air permeability and filtration
resistance of the designed sheet metal structure. The measured values must either match or
exceed those of the filter bag design. Moreover, the physical properties like strength and

corrosion resistance must be maintained on same level or improved in the new solution.
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While the focal hole-making technique under examination is laser drilling, the findings of
this research could potentially extend to other methodologies such as Electrical Discharge
Machining (EDM) or Electron Beam Drilling (EBD). The insights garnered here could
potentially prove advantageous for broader studies involving a variety of hole-making

techniques.

To validate the operational durability of the new filtration medium design, practical testing
will be essential once the design is concluded. In the context of lime mud filtration, it is
imperative that the lime mud cake adheres to the sector's surface and remains securely in
place during operation. This aspect, too, requires testing subsequent to the design phase.
Because practical on field tests are time consuming, these tests and are not accommodated

within the frame of this research.
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2 Lime Mud Filtration

Filtration is a physical process wherein solid particles are separated from a fluid by passing
a suspension through a permeable filtering medium, often referred to as a septum, which
retains these particles. The resultant liquid, after separation, is known as the filtrate. To
enhance fluid flow through the filtering medium, the application of a pressure difference is
necessary. This pressure difference can be generated through a variety of methods, including
gravity, vacuum, pressure, or centrifugal force. The choice of pressure generation method is
dictated by the specific requirements and properties of the suspension being filtered.
Furthermore, filters are divided in to three main categories: clarifying filters, cake filters and

crossflow filters. (McCabe & Smith & Harriot 2005, p. 1002.)

A filtration tests for a filter medium are designed to assess the medium's filtration efficiency,
particle-holding capacity, or pressure drop characteristics. However, it's important to note
that while filtration tests provide valuable insights, they might not always accurately predict
the field performance of the medium. This discrepancy arises due to the multitude of
variables in filter design, quality, and construction that can differ between standardized
testing and actual field conditions. In addition, various factors such as weather conditions,
process variables, aging effects, and chemical degradation can vary significantly over time
in field applications, leading to differences in test results and real-world performance.
Nonetheless, these tests play a crucial role in selecting appropriate filter media. Without test
data to support selections, choosing filter media for specific applications would be
practically unfeasible. (Hutten 2016, p. 347.) When choosing a filter media, all the following

aspects need to be considered:
e Poresize
e Number of pores
e Filter media air and liquid permeability
e Resulting flow and filtration resistance

e Suitability for the use on the filter equipment. (Bartholdi & Erlenmaier & Seitz &
Maurer 2015, p. 3.)
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2.1 Cake filtration process

The purpose of the lime mud disc filter is to clean the lime mud and raise its dry solids
content to a suitable level before it is fed to the lime kiln. Typically lime mud slurry of solid
contents 35-40% is fed to the filter and after the filtration, solid contents are 75-80%. To
reach high solid content, the washing of lime mud must be done properly to prevent

excessive alkali and non-process elements contents in lime mud before dewatering. (Tikka

2008, p. 153.) A portion of water is tightly bound to the particles and can only be eliminated
through the application of heat. Due to this characteristic, the filtration process is limited in
its capacity to achieve higher than 80-90% solid content proportions. (Gullichsen et al. 1999,
p. 170.)

In cake filtration processes, the liquid undergoes two distinct flow conditions: initial flow
without cake formation during the brief period, followed by flow under cake formation and
growth in the subsequent stage. During the cake formation stage, particles of the same size
as or larger than the pores of the filtering medium become wedged into the openings, creating
smaller passages that effectively remove even smaller particles from the fluid. This process
leads to the formation of a filter cake, which then serves as the medium for filtering the
incoming suspension. The mechanism of cake filtration is illustrated in Figure 3. At the start
of the filtration process, the entire pressure drop occurs across the filtering medium itself, as
no cake has yet formed. Due to the relatively small pores of the medium and the slow rate
of filtrate flow, the flow conditions are typically laminar. As particles accumulate on the
surface of the medium, they begin to form a cake. Once the initial cake layer is established,
subsequent filtration occurs on top of this cake, and the medium primarily functions as a
support structure. As the cake develops, a larger portion of the available pressure drop is
absorbed by the cake itself. Consequently, the overall bed resistance increases, resulting in
a gradual reduction in the rate of filtrate flow in constant pressure filtration. (Salmela 2006,

p. 42).
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uSUSPENSION

MEDIUM

Figure 3. Cake filtration mechanism (Svarovsky 2000, p. 304).

The developing cake is typically removed from the medium surface through mechanical
scraping or by using pressurized air or water. Due to the gradual blinding of the lime mud
filtration cake, it becomes necessary to renew the cake periodically completely. (Gullichsen,
et al. 1999, p. 171.) The filter medium in any filtration system must fulfill the following

requirements:

1) It should retain the solids intended for filtration, ensuring reasonably clear filtrate.
2) It must resist clogging or blinding.

3) It should possess the necessary chemical resistance and physical strength to

withstand the process conditions.
4) It must allow the formed cake to be discharged cleanly and completely.
5) It must not be excessively expensive.

6) Minimum filter medium resistance. (McCabe et al. 2005, p. 1015.)

When it comes to removing extremely fine particles, smooth metal or synthetic fibers are
less efficient compared to the coarser and irregular natural fibers. However, this
disadvantage is primarily noticeable at the start of filtration, as the true filtration medium
becomes the accumulated solids rather than the filtering material itself. Initially, the filtrate
may appear cloudy, but it eventually clarifies over time. Cloudy filtrate can be recycled back

to the filtrate tank for re-filtration. (McCabe et al. 2005, p. 1015.). In their experiment, Lu,
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Tung, and Hwang demonstrated that the shapes of pores have a significant impact on the critical
concentration required for cake formation to occur. When the concentration falls below the
critical value, particles arrive too frequently, preventing the formation of a stable bridge over the
pores within the filtration medium. Their experiments revealed a range of critical concentrations,
spanning from 0.065% to 0.126% when mean particle size of lime mud was 15 um, pore
diameters were 50 pm, and pressure difference over filtration septum was 101.3 kPa. Notably,
higher concentrations of the filtrate resulted in a more rapid occurrence of bridging and larger
particle size required lower concentration for bridging to occur. (Lu & Tung & Hwang 1996, p
1755.) According to article of Ehrfeld, it is advantageous to have slight particle breakthrough at
the start of filtration resulting the filter medium remaining open for a longer period before wash

cycle is needed (Ehrfeld 2010, p. 1351).

2.2 Lime mud particles

Lime mud particles vary between different mills in size and shape. Particle sizes in wet lime
mud are generally between 0.2 um and 100 pm and parameters dio, dso and doo are commonly
used to describe particle size distribution. Generally, it can be said that median particle size
dso is about 20 pm (Khunton et al. 2014, p. 5). In the study conducted by Dernegérd, Brelid
and Theliander in Monsteras pulp mill, the average values from samples were dio=7.8 pm,
ds0=19.4 pm and d9p=37.0 um (Dernegard & Brelid & Theliander 2017, p. 28). Similar result
for particle sizes were in the thesis work of Kéirki, who was studying lime mud from UPM

Kymi mill. This size distribution can be seen in Figure 4. (Kérki 2021, p. 38.)
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Figure 4. Particle size distribution of lime mud sample in the study of Kérki (Kérki 2021,

p. 38).

The particle size distribution in Kérki's study is normal, so the graph from the study is used

as a reference to describe particle sizes of the wet lime mud. Lime mud tends to form

agglomerated units and typically possesses an irregular shape. Agglomerate surfaces can be

either smooth or rugged, as depicted in the example in Figure 5. This image, captured using

a Scanning Electron Microscope (SEM), showcases the irregularity of the particles. Particle

size and shape influence filterability, with larger particle sizes generally resulting in better

filterability. The tendency for agglomeration is advantageous for cake formation in the lime

mud filtration process. (Dernegérd et al. 2017, p. 25.)
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X1a. 88g 1mm

Figure 5. SEM pictures of lime mud particles (Vu et al. 2019).

2.3 Air permeability

Air permeability or air permeance of a filter medium is the measured airflow through the
medium at a specific pressure drop. Air permeability is one of the significant properties in
filters, breathable liners, and clothing. It provides a measurement of porosity and is related
to the thickness and density of the medium (Patanaik & Anandjiwala 2011, p. 12). Air
permeability and water throughput show a good correlation with increasing air permeability
a corresponding increasing water throughput is determined, which makes the parameter

usable in defining filter medium performance (Bartholdi et al. 2015, p. 5).

The standards ISO 9237 and ASTM D737 are the most used standards for testing air
permeability (Hutten 2016, p. 347). ISO 9237 is an international standard that outlines the
method for measuring the air permeability and is applicable to most fabrics, including
industrial-purpose fabrics (ISO 9237 1995, p. 1). The standard gives following equation for

air permeability:

R,=2167 (1)
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where R), is the air permeability [mm/s], g is the arithmetic mean flowrate of air [dm?/min],

a is the area of the fabric under test [cm?] and 167 is the conversion factor to millimetres

per second [mm/s] (ISO 9237 1995, p. 2).

The instrument for testing the air permeability is identified as the Frazier Air Permeameter
and using Equation 1 result units are given according to ISO standard. The air flow measured

in the equipment is based on Darcy’s Law, which is given as:

2 IO
=8
~|5

)

where Q is volumetric flow rate [m>/s], u is the air viscosity [Pa s], AP is the pressure drop
[Pa], L is the thickness of filter media [m] and £ is permeability constant. G is shape factor

that corrects the flow for thick filters. (Hutten 2016, p. 348.)

A schematic drawing of the air permeability test equipment is shown in Figure 6. Air is
drawn through a carefully sealed clamped medium into a chamber. Airflow leakage from the
sides of the clamped medium can lead to incorrect results, emphasizing the high importance
of tightly sealing the specimen. The airflow is measured from the chamber outlet using an
airflow meter, and the pressure drop across the specimen is controlled using a manometer.

(Saville 1999, p. 218-219.)
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Figure 6. Working principle of the Frazier type air permeameter (Saville 1999, p. 219).

2.4 Filtration resistance

Filter medium resistance refers to the combined resistance arising from the solid particles
that form the filter cake and the filter medium itself. It signifies the average ability of solid
particles to permeate through the filter medium. Filtration resistance is not only depending
on air permeability but also geometry of the filtration medium which makes it important to

test filtration resistance as separate parameter. (Bartholdi et al. 2015, p. 4.)

In the context of constant pressure filtration, it has been demonstrated that the pressure
distribution across both the filter cake and the septum undergo changes throughout the
filtration process. The pressure difference across the filter cake starts low and gradually
increases as the cake develops during filtration. Conversely, the pressure situation for the

septum is reversed. (Theliander 1990, p. 74).

The sum of two pressure differences at any given time constitutes the total pressure

difference can be expressed as:
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AP=Ap +Ap,, 3)

where AP is the overall pressure drop [Pa], Ap_ is pressure drop over cake [Pa], and Ap  is

pressure drop over medium [Pa] (McCabe et al. 2005, p. 1016).

Often it is advisable to avoid high initial flow rates through a clean medium This precaution
is necessary to prevent the intrusion of solids into the clean medium, which could lead to the
contamination of the filtrate. Additionally, this practice ensures a uniform deposition of the
cake. The medium resistance R, should normally be constant, but it may fluctuate over time
due to the gradual infiltration of solids into the medium. On occasion, this resistance might
also shift under applied pressure due to the compression of fibres within the medium.
(Svarovsky 2000, p. 310.) Solving parameters R,, and a from pilot scale tests can be done

with equation:

g auc

" g VYT, )

where a is specific cake resistance [m kg'], ¢ is time [s], #, is time at the start of the constant
pressure period, V is filtrate volume collected [m?], V; is filtrate volume at the start of a
constant pressure period [m?], u , 18 liquid viscosity [Ns m], R,, is medium resistance [m],

c is solids concentration in the feed [kg/m’].

The equation 4 is applicable only when the cake can be considered incompressible. For

experimental determination of filtration resistances, Equation 4 is often put into form:
. .
7 =1 V+] (5)

where i and j are constants. (Svarovsky 2000, p. 310.)
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A linear relationship exists between [i/ and V, and a straight line allows for the calculation

of the gradient i and intercept j. Equation 5 can only be employed when it's feasible to apply

the specified pressure difference right from the outset of the filtration process. (Svarovsky

2000, p. 312.) Example plot of Ii/ can be seen in Figure 7.

t/v

sm3
[ ] Constant pressure

24000 - P
Suspension .,,'.

20 000 »*

12000 + -
/.,.

16 000 | ..’/

9030

T

8 000

| 1 1 1 L 1 V
0 0.2 0.4 06 [me

Figure 7. Example plot of Ii/against V with 150 kPa constant pressure (Svarovsky 2000, p.
312).

Constants i and j can be defined by making the plot through experiment points as shown
above. First measuring points should be neglected to and after the pressure stabilizes
constant the best fit for slope i is obtained. From the definition of the constants i and j

following equations can be given:

_ e
ST YEIw (6)
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. yRm
= (M

where ¢ is solids concentration in the feed [kg/m?].

These Equations 6 and Equation 7 can further be used for calculation of R, and a based on
recorded data from filtration experiments. (Svarovsky 2000, p. 313.) To solve the variables
of cake resistance o and medium resistance R,,, additional equations are needed. For solving

the concentration in the feed following equation can be used:

c= PCm (8)

1-Xpcm

where p is density of filtrate [kg/m?], ¢,, is mass fraction of solids in the feed mixture, and

X, 1s moisture ratio (Rushton & Ward & Holdich 1996, p. 38).

For viscosity definition, equation by Viswanath and Natarajan may be applied:

220.57
-4.5318-
/ll: 1 O( ]49.39—T0/K) (9)

where 4, is viscosity of water [Pa s] (Viswanath & Natarajan 1989, p. 112).

And for moisture ratio following equation can be used:

X, = Myvetcake ( 10)

Mdyycake

where m,eicqre 18 mass of wet cake [Kgl, Mgy cqre 1s mass of dry cake [kg] (Rushton et al.

1996, p. 36).
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3 Laser drilling

LASER stands for Light Amplification by Stimulated Emission of Radiation. Lasers have
found a wide variety of applications in industries such as biomedicine, dentistry, automotive,
and aerospace, among others. Laser processing technologies have significantly evolved over
the past decades, and as contact-free machining methods, lasers continue to drive

innovations for new applications and more efficient processes. (Issa & Brabazon 2021, p.

21).

Laser drilling employs a laser beam as a heat source to rapidly increase the temperature to
the melting point and subsequently to the evaporation temperature of the material. Example
picture of laser drilling in progress is shown in Figure 8. Since laser beam manipulation and
delivery are done with optical components, and optics provide precision, the heating process
can also be precisely controlled. Laser drilling is considered a low-cost and high-speed
machining method. The laser drilling of metals necessitates high power intensity, which is

also referred to as irradiance. (Yilbas 2013, p. 7.)

Figure 8. Laser drilling of hole pattern on stainless steel sheet metal.
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Intensity on laser drilling is defined as:

— (11)

where 1, is energy intensity [W/mm?], P, is energy peak power [W], and A, 1s the spot size

on the focal point [mm?] (Salehi & Gahan & Batarseh 2007, p. 11).

3.1 Laser drilling methods

In long-pulse lasers, the surface of the material is melted by the laser beam, and the molten
particles are flushed out with assist gas pressure. Melting, vaporization, and melt ejection
are different stages of the material removal process in laser drilling. A schematic drawing of
the laser drilling process is shown in Figure 9. (Sarfraz & Shebab & Salonitos & Suder &
Sajid 2018, p. 612.)

Upward Assist gas
Molten Melt \ / Assist gas

Ejection\ /

Vapour
and
Molten
particles

Recast
layer

L \ Downward
l \, Molten Melt
Ejection

\1—

Figure 9. Laser drilling process with long pulses or Continuous wave (Sarfraz et al. 2018,

p. 612).
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Long or continuous wave, CW, laser pulses interaction makes considerable amount heat
which leads to significant HAZ, heat affected zone, and HAZ width is directly proportional
to pulse length. Interaction heat can also lead to other detrimental effects, such as
microcracks in HAZ caused by shockwaves, thick recast layer from melt, surface debris from

upward melt ejection, or dross caused by downward melt ejection. (Issa et al. 2021, p. 48).

Mass removal in liquid state gives high production speed but sometimes better precision in
hole making is needed, and then short pulse or ultrashort pulsed (<10 ps) laser can be used.
Other benefits in use of laser pulsing are possibility for greater hole spatial resolution, higher
aspect ratios in terms of hole diameter and depth, better hole quality and less thermal
distortion. High power intensity in short laser pulses makes the material to convert typically
to a plasma and to evaporate or sublimate. This process is called laser ablation or laser
blasting, and the and the intensity has to be on the order of 10° W/mm? or higher. Typically,
90% of the ejected material is in liquid state in this power range but if the intensity is
increased beyond 107 W/mm? and pulse lengths are shorter than nanosecond, surface
ablation without liquid ejection occurs (Russo 1995, p. 15). In the laser ablation process, the
physical mechanism comprises energy absorption, energy diffusion, material
decomposition, and expansion of the vapor (Yilbas 2014, p. 1). Different methods used in
laser drilling are illustrated in Figure 10, which depicts how hole drilling can be done with a

single pulse or multiple pulses.

v
.

Figure 10. Different methods for laser drilling from left to right, single pulse drilling,
percussion drilling, trepanning, helical drilling, and precession drilling (Fiihra & Suss &

Hammers-Weber & Diego-Vallejo & Kahmann & Andreev & Hesse 2017, p. 3).
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In Figure 10, the first method is the fastest, and the speed of laser drilling decreases
progressively from left to right in each subsequent method. However, as speed is sacrificed,
precision and controllability are enhanced. Descriptions of each shown method are provided

below:

e Single pulse drilling removes material to create a hole in a single laser pulse. The
pulse length typically ranges from milliseconds to nanoseconds. This method
exhibits high speed for applications requiring multiple holes, but precision is

compromised due to the generation of a significant amount of molten material.

e Percussion drilling ablates the material using multiple pulses to create a hole, with
the laser position remaining stationary. These pulses typically range from a few
hundred femtoseconds to several nanoseconds. Percussion drilling boasts superior
precision due to the gradual removal of a small material quantity with each pulse. As

a result, this technique facilitates enhanced process control over single pulse drilling.

e Trepanning involves several laser pulses while a scanning system, for example,

moves the laser head in a circular motion.

e Helical drilling utilizes a similar circular motion as trepanning, with an additional
axis to move the laser head vertically. This method employs low pulse energy, and
multiple rotations are necessary. Holes produced with this method are always tapered
because the laser track must be constructed to avoid the incidence of the laser beam

at the hole entrance.

e Precession drilling employs a 5-axis laser head and can create cylindrical or even
negatively tapered holes by tilting the laser during the helical track. (Fiihra et al.
2017, p. 3-4.)

In an experimental investigation conducted by Sarfraz, Shebab, Salonitis, and Suder, it was
found that a 1 mm plate of Inconel® alloy 718 exhibited a 99.7% to 99.87% lower mass
removal rate with pulsed drilling methods compared to single pulse drilling using a fiber

laser. Stephen, Schrauf, Mehrafsun, and Vollertsen achieved high drill rates of 400 holes/s
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in their experimental research using a pulsed fiber laser on a 0.8 mm thick titanium plate
(Stephen & Schrauf & Mehrafsun & Vollertsen 2014, p. 312). Sarfraz, Shebab, Salonitis,
and Suder also recorded hole taper values; single pulse drilling resulted in a taper of 7.66°,
percussion drilling had 6.08°, and trepanning exhibited only a 2.8° taper value. (Sarfraz et

al. 2019.)

Single pulse laser drilling is primarily used for holes with diameter-depth aspect ratios up to
1:10 (Stephen et al. 2014, p. 131). Higher aspect ratios can be achieved with different
methods, and with ultrashort pulsed lasers, the aspect ratio for holes can extend up to 1:50.
In the research by Bo, Lan, Xiaowei, Xueling, Weiwei, and Yongfeng was achieved micro
holes with an aspect ratio exceeding 1:100 under vacuum conditions and with ultrashort laser
pulsing (Bo & Lan & Xiaowei & Xueling & Weiwei & Yongfeng 2014, p. 67). It's important
to note that the material used in their experiment was PMMA, so achieving the same ratio

might not be feasible for steels.

Forster, Weber, Holder, and Graf presented a model for predicting the achievable maximum
depth for picosecond pulsed lasers in stainless steel. They assumed that boreholes always
exhibit conical geometries when the drilling process terminates, and that the formation of a
hole naturally stops as soon as the local fluence drops below the ablation threshold. They

validated a model that relies only on the beam radius @), peak fluence ¢, and the ablation
threshold ¢, of the material to calculate the maximum achievable depth for laser drilling in

given conditions. Schematic drawing of hole formation based on fluence drop is shown is
Figure 11 and necessary variables for calculation are illustrated in Figure 12. (Forster &

Weber & Holder & Graf 2018, p. 11547.)
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il

Figure 11. Conical geometry at the time of termination of the drilling process with

homogenous fluence distribution (Forster et al. 2018, p. 11547).

A¢

Figure 12. Idealized Gaussian lateral fluence profile of a laser beam (Forster et al. 2018, p.
11547).

Following equation presents suggested method for calculating the maximum depth by

Forster, Weber, Holder, and Graf:

2 2 lnz(@)
Zarill _ PP Gy,

2 %0
@0 Zgothln(@)

(12)
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where Z;,;;; is maximum drilling depth [mm], @, is beam focal point radius [mm], ¢, is peak

fluence [J/mm?], and ¢ ., 1s the ablation threshold [mm] (Forster et al. 2018, p. 11548).

The calculation of the maximum depth relies on the simplified assumption that hole
formation halts once the local fluence falls below the ablation threshold ¢.;,. Additionally,
due to multiple reflections, the fluence is assumed to be evenly spread within the hole. Since
ablation cannot occur on the workpiece surface beyond the ablation threshold, this aligns
with the opening size of the drilled hole. (Forster et al. 2018, p. 11548.) While it has been
demonstrated that it is possible to drill holes with high aspect ratios exceeding 1:20 using
lasers, such holes are susceptible to defects such as bending effects and recast agglomeration
inside the hole (Nasrollahi & Penchev & Jwad & Dimov & Kim & Im 2018, p. 317). These

defects are illustrated in Figure 13.

A B

Figure 13. Schematic drawing of deep hole defects. A) shows recast inside holes and B)

bending effect of the hole (Nasrollahi et.al. 2018, p. 317).

Recast inside holes is more likely to occur when lenses with a small focal distance are used
due to poor evacuation of the material. The other typical defect, bending effect, occurs
because the laser beam deflects from the ablated material or from the vapor cloud (Nasrollahi
et al. 2018, p. 317). With higher pulse energies, these effects are typically reduced (Doring
2014, p. 45).
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3.2 Laser drilled plate acrodynamics

Zierep, Bohning, and Doerffer have conducted research on the aerodynamic behaviour of
laser-drilled perforated plates in their article titled 'Experimental and Analytical Analysis of
Perforated Plate Aerodynamics.' Their study involved 1 mm plates with a perforation range
between 2% and 26%, hole sizes ranging from 0.1 mm to 0.3 mm, and a plate thickness of
1 mm. They observed a strong correlation between Mach number and pressure drop in the
airflow through perforated plates. The correlation and the curve fitted to the experimental
data can be observed in Figure 14. The Mach number is dimensionless and represents the
ratio of flow velocity to the local speed of sound. (Zierep & Bohning & Doerffer 2001, p.
193.)

0 ——t— +
0 002 004 006 008 01 0QI12
AP/F,

Figure 14. D/B curve fitted on experimental points in research of Zierep, Bohning, and

Doerffer. Relation between Mach number and pressure drop (Zierep et al. 2001, p. 193).

Research of Zierep, Bohning, and Doerffer led to the development of the D/B transpiration

law, as depicted in the following equation:
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M,=A (—)B (13)

where M, is the Mach number, P, is stagnation pressure [Pa], A is constant to control D/P

curve vertical shift and B is constant to control D/P curve inclination.

Constants A and B significantly influence the shape of the D/P graph and in their final
formulation, Béhning and Dieper arrived at constant values of A=1.2 and B=0.55. They
selected these constants to achieve the best possible fit for the curve to the experimental data,
assuming that the function is solely controlled by the porosity value. This can be
differentiated from the calculated porosity value due to the irregular shape and size of the
laser-drilled holes (Zierep et al. 2001, p. 195). In the experimental research conducted by
Grzelak and Szwaba in their article 'Influence of Holes Manufacture Technology on
Perforated Plate Aerodynamics,' they obtained slightly different values for the constants A

and B in the D/B transpiration law. A comparison of these values can be found in Table 1.

Table 1. Comparison of D/B transpiration law constants A and B.

Hole diameter | Perforation s [%] Constant A | Constant B

[mm] in D/Blaw | in D/B law
Zierep, Bohning, Doerffer 0.1-0.3 2-26 1.2 0.55

experiments

Grzelak and Szwaba, K1 0.125 4.09 1.22 0.60
Grzelak and Szwaba, K3 0.3 5.7 1.21 0.59
Grzelak and Szwaba, K1, reversed 0.125 4.09 1.06 0.60
Grzelak and Szwaba, K3, reversed 0.3 5.7 1.04 0.58

They also investigated the effect of flow direction on the mass flow rate in the same
experiment and concluded that due to the conical shape of laser-drilled holes, the impact of

flow direction is significant. Under the same pressure difference, reversed holes exhibit
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lower mass flow rates. In the context of laser drilling, reversed holes refer to cases where the
outlet of the hole is larger than the inlet, leading to different coefficients A and B in the D/B
transpiration law compared to the study by Ruiner, Bohning, and Doerffer. Figure 15 depicts
the cross-sectional geometries studied by Grzelak and Szwaba. The left side illustrates the
normal position of the plate during laser drilling, while the right-hand side shows the

reversed position. (Grzelak et al. 2021, p. 6624.)

(b)

Length = 115 pm _Jor

Length = 137 pm

Length = 115 pm
Length = 137 ym

Figure 15. Shapes of 0.125 mm flow channel in the experiment of Grzelak and Szwaba

(Grzelak et al. 2021, p. 6624).

The geometries shown in Figure 15 are typical for laser-drilled holes, and the conical shape
is evident. The conical shape of an opening laser-drilled hole leads to a decrease in flow
velocity within the hole and an increase in pressure. This results in a lower pressure drop
across the plate compared to a reversed plate. Grzelak and Szwaba introduced equation for

mass flow in perforated plates, based on the Mach number:
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M, K
0, =FS——"—+P /R—To (14)

(15201,

where O is mass flowrate [kg/min], F'is area of flow [m?], S is portion of perforated area,

Kk is specific heat constant, R is gas constant [J/kg K], and T is temperature [K]. (Grzelak
et al. 2021, p. 6624.)

The Mach number within the hole is a function of the Reynolds number, which, in turn,
depends on the hole diameter and outlet parameters. It remains unclear how well the theory
of the D/B law performs with small hole diameters below 0.1 mm and with large volume

flows, particularly as the Reynolds number also increases.
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4 Deflections in perforated plates under load

Various number of applications such as architecture, oil refining, aircrafts, heat exchangers,
pressure vessels etc. use perforated plates as part of their structure These plates come in
different hole types and patterns, but round holes are the most commonly chosen due to their
cost-effectiveness, especially when manufactured using punching processes. Understanding
how these perforations affect factors like load-bearing capacity, deflections, and stress
concentration is essential when designing structures that incorporate such plates. In the
design of structures with perforated plates, Finite Element Analysis (FEA) can be a valuable
tool. However, when dealing with a large number of holes, simplification or the creation of

sub-models may be beneficial. (Andh & Chavan & Kulkarni & Khurd 2016, p. 239.)

In the study of Saracoglu and Albayrak, the effect of number of perforations in square steel
plates under own weight load was studied. In the study, FEA was used to analyse 5 different
size square plates with length of edges variating between 100 mm and 500 mm. The plates
in their study were simply supported on all edges and plate edge to thickness ratio was kept
constant equalling to 150. Steel material was according to ASTM A992 with modulus of
elasticity 199948 N/mm?, Poisson s ratio 0.3, and density 7697 kg/m>. Number of holes were
variated between 2 and 200 but total hole area was kept constant being 9.82% of total area.
Figure 16 illustrates deformations of 300 mm times 300 mm plate with 32 holes. (Saragoglu

& Albayrak 2015, p. 44-45).
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Figure 16. FEA results of a square plate with 300 mm edges and with 32 circular holes
(Saracoglu et al. 2015, p. 45).

Saracoglu and Albayrak's study demonstrated that regardless of the size of the square plate,
increasing the number of holes leads to an increase in the midpoint deflection, even when
the total hole area remains constant. The number of holes in any given plate is proportionally
related to the midpoint deflection, although this relationship is not linear. For a
comprehensive overview of the deflections in each model, please refer to the detailed results

provided in Table 2. (Saracoglu et al. 2015, p. 46.)
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Table 2. Midpoint deflections of perforated square plates with 9.82% porosity (Saragoglu
et al. 2015, p. 46).

Length of side [mm]

Model Number of

number holes 100 200 300 400 500
1 2 -0.04155 -0.16620 -0.37394 -0.66479 -1.03870
2 8 -0.04315 -0.17260 -0.38834 -0.69038 -1.07870
3 18 -0.04350 -0.17400 -0.39150 -0.69601 -1.08750
4 32 -0.04366 -0.17462 -0.39290 -0.69849 -1.09140
5 50 -0.04375 -0.17500 -0.39375 -0.70000 -1.09370
6 72 -0.04382 -0.17527 -0.39437 -0.70110 -1.09550
7 98 -0.04388 -0.17550 -0.39487 -0.70200 -1.09690
8 128 -0.04392 -0.17569 -0.39529 -0.70274 -1.09800
9 162 -0.04397 -0.17587 -0.39571 -0.70348 -1.09920
10 200 -0.04400 -0.17599 -0.39598 -0.70397 -1.10000

For all plate sizes, an increase in the number of holes from 2 to 200 resulted in approximately

a 5.9% increase in maximum deflection. When hole numbers were raised from 50 to 200,

the increase was 0.6% across all plate sizes. The presence of holes does not disrupt the

overall distribution of displacements, but it does lead to stress concentrations around the

holes (Saracoglu et al. 2015, p. 46).

To estimate deflections and stresses in unperforated plates for comparison, EN 1993-1-7

provides tables and equations. Following equation in the mentioned standard is used to

calculate the maximum deflection at the midpoint of a plate:

(15)

where w is deflection [mm], k,, is constant depending on boundary conditions of the plate,

4, 18 the pressure load [N/mm?], x is length of the shorter side of the plate [mm], E is

modulus of elasticity [N/mm?], and s is thickness of the plate [mm] (EN 1993-1-7, p. 22).
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5 Design of Experiments (DoE)

The design of experiments (DoE) is also known as, or experimental design or experiment
design and it can be used as one of the tools in Lean Six Sigma. It is efficient method that
enables to study the relationship between multiple input variables - factors, and key output
variables — responses in a process. Figure 17 illustrates the general model of process or
system. The primary goal of DoE is to structure research or experiments in a systematic
manner and analyse the resulting data statistically. This approach can lead to significant time
and cost savings during execution. In the industrial context, research is not an end in itself;
the ultimate aim is to enhance processes. In practice, the insights gained from DoE often
lead to immediate improvements. It's important to recognize that not all variables exert the
same influence on performance. Some factors may exert a strong influence, some a moderate
one, and some may have no discernible effect on overall performance. Understanding these
influences enables adjustments to be made to the levels of relevant variables, and factors
with minor influence can be optimized for their most economical levels. (Antony 2014, p.

2)

Controllable variables (factors)

Input (s) Output (s) .

Uncontrollable variables (factors)

Figure 17. General model of process or system (Antony 2014, p. 8).
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5.1 Phases for DoE

A thorough planning of DoE and a systematic approach in conducting experiments save
resources (Antony 2014, p. 36). While there is no comprehensive list that can cover all types

of experiments, the methodology for DoE can be divided into four main phases:

1. Estimation phase
2. Designing phase
3. Conducting phase

4. Analysing phase

The estimation phase begins with recognizing the problem and establishing objectives for
the experiment. A clear understanding of the problem aids in outlining the experiment and
resolving the issue. Lack of planning can lead to experiment failure. Problem statements
should include specific objectives that can provide value to the experiment's stakeholders.
Planners of the experiment should share their individual knowledge to ensure that all
involved have a deeper understanding of the process underlying the identified problem.

Keeping the experiment as simple as possible is advantageous. (Montgomery 2019, p. 14)

Objectives may encompass several responses, preferably measurable variables. While
attributes like 'yes/no' can be considered as experiment responses, they should be avoided
due to their limited statistical significance. Measuring systems and the personnel responsible
for measurements should be determined during the planning phase, taking into consideration
factors like reproducibility, repeatability, and measurement uncertainty. In cases where
important variables are unknown, it is advisable to conduct a screening experiment before
the main experiments to identify the significance of influencing variables. Some variables
can be controlled during the experiment, while others may not be or may be too costly to
control. The impact of such uncontrollable variables can be minimized using DoE principles

such as blocking, replication, or randomization. When a nonlinear relationship is anticipated
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for a variable in the experiment, it is recommended to include three or more levels for the

variable to capture potential curvature in the response function. (Antony 2014, p. 36-38.)

In the design phase, the most appropriate experiment design is selected. The choice of design
depends on number of factors in the experiment, the number of levels to be explored,
available resources like time, personnel, and budget, as well as the objectives to be achieved.
There are numerous experiment design options available, and some of them will be discussed
in the following chapter. It is a good practice to prepare the design matrix prior to execution,
including factors and their boundaries. The factor boundaries must be carefully considered
to ensure they are achievable in the real process, as all factors have limits, often with

financial implications. (Antony 2014, p. 38-39.)

In the conducting phase, the planned experiment is executed. The experimental environment
should be isolated from external noises that could potentially affect the results. The
conducting phase is illustrated in Figure 18. A responsible person should be present
throughout the experiment to ensure adherence to the plan. To minimize operator variability,
it is advisable to employ the same operator throughout the entire experiment. Errors in the
experimental procedure can undermine the validity of the results (Montgomery 2019, p. 19).
Prior to commencing the experiment, it is recommended to conduct test trials. If any
discrepancies are identified, the experiment should be halted. In cases of discrepancies
during or before the experiment, any anomalies should be carefully documented and
analysed. During the experiment, it is essential to record the results promptly and accurately.

(Antony 2014, p. 39.)
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External noises

Input from Planning

Conducting Experiment
Trial Experiments

Figure 18. Conducting phase of experiment (Montgomery 2019, p. 20).

After conducting the experiment, the analysis and interpretation of results are carried out to
arrive at valid and well-founded conclusions. Statistical methods should be employed to
analyse the data, ensuring that the interpretation of results remains objective. When coupled
with solid engineering knowledge and common sense, these methods typically yield robust
conclusions. Various software tools are available to assist in data analysis, often relying on
graphical models to play a significant role. While analysis software can aid in model
creation, mathematical equations may also be used for data handling. It's important to
remember that statistical methods do not provide definitive causal effects for factors; rather,
they offer guidelines with a certain level of inherent uncertainty and inaccuracy. Upon
completion of the analysis, practical conclusions and recommended actions are formulated.
It's common for follow-up runs and confirming tests to be necessary, as experiments often
involve an iterative process. This need for subsequent experiments should also be accounted
for during the planning phase, as resources for sequential experiments are likely to be

required after the initial ones. (Montgomery 2019, p. 20.)
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5.2 Methods for DoE

The simplest method to test the outcome of an experiment is the best-guess approach. This
strategy is frequently used in everyday life by engineers and scientists alike. If the guesser
possesses a great deal of knowledge regarding the experiment subject, this method can work
reasonably well. However, it has at least two disadvantages. Firstly, if the initial guess does
not yield the desired result, the guesser must make another guess to identify the correct
combination of factor levels. This could lead to numerous consecutive tests without a
guarantee of improvement. Secondly, even if the guesser achieves a desirable outcome, there
may be a temptation to halt testing prematurely, overlooking the potential for further

enhancements within the matrix of experiment variables. (Montgomery 2019, p. 4.)

Another widely used experimental method is the one-factor-at-a-time (OFAT) approach. In
this method, each variable is set to a base level, and factors are varied one by one within
their respective ranges. Once all tests are completed, a series of graphs is typically
constructed to illustrate how changes in variables impact the experimental response. The
major disadvantage of the OFAT method is its failure to account for interactions between
variables, which are commonly present. Figure 19 illustrates with a response surface
potentiality to miss the optimal result with OFAT method. OFAT methods are generally less
efficient than approaches based on statistical analysis. (Montgomery 2019, p. 4-5.)
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Missed result?

Response

Figure 19. Response surface of an experiment showing how conventional OFAT
experimentation might miss the optimal result (Eckert & Klein & Frieler & Thunich &
Abetz 2021, p. 3).

Better approach than OFAT to handle multiple variables is the factorial experiment, in which
factor levels are simultaneously varied instead of one at a time. It is widely acknowledged
that both full and fractional factorial designs are the most employed experimental designs in
manufacturing companies. A full factorial design experiment encompasses all possible
combinations of levels for all variables. Due to the potentially large number of combinations,
a full factorial design is typically utilized when the number of variables is four or fewer. In
Table 3, can be seen the needed number of tests for some 2 level and 3 level in full factorial
design. If 2 levels factors are used, there is assumption for linear response over the chosen

variable limits. (Antony 2014, p. 63.)
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Table 3. Examples of number of tests needed in full factorial design.

Number of Number of tests in 2 level testing. | Number of tests in 3 level testing.
variables

2 4 9

3 8 27

4 16 81

5 32 243

6 64 729

10 1024 59049

With multiple variables, the number of required tests increases rapidly to the point where
conducting full factorial tests becomes impractical due to resource constraints. Often,
repetitions of tests are necessary, further escalating the number of test runs. When
experimenters can reasonably assume that high-order interactions between variables are not
significant, fractional factorial experiments can be designed. In such cases, it should be noted
that the resolution of the experiment is inevitably reduced compared to a full factorial design.
While interactions between factors may not be identified, they could also be inconsequential.

(Antony 2014, p. 90.)

Usually in DoE, orthogonal matrices are used to fractionate the full matrices. Orthogonality,
in practice, signifies that orthogonal vectors are independent of each other, and this property
is leveraged to eliminate common effects between factors. Consequently, this approach
maximizes the amount of collected data from the experiment while minimizing the number
of tests required. There are numerous orthogonal matrices available, and among the most
used in DoE are Hadamard and Taguchi matrices. A comparison between the number of tests
in a 3-level full factorial experiment and the Taguchi method is presented in Table 4. The
data collected from orthogonal matrices remain unmixed, allowing individual effects to be
clearly separated. While orthogonal matrices do not directly yield the optimal combination

of variable values, they provide highly informative results in experiments, and are estimated
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to offer results approximately 90% similar to running a full factorial experiment.

(Karjalainen 1992, p. 22.)

Table 4. Examples of number of tests needed in 3 level full factorial design compared to

Taguchi method.
Number of Number of tests in 3 level full Number of tests in 3 level Taguchi
variables factorial method method
3 27 L9
4 81 L9
5 243 L27
6 729 L27
10 59049 L27

The Taguchi method demonstrates its power, especially when addressing complex problems
and a growing number of variables. The required matrix arrays can be derived manually or
obtained from readily available tables designed for DoE purposes. Additionally, many
analysis software tools can be employed to generate the test matrix for the Taguchi method.
Software tools are also beneficial for processing experimental data and presenting it in a

visually understandable format. (Roy 2010, p. 39.)
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6 Analyse of the polypropylene filtration fabric

The Keyence VR-3200 3D measuring macroscope was employed to study the structure of
the existing lime mud filter filtration fabric. The fabric in use is Tamfelt model S1113-R1,
composed of polypropylene as its raw material. The datasheet for the fabric can be found in
Appendix 1. Although the 3D macroscope could measure the surface shape and profile of
cross sections, the transparent and reflective nature of the fabric material rendered these
results unusable. Consequently, digital microscope images were captured to verify the
woven fabric's structure but without 3-dimensional data. A sample image with measurements

taken using the equipment is presented in Figure 20.

Figure 20. Digital microscope image of lime mud filter filtration fabric.
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The woven pattern was identified as a satin weave pattern 7/1, signifying that axial yarns
cross over seven peripheral yarns before passing under one peripheral yarn. A 3D model of
the fabric was constructed using knowledge from digital images, measurements, and the
fabric's datasheet. A snapshot from the 3D model is depicted in Figure 21. It should be noted
that the 3D model doesn’t consider bending or compression of yarns and therefor the model
is not fully describing the real geometry of the fabric. The fabrics go through shrinking of
5.5% after installation which is also not part of the 3D model causing additional inaccuracy

to model geometry.
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Figure 21. Section of 3D model of lime mud filtration fabric.

The 3D model illustrated that the positioning of the axial yarns varies to ensure they pass
under peripheral yarns, thereby maintaining the integrity of the weave. The main openings
form at the intersection of perpendicular yarns, where the axial yarn passes beneath the
peripheral yarns. Based on this pattern, it was calculated that, on average, there is 5.5
openings per each square millimetre of the fabric surface. The area of the triangular openings
in the 3D model varied with the angle at which the model is observed. The area of one

opening in 3D model was at its maximum 0.018 mm?.

Another approach in assessing the fabric involved determining the maximum size of
spherical particles that could pass through the fabric's geometric structure. When this

analysis was based on 3D model, it indicated that particles larger than 0.1 mm in diameter
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could not penetrate the fabric. For a visual representation of this, refer to Figure 22, which

illustrates a 0.1 mm circle fitted within one of the openings.

Figure 22. 0.1 mm circle fitted in fabric opening of the created 3D model.

Due to substantial uncertainties and assumptions in the 3D model that could not be mitigated
with the available resources, further research was conducted by sieving sand particles
through the PP fabric. The sand, sourced from a beach, exhibited a wide range of particle
sizes, and was meticulously sieved by hand. Subsequently, the sand sample was subjected
to particle size analysis using the Hydro 2000S (A) laser diffraction equipment, which is
capable of measuring particle sizes within the range of 0.02 pm to 2000 pm. The cumulative

particle siz distribution resulting from the sieving is presented in Figure 23.
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Figure 23. Cumulative particle size distribution sieved through PP filtration fabric.

The sieving analysis indicated that the sand did not have very fine particles in the lower
measurement range of the laser diffraction equipment. However, this was not a concern, as
the focus was on identifying the largest particles that could pass through the medium. The
results of the sieving analysis suggested that the potential pore size for filtration might be

larger than originally estimated based on the constructed 3D model.
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7 Laser drilling experiment

Systematic planning was employed to design and execute experiments aimed at addressing
the usability of laser-drilled elements in lime mud filtration. In estimation phase of DoE,
inhouse experts’ opinions were gathered to find out what responses and variables
experiments should produce so that filterability could be estimated. As described in Chapter
1, air permeability and filtration resistance were selected as responses of interest. Variables
that were estimated influencing most to outcome were perforations diameter, spatial
resolution of perforations and thickness of sheet metal to be drilled. To support the selection,
it was found that relationship between these variables and air permeability has already been

addressed as early as 1935 in the research of Clayton (Clayton 1935, p. 184).

During the design phase of the DoE, the selection of the Taguchi method was based on
considerations such as the number of factors, variable levels, and the available time and
budget for the research. Given that there were three variables, each with three levels, the
Taguchi design L9 was chosen. This decision significantly reduced the number of
experiments compared to a full factorial DoE, which would have required 27 experiments
for the initial test series. The choice of three levels for the variables was motivated by the
expectation of quadratic behaviour, as two levels would only capture linear behaviour. The
designed Taguchi experiment and dimensions of the test pieces in experiment are shown in

Figure 24.
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Figure 24. Dimensions of the test pieces in the first laser drilling experiment.

Selection of variables d and N boundaries was based on the analyze of the existing PP
filtration fabric and theory of perforated plate aerodynamics as described in Chapter 3.2.
Particle sizes of lime mud supported the selection of variable values as described in Chapter
2.2. References from literature of the used pore sizes in lime mud filtration were found in
the research of Lu, Tung, and Hwang where medium pore size was 50 um (Lu et al. 1996,
p. 1753), and in the research of Bartholdi, Erlenmaier, Seitz, and Maurer, where pore size
varied between 19 um and 28 um (Bartholdi et al. 2015, p. 4). In research article of Ehrfeld,
recommended pore size for CaCOjs filtration should be chosen equal to dso-dgo particle size

distribution (Ehrfeld 2010, p. 1352).

Variable s, sheet metal thickness values were selected based on stock availability of
stainless-steel metals of Outokumpu steel manufacturer. Upper limit for the variable value
was considered against hole diameter-depth ratio as described in Chapter 3.1, even hole

diameter of 30 pm have ratio as high as 1:33 with 1 mm thick sheet.

Test pieces were drilled with Lasag 15 W KLS 246 pulsed neodymium-doped yttrium
aluminum garnet laser (Nd:YAG). Used machine is illustrated in Figure 25. Wavelength for
the used laser was 1064 nm and the laser was pulsed with 0.13 ms pulse length and pulsing
frequencies of 300-450 Hz were used depending on the test piece. Test pieces of 0.03 mm

diameter holes were done with percussion drilling method and the other hole diameters with
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trepanning method. Focal point location was on the surface of the work piece and focal point
diameter used in the experiment was 30 um. Material used in the experiment was stainless

steel EN 1.4301.

Figure 25. Lasag KLS 246 industrial laser used in the experiment.

Pressurized air was employed to purge any loose particles from the drilled holes, and
subsequently, the test pieces were submerged in a pickling solution to restore the properties
of the stainless steel after being exposed to the heat generated during the drilling process.

An example of a drilled and pickled sheet is presented in Figures 26 and 27.
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Figure 26. Upper side of a laser drilled sheet. Test piece number 5 with 80 um holes and

with 5 holes per mm?.

Figure 27. Lower side of a laser drilled sheet. Test piece number 5 with 80 um holes and

with 5 holes per mm?.
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In test piece number 5, conic property of laser drilled holes were estimated measuring the
inlet and outlet diameters. The measurements yielded values of 80 um and 130 pm in 0.7
mm thick plate, respectively, leading to the conclusion that these holes had a conical property
of 4.09 degrees. The diameter and openness of these holes were controlled using the Nikon

V-128 profile projector, as depicted in Figure 28.

Figure 28. Nikon V-128 profile projector.

With Nikon V-128 profile projector, monitoring openness was a straightforward task and
hole dimensions were possible to be done with accuracy of 0.1 pum. Hole roundness exhibited
variability among different holes and test pieces; however, roundness measurements were

not carried out or recorded in this experiment.
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7.1 The second test series

The initial air permeability experiment results indicated the requirement for a more porous
filtration media to achieve an adequate level of air permeance. These findings are detailed
in Chapter 8. As a result, a subsequent series of tests was conducted using the OFAT method,
with a focus on higher porosities. In this set of experiments, the parameters of hole diameter
(d) and sheet thickness (s) were held constant. The choice of hole diameter () was based on
the sieving experiment outlined in Chapter 6, while the selection of sheet thickness (s) was
based on results of FEM analyses, which are not included in this thesis. The only variable
parameter in this series was the spatial resolution of the holes (), and six different parameter

values were examined.

The second test series was conducted using 500 W Lasag KL.S522 Nd:YAG laser, and the
percussion drilling method was employed. This series was drilled with a 0.02 s pulse length
and a pulsing frequency of 50 Hz. The same material, EN 1.4301, was utilized as in the first

test series. An enlarged view of test piece number 3 from this series is depicted in Figure 29.
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Figure 29. Enlargement of hole pattern of test piece number 3 in the second test series.
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A picture for Figure 29 was captured with the test piece positioned drilling face down, and
table lighting was employed to enhance the contrast between the openings and the solid

material. From the figure it can be seen that all drill holes are not completely open.
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8 Air permeability experiment

Air permeability testing was conducted on the laser-drilled test pieces described in Chapter
7, using the Akustron D-20-01 air permeameter, as depicted in Figure 30. Working principle
is similar as shown in Figure 6. The tests were performed so that samples were securely
clamped between the upper and lower halves of the equipment, while the device measured
air permeability under a pressure difference of 200 Pa, displaying the results on a digital
readout. The air permeameter was given an accuracy of +5% and measurement range

between 3 mm/s and 3000 mm/s when configured to units according to ISO 9237.

Figure 30. Akustron D-20-01 air permeameter.
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First, the air permeability of the existing filtration cloth was assessed, yielding an average
value of 2336 mm/s. When the cloth manufacturer's provided air permeability of 140 m?/m?
min was converted into ISO 9237 units (mm/s) using Equation 1, the result was 2333 mm/s,
which demonstrated a strong correlation with the test result. Flow values obtained from the
D/B transpiration law were converted into units of mm/s, allowing for an estimation of the
required porosity in laser-drilled sheet metal to make it compatible with the existing filtration
fabric. The graph illustrating the relationship between air permeability and porosity using
the D/B transpiration law can be found in Figure 31 and calculation example of air
permeability using D/B transpiration law is presented in Appendix 2. The conditions for
calculating the values for this graph were set at ambient temperature and a pressure
difference of 200 Pa. The constants A and B used, as suggested by Zierep and Bohning, were
A=1.2 and B=0.55.
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Figure 31. D/B transpiration law depicting air permeability as a function of porosity.
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The air permeability of laser-drilled test pieces was also assessed using the Akustron air

permeameter. The results of first test series, along with a comparison to the D/B transpiration

law, are presented in Figure 32.
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Figure 32. Air permeability results with varying porosity values, compared to the D/B

transpiration law graph.

Results from experiment showed correlation with D/B transpiration law but air permeability
values of the first series were significantly lower than 2336 mm/s of Tamfelt S1113-R1
fabric. This was due the low porosity values of the experiment subjects. To analyse the
permeability from the series, Minitab Statistical Software was used. Figure 33 illustrates the

main effects of different parameters of the series.
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Figure 33. Main effects plot for signal to noise ratios of the parameters in Taguchi L9 test

series.

Main effects are interpreted based on the vertical position differences between plotted points;
a larger difference signifies a greater magnitude of the main effect (Roy 2010). In the results
plots, it's evident that the number of holes has the most significant impact on air permeability,
followed by the hole size parameter. According to the analysis, plate thickness had a minimal
or negligible effect on air permeability. A regression equation was developed in Minitab to
calculate air permeability values using the parameters hole size (d), plate thickness (s), and

the number of holes (N):

R,=74+3390d-4825+83.7N (16)

It's important to emphasize that the provided Equation 16 is applicable to low porosity
values, specifically those below 5.65%. Below this threshold, the Minitab analysis yielded
an R-squared value of 82.62%, indicating that 82.62% of the variation in the response can

be explained by the linear model.
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8.1 The second test series

Air permeability of second laser drilling test series was performed to obtain values with
higher air permeance values than in the initial test series. Figure 34 displays the results

obtained from the second test series, which featured higher porosity values.
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Figure 34. Air permeability results from the second test series against porosity values.

Comparison to D/B transpiration law graphs is included in the figure.

The air permeance of the existing PP fabric could not be attained, despite significantly
increasing the porosity values compared to the initial test series. In the second test series, all
values lagged behind in terms of air permeability when compared to the theoretical values

provided by the D/B transpiration law. The greater the porosity of the medium, the wider the
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disparity between the linear D/B transpiration law and the values observed in the test series.
Graph for D/B transpiration law was drawn with different constants A and B and the best
correlation was found when using constants according to experiment of Grzelak and Szwaba

K1. Constant values are shown in Table 1.
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9 Filtration resistance experiment

The filtration equipment used the research for filtration resistance testing consisted of four
main parts: filter chamber, filtrate vessel, pressure balance tank, and hot water tank. A
Schematic drawing of the equipment is seen in Figure 35 and photo of the equipment in
Figure 36. Equipment was connected to data logger which recorded time and values from
pressure sensor Trafag ECOS2.5A 8498.75.2917, temperature measurement and from
Sartorius Combics CIS2 (TN) scale under the filtrate vessel.

suspension

v
\/ Cold water

| % X Hot water l
% —PK—

h h 4

=

air

Figure 35. Schematic drawing of the filtration resistance test equipment. Main components
are identified as 1 filter chamber, 2 pressure balance tank, 3 hot water tank, and 4 filtrate

vessel.
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Figure 36. Photograph of the used equipment for filtration resistance experiment.

Tests for filtration resistance were performed by mixing a suspension of lime mud and water
with dry solid content of 12.7% of weight. The suspension was heated with a cooking plate

to 72° C and the filtrate chamber was preheated to the same temperature using the hot water
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tank (3) connected to the equipment. Test pieces were carefully sealed inside the filtrate
chamber to avoid any bypass leakages. 700 g of suspension was poured to the filter chamber
(1) through top cone in each test and the feeding valve was closed after the feed. Immediately
after closing the feed valve, the chamber was pressurised by opening the valve in the line
coming from the pressure balance tank (2). The pressure used was 50 kPa in each test.
Results of the obtained cake resistance a and medium resistance R,, values are shown in
Table 5. Calculation procedure to get the result based on the experiment measurements is

described in Appendix 3.

Table 5. Results of filtration resistance tests.

Test medium | Solids content | Pressure | Solids content Average cake Medium
of slurry [%)] [kPa] of filtrate [%] resistance o [%] resistance R, [i]
2nd test series: 12.7 50 69.1 7.239x10% 1.425%10'°
Test piece 4
Tamfelt 12.7 50 59.7 1.528x10° 1.454x10'°
S1113-R1

The results indicated that the medium resistance of the laser-drilled sheet was slightly lower
than that of the PP fabric. In both filtration tests, Whatman 589/1 filter paper was placed on
top of the test medium to facilitate the rapid formation of the filter cake. The 589/1 paper
has a particle retention capability of 12-25 pm.
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10 Discussion

DoE offers a systematic approach to planning the experiment and statistical analysis of the
results, which aids in uncovering critical insights within the test data. In this thesis, DoE
helped narrowing the number of needed experiments and finding main effects in parameters.
It's essential to remember that a single test series seldom provides all the necessary data or
optimal results, so it's important to allocate resources for the possibility of multiple test series
in terms of resources. In this thesis, it took two rounds of experiments to determine the
suitable levels for air permeability in perforated sheets. DoE is a broad field with numerous
tools and analysis methods and mastering them can be time-consuming. However,
straightforward methods like OFAT can be quickly adopted, and with the assistance of

software like Minitab Statistical Software, result analysis becomes more efficient.

Laser diffraction played a crucial role in assessing hole sizes in the Tamfelt PP filter medium.
However, it's important to note that laser diffraction, while a versatile method with a broad
measurement range, evaluates all diffraction signals under the assumption that they were
generated by ideally spherical model particles. As a result, it cannot determine particle shape
and evaluates a signal generated by a collective of particles with varying sizes. (Microtrac,
p. 3.) The laser diffraction analysis detected particles larger than the selected hole size in the
second laser drilling experiment, but the upper end particle sizes were neglected due the

assumption that laser diffraction method makes for particle shapes.

D/B transpiration law was found useful in estimating the air permeability that may be
obtained through laser drilled sheet but using it has limitations. The formula does not contain
parameter for sheet thickness, which according to test in Chapter 8.1 has some minor effect
on air permeability. Constants A and B may be adjusted to take sheet thickness into account,
but if parameters are not known, an experiment is required for definition. With small hole
diameters of 30 pm air flow was under equipment Akustron D-20-01 lower limit of 3 mm/s.
This suggests that the linear behaviour predicted by the D/B transpiration law may not
manifest with very small holes and significant pressure differences. Additionally, the results
from the second test series conducted in this thesis suggest that linear behaviour may cease

to occur beyond a certain threshold of porosity. The underlying reasons for this phenomenon
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could be attributed to aecrodynamics or an increased accumulation of recast material within

the drilled holes at higher porosity levels.

In accordance with Ehrfeld's findings, medium resistance should be considered negligible,

with a maximum contribution of 20% to the total cake resistance (Ehrfeld 2010, p. 1349).

The calculation for the required cake thickness to bypass resistance of filtration medium is

presented in the following equation:

0.2x1.4253x10'" m’!
1320 ~%x7.2343x10°8 2
m g

=2.98 mm (17)

The values in the Equation 17 were derived from the experimental results discussed in
Chapter 9. It's important to highlight that in the filtration experiment, filtration paper was
employed. As a result, the obtained medium resistance represents the combined resistance
of both the filtration paper and the actual filtration medium. These values do not accurately
reflect absolute resistance values but can still be useful for estimating maximum resistance

levels.
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11 Conclusion

In this research was identified the recommended hole diameter and sheet metal thickness
when considering the substitution of Tamfelt S1113-R1 PP filtration fabric with a laser-
drilled sheet as a medium for lime mud filtration. Computational value for the required hole
density was also determined. However, additional research is required to understand why
the computed values of air permeability were not achieved in the experiments, particularly
at higher porosity levels. In chapter 9 it was found that filtration resistance should not be an
issue if implementing laser drilled sheet as filtration medium. The results yielded following
conclusions for potential of laser drilled element usage as filtration medium instead of PP

fabric:

+ Longer lifetime expectation. According to Ehrfeld weight of filtration medium is
an indicator of expected lifetime (Ehrfeld 2010, p. 1352). Perforated stainless steel
sheet has considerably higher weight if compared to Tamfelt S1113-
R1polypropylene fabric weighing 0.245 kg/m?.

+ Filter medium is more resistant for plugging. Laser drilling is known for creating
conical holes, which is advantageous for pore properties. This property minimizes
the likelihood of particle bridging within a pore that tapers outward. (Ehrfeld 2010,
p. 1352))

+ Possibility for more efficient medium cleaning. Sutherland's article suggests that
maintaining a stainless-steel filtration element is easier compared to other filtration
media. This implies that, in contrast to polypropylene, higher water pressure or more
frequent cleaning can be employed for stainless steel media. Additionally, due to the
ductility of the steel structure, ultrasonic baths and backflushing become additional

cleaning options. (Sutherland 2010, p. 23.)

+ Potential for lower filtration resistance. By decreasing the filter mediums
resistance, the filtration capacity can be increased (Bartholdi et al. 2015, p. 17). In

cake filtration, the medium resistance accounts for only a portion of the total filtration
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resistance, and the variation between experimental pieces was minor. However, at

higher porosity levels, it is probable that this gap is expanding.

- Potentially more challenging cake formation. In Lu, Tung, and Hwang's study, it
was observed that simpler pore geometries exhibited slower particle bridging across
the pores. Due to the direct flow path provided by drilled holes, laser-drilled designs
may face increased challenges in cake formation. To enhance cake formation in such
cases, options include raising the feed concentration, reducing the pressure

difference, or lowering the flow velocity. (Lu et al. 1996, p. 1753.)

- Higher manufacturing costs. While it is generally true that manufacturing costs are
higher for stainless steel filtration media, it's important to note that the life cycle costs
can be the opposite due to the extended lifespan of stainless-steel media (Sutherland

2010, p. 22).

- Further experiments and design are needed. Finalizing the design is necessary to
evaluate its performance and usability. It's worth noting that this incurs additional
costs, which can be seen as one unavoidable downside when introducing a new

solution.

The most rapid and, consequently, cost-effective laser drilling method is single-pulse
drilling. Given the substantial quantity of holes required for the application, this method is
recommended as the manufacturing process for the filtration element along with percussion
drilling as secondary option. Moreover, the most efficient way to perform single-pulse hole
drilling is to execute it on-the-fly, where the laser head operates at maximum moving speed,
while the laser pulsing frequency determines the spacing between the holes and,
consequently, the hole spatial resolution. The primary challenge encountered when drilling
at high speeds with a high hole spatial resolution is the substantial generation of spatter and
recast during the process. Examples demonstrating the spatter created at the entrance and

exit sides of percussion-drilled holes can be observed in Figure 37.
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Figure 37. Percussion drilling entrance and exit side magnifications. Red bar length is 0.2

mm. (Zhang & Zhou & Wang & Zhang & Yan & Wang 2017, p. 308.)

The spatter generated during the drilling of holes can potentially disrupt the process of
subsequent hole drilling, or it may even block the holes that have already been drilled.
Controlling spatter becomes crucial, as it can restrict the maximum speed of laser drilling,
particularly when a significant amount of material needs to be removed. (Zhang et al. 2017,

p. 308.)

When designing the structure utilizing laser drilled sheet, the effect of holes needs to be
considered to withstand occurring loads and forces. In Chapter 4, it was found that
deflections in perforated plates increase when number of holes will increase, and total area
of holes remains constant. However, after approximately 50-100 holes the effect is getting
minimal and can be neglected. This behaviour was presented in study of Andh, Chavan,
Kulkarni and Khurd and the calculation results verifying the behaviour is presented in

Appendix 4. (Andh et al. 2016, p. 243.)

In this thesis, the design phase was limited to analysing the impact of holes for deviations.
However, since the filtration performance results are promising, further research is required
to develop a comprehensive mechanical design for a filtration element utilizing laser-drilled

sheets.

Other recommended next steps include conducting thorough testing of the solution in an
environment that simulates real conditions of a lime mud filter. Furthermore, an essential
component of the evaluation process would involve a life cycle costing analysis in
comparison to existing solutions to determine whether the outcomes of this thesis justify the

manufacturing of the new product for commercial purposes.
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Appendix 1. Tamfelt S1113-R1 datasheet

N/ TAMFELT

FABRIC TYPE CODE
RAW MATERIAL

FABRIC CONSTRUCTION
FINISH

WEIGHT

THICKNESS

AR PERMEABILITY at 200 Pa

AR PERMEABILITY at 1/2 in H2O
AR PERMEABILITY at 50 Pa

SHRINKAGE IN BOILING WATER (30 min)
-lengthwise (in axial direction)
-crosswise (in peripherical direction)

10-10-200&
TECHHICAL INFORMATION

S1113-R1
Polypropylene
Woven, satin weave
Shirinking

245 g/mz2

140 m3/m2 min
1400 1/dm2 min
352 CFM

55 9%
55 %

WARP Monofilament 0,20 mm
-no: of yamns 540,0 ends/10cm
WEFT Monofilament 0,20 mm
-no: of yams 220,0 ends/ 10 cm
TEMSILE STRENGTH
=lengthwize 74 kM/m
-Crosswise 35 kNfm
AX|AL YARN Monofilament 0,20 mm
-na: of yamns 5400 ends/10cm
PERIFHERICAL YARM Manofitament 0,20 mm
-no: of yams 2200 ends/10cm
OPEN AREA
ELONGATION AT BREAK
<lengthwise 34 %
-Crosswise 26 %
ELONGATION AT LOAD
— —sd —
-2 kN /m
<4 kKN/m
-5 KN/m
-10 kN /m
20 kN /i m
=50 kM /m
MAXIMUM SEAMLESS WIDTH 200 cm
VOID VOLUME
SPESIFIC RESISTAMCE
WATER PERMEABILITY 150 mm
MESH APERTURE
-lengthwise 0,25 mm
-Crosswise -0,04 mm

This information is based on
our best knowledoe, but is
intended for guidance anly,
not as guarantes.



Appendix 2. Example calculation of perforation area and hole diameter according to D/B

transpiration law

5:=0.205 F=1m" Py:=101325 Pa ki=1.012

T[ﬁ: 20 "C—' T“: 203.15 H

R, =8.3144598

mol - K

k
M, +=0.0289647 - mii

R, J
R:= = 287.055
M, kg-K
AP:=200 Pa
LIR
M:=1.20 fﬁ\' =0.039 DB Transportion law
L7
M, k
Q=F.8 h A | = 168.6 2
s R-T, min
k—1 Y 2(e—1)
[1 'Mﬁ_]
i
pi=— —1.204 k—-“; Qu= 10 ™
i m' P TRimn
N,:=5.5 mm* Hole spatial resolution
N:=m’.N,=5.5.10°
g
T ::J =0.109 mm A ipgi=71," =0.037 mm*®
m=i¥,

dy =27, =0.2178 mm Hole diameter



Appendix 3. Calculation example of cake resistance a and filtration medium resistance R,

Liquid viscosity x, was calculated based on Equation 9.

220.57

(4331812939336, 15,0 )0 000446 Pa s

=10

Moisture ratio x,, was calculated based on Equation 10. The cake was weighted as moist
right after the filtration and dried to 0% moisture content and weighted again. Moisture

ratio x,, express the quantity of liquid held by the cake.

Solids concentration in the feed was calculated using Equation 8.

981,548 0,127 ke
= m =1522 —
1-1.447%0.127 m3

Based on the recorded experiment data, a graph was created as in example Figure 7 and

slope i and intercept j were obtained from the graph shown in Figure 38.
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Figure 38. Linear part of 5, V graph for definition of i and j.
i=7.55331x10"° m’S, j=5.2789x10'% m™
Using Equation 6 cake resistance a was calculated.

2
2%(2700mm?) x7.55331x10'> m6
a:
519.6°%
m

=7.2343x108 =
kg

Equation 7 was then used in calculation of medium resistance R,,,.

R,,=2700mm?x7.55331x10" m'6=1.4253><1010i



Appendix 4. Perforations effect on deflections of a plate under pressure load

Figure 39 shows the curve reflecting maximum deflection on a plate as function of number
of holes. The curve is based on FEM analysis done as part of the thesis for a plate with 60
mm times 60 mm dimensions and 0.5 mm thickness. The pressure of 0.9 bar was applied
on the plate in the analysis and boundary conditions were set as fixed on two opposite

edges and transformations restricted on the other two edges.
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Figure 39. Deflections on a perforated plate with constant hole area and variating hole

amounts.

For verifying and comparison, the maximum deflection of unperforated plate was checked

with Equation 15 as given in EN 1993-1-7.

~0.004434x0.09MPax(60mm)*
~ 210000MPax0.5mm

W =1.088 mm



