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Annotation

The transport and absorption of liquids play significant role in textile
processes such as, dying, finishing, coating and hot-melt bonding. The structural
parameters, such as, fibre fineness, fibre composition, fibre orientation, etc., influence
the desired properties of the final products. The analytical description of liquid
sorption and transport is very difficult due to complex shapes of pore in textile
materials and complicated surface phenomena based on physical and chemical

properties of polymer surfaces.

The computer technique helped the rapid development of analytical
calculations, however, its main contribution was in the field of computer simulation of
real phenomena by developing models of real systems and employing different
statistical methods. The advantage of computer simulation is its possibility to develop
an accurate model approximation of a real system and the arbitrary selection of inter-
atomic and inter-molecular interactions. The model configuration and properties are
easy to modify even with high variability. The computer simulation allows to examine
the inside structure of the system and to evaluate the results in selected step of the

simulation process.

This thesis concerns with the results of computer simulation of wetting and
wicking phenomena into fibrous structures. The three dimensional lattice model and
the Monte Carlo simulation methods are used for computer simulation. The several
model configurations are investigated, from simple model of a liquid drop placed on
horizontal surfaces to liquid penetration into complex fibrous structure. The computer
simulation and experimental results are compared. The computer simulation brings
interesting view about the liquid behaviour inside textile structures made of different

fibre arrangement.



Anmerkung

Der Transport und die Absorption von Fliissigkeiten spielen eine bedeutende
Rolle in Textilprozessen wie Firben, Veredeln, Umhiillen und ,hot-melt*-Bindung.
Die  strukturellen  Parameter wie Faserfeinheit, Faserzusammensetzung,
Faserorientierung etc. beeinflussen die gewiinschten Eigenschaften der Endprodukte.
Die analytische Beschreibung von Fliissigkeitsabsorption und -transport ist aufgrund
der komplexen Formen von Poren in Textilmaterialien und des komplizierten
Oberfldchenphdanomens, das auf physikalischen und chemischen Eigenschaften von

Polymeroberflichen beruht, sehr schwierig.

Die Computertechnik unterstiitzte die schnelle Entwicklung von analytischen
Berechnungen, jedoch lag ihr Hauptbeitrag im Bereich der Computersimulation von
Realphidnomenen durch die Entwicklung von Modellen von Realsystemen und durch
die Benutzung verschiedener statistischer ~Methoden. Der Vorteil der
Computersimulation liegt in ihrer Moglichkeit eine genaue Modellanndherung an ein
Realsystem und die willkiirliche Auswahl von inter-atomaren and inter-molekularen
Wechselwirkungen zu entwickeln. Die Modellanordnung und -eigenschaften sind
einfach zu veréindern, sogar mit grofler Variabilitit. Die Computersimulation erlaubt
es, die innere Struktur des Systems zu untersuchen und die Ergebnisse in

ausgewihlten Schritten des Simulationsprozesses zu bewerten.

Diese Arbeit befalit sich mit den Ergebnissen von Computersimulationen von
Benetzungs- und Transport- und Absorption-Phinomen in Faserstrukturen. Das
dreidimensionale Gittermodell und die Monte Carlo Simulation werden zur
Computersimulation benutzt. Die verschiedenen Modellanordnungen werden
untersucht, vom einfachen Modell eines fliissigen Tropfens, der auf horizontale
Oberflichen gesetzt wird, bis zur Fliissigkeitseindringung in komplexe
Faserstrukturen. Die Computersimulation und experimentelle Ergebnisse werden
verglichen. Die Computersimulation verschafft einen interessanten Uberblick tiber das
Verhalten von Fliissigkeiten innerhalb von textilen Strukturen, die aus verschiedenen

Faseranordnungen gemacht sind.
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Notations

A, Ap, Ap area, area of pore

b fibre radius

b, constant

Bo exchange energy

(] concentration

(& mean speed of particles

Cans Ca1, Ciz adhesion energy

B Cos, Cia cohesion energy

Cij exchange energy

i exchange energy between two air cells

G exchange energy between air cell and liquid cell
0 exchange energy between air cell and solid cell
Ce gravitational constant

Cy exchange energy between two liquid cells

G exchange energy between liquid cell and solid cell
Cos exchange energy between two solid cells

ks effective radius of fibre

da change of distance

dA A change of area

dF, oF change of total free energy

dF, change of free energy of liquid phase

dF change of free energy of surface phase

dF, change of free energy of vapour phase

dh change of high of liquid column

dh, change of distance of liquid front motion

dny 5 change of number of moles of component 1,2,...in liquid phase
dng 5 change of number of moles of component 1,2,...in surface phase
dn,; o change of number of moles of component 1,2,...in vapour phase
dp,dP change of pressure, pressure drop

dp, change of pressure in liquid phase

dp, change of pressure in vapour phase

dr change of radius of liquid drop

dt change of time

dT, 6T change of temperature

dv change of volume

dVy change of drop volume

dW, change of surface free energy

dz difference of

D diffusion coefficient

- thickness of liquid film

E radius of liquid body

5 energy of system

E,E\, E; energy of cell/cells

f density of Helmholtz energy

f|2.3 constants

F Ising variable

Fs, F, F, Helmholtz energy

F, total free energy

Fa force

F, free energy of liquid phase

By free energy of surface phase

) free energy of vapour phase

g acceleration of gravitational field

G Gibbs energy

h, hy length of liquid column, high of liquid drop

H, H(xi), H(xi+1)Hamiltonian, Hamiltonian of system in configuration xi, xi+1 respectiely
Hy, He, H, ahhesion energy, cohesion energy, gravitational energy
] velocity




Pexiys Pt
PET
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Q

r

Te

SR I O

I Rl

Sl

S

zzzzz

wsl
W(xi—xit1)
W(xit+1-—»xi)
xi, xi+1

yi

zi

coefficient

Boltzman constant

permeability

coefficient

length

number of configurations

intensity of magnetic field

body mass

Monte Carlo

molar weight

number of fibres, number of moles
number of fibres in assemble
number of moles in liquid phase, air phase
number of cells in system

number of adsorption sites occupied
number of adsorption sites available
number of magnetic moments
pressure

pressure of liquid phase

probability of transition

pressure of vapour phase
probability of system in configuration xi, xi+1
polyethylene terepthlate
polypropylene

liquid flow

radius of liquid drop

radius of capillary

equivalent pore radius

radii of curvature

gas constant

area

Ising variable

total entropy

Harkinson spreading coefficient
entropy of liquid phase

entropy of surface phase

entropy of vapour phase

simulation time

finesses of fibre

temperature

thickness

exchange energy

volume

volume of liquid drop

volume of liquid phase

volume of vapour phase

surface free energy

work of adhesion

work of cohesion

energy of liquid surface

energy of solid surface

energy of solid — liquid interface
transition probability

transition probability
configurations of system

vertical co-ordinate in two dimensional lattice
vertical co-ordinatein three dimensional lattice
particular function

orientation of magnetic moment in magnetic field

angle of capillary incline



6 Dirac function
AE difference of energy
AH difference of energy

Ap, AP pressure drop

AP, vapor pressure drop

Y surface tension

T liquid surface tension

s solid surface tension

Ysi solid — liquid interface tension

Yo liquid surface tension for 0°C

T surface tension of liquid 1

Y2 surface tension of liquid 2

Y12 interace tension of liquid 1 and liquid 2 interface

n viscosity of liquid

A distance

M elementary magnetic charge

Hp chemical potential

L, chemical potential of component 1,2.... in liquid phase

Hsi 2, chemical potential of component 1,2.... in surface phase

Hvi 2, chemical potential of component 1,2.... in vapour phase

m Ludolfovo cislo

0,0, 6, contact angle

p density of liquid

. G Ising variable

(O] surface coverage

dpyy o change of chemical potential of component 1,2.... in liquid phase
dptgy 2 change of chemical potential of component 1,2,... in surface phase
dpyy s, change of chemical potential of component 1.2,... in vapour phase
do change of surface coverage

oG difference of Gibbs energy

oN difference of number of mols

av difference of volume

2D two-dimensional

3D three-dimensional




1. INTRODUCTION

Textile materials are important part of human live from ancient times. They are used
as technical textiles in industrial applications, as household textiles to improve comfort of
living environment, and cloth to guarantee the comfort of human body in environmental
conditions.

The important applications for using textiles fabrics are absorption materials, cleaning
textiles, filters, materials used for liquid transport, etc. The demands depend upon quality
characteristics, like absorption, wetting, liquid transport properties, etc. These mentioned
qualities are important in some technical processes, like printing, coating, chemical finishing,
production of composite materials, preparation of hair and cosmetics products, etc.

Frequently used nonwoven products are mainly disposable or short term used
products. The evolution for designing of these products using nonwoven technologies started
from sixties of the 20™ century, and the main reason was their lower production costs in
comparison with traditional textile processes, like weaving and knitting. The result is the wide
range of nonwoven structures used today in medical and hygiene textiles, cleaning textiles,
drainage materials, insulation materials and barrier layers, filters, etc. The highest increase of
nonwoven production in 1994-1998 was recorded in the sector of disposable cleaning textiles
28% (swabs, rubbers, wipes, towels) and disposable hygiene products 15% (baby diapers,
femine hygiene products, diapers for persons with incontinence defect) [1]. The nonwovens
used in hygiene products achieved the highest range of 34.7 % from total nonwoven
production in the end of 20" century. Hand in hand with increasing demands of customers it
is necessary to design new and more comfortable products of very high quality. With this
evolution, development of technologies in the nonwoven production and development of new
produced materials is required.

The mutual behaviour of liquids and fibre structures is often used in praxis, but still
not a lot is dedicated today. Several testing methods exists to describe absorption and
transport properties of textiles [2, 3], some measuring equipment exists [4, 5, 6] to evaluate
behaviour of different materials and structures, but none of these techniques gives any

evidence of fundamental knowledge about the phenomena present in the processes.



1.1  History of Wetting and Wicking Phenomena

It is necessary to delve more into history to find works dealing with the theoretical
description of the phenomena when a liquid is in contact with a single fibre, a fibre bundle or
a fibre layer.

Goren described in 1963 [7] the break-up of liquid cylindrical body around a
cylindrical wire into identical liquid drops periodically distributed on the wire. He derived the
theory for liquid drop shape expression using the dependency of liquid shape regular
amplitudes on the constant distance between drops.

Roe [8] presented more detail work about the liquid film instability on a wire. He
solved the hydrodynamic equations to obtain the rate of growth of the film disturbance and
the wavelength of the most rapidly growing disturbance. The influence of liquid viscosity was
also studied, the thickness of the film and the influence of wire radius on the film disturbance
were studied.

Brochard [9] studied the spreading of a liquid on a thin solid cylinder caused by the
effect of attractive Van der Waals forces and Laplace pressure. The critical spreading
coefficient is calculated from the energy balance of the liquid — solid system.

Mc Hale [10] considered the theoretical profile of a barrel droplet approximately
spherical in its cross section on a high - energy cylindrical solid surface. It was calculated that
the level to which the decreasing of the fibre radius changes the surface energy as well as the
maximum slope of the drop profile.

It is very difficult to measure the contact angle on system drop — fibre. Song [11]
developed the drop length — height method for the determination of a contact angle in the
drop-on-fibre system to describe the quality of wetting.

Recently, some experimental works dealing with measuring of quality of the wetting
of fibres were achieved. Barsberg [12] examined useful information on plant fibre surfaces
from wetting experiments such a dynamic contact angle measurement by the Wilhelmy
Technique and the Lifshitz — Van der Waals acid- base theory for theoretical data processing.

Wei [13] used modern technique for direct contact angle measurement of a barrel
liquid drop shape on cylindrical fibres.

So far, there is only one theoretical work that describes the spreading condition for
bundle of fibres. The theoretical background is adapted from [9]. Lukas [14] expressed the

critical spreading coefficient for a liquid volume placed on a fibre bundle.



Several authors dealt in detail with the principles related to mutual behaviour between
liquids and complex fibre structures.

Barci and Brochard — Wyart studied liquid droplet penetration into a porous media
[15]. They observed two different regimes of small spherical liquid droplets penetration into
porous structure, a locked regime and unlocked regime. As well as three regimes of liquid flat
puddles penetration into porous structure — gravitational locked, gravitational unlocked
regimes and unlocked regime. All the results are interpreted assuming a quasi-equilibrium
shape for drops and Darcy Law for suction.

Starov presented in the contribution [16] an attempt to use Brinkman’s equation for
investigation of the spreading of liquid drops over thin porous substrates filled with the same
liquid.

The phenomena of liquid drop is spread over a dry porous layer is presented in the
Starov’s next paper [17]. The problem is treated under the lubrication theory approximation
and in the case of complete wetting.

Holman and col. observed simultaneous spreading and infiltration process of injet —
printed droplets into high green density porous ceramic beds [18]. They use the dependency
of the droplet radius on time through the process for spreading kinetics description, and
Washburn equation to determine the differential liquid volume drawn into material.

Martic characterised a porous media by dynamic contact angle and this solution was

used in the modification of Lucas — Washburn equation [19].

The rapid progress of computer technology brought new approaches into all aspects of
science — the complicated numerical solution of problems or computer simulation of arbitrary
phenomena. Different numerical and computer modelling are used for liquid — solid systems
behaviour simulation.

Marmur [20] investigated an oscillatory dependence of the highest and lowest possible
contact angles on the simple two - dimensional model of a cylindrical drop placed on
periodically heterogeneous smooth solid surface. By the simple model emerged successful
experimental results about the fundamental knowledge, that the drop volume influences the
contact angle hysteresis.

Brandon and Marmur presented in the paper [21] the same model for investigation of

changes in free energy, discontinuous changes of contact angle, etc. The simulated contact



angle hysteresis, including discontinuous changes in the contact angle, and the drop size of
the drop base are very similar to experimental observation. The dependence of advancing and
receding contact angles on the energy available for overcoming energy barriers was
illustrated.

The next paper of these authors [22] brought three — dimensional liquid drop model on
the heterogeneous solid surface. The drop shape changes are influenced by incremental
changes in volume.

Lukas and Pan [14] studied the spreading of non-volatile liquid drop on a
homogeneous solid substrate of a fibre shape using three — dimensional Ising model. This
simulation process demonstrated the droplet spreading along a fibre and the model critical
wetting condition was discovered.

Schwartz [23] introduced a method for calculation of simulated time — dependent three
— dimensional motion of liquid droplets on solid surface. The evaluation of the equation is
presented using lubrication approximation including viscose, capillary, disjoining and
gravitational forces. The results of simulation correspond to experimental behaviour of real
systems.

Zhong [24] used the variant of two-dimensional modification of Ising model, for
simulating liquid wicking into fibre material.

Valery Roy and col. [25] presented the lubrication model of dynamics for coating film
over a curved substrate. The model includes the effects of curvature and gravity. The
numerical simulation exhibits some features like dynamics of thin liquid films on substrate
with complex curvature.

In the next paper, Schwartz [26] worked with the same mathematical model [23], and
used its modification in simulation of Non - Newtonian Shear — thinning liquid coating on a
planar substrate. The simulation results are compared with experimental observation of the
drainage flow out in a vertical substrate.

Flow of a liquid droplet over a flat plane and a spherical pellet was studied by Gunjal
and col [27]. Drop spreading and recoiling velocities were reconstructed from the
experimental data. A computational fluid dynamic model based on the volume of fluid
method was used to simulate drop dynamics on the surfaces. Surface tension and wall
adhesion are included in the model.

Samsonov and group [28] simulated simple and polymer nanosize droplet spreading

over heterogeneous solid substrates on the basis of isothermal molecular dynamics.



2. OBJECTIVES OF THE THESIS

The dissertation thesis is concerned with the problematic of wetting and wicking
phenomena present in situations when liquid and fibre structure come into a contact. The
objective of the thesis is to establish computer simulation as a tool of investigation for the
mentioned phenomena. There are two aspects for the computer simulation process. Firstly, it
is composition of a model for a system of three components — solid, liquid and air, which is
similar to a real system (a liquid drop on a heterogeneous solid flat surface, a liquid in contact
with a textile fibre, a liquid in contact with a textile structure, etc.). Secondly, it is the setting
of simulation process variables consistent with wetting and wicking phenomena in real
systems known from experimental measurement.

Chapter 3 describes theoretical background of the thesis and contains analytical
descriptions of phenomena influencing wetting and wicking processes.

Chapter 4 is dedicated to tools used for computer simulating, like Ising model, Monte
Carlo kinetics and statistical thermodynamics.

Chapter 5 presents the three dimensional lattice model used for computer simulations
in the thesis, reviewed results of experimental work as mutual behaviour of liquids in contact
with diverse fibre structures, on evaluation of their wetting characteristics using presented
theoretical principles. The ability the model to be used for simulation of wetting processes and
absorption phenomena in fibre systems and nonwoven structures is shown.

Chapter 6 discusses the results and advantages of computer simulation approach. The
computer simulation makes possible to evaluate the processes in arbitrary simulation step and
allows find out characteristics, which are not available using recent measuring technique on
real systems. The benefit of the model is easy change of any parameter. The simulation allows
observe the influence of this change on the system behaviour. These attributes lead to
prediction of the real system behaviour after concrete parameter changes or environmental

factor changes.
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3. THEORETICAL BACKGROUND

The wetting and absorption phenomena mainly depend on properties of solids and
liquids. The type of material, size and geometry of surface and surface energy are considered
for solids. The main quantities of liquids causing the phenomena are surface tension, density

and viscosity.

1.2 Surface Free Energy and Surface Tension

Any system, containing two phases, an interfacial region exists. The thickness of the
interfacial region is not exactly determined but includes those parts of the system that are
influenced by surface forces. The two phase system consists of two bulk phases (liquid and
vapour) which are separated by a surface phase. Although the surface phase is not the true
phase in physical sense, the physical description is used for the expression of the total free
energy of the system [29]

F=F+F+h, (A1)
where subscript / refers to liquid bulk phase, subscript v to vapour bulk phase and s to the
surface phase. The calculation of bulk phases free energies follow the assumption that they
both remain homogeneous right up to a hypothetical geometric surface. In the case of small,

reversible change occurs in the system, the free energy change is expressed

dF, =dF, +dF, +dF,. (31.2)
For bulk phases the free energy changes are expressed by

dF, ==S,-dT +V,-dP, + p, -dn, + p,, -dny, +... (3.1.3a)

dF, =8 dT+V, dP + [ dn, g, dn;+.. (3.1.3b)

where S;, is entropy, T is temperature, V}, is volume and P;, is pressure. The notation »; refers
to the number of moles relevant to component 1, 2,... with chemical potentials g, s,...

The term of work used to increase surface area of an infinitesimal amount d4 is
included into change of surface free energy dW,. The work of surface expansion is done
against surface tension .

In the case of liquid surface tension y is defined as a force F; acting perpendicular to

the length of surface L. The vector of the force lies in a tangent plane to the surface in the
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point of the cross section. Maxwell [30] described the liquid surface tension acting on the
soap film stretched over frame with one movable arm, as shown in Figure 3.1.1. The surface

tension  is acting on the two surfaces along the arm of length L against the force F4.

Figure 3.1.1: Maxwell approach to define liquid surface tension y.

ZAL FA
21

The surface tension y can be defined too as a work dW4 necessary to move the frame arm L

Y, (3.1.4)

about the infinitesimal distance da

_dw,
dA

where dA = 2L da is the surface area addition.

Vi . (3.1.5)

Since the surface contribution to the whole volume is negligible, the quantity of V-dP
can be omitted. For arbitrary surface with surface tension y, for surface free energy change
applies [29]

dF, ==S . -dT +y-dA+u, -dn, +pu,-dn, +... (3.1.6)
where 14, 12, ... are chemical potentials of the various components of the system. The total
free energy change is the sum of 3.1.3a, 3.1.3b and 3.1.6

dF =8, -dT+V,-dP +V,-dP, +y-dA+ Y p, -dn,+Y p,-dn,+> p -dn,,

(3.1.7)
where S,=S/+S,+5; is the total entropy of system. In the special case at constant temperature,

pressure and composition from (3.1.7) is transformed to
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dE=yidl . bt y=(§£) =F, (3.1.8)
o4 T.Pun, '

The Equations 3.1.8 express fundamental relation of surface chemistry [29].

The entropy S, of any system at constant pressure, surface area and composition is

-Se=(a—F) : (3.1.9)
aT P.An,

The work to increase the surface area of a liquid is consumed to bring additional molecules
from the interior volume to surface, then to overcoming the attraction forces of surrounding
molecules. As the temperature raises, the kinetic energy of the molecule increases and
partially overcomes the attraction forces between molecules [29]. Consequently the surface
tension decreases with raising temperature till the critical temperature of the liquid is reached
and the surface tension diminishes and finally disappears. There are numbers of equations
relating the liquid surface tension y to temperature 7, Ramsay and Shield equation [31],
McLeod’s experimental equation [32], etc. One of simplest equations is

v =7,-(=b_-T), (3.1.10)
where y is surface tension for 7=0°C and b, is a constant [29].

An increase in the pressure of vapour over a liquid surface has an effect to bring more
vapour molecules into contact with liquid surface and cause higher pressure onto the liquid
surface. The attraction of these molecules neutralized some extent of internal molecules
attraction. Consequently, the surface tension decreases with increasing pressure [29].

The influence of surface curvature is shown on a liquid drop. In the absence of
external fields influence, a liquid drop is spherical. The surface free energy is 427 5, where r
is the drop radius. If the radius increases by dr, the free energy change increases by 8y dr.
The lower radius, the lower the surface free energy of the drop is. The natural tendency of the
drop is to shrink and decrease its energy. The balance state of the drop is caused by a pressure
difference AP across the drop surface. The decrease in surface free energy is in balance with
the work against the pressure difference

APAm? -dr =8ary,-dr  or AP=2%. G.1.11)

The smaller the drop is, the higher pressure is inside, compared to outside. The
Equation (3.1.11) describes spherical drop. In the case of curved, the surface is characterized
by two radii of curvature r; and r», the pressure difference across the surface is given by

Young and Laplace equation



AP=}q[i+L]. (3.1.12)

o 03
There is no pressure difference across the flat surface, due to AP equal to 0.
The increase of vapour pressure AP, over spherical liquid drop of radius r in
comparison with the vapour pressure P, over flat liquid surface is
M

AP
RT-ln[1+ "J=2y,—“‘, (3.1.13)
F, rp

where M, is the molecular weight, p is the liquid density, y is the liquid surface tension.

3.1 Work of Cohesion and Adhesion

The work of cohesion was defined by Harkins [33]. The situation, when two equal
liquid volumes exist separately is shown in Figure 3.2.1A. After they come into a contact, the
two liquid surfaces disappear, as shown Figure 3.2.1B. The total free energy of system (3.1.7)
is cut by the two surface free energies 2 and it is called work of cohesion W,

W,.=2-y,. (3.2.1)

It also can be defined as a work necessary to exert two liquid surfaces from homogeneous

phase.

1A %
N2
Y, B
e B A B
Figure 3.2.1: A - two seperated liquid Figure 3.2.2: A - two seperated volumes of
volumes, B - after contact, the free two liquids, B - after contact a liquid
surfaces disapeared, interface arised.

In the case when surface of different liquid 1 and 2 come into a contact, the two

individual surfaces disappear and the interface of to liquids is arises, as shown in Figure 3.2.2.
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The work of adhesion is equal to the change in surface free energy of separate liquid surfaces
v and »,, and liquid interface ;>

e e (3:2.2)
The comparison between work of cohesion and work of adhesion gives an indication of the

relative attraction between molecules of one liquid 1, and between molecules of the liquid 1
and liquid 2.

3.2 Wetting and Wicking

The interaction of liquids with textile materials may involve several fundamental
physical phenomena: wetting of fibre surface, transport of the liquid into assembly of fibres,
adsorption on the fibre surface or diffusion of the liquid into the interior of the fibres [34].
Wetting and wicking are not different processes. Wetting is a prerequisite for wicking. A
liquid that does not wet fibres can not wick into a fabric. If the fibres in assemble with
capillary spaces between fibres are wetted by a liquid, the resulting capillary forces drive the
liquid into the capillary spaces in wicking process.

Harnet and Metha distinguished wettability and wickability [35]. The wettability was
defined as behaviour between liquid and solid surface and describes the interaction between
liquid and substrate prior to wicking taking place. The wickability was defined as an ability to
sustain a capillary flow.

In real textile processing, the wicking process can be accompanied by other physical
phenomena which is divided into four categories [34] described below:

I Wicking of a liquid — only capillary penetration is operating, no diffusion

into fibre surface, e.g. hydrocarbon oil in contact with PET fabric.

1I. Wicking accompanied by diffusion — capillary penetration and diffusion into
fibres surface are operating, e.g. water in contact with cotton fabric.

11, Wicking accompanied by adsorption on fibres — capillary penetration and
adsorption on fibres are operating, e.g. aqueous surfactant solution in contact
with PET fabric.

IV. Wicking involving adsorption and diffusion into fibres - capillary penetration
and diffusion into fibres surface and adsorption on fibres are operating, e.g.

an aqueous surfactant solution in contact with cotton fabric.



Diffusion
Diffusion is a transport of particles caused by different concentration of particles in
two phases in a contact. The particles (in gases or liquids or solids) diffuse down a

concentration gradient until the composition is uniform [36]. The diffusion is characterised by

diffusion coefficient D

DZE‘A'E’ (3.3.1)

where A is distance of transport and ¢ is a mean speed of particles.

Adsorption at surfaces

The accumulation of particles at a surface is called adsorption [36]. The substance that
adsorbs is called adsorbate; the underlying material is called adsorbent or substrate. The
adsorption is characterised by adsorption rate defined as the rate of change of surface

coverage d@in time di.

The rate of adsorption =@,

dt
where surface (fractional) coveradge is defined
N
0=—x 333
-~ (3.3.2)

where N, is the number of adsorption sites occupied and N, is number of adsorption sites
available.

Molecules or atoms can stick to surface in two ways. In physisorption, Van der Waals
interactions (dispersion or polar interaction) act between adsorbate and substrate. These are a
long range but weak interactions and the energy released when the particle is physisorbed.
This energy can be absorbed as vibrations of the surface lattice or dissipated as heat, and a
particle bouncing particle across the surface will gradually lose its energy and finally stick to
it [36].

In chemisorption, the particles stick to the surface by forming chemical (covalent)
bonds, and tent to find sites those maximize their coordination number with the substrate [36].
A chemisorbed molecule can be torn apart at the demand of the unsatisfied valences of the

surface atoms. Chemisorption is exothermic process.
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3.3.1 Wetting of Solid Flat Surface

Wetting is the displacement of solid — air interface with a solid — liquid interface.
Spontaneous wetting is the migration of a liquid over a solid surface toward thermodynamic
equilibrium. Forced wetting, involves external hydrodynamics or mechanical forces to
increase the solid ~liquid interface beyond static equilibrium [34].

The surface energy of solid depends on a character of the solids [37]. The kind of
interactions plays important role (covalent or ion or metal interactions), or molecular crystals
bonded by Van der Waals forces or by hydrogen bonds. Two kinds of surfaces are
distinguished, these are low and high energy surfaces.

The surface energy of both solid and surface energy of liquid, influence the quality of
wetting of solid surface by liquid. Three regimes are possible when a finite liquid volume is
placed on a flat solid surface, shown in Figure 3.3.1. Indicator of the wetting quality is contact
angle 0 measured when the solid — liquid — air system is in a stable stay. The contact angle is
the angle between the tangent to liquid — air interface and liquid - solid interface [34]. It is
formed at the contact line, which is the region where three interfaces (solid — air, solid — liquid

and liquid - air) intersect.

8>30° 8<90°
@ /4\ 8=0°

A B (e

Figure 3.3.1: A - the liquid does not wet solid surface; B - the liquid does wet solid surface;

C - the liquid film is spread over solid surface in the case of complete wetting.

When the contact angle @ is higher than 90, the liquid does not wet the solid flat surface, as
shown in Figure 3.3.1A. When contact angle @ is lower than 90°, the liquid wets the solid flat
surface, shown in Figure 3.3.1B. The case when liquid drop is spread into a liquid film over a
solid flat surface is called complete wetting and contact angle @ is equal to 0, as shown in
Figure 3.3.1C.

The basic description of flat homogeneous solid surface wetting by liquid was brought
independently by Young and Dupre [38]. The stable stay of solid — liquid — air system, as
shown in Figure 3.3.2, is qualified by equilibrium of interface energies of these three phases

Young equation
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Y= Va=)rcosg =0, (3.3.3)
where y is solid surface energy, yy is solid-liquid interface energy, y is liquid surface tension
and @ is contact angle between solid ~liquid interface and the tangent to liquid surface at the

contact lih. The term ycos@ has been called “adhesion tension™ or “specific wettability *
[39,40,41].

N

0 hg

b

Yl

Az

Figure 3.3.2: A liquid drop in the stable stay on a homogeneous solid flat surface

in incomplete wetting regime. .

The condition of complete wetting expressed by Harkinson spreading coefficient S,
means [42], that the complete wetting applies when the solid surface energy is equal or higher
than the sum of interface tension v, and liquid tension factor y-cos®, when cos@ =1.

Sc:y_\'__'vy,t."_;V.‘ZO' (3'3‘4)

3.3.2 Wetting of Single Fibre

Wetting of fibre is a displacement of fibre — air interface with fibre — liquid interface
[43.44].

The different surface shape of a single fibre from a flat surface causes that the wetting
of single fibre is controlled by different rules than wetting of flat solid surfaces. Brochard [45]
derived the critical spreading coefficient S. for fibre complete wetting transition. The
complete wetting of a single fibre is achieved when the equilibrium of surface energies is
realized on the system, when a cylindrical fibre is covered by a thin cylindrical liquid film, as

shown in Figure 3.3.3. The fibre has radius b, the liquid film has the thickness e and length /.
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Figure 3.3.3: The scheme of liquid film of length | and thickness e covering a single fibre of the
radius b.

According to surface tension definition (3.1.5) Brochard [45] expressed the solid
surface energy W,, solid — liquid interface energy W, and the liquid surface energy W, The
system is in stable stay if condition for complete wetting is valid

W.-W,-W,20. (3.3.5)

The surface is circular, than the length of acting surface tension is expressed as fibre cross
section circumference or liquid cylindrical body cross section circumference

27 -bl-y, —27-b-l-y,-2x-(b+e)-1-y,20. (3.3.6)
After rearrangement of (3.3.4) into (3.3.6) is possible to express the complete wetting

condition using the Harkinson spreading coefficient

s = (3.3.7)
b

The condition of complete wetting depends only on the geometrical parameters of fibre and
liquid body, and on the liquid surface tension. The values of all quantities in (3.3.7) are higher
than zero that means that it will always exists a number on the right side of the equation
(3.3.7) higher than zero. The conclusion arises from comparison of (3.3.4) and (3.3.7). If the
flat surface is wetted by concrete liquid, the single fibre could not discharge condition of
complete wetting [45].

The condition (3.3.7) is valid only for liquid films of very low thickness [45]. The
liquid films of macroscopic thickness were studied by Rayleigh [46] and Quére [47]. Both
discovered some dependencies in the instability of the thick liquid films over the cylindrical

bodies.
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3.3.3 Wetting of Fibrous Assembly

Wetting of fibrous assembly is a complex process. Various mechanisms such an
immersion or capillary penetration may operate simultaneously [34].

The condition of the complete wetting of assemble of fibres was derived by Lukas
[48]. The assembly of fibres means the bundle of parallel ordered fibres in horizontal
orientation. The cylindrical liquid body is spread around the fibres in the case of complete

wetting, as shown in Figure 3.3.4. There are n fibres of radius b in assemble. The liquid body

has radius E and length /.

ol
o
; £ 1
I._== ﬁ
‘=f‘} v e
| ~]
|'\-.. P |

Figure 3.3.4: The fibrous assemble with n=5 fibres of radius b. The liquid body has radius E
and length .

The equilibrium (3.3.5) is valid for complete wetting of fibrous assemble. The surface
energies have different expression. The solid surface energy W, is a sum of surface energies
of n single fibres in the assemble. The same holds for the solid-liquid interface energy Wi. If
the energies are included into (3.3.5), the condition for complete wetting of fibre bundle is
expressed

n2rx-b-l-y,-n2zx-b-l-y,-2n-E-l-y, 20. (3.3.8)
After rearrangement of (3.3.4) into (3.3.8), it is possible to use Harkinson spreading
coefficient for complete wetting condition

E-n-b
Ao ’
5 n-b Vi

As in the case of single fibre complete wetting, the condition (3.3.9) depends on geometrical

(3.3.9)

parameters of fibres and liquid body, the number of fibres, and the liquid surface tension.
From a special ideal case of fibre arrangement ensues a principle conclusion. There are
seven fibres of radius b as close as possible arranged in the bundle in the Figure 3.3.5. The

cylindrical liquid body surrounds the bundle and the radius of the bundle is £ = 3b.
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Figure 3.3.5: Seven fibres of radius b in the bundle. The liquid body has the radius E.

This is instituted into (3.3.9) and then

s, > _%.h, (3.3.10)

This very simplified case of fibres arrangement in the bundle causes the negative value of the
Harkinson spreading coefficient. It is possible to expect that the complete wetting of fibre
assemble occurs, although the complete wetting condition was not reached for flat surface
from the equal material and for equal liquid. This conclusion predicts the better wetting
properties of fibre structures than solid materials.

The more detail work dealing with liquid body shapes on fibre assembles were done
by Princen [49,50].

3.3.4 Wicking into Single Capillary

Transport of liquid into a fibrous assembly, or into textile fabric, can be caused by
external forces of by capillary forces only [34]. A spontaneous transport of liquid driven into
porous system by capillary forces is termed as wicking. Due to capillary forces are caused by
wetting, wicking is a result of spontaneous wetting in a capillary system. For theoretical
description of capillary flow into a fibrous assembly is usually considered to consist of a
number of parallel capillaries [51]. The advancement of liquid front into the capillaries is
occurred in small jumps. The ability of liquid to wet the capillary wall (represented by liquid
surface tension), and the circular cross section of capillary, causes reformation of liquid
surface into the meniscus. The advancing wetting line in a single capillary stretches the

meniscus of the liquid surface until the elasticity of meniscus and the inertia of flow are
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exceeded. The meniscus contracts pulling more liquid into capillary to restore the equilibrium

state of meniscus.

The theoretical description of liquid suction into fibre material was reduced on the
wicking of a liquid into linear tube pore, which can be represented by a capillary. The theory
of liquid motion was developed independently by Lucas [52] and Washburn [53].

The theory comes out the Hagen — Poisseuill law [54] of liquid flow through
cylindrical tube, as shown in Figure 3.3.6. The volume V of a viscose Newtonian liquid of
viscosity 7 passes the length 4 in the tube of the radium r. during the time 7. The pressure

difference on the ends of length 4 is (p;-p,).

Figure 3.3.6: The liquid flow in a capillary. The pressure p, is under the curved liquid surface and
pressure p, is on the liquid level.

It is possible to express the liquid flow dV/dt through the tube

%=—m——ﬁ(p18;;’2)r:. (3.3.11)
The curved liquid surface causes the pressure p;. The tangent line of the liquid meniscus in
the capillary contains with the capillary wall angle #measured at the point of three-phase line,
as shown in Figure 3.3.6. The p; is so called Laplace pressure (described in Chapter 3.1)

2 0
i L (3.3.12)

P
r

¢
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The pressure p; corresponds with the hydrostatic pressure on the liquid level in the vicinity of
capillary, as shown in Figure 3.3.6,

p, = pghcos B, (3:2013)
where p is liquid density, g is acceleration of gravitational field and A is the length of liquid
body inside the capillary. The angle /7 is the angle between the normal line to liquid level and
capillary axis.

The speed of liquid suction into the capillary was derived and is expressed as a change of

liquid column high in capillary dh in time interval dr.

2
_QE:!‘“V., cosf 1, pgcosﬁ. (3.3.14)
dt 4nh 8n
The solution of the Differential Equation (3.3.14) in the case of neglecting the gravitational

field influence is quite simple

B /L"S"“’ =K1 (3.3.15)
2n

The gravity influence can be neglected for cases when the liquid flow in horizontal capillary
or tube is investigated.

The Lucas — Washbum equation has incorrectly assume the constant advancing
contact angle of the moving meniscus during the wicking process [55], does not take in
account the inertia of the liquid flow and implies that at in the beginning of wicking process is
the liquid flow infinite [56]. The equation also does not involve swelling of fibres, which
influence reducing of capillary spaces [57]. In spite of these limitations, the Lucas - Washburn
Equation (3.3.15) has been successfully used for description of wicking of a variety of liquid
kinetics [58, 59, 60, 61].

3.3.5 Wicking into Fibrous Structure

The theoretical description of fluid transport through porous media gives Darcy’s law
[62]. The fluid flow Q passes through a porous structure of area A and thickness 7. The
viscosity of fluid is 7. The pressure difference which the porous layer causes in fluid flow is

characterised by pressure drop 4p, as shown in Figure 3.3.7.

K A
g==AZE. (3.3.16)
n T
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Figure 3.3.7: The liquid flow Q through porous structure driven by Darcy's law.

The permeability K in Darcy’s law (3.3.16) is the characteristic parameter of porous structures
in contact with fluid flow. Permeability is important parameter for structures used in air and
liquid filtration area and as breathable materials. The different textile production processes

include different ways of wicking.

Immersion into Infinite Reservoir

Textile treatments like sizing, dyeing, dispersion or other finishing agents treating
applications, processed on foulard are based on complete immersion of a fabric into a liquid
phase. The liquid enters the fabric from all directions [63]. The speed of suction and amount
of sucked liquid are important parameters. A fabric specimen sinking time into a liquid can be
measured evaluated as absorption time using several standard methods [64, 65, 66]. The
sinking time is related to advancing contact angle or the dynamic surface tension of the

wetting front measured, which can be measured using Draves test [67].

Transplanar Wicking

The sorption of water into wipes, towels, baby diapers are examples of liquid sorption
in direction perpendicular to fabric flat, so called transplanar wicking from infinite reservoir
[34]. A wetting test was developed to measure the volume of absorbed liquid into textile
structure [68]. Lucas Washburn equation (3.3.15), or Darcy’s law (3.3.16) can be used for

theoretical description of this process.
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Longitudinal Wicking

Logitudinal wicking from infinite reservoir is occurred when the fabric is partially
immersed into large volume of liquid and the liquid is transported in the fabric plane. Usually
the distance of liquid front from liquid reservoir or weight of absorbed liquid are recorded in
time to determine the wicking velocity using Lucas - Washburn equation (3.3.14). The liquid
wicking rate is a standard method for measuring of high of liquid front rising up from
reservoir into the vertical hang specimen in time intervals [63, 64]. Also the plate method is
used, where the fabric flat is brought into a contact with liquid level and transport rate of
liquid into the fabric is measured [69,70,71].

Wicking from finite reservoir

Textile processes like spraying, printing, disperse bonding bring small drops of dyes,
disperse binders, print inks into contact with fabrics. The sorption of stains or rain drops
attack fabrics through practical using. The suction of a liquid drop into fibre structure is called
wicking from finite reservoir [34]. It is more complicated process than wicking from finite
reservoir. It can be divided in two phases of different kinetics [72, 73]. At first, the drop
spreads and penetrates the porous substrate underneath. In this phase the capillary penetration
is kinetically similar to the one from an infinite reservoir [73]. After the whole drop volume is
contained within the substrate, it is spread in radial direction under the influence of capillary
forces. The method for measuring the radius of spot on very thin fabric or paper was
developed [72]. Also the Darcy’s law (3.3.16) is used for description of liquid drop
penetration into a porous material [74]. The liquid flow O (3.3.16) was calculated from the
decrease of liquid drop volume on the porous membrane surface Aa (penetrating drop was
scanned from top and side). The velocity J was plotted against a quotient containing pressure

drop A4p, liquid viscosity 77 and porous membrane thickness 7;

i (3.3.17)

A.{
Kissa [75,76] measured the area covered of spreading liquid 4 during time ¢ and the

spreading is driven by equation

n

A= K(ZL) i (3.3.18)
]

where V, is the initial drop volume, y is liquid surface tension, 7 is liquid viscosity, /7, /5, f3

are constants and K, is coefficient [75,76,77]. Kissa measured the area of n-alkane spreading
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on polyester fabrics and found the values of exponents f; = 0.3, f> = 0.7 and f; = 0.3. The

exponents are valid only for fibres impermeable to liquids [78].

34 Liquid Transport through Equivalent Pore Radius

The equivalent pore diameter d, is derived from fibre diameter definition [79] in [80]
as the diameter of a circle cross section of pore of the same area A like the area of non

circular cross section of a fibre

e 44 _ o (3.4.1)
T o

The area 4 can be calculated from pore cross-section area using image analyzer.

This definition was inspiration for the equivalent radius determination in the thesis.
The equivalent pore radius is derived for more exact description of liquid transport through
the fibrous assemble. The horizontally oriented fibrous assemble contains seven fibres of
radius b as close as possible arranged in the bundle. The cross section is in the Figure 3.4.1.
The liquid body, of radius E, surrounds the bundle and the liquid fills in the pores between
fibres.

Figure 3.4.1: The size of pore land the size of pore 2 in fibrous assemble.

It is possible to investigate the total pore area, but it is very complicated. The easier
solution is to determine an equivalent pore area.
A pore of arbitrary shape of cross section can be considered. In this case, there are 12 pores in

Figure 3.4.1 of two different sizes. Equivalent pores to pore 1 have different size from
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equivalent pores to pore 2. The total pore area in cross section is A,. It is calculated as a

difference between total area of circle with radius £ and sum of fibre cross-section areas.
A,=n-E*-7-7-b (3.4.2)

When the expression E=3b, in Figure 3.4.1, is instituted, than the pore cross section area is
A,=2: z-b%.

The equivalent pore is the pore of circular cross section with the equal area of cross section as

Ap. Then the equivalent pore radius 7, is derived as

2.7-b* ~z-rithen V2 -b=r,. (3.4.3)
This is the relationship between the fibre radius b and the radius of equivalent pore r.. It is
possible to institute into solution of Lucas — Washburn equation (3.3.15) the equivalent pore

radius r. or the fibre radius b, and to reach the equation of liquid transition through the fibrous

assemble from seven parallel fibres in horizontal orientation

e fr_fw,.sﬁ.;”? il fw.,w_ (3.4.9)
2n 2n

For more complicated fibrous assemble structures, does not exit any easy relationship
between liquid body radius E and fibre radius b like the one derived in Figure 3.4.1. In this
case is possible only to determine the equivalent pore area from real cross section of fibre

bundles or from theoretical models.
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4. SIMULATION MODELS AND _COMPUTER _SIMULATION
TECHNIQUE

The next method for theoretical description of phenomena in real systems is statistical
mechanics. The statistical mechanics works with models of real systems composed from a
final number of elementary units with defined degrees of freedom. In a basic model, the units
are randomly ordered into different configurations and each configuration occurs with an
equal probability. The energy of the model in each specific configuration is calculated as
Hamiltonian. When the basic model is placed into an external field or it comes into a contact
with another system, the probability of occurrence of particular configurations is different,
and it is possible that not all configurations are allowed for the case of more complicated
situations. The statistical mechanics deals with models with continuous degrees of freedom as
Heisenberg model, XY magnets, ®* model, etc., or with discrete degrees of freedom as Ising
model, Potts model, etc [81].

The applications of the Ising model and its description follows in Chapter 4.1 and
4.1.1, respectively. The motivation of using of Ising model for computer simulation of
wetting processes and its particular modifications are expressed in Chapter 4.2.

The Ising model is used in lots of aspects of human lives, mostly in material
engineering, chemical engineering, polymer technology and physics. The modifications of the
Ising model are used to explain phase transition in materials, for example, order-disorder
transition of a quantum magnet at a concrete temperature [82], order-disorder transition of
absorbates at a metal surfaces [83], temperature-induced phase transition of Si is also order-
disorder transition due to the thermal fluctuation of two types of tetramer [84], ordered phases
of Sr and Mo and their phase transitions up to one physical monolayer [85], the effect of
surface coupling J on the dependency of the layering transition temperature as a function of
film thickness is sudied [86], etc.

The evolution of a magnetic transition in ultra thin Fe film and Cu(100) surface with
increasing film thickness is described by two-dimensional Ising model [87], as well as a thin
ferromagnetic bi-layer structure with interface magnetic moment and different exchange
interactions is studied in terms of a mixed Ising model [88]. The semi-infinite ferroelectric
system with a free surface energy is described by transverse Ising model and the surface phase
diagrams are examined by three approximations [89].

The model of lattice gas is used to simulate a process of an oxidation [90].



The process of particle migration is simulated using the Monte Carlo scheme is based on Ising
model [91], a model of PVA hydrogels was developed on the bases of the Ising model, which
was used to immobilize the catalyst and reduce the diffusivity of the ions [92]. The
fractalization on the Si(111) surface covered by a monolayer of silicon is explain by the
simple conservative Ising model, where the diffusion of a single atom is simulated by a single
spin flip [93]. The equilibrium shapes of single crystals islands on surface are determined
with high accuracy as a function of temperature for different surfaces [94].

Ising model and statistical mechanics show that in thin crystal films achiral molecules
undergo spontaneous polar order under conditions of thermal equilibrium [95].

The one-dimensional Ising model is used to study protein folding of a protein consist
of N contacts [96]. Other authors map the version of protein DNA interaction problem, the
simulation reveals the possibility of biased diffusion in one direction followed by sequence
viruses have been interpreted by Ising model [97]. The dynamics of a simple matrix model for
identification and binding [98], the population dynamics of tRNA-like macromolecules and
stiff polymers, a spatial conformation of single chain, is discussed using one-dimensional
Ising model configuration [99]. The same authors investigate properties of polymer models
where the chain conformation can be described solely by an Ising — like parameterization and
a set of independent, predetermined bond direction vectors [100]. Chromatin can be model by
Ising model to illustrate a potential mechanism how the gene regulatory DNA sequences can
effect the chromatin structure over a long distance in cis [101].

The big field of interest to use Ising model is to investigate structure of alloys, for
example, to compute the electric structure, surface composition in binary alloys and to show
that the surface segregation is driven by the point of interaction [102].

In medicine, biotechnology and agriculture areas Ising models are used to describe
some attempts to exploit these inversion relation to solve the susceptibility, to find
analogenous results for polygon generating function for square lattice polygons [103], to
study in detail many important binding phenomena the ligand binding problems on two-
dimensional ladders [104], to model the Escherichia coli chemotaxis pathway [105], the
quenching of monomer fluorescence is accounted using Ising model for energy transfer to
weakly fluorescent aggregates [106], the district transition of triplex DNA to duplex as well as
duplex to single strands are analysed using the Ising model [107]. The simulations predict

epithelial cell detachment in nephrotic glomerulus under normal conditions and detachment at

lower binding affinity [108].
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In civil engineering the Ising model is used to predict the relation between the volume
of fraction of zirconia particles, temperature and external load, during the phase
transformation in ceramics [109], to model traffic congestion formation on highways and
roads by recognising the centrality of dynamical system, and the increase in air pollution
caused by vehicle exhaust emission can be traced to traffic congestion [110].

Ising model is one from the model of statistical mechanics which can be applied in theory of
large deviations in psychology and social science [111]. The theoretical study of Hebb
synapse was done using Ising model [112]. Consideration of contextual guidance role in

learning and processing within multi-stream neural network is done using the model as well

[113].

4.1 The Ising model and Its Modifications

The primary model was build by Wilhelm Lenz in 1920. It was used for a simulation
of paramagnetic properties of solids [114]. The concept of a microscopic magnetic model is
based on the elementary magnetic moments fixed at their positions. There is a constant
number N, of magnetic moments in the model. They are oriented in two positions
characterised by an angle @ = 0 and @ = 7 The energy of the model is constant, a flip process
occurs very rarely. The flip is always realized by two magnets. One changes its orientation
from 0 to 7, and the second in the opposite sense, to keep the energy constant. All magnets are

in average in each position equally long.

=0 +p

Figure 4.1.1: The magnetic momentoriented in two directions,

In the presence of the external magnetic field, where the intensity M has its
orientation, the sense of a = 0, the equivalence of the two positions disappears. The system
can be ordered in different configurations with different values of energy. The system occurs

for each energy level with a concrete probability according to Boltzman principle [115].

30



Ising found that one-dimensional model is not able to describe a phase transition of
solid to ferromagnetic ordered state. He composed a model with more complicated
interactions between elementary magnets [116]. The final result of his aspiration was two-
dimensional Ising model. The model is constructed from final number N of elementary
magnets ordered into two-dimensional regular lattice. The magnets are able to be oriented into
two directions ,,up* and ,,down*, as shown in Figure 4.1.2. To describe the model, the each
magnet is noted by the Ising variable ¢. The magnets oriented ,,up* is o= +1, and for magnets
oriented down is o= -1. The energy of the model in the presence of external magnetic field is

determined by Hamiltonian

H=->U,-0,-0,+u-H-Y o, (4.1.1)
(] r

The value o; is Ising variable of elementary magnet, g is the Ising variable of a magnet j from
the nearest neighbouring of magnet i. Uj is exchange energy, which characterises the nature
of magnets i and j interaction. U, has different value for pairs of magnets o; = +1 and g; = +1,

o0, =+l and ;= -1, ;= -1 and ¢; = 1. The value u is elementary magnetic charge.

Figure 4.1.2: The Ising model. One from available configuration of magnetic moments ordering in

two dimensional square lattice.

4.2 Models for Wetting and Wickin Phenomena Simulation

In the phenomena of wetting and wicking processes, the dynamic behaviour of liquid
in a contact with solid material is investigated. The same principle described above in Chapter
4.1, where the Ising model is used for simulation of ferromagnetic solids behaviour is used. It
means that each elementary unit of a model can acquire only one from two values of Ising

variables.
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Lukas and Glazyrina [117] used a modification of two-dimensional Ising model to
simulate behaviour of a liquid in contact with a solid representing a textile material. The two-
dimensional lattice is built from final number N of square cells of unit square area. An each
cell is occupied by the Ising variables o or S. The different values of o correspond with
different environments present in the simulated system. One example of the air — liquid —
fibres system is shown in Figure 4.2.1. The air cells have o= -1, the liquid cells have o= +1.
The fibre cells have S = +1 and the non-fibre cells have S = -1. The surface tension is
simulated as a result of attractive forces between cells i and j with the equal values of Ising
variables o; and ;. It is expressed as cohesion energy (4.1.2) of the system. Every cell i has
attractive forces wit the cells j of equal Ising variable value in its three levels of nearest
neighbours as shown in Figure 4.2.2. Characteristic of the attractive forces are expressed by
exchange energies C.;, Cc, C.3, for first nearest neighbour, second nearest neighbours and
third nearest neighbour respectively. Values of the exchange energies for concrete example of

a model are in Table 4.2.1.

S=+1

g=+] S=+1

- air cell

- Liquid cell

- overlapped hiquid
and fibre cell

— 0=+] :
" fibre cell

1 - central cell

j1- 8 first nearest neighbours

J2 - 16 second nearest neighbours
13 - 24 third nearest neighhours

=

ar  liquid fibre  liquid- fibre

Figure 4.2.3: The example of modification of

Figure 4.2.2: The energy of cell i is two-dimensional Ising model . The model

determined according fo e ighbering cells contents three kinds of envionment. Air - o= -1,

from 3 levels of nearest neighbours. liquid o =+1, solid fibres S =+ I and non-fibre
cells § =-1.



Table 4.2.1: Values of exchange energies characterising intensity of attraction forces between liquid cells i and j.

Sp=1 oy el =1 §=1 |op=-1 [ga=1 §2=1 |gz=-1 |gz=1

g=1 | Cap=-45 Co=-15 |C,=-35 e L [T = @r==5

The interaction energy of cohesion action of a liquid related to one cell i is Hc:

Hc (0" ) = Ccl Z o-ro-,xl &5 Crz Z J:G;'2 & C‘-z Z o'io-ﬁ . (42 I )

HhH

The first sum in Equation (4.2.1.) is the cohesion energy between the central liquid cell i, and
the liquid cells from the first level of nearest neighbours, it is 6 liquid cells j1 as shown in
Figure 4.2.3. The second sum is for cell i and the liquid cells from its second level of nearest
neighbours, it is 10 cells j2. The third sum is belongs to third level of nearest neighbours, then
14 cells j3.

The interaction between liquid cells and fibre cells is expressed as adhesion energy H,.
In to the account is taken mutual acting overlapped liquid cell o; = 1 and fibre cell §; = 1 of
the cell i is considered, so called zero nearest neighbours, then acting between liquid cell i and
its nearest fibre neighbours in the first level j1 and the second level j2 as shown in Figure
4.2.3. The examples of characteristic of the attractive or repulsive forces, which are expressed
by exchange energies Cag, C,y and C,; for zero, first and second nearest neighbours, are shown
in Table 4.2.1.

The interaction energy of adhesion related to one cell i H,(o;) is:

Ha (O-r ) = Cal]'o-r'SJ == Cul z Gi'Sjl = Ca?'z O'fS_;'z ' (422)

The first part of equation (4.2.2) is the adhesion energy of overlapped liquid and fibre cell g;
=1 and S, = 1. The second sum is for liquid cell i, and the fibre cells jI from its first level of
nearest neighbours. There is no fibre cell in the first level of nearest neighbours, as shown in
Figure 4.2.3. The third sum is about second level of nearest neighbours, it is 4 cells j2.

In the presence of the external gravitational field, it is characterised by gravitational
constant C,. The gravitational energy of a liquid cell Hy(o;) is proportional to its location

along vertical y - axis
Hle1-C (4.2.3)
The co-ordinate y, is the vertical co-ordinate of the cell i in two-dimensional lattice.

The total energy of the system is the Hamiltonian H calculated over all cells in the

lattice, where each has above mentioned three parts of energy.
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H= ‘ZH ZH @)+ H,(o (4.2.4)

=1 i=1 i=1

The next two-dimensional modification of the Ising model, which follows the above
described model [117], was proposed by Yhong [118]. The model simulates liquid wicking
into a fibre material. The modification of the system is shown in the Figure 4.2.4. There are
air cells, liquid cells, fibre cells, and cells where two environments coexist, air — liquid cells
and liquid — fibre cells.

The total energy of the simulated system is the Hamiltonian (4.2.5). The equation
describes the interactions between neighbouring cells. The interaction has different
characteristic according to the existence of cells with two coexisting environments and
according to the pairs of neighbouring cells i and j (liquid — liquid, liquid — fibre, etc.) and for

liquid cell i also the influence of gravitational field.

S liguid

= B b

g e -
fibre - liquid

F=1 s=1

Figure 4.2.4: Two-dimensional Ising model modification.

The intensity of interactions is expressed by values of exchange energies By, C;.

=[ Zs +Zs' ]—CU-ZS;S}-I‘G'ZSI)J. (4.2.5)

The first sum in the bracket describes the interaction energy between liquid and fibre
coexisting in one cell. The second sum in the bracket represents neighbouring liquid cell and
fibre cell interaction. The next sum behind the bracket belongs to cohesion energy expression

between two liquid cells. The last sum is the gravitational contribution of gravitational field,
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characterised by intensity C,, acting at liquid cells and it is proportional to the vertical
position of the cell i in the lattice y,.

Luka$ a Pan [39] designed three-dimensional modification of the Ising model to
simulate fibrous assemble wetted by liquid. The model of such system is ordered into three-
dimensional lattice built from elementary cubic cells of unit volume. Each cell is occupied by
Ising variable o or S. Different values of o correspond with the different environments
presented in the simulated system. The air cells have o= -1, the liquid cells have o= +1. The
fibre cells have S = +1 and the non-fibre cells have S = -1. Each cell interacts only with cells

from its nearest neighbours, it is 26 closest cells in tree-dimensional lattice, as shown in
Figure 4.2.5.

g=.1] 8=.1

%

1

B e liquid [] air

Figure 4.2.5: The central cell i surrounded by 26 cells in three-dimensional lattice.

Three types of interaction occur in the model. The interactions express cohesion acting
between liquid cells, it is characterised by exchange constant C,.. The adhesion acting between
liquid cell and fibre cell is characterised by exchange energy C,. The Hamiltonian describing
total energy of the system (4.2.6) also contents the gravitational part in the case of presence of

the gravitational field.

H= ZZCL'O-'O-.I . ZZCaJISJ i+ chz(i)° 5(0: = l)' (4.2.6)
1 if i J i
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The last sum in Equation (4.2.6.) expresses the gravitational energy. The intensity of the
gravitational field is Cy, z is the vertical co-ordinate of liquid cell i in the lattice. & is the
Dirac function.

The three-dimensional lattice model designed for computer simulations in this thesis is

described in Chapter 5.2.1 and it is followed by constant settings for particular simulation
processes.

4.3 Monte Carlo Method

The computer simulation has started a revolution of scientific approaches. It has
completed two traditional ways of science — experiment and theoretical description [81]. An
analytical theory provides the exact results only in very rare cases, more often the simplified
approximation are used to reach useful theoretical result, but they result only for an ideal
model. The experimental approach does not get sufficient information. If some unexpected
results are occurred, it is not known if their reason is an unexpected character of the sample,
influence of unknown effects.

The computer simulation allows find exact information about a model of a real
system, and it is possible to describe the model more accurate using computer simulation [81].
The simulation allows close approximation of the model to the real system. The big advantage
is the arbitrary selection of inter-atomic or inter-molecular interactions. The model
configurations and properties can be modified very easily with high variability.

One of the most popular simulation methods and recently used in a lot of fields of
applications are the Monte Carlo methods.

The Monte Carlo method was chosen for simulation of wetting and wicking processes

due to its ability to simulate dynamic processes in models of statistical mechanics.

4.3.1 History of Monte Carlo Method

The Monte Carlo Method (MC) has more than 50 years of history. The method was
born by solving the problem of behaviour of neutrons and its penetration through materials.

This task was insoluble theoretically and experimentally then Neuman and Ulam used for
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prediction of “history of a neutron live” using known roulette technique. The degree of the
MC method is that reliability is determined by mathematical — statistical methods of the
theory of reflection. Generally, the quality of results depends on the number of realised
attempts.

The Monte Carlo method has two characteristic features [120]. Firstly, it is a numeric
method used in mathematical tasks simulating of random variables. Secondly, it bears on its
growth and using as a universal numerical method has connection to rapid expansion of
computer technology.

The mathematical theory of Monte Carlo arises from concrete demands on a solution
of difficult issues of many fields, scientific, technical, economics, etc. The method comes out
from the probability theory and mathematical statistics, which create conditions to solve
issues, insoluble using traditional mathematical methods. The knowledge of bulk random

event laws and processes leads to solving of tasks with no relation to random situations.

4.3.2 Monte Carlo Method and Statistical Mechanics

The primary idea of Monte Carlo method is based on a relation between probability
characteristics of different random processes and variables, which are the solutions of
different mathematical fields (mathematical analyse). The method is understood as a result of
a combination of different approaches, like numerical solution of mathematics, physics and
other tasks. It is realised by using multiplied random attempts.

The model in statistical physics usual has a lot of degrees of freedom. The task of
statistical physics is to determine a mean value of a quantity of the model which characterises
the model over all its configurations, which describe the real system. The model has to be
described by initial configuration setting and initial value of its energy calculated as a
Hamiltonian /. The Hamiltonian for three dimensional model is calculated in equation

(4.2.6).
The normalised Boltzman factor gives a failure probability P(x;) of the x configuration

presence [115]:

2 exp(fki(‘;—)J 43.1)

4
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where kz is Boltzman constant, 7T is temperature, and H(x,) is the Hamiltonian of the system in

x; configuration. The Z is so called particular function of the system with constant number of
particles N and for constant temperature 7.

H
AR J‘d"'e"p[z(_.&f)]' (4.3.2)

B

The integration is done over Boltzman factors for all configurations x of the model with N
particles. Generally the partition function is the proportionality factor between the probability
P(x;) and Boltzman factor exp(H(x,)/k-T).

The task of Monte Carlo method used in equilibrium statistical physics is to replace
the integration over all configurations {x} and their proper weights p(x) to the sum over a
characteristic subset of configurations {x;, Xs, ....Xm}of the model which is used as a
statistical sample. The number of configurations in the statistical sample m [81] is much
smaller then the number of all configurations of the investigated system. The question is how
to choose the right subset of configurations which characterizes the system properly? For the
investigation of systems in equilibrium, the simple sampling Monte Carlo method is used.
Random walks in two dimensional lattice are used for modelling of properties of long flexible
macromolecules in solution. The variations in simple sapling techniques are shown in [81]
with examples of unrestricted random walks, non-reversal random walks, self — avoiding
random walks, etc.

The fibrous structures wetted by liquid or liquid absorption into fibrous material
represent systems in non-equilibrium state. For non-equilibrium systems, the importance
sampling Monte Carlo method is used to simulate unstable behaviour of a system. The
importance sampling realises the statistical sample as, so called, Markov process where each
configuration x;.; is constructed from previous configuration x; with a suitable transition

probability W(x;—x;+;). Then the principle of a detailed balance valid for transition from
x;—x;;; and inverse transition x; €= 1s:

px,)- W (x, = %)= plxi ) W(xisy = x,) 4.3.3)
It is clear from Equation (4.2.3) that the ration of transition probabilities for move x;—x;.; and

inverse move x;¢x;.; depend only on the energy change (4.2.1) AH=H(x;:+ ;) — H(x)),

W(x, = x.1) 5 exp[— = ]: B (4.3.4)
W(xh—l =7 xi) kB i T

The Equation (4.3.4) describes the probability of transition. In the real simulation process,

two situations are distinguished. One is the transition from the configuration with higher
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energy H(x,) to configuration with lower energy H(x,.;), what means negative energy
difference of change AH. From the graph of exponential function shown in Figure 4.3.1, the
portion from Equation (4.3.4) is in this case higher than 1. The probability of transition from
configuration x; to x;.; is higher than the reverse transition probability and the system comes
into new configuration x;.;. The different situation is occurred in the case when the following
configuration H(x;. ;) has higher energy than the initial configuration H(x,), then the difference
in energies AH has positive value and the probability of transition from configuration x;, to x;. ;

is lower than the reverse transition probability.

1.2 7
= o+ —+—+ 14
+
X
% 0.8 -
= 0.6 -
+
x
A 0.4 -
X
E 0.2 4
I T T T 9 T T T —1
-4 -3 -2 -1 0 1 2 3 4

deltaH=H(x; > x;+1)-H(x,<-x;+1)

Fig. 4.3.1: The function of the transition probabilities from Equation (4.2.4).

The transition from configuration x, to configuration x,-; is realized with the probability given

by the portion from Equation (4.3.4).
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S. EXPERIMENTAL WORK AND COMPUTER SIMULATION
PROCESS

The chapter 5 concentrates on experimental measuring of wetting and wicking
characteristics of fibrous materials and their evaluation related to analytical theories described
in Chapter 2. The configurations of models for computer simulations are designed to follow
experimental setting. The experimental results and computer simulation outputs together with
the ability of computer simulation processes to simulate real processes are discussed, and
advantages of the computer simulation outputs are described in following chapters.

Chapter 5.1 is dedicated to the description of experimental technique for recording and
evaluation of wetting characteristics and wicking processes. Parameters of tested fibrous
materials and testing liquids are reviewed.

Chapter 5.2 describes computer simulation techniques, the three - dimensional lattice
model and particular steps of simulation process.

Chapter 5.3 discusses the ability of three-dimensional lattice model to simulate liquid
— vapour phase transition.

Chapter 5.4 contains results of measurement of contact angle on a flat solid as a basic
characteristic of quality of wetting. The experimental and computer simulation results are
reviewed.

Chapter 5.5 studies the computer simulation of instability of liquid drop placed on
heterogeneous surface is studied.

Chapter 5.6 discusses results of computer simulation of a liquid drop behaviour of a
single fibre according to theoretical prediction from Chapter 3.3.1 and 3.3.2, and experimental
results from chapter 5.4.

Chapter 5.7 describes the behaviour of liquid drop on fibrous assemblies in
dependence on number of fibres and fibre geometry in assemble. The experimental results are
accompanied by outputs from computer simulation.

Chapter 5.8 evaluates liquid penetration into fibrous layer with different fibrous
orientation and the liquid transport inside these layers. The computer simulation results are
used to describe the behaviour inside the structures and it is used to predict the behaviour of

composite material pleated from those layers.
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5.1 Experimental Techniques

The experimental techniques for the investigation of air - liquid — solid mutual
behaviour are similar for all experiments described within Chapters 5.4 — 5.8.

Several experimental configurations were used for investigation of behaviour of
liquids in contact with solid materials. These examples are shown in Figure 5.1.1. A liquid
drop placed on a solid flat surface, as shown in Figure 5.1.1A, a liquid drop placed on a single
fibre stretched over the plastic frame, as shown in Figure 5.1.1B, or on a fibre bundle
stretched over the plastic frame, shown in Figure 5.1.1C. A liquid drop placed on a complex

fibre structure, as shown in Figure 5.1.1D.

A B -
& D
"_ﬂt -

Figure 5.1.1: A —drop of distilled water on a PP flat surface. B — drop of distilled water drop on
a single boron fibre. C — oil drop on parallel PP fibres ordered in a bundle. D — coloured liquid

drop on nonwoven fabric structure.

The experimental samples were captured by digital camera connected to a computer. The

recorded images were interpreted using image analyser LUCIA G [121]. The program
allows quantification of some parameters if the calibration is known. A length

characteristic is marked on the coloured picture as shown in Figure 5.1.2A as marked
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diameters of a fibre. The program gives the mean value of the diameters and standard
deviation, the maximum and minimum values of diameters in the measuring area. Length

and height of a drop can be measured. The program measures automatically a market angle

on the coloured picture, as shown in Figure 5.1.2 B.

A B

Figure 5.1.2 A — liquid film on PP fibrous assemble; B — oil drop on flat surface, the contact angle is

marked. .

The wetting process is captured on video. Particular images are selected according to
requested time intervals. The three sequences of the wetting process of a fibrous assemble are
shown in Figure 5.1.3 A. The sequences from process of a liquid drop penetration into fibre

mass are shown in Figure 5.1.3. B.

A

Figure 5.1.3: A — spreading of a drop into fibrous assemble: B — penetration of a drop into fibre mass.

The area in cross-section of the liquid drop was evaluated in experiments, as shown in

Figure 5.1.4. The software LUCIA G gives direct value of the surface area.



5.2 Figure 5.1.4: The cross section of areas of the liquid from Figure 5.1.3 B.

The design of the three-dimensional lattice model was inspired by the Ising Model and
its modification used for fibrous assemblies simulation described in Chapter 4.1.1. The
simulation process is driven by principles of Monte Carlo simulation method and statistical

mechanics mentioned in Chapter 4.3.

5.2.1 Three Dimensional Lattice Model

The three-dimensional lattice model is used for simulation of wetting processes on
solid substrates and for liquid wicking into fibrous materials in the doctoral thesis. The model
is based on principles of Ising model [122] and was inspired by the three-dimensional model
described in Chapter 4.2. The difference between the below described model and the model
presented in Chapter 4.2 is that the Ising variables are used only to distinguish the different
environment in particular cells, but they do not influence the calculation of Hamiltonian. The
basic composition of the model is a three-dimensional lattice built from elementary cubic cells
of unit volume. An example of the model is shown in Figure 5.2.1.

The components of the system are air, liquid and fibres, are present in total number N
of cells. The system is organised into three-dimensional lattice using Ising variables. Each
elementary cell i is occupied by an Ising variable value o. The Ising variable value of cells

filled by air is o =0, the Ising variable value of cells filled by liquid is o= 1 and Ising variable

value for fibre cells is o= 2.
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Figure 5.2.1: Three dimensional Ising model modification of system composed of fibrous assembly in
contact with liquid. The fibrous assembly I is surrounded by liquid 2. The air 3 is present in other

lattice cubes.

The total energy H of the system is the sum of energies E; of all elementary cells in the
lattice. The energy of one elementary cell i depends on the interactions between the cell i and
the cells in its nearest vicinity. Each cell has twenty six nearest neighbours in the three
dimensional lattice. The cell / can be air, liquid or fibre component. Also the neighbouring
cells can represent one from of these three environments. The characteristics of mutual
cohesion and adhesion influence the behaviour of the model. The quality of the interactions
are characterised by values of exchange energies C;, between the central cell i and a particular
cell j in its nearest vicinity. The liquid cells are also under the influence of gravitational field.
The energy of elementary cube E, has two parts

26

E-C .z t3C, (5.2.1)

j=1
where C, is gravitational constant and the vertical position of cube 7 in the lattice is
characterised by z, co-ordinate. The second term is the sum of exchange energies between cell
i and 26 cells in its vicinity.
The Hamiltonian H expresses the total energy of the system. It is the sum over all elementary
cells in the model

N N N
H=3E=C, 3t Y
i=1

26
i=1 i=l j=1

z. (5.2.2)

Example of values of C; for each interaction of a pair of cells 7 and j are shown in Table 5.2.1.
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Table 5.2.1: Values of exchange energies (C,) for neighbouring cells (i) and (j) in a simulation process.
Central cell i — 6,=0

g, =1 o;=2
Neighbour cell j ¥
6,=0 Cy(0,0)=-1 Cy(0,1)=+10 Cy(0,2)=+10
S G0, =+10 C,(Lh=-92 Cy(1,2) = -102
o,-2 Cy(0.2)=+10 Cy(1,2)=-102 Cy(2,2)=-59

The determination of exchange energy values is based of the definition of liquid
surfase tension on the definition of surface tension [123]. The exchange energies
determination is shown on an example of one air and one liquid cell. A liquid cell inside the
volume of liquid phase is surrounded in three-dimensional lattice by twenty six liquid cells, as
shown in Figure 5.2.2A, and an air cell inside the volume of air phase is surrounded in three-

dimensional lattice by twenty six air cell, as shown in Figure 5.2.2B.

AN

Figure 5.2.2: A — a liquid cell inside volme of liquid phase in 3D lattice, B — an air cell inside

volume of air phase in three-dimensional lattice.

If the liquid cell is replaced from inside liquid volume at the liquid — air interface, at
least one air cell is present in its nearest vicinity, as shown in Figure 5.2.3A. If the air cell is
replaced from inside air volume at the liquid — air interface, at least one liquid cell is present

in its nearest vicinity, as shown in Figure 5.2.3B
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Figure 5.2.3: A ~ a liquid cell at the liquid — air interface in 3D lattice, B — an air cell at liquid -
air interface in 3D lattice.

The difference of the energies of those two cells inside the phase volumes and at the
interface is:

AE =2-C,0D)-C,,)-C,0,0)=2-7,. (5.2.3)

The C,;(0,1) is the exchange energy for neighbouring liquid and air cells, C,;(1,1) is the
exchange energy for two neighbouring liquid cells and C;;(0,0) for two neighbouring air cells.
The derivation of equation (5.2.3) is reviewed in Apendix 1.

The value of gravitaional constant in Equations (5.2.1) and (5.2.2) is set up according
to definition of potential energy E, of a body in gravitaitonal field:

E, —m,-gh, (5.2.4)
where mj is the body mass, g is gravitaitonal acceleration, A, is the high of the body in
gravitational field. In the gravitational part of Equation (5.2.1) is the high h, equivalent to
vertical z-coordinate of the cell, and the cell has unit volume then unit mass also. The constant
C, is equivalent to the value of gravitational acceleration g = 9.81 m-s". The value of

gravitaitonal constant Cy, in simulation processes is 10.
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5.2.2 Computer Simulation Process

The computer simulation process is based on statistical mechanics principles and it is

realised using the Monte Carlo simulation methods [124).
The three - dimensional lattice model, is used for computer simulation. Before the

simulation process starts, the initial configuration of the model is built using Ising variables

and the characteristic constant are defined.
Several conditions are preserved during simulation process.
1. The temperature is constant during simulation process.

2. The number of liquid cells is constant during the simulation process. The evaporation

of liquid is neglected.

3. The cells presenting solid environment are fixed in their positions during simulation

process.

The dynamics in the simulation process is controlled by Kawasaki spin exchange
dynamics on long range distances. In the present process, the cells characterised by values of
Ising variables o are randomly selected from any position at liquid — air interface. The
interface positions are a condition for simulation process to preserve the natural liquid
behaviour and move the liquid cells from liquid surface only, and not from the inner liquid
volume.

The probability of liquid and air cells positions exchange depends on the value of system
energy before and after exchange AH. One Monte Carlo step (MCS) involves following
operations [124]:

e one liquid cell and one air cell are randomly chosen from liquid — air interface

o the sum of energies £, of air and liquid is calculated from Equation (5.2.1)

e the positions of the Ising variables of these two cells are changed in the lattice

e the sum of energies E, of air and liquid after position exchange is calculated from

Equation (5.2.1)

e the difference between energy before and after exchange is calculated as AH=E-E,

e if the exchange decreases the energy below zero AH<0, the Ising variables stay in their

new positions and the energy of the systems changes to AH

e if the exchange increases the energy above zero AH>0, the decision process about

system behaviour is more complicated. The probability of transition Pz from

Equation (4.3.4) of the system is calculated.
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* the number P is randomly generated from interval (0.1)

if P>Pyp, the system returns to initial configuration and its energy remains constant. If
P<Pr, the system stays in the new configuration and the energy of the systems is
changes to AH.

The next simulation step starts the same process with another two cells.

The simulation process finishes when the system reaches the equilibrium state, it is when the

energy of the system varies around a constant value during simulation.

The values of thermodynamic temperature kgT are set up in computer simulation
between values kgT = 0 and kgT = 40. The infuence of different values of thermodynamic

temperature kg T on behaviour of system during simulation processes is discussed in following
Chapter 5.3.

5.3 Computer Simulation of Two Phase System

The Ising Model is frequently used for simulation of phase transition [125,126,127].
To simulate processes on the liquid — vapour interface using the above mentioned three -
dimensional model was inspired by the Helmholtz definition of surface tension and his
prediction about existence of so called sphere of phase interface.

Several different phases of one component can be found in one component system
under specific conditions. The different structural constitution of each phase of the
component, and the different character of interactions in inert volume of each phase, cause the
creation of sphere of phase interface between two neighbouring phases [124]. According to
Gibbs, the phase interface has a final thickness, where the thermodynamic characteristics are

different from the thermodynamic characteristics in the inert volume of each phase.

5.3.1 Thermodynamic Relations in the Sphere of Phase Interface

Two phases can coexists in one component system in balance. The stability of phase

interface depends on the increase of Helmholz energy Fy during increasing surface area A of
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the phase interface. So long as Helmholtz energy increases with increasing surface area
dF/dA>0, an increase of Helmholtz surface energy Fy belongs to emergent surface area [128]:

dF

e
by, ¥-A B30

where yis Helmholtz surface energy related unit surface area of phase interface.

The Helmholtz surface energy Fis can also be defined as a force preventing the surface area
increase, as described in the Dupre attempt for surface tension definition in Chapter 3.1.

The presence of Helmholtz surface energy Fs and then surface tension y is explained by the
presence of unsaturated interactions on the phase interface. To establish a new surface means

to expend work necessary to release molecules from the inert volume of a phase and bring
them to the surface [128].

The sphere of phase interface is a layer of infinite thickness, which is comparable with
the size of molecules [128]. The characteristic properties for one phase are step by step
changed to the characteristics of the other phase inside this transition layer. Because the
composition and properties are inhomogeneous in transition layer, Gibbs also called this layer
as a physical surface of homogeneity disturbance.

The characteristics of interphase are studied on the bases of changes of the Helmholtz
surface energy Fs in the transition layer between two phases. The density of Helmholtz energy
f for a system of one phase in the state of constant values of pressure p, temperature T and
volume ¥ and the number of moles is:

=07, (53.2)
where chemical potential 4 = AG/cN is equal to change of Gibbs energy &G related to the
change of number of moles AV, concentration ¢ = éNV/AV is equal to the change of number of
moles AN related to the change of volume JV.

For two phases in balance, the values of chemical potential z and pressure p are equal.
Then from Equation (5.3.2), the change of density of Helmholtz energy is influenced by the
difference of concentrations in both phases only. Generally, Helmholtz energy is then higher
for liquids than for gases.

The character of change of Helmholtz energy is presented in an example of one
component system containing two phases — liquid and vapour [128]. This system is closed in

a prism. The prism contains liquid of volume V; and vapour of volume V,, as shown in Figure

8.3.1.
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Figure 5.3.1: The change of Helmholtz energy on the sphere of phase transition.

There are marked two lines & and 8, in the volume of the prism. From the lower plane
of the prism to the line , is the density of Helmholtz energy constant and equal to the density
of Helmholtz energy in the liquid phase f=f=const. From the top plane of the prism to the line
Oy is the density of Helmholtz energy constant and equal to the density of Helmholtz energy in
the vapour phase f=f,=const. The layer between lines  and &, is sphere of phase transition
and its thickness is &+ &,. In the ideal system, the Helmhotz energy jumps from the value F;
in liquid volume to value F, in vapour volume on the phase interphase line. The total
Helmholtz energy of the whole system is sum of energies in particular phases F;+F,. In the
real system, the sphere of phase transition has its own characteristics and cause a higher value
of total Helmholtz energy Fg for real system than for ideal system F;+F,. The increase of the
total Helmholtz energy Fs in real system over the ideal system is:

B=F-(F+R)=F-(, VL V)=r: 4

This surplus Fs is related to a surface area S expresses value of surface tension y.

0 8
y=[lrG)- £l dz+ Jlr()- 1) de. (5.3.4)
-4 0
The boundaries of integrals in Equation (5.3.4) are set from §; to 6,. From the geometrical
expression, the value of surface tension y is equal to designated area in Figure 5.3.1, which is
restrain by a curve of function f (z), and by lines f = fia f = f,, and by a section of line z = 0,

as shown in Figure 5.3.1. The Equation (5.3.4) is equal to value of y for this concrete position

of the interphase line z=0.
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5.3.2 Two Phase System in Three Dimensional Lattice Model

The density of the Helmholtz energy was evaluated using computer simulation. The
two phases of one component are ordered into three - dimensional lattice built from
elementary cubic cells, as described in Chapter 5.2. The two phases were strictly separated in
two halfs of volume. The lower part of the lattice from vertical co-ordinate z = 0 to z = 50 is
filled in by water, and the top half from the co-ordinate z = 51 to z = 99 is filled in by air, as
shown in Figure 5.3.2 for temperature parameter kg T = 0. The temperature parameter includes
Boltzman constant value kg and thermodynamic temperature T [129]. There is no sphere of
phase transition in the initial configuration, the phase volumes are separated and the dividing
line z = 50. The simulation process is based on position exchange of liquid and air cells, the
principle is described in Chapter 5.4. The behaviour of the model was simulated for different
values of temperatures and the existence of sphere of phase transition was observed and its
thickness was evaluated.

The configurations of the model after 500000 simulation steps for different

temperature parameters are shown in Figure 5.3.2.

I 2 )
kgT=0 kT =200 kgT=400 kpT =600 kgT=800 kgT =1000

Figure 5.3.2: Configurations of two phase system after 500 000 simulation steps for differentt
temperature parameters from kgT = 010 ksT = 1000.

It is visible that for temperature parameter kgT=1000, 800 and 600, liquid cells are
dispersed in the whole volume of the system. For lower temperature parameter kgT= 400, 200
and 0, the liquid and air cells exchanged their positions only in a part of the whole volume.
The exact results are derived from graphs of density of energy of the system in the horizontal
levels.

The energies of particular levels were calculated as Hamiltonians (5.2.2) for cells in

] each horizontal level of the model. The density of energy is the energy of particular horizontal

~ Jevel related to the number of the cells in the level.




——kBT=0
——kBT=200
——kBT=400
——kBT=600
——kBT=800
——kBT=1000

z co-ordinates

density of energy

Figure 5.3.3: The density of energy in horizontal levels of the model of one component system

containing liquid and air phase. The change of energy is observed for different temperature
parameter kgT.

The change in the behaviour of the system between values kgT 400 and 600 is visible in the
graph above. For kgT = 600, 800 and 1000 the values of density vary in the whole volume due
to the liquid and air cells being dispersed. There is no sphere of phase transition for these
temperatures. The situation is different for lower temperatures. The values of density of
energy are constant in the liquid and air volumes of the system, as shown in the graph in
Figure 5.3.3 for kgT = 0, 200 a 400. The values change in the region around the co-ordination
z = 50, what was the initial dividing line of two phases. A detailed view on the situation the

temperatures under 400 is shown in graph in Figure 5.3.4.
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Figure 5.3.4: The density of energy between horizontal levels z = 45 and z = 55 of the model for one
component system containing liguid and air phase. The change of energy is observed for different
values of kyT.
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The line where the constant value of density of energy is disturbed is different for different
temperatures.

The values of density are different from the values in the volumes for z co-ordinates
49 and 50 for temperature parameter kgT = 0, the sphere of phase transition is very narrow,
only two layers in the model. The values of the density are for values of z co-ordinates 49, 50,
51, 52 for temperature parameter kgT = 200. The sphere of phase transition is five layers
thick. And for temperature parameter kgT = 400 is the sphere of phase transition thick seven

layers, from z = 47 to z = 53. The values are reviewed in Table 5.3.1.

Table 5.3.1: Values of density energy in levels of two phase system for different values of temperature
parameters kgT.

e

z co-ordinate | kgT=0 kgT =200 kg T = 400
44 -3.53846 -3.53846 -3.53846
45 -3.53846 -3.53846 -3.53846
46 -3.53846 -3.53846 -3.51124
47 -3.53846 -3.53846 -3.06775
48 -3.53846 -3.53846 -2.68994
49 -2.31361 -2.16391 -1.52027
50 0.107988 -0.05518 -0.14985
51 -0.03846 -0.0287 0.008728
52 -0.03846 -0.3521 -0.0287
53 -0.03846 -0.03846 -0.3683
54 -0.03846 -0.03846 -0.03846
55 -0.03846 -0.03846 -0.03846

The configurations of the model after 500000 simulation steps for temperatures from kgT = 0

to kgT = 100 are shown in Figure 5.3.5.

kgT=0 kgT=20 kgT=40 kgT=60 ksT=80 kgT=100

Figure 5.3.5: Configurations of two phase system after 500 000 simulation steps Jfor different values
kyT = 0 to kyT = 100.
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The differences in distribution of values of density if energy for temperatures from kgT = 0 to
kgT = 100 is not possible to recognize from graph, the curves are overlapped. The values are
shown in Table 5.3.2. The values of the density are different from the values in the volumes

for z co-ordinates 49 and 50 for ksT = 0 and kgT = 20, where the sphere of phase transition is

very narrow, only two layers in the model.

Table 5.3.2: Values of density of energy in levels of the two phase system for different values of temperature
parameter kgT.

z co-ordinate | kgT =0 kgT =20 kgT =40 kgT =60 kgT=80 ksT = 100
46 -3.53846 -3.53846 -3.53846 -3.53846 -3.53846 -3.53846
47 -3.53846 -3.53846 -3.53846 -3.53846 -3.53846 -3.53846
48 -3.53846 -3.53846 -3.53846 -3.52485 -3.51124 -3.52485
49 -2.31361 -2.31361 -2.34083 -2.3 -2.28639 -2.31361
50 0.107988 0.107988 0.111243 0.106361 0.0104734 0.02692
51 -0.03846 -0.03846 -0.03521 -0.03846 -0.03846 -0.03683
52 -0.03846 -0.03846 -0.03846 -0.03846 -0.03846 -0.03846
53 -0.03846 -0.03846 -0.03846 -0.03846 -0.03846 -0.03846

The values of the density are different from volume phases in z co-ordinates 49, 50 and 51 for
temperature kgT = 40, and in z co-ordinates 48, 49 and 50 for temperature parameter kgT =
60, kgT = 80 and kgT = 100.

The simulation processes in the following chapters use chosen values between kgT = 0
and kg T = 40. The layer of transition is very low and the behaviour of liquids is appropriate to
the behaviour of real liquids used in experimental works in laboratory conditions where the

temperatures are between 20°C and 25°C.

5.4 Wetting of Homogeneous Surface

The wetting of solid flat smooth homogeneous surface is a basic example of mutual
behaviour of a liquid in contact with a solid material. The importance of the contact angle as
an indicator of quality of wetting is described in Chapter 3.3.1. The contact angle ¢ is
measured when the solid — liquid — air system is in a stable state. The contact angle is the
angle between the tangent to liquid — air interface and liquid - solid interface, as shown in

Figure 3.3.1. The contact angle, as important characteristic for particular solid material and
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concrete liquid, is used as a material parameter in Lucas — Washburn equation for study of

liquid dynamics in single capillary (3.3.15).

5.4.1 Experimental Results of Contact Angle Measurement

The theses deals with the study of wetting and wicking characteristics of fibrous
structures and one part of the experimental work and computer simulation is focused on
dynamics of liquid motion on assembles of propylene (PP) fibres, describe within Chapter
5.7. The dynamics is evaluated using Lucas — Washburn equation (3.3.15), where contact
angle between PP fibre and testing liquid is used. The variant of contact angle measurement
on flat surface from the equal material was chosen.

PP filaments from the company Mitop Mimon a.s. were used in experimental work
[130]. The filaments of fineness 11 dtex were taken out from the spinning process straight
after spinning and cooling process, before the application of surface agents or lubricants. It
assures clear surface of filaments. The filaments were cut to the form of staple fibres and
fibrous web was prepared using carding machine. The web was moulded on laboratory
hydraulic press applying melting temperature of PP polymer, and PP foil was prepared. The
foil was cleaned using inorganic solution to remove the surface contamination caused during
foil preparation.

Pharmaceutical oil was used as testing liquid for experimental work. This kind of oil was
chosen because of its excellent affinity to PP fibres and its low viscosity. These characteristics
assure good wetting and fast transport of oil on the fibrous assemble, what is suitable for time
effective experimental work and it eliminates the liquid evaporation, what could influence the

quality of results. The parameters of pharmaceutivcal oil are in Table 5.4.1.

Table 5.4.1: Density, viscosity and surface tension of testing liquid.

Density Viscosity Surface Tension

Pharmaceutical oil p =884 kgm” v =10.6392St y=32.88 mNm™'
n=0.0565 kgm''s”

Liquid drop volume 0.0010 g £ 0.0001 g

The suitable pipette was used to place finite oil volume, shown in Table 5.4.1, on horizontal

foil surface. The drop in balance shape was captured and the contact angle was measured
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using image analysis software LUCIA M, as shown in Figure 5.2.1B. Two values of contact

angles are measured on each image, as shown in Figure 5.4.1. The results are shown in Table
5.4.2.

liqud drop
81 62

Jophel £ o d Ta ol

Figure 5.4.1: Two values of contact angle 61 and 62 are measured on a oil drop placed on
surface of PP foil.

Table 5.4.2: Results of contact angle 6 measured between pharmaceutical oil and PP foil.

1]12(3[4]5[6|7]8]9]|10| Average value | Standard deviation | Coefficient of variation
['] [ [%]
01[][43[38|45(56 (49|48 43525239
02[7] (5241 (46|52|50 (48 (3944 [45(42 46.2 5.1 11.12

The value of contact angle between pharmaceutical oil and surface of PP foil is approximately

46°.

5.4.2 Computer Simulation of Wetting Process on Homogeneous Surface

The simulation process follows the results of the above mentioned experimental work.
A hemispherical liquid drop was placed on a horizontal flat smooth surface and its behavior

was recorded till the system reached an equilibrium state. The contact angle as a characteristic

of wetting quality was evaluated [130].
The setting of values of exchange energies for simulation process was derived from

real values of surface energy and liquid surface tension and liquid — solid interface tension.
The value of oil surface tension is taken from Table 5.4.1. The surface energy of solid surface

is taken from literature [131]. The value of contact angle is taken from experimental results
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within Chapter 5.4.1 and the liquid — solid interface tension is calculated from Young
equation (3.3.3).

Table 5.4.3: Values of surface tension and surface energies used for calculation of computer simulation
constants.

Liquid surface tension | Solis surface energy Contact angle | Liquid — solid interface tension

y=32.88 mNm" ¥s=(29—-30) Jm? 46.2° Yu=(5.5—7.5) mNm"

The initial configuration of the model is shown in two cross sections in Figure 5.4.2.
The contact angle between liquid surface and solids surface is 90° in initial configuration.
From the figures in Table 5.4.3, the values of exchange energies were calculated

ki according to Equation (5.2.3). The values of constants for computer simulation are reviewed
in Table 5.4.4.

.}

X X

Figure 4.4.2: Initial configuration of the model in two sections.

The model of liquid drop with radius 6 lattice unit length achieved the equilibrium state after
300 000 simulation steps, the model of liquid drop with radius 10 lattice unit length achieved
the equilibrium state after 700 000 simulation steps. The graph of energy thereafter plotted as

shown in Figure 5.4.3.
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Table 5.4.4: Values of computer simulation constants: dimensions of 3D lattice model, liquid drop radius, kgT —

thermodynamic temperature parameter, Cg — gravitational constant, C,, — exchange energy between two air cells,

C, —exchange energy between air cell and liquid cell, C,. — exchange energy between air cell and solid

cell, Cy; — exchange energy between two liquid cells, C;, — exchange energy between liquid cell and solid cell,
C,, — exchange energy between two solid cells,

3D lattice dimensions (xxyxz) 80x80x30 80x80x30
[number of cells]

Drop radius [lattice unit length] 6 10

kgT 30 30
A 10 10
e -10 -10
£ ] 4

B C, 10 10
BT, 47 47
e 31 31
e 30 30
Number of simulation steps 300 000 700 000

—x— radius 6
—radius 10

simulation steps

Figure 5.4.3: Decrease of energy during simulation process.

The final configurations of liquid drops are shown in figure 5.4.4.
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z=1 y=40 z=1 y=40
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Figure 5.4.4: The final configuration of system. A — drop with initial radius 6 after 300 000
simulation steps, B —drop of initial radius 10 after 700 000 simulation steps.

From the comparison of Figure 5.4.2 and Figure 5.4.4 is clear that the liquid drop changed its
- shape, it means that the contact angle was changed.

5.4.2.1 Contact Angle Evaluation

The contact angle evaluation is clearly shown in Figures 5.4.5 and 5.4.6. There is a
cross section of liquid surface plotted in the graph in Figure 5.4.5. The shape of liquid surface

in the area close to the solid surface is described by linear function, as shown in Figure 5.4.6.

y =40
?_
6 - L I I
54 * * .
0 o4 * .
L :
2 A . *
14
0 T : g
30 35 40 45 50
x axis

Figure 5.4.5: The shape of liquid surface in cross section.

The angle between the tangent of liquid surface and x — axis corresponds with the contact

angle and it is calculated as
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6 = arctan(k),
where £ is coefficient from the linear equation

yv=k-x+l.

The value of coefficient £ is equal to 1 for the particular shape of liquid surface in Figure
5.4.6, then the contact angle = 45°.

y=40
A
64 Y=x-30
Sl
[
4 ]
ES
i3
24
TJd
0 . - ; . .
AN 32 33 34 35 36 37
X axis

Figure 5.4.6: The shape of liquid surface in the vicinity of the horizontal solid surface.

The results of contact angle values for drops of two different diameters are in Table 5.4.5.

Table 5.4.5: Results of contact angle investigation from computer simulation.

Drop radius [lattice unit length] Contact angle [°] Coefficient of variation [%)]
6 43.0+3.6 83
10 46.3+3.0 6.5

The value of contact angle for liquid drop of radius 10 lattice unit length is comparable

with experimentally measured value of contact angle between pharmaceutical oil and PP solid

surface shown in Table 5.4.2.

5.4.3 Influence of Interface Energy on Wetting of Homogeneous Surface

The influence of values of solid — liquid interface tension on the quality of wetting

process are investigated using 3D lattice model. The values of solid - gas energy and liquid
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surface tension are kept constant. Only the value of solid — liquid interface tension is changed,
as shown in Table 5.4.6.

Table 5.4.6: Values of surface tension and surface energies used for calculation of computer simulation

constants.
Sample Liquid surface | Solis surface energy | Liquid — solid interface
lension tension
A y=12mNm" Y. =30 Jm? ¥4 =21.5 mNm™"
y=12mNm" ¥s =30 J-m? g =19.5 mNm™'
y=12mNm" ¥, =30Jm? yg=15.5mNm"

In agreement with values in Table 5.4.6, the values of exchange energies are calculated

according to relation (5.2.3) and are reviewed in Table 5.4.7.

Table 5.4.7: Values of computer simulation constants: dimensions of 3D lattice model, liquid drop radius, kgT —

thermodynamic temperature parameter, C, — gravitational constant, C,, — exchange energy between two air cells,

C,, — exchange energy between air cell and liquid cell,

C,; — exchange energy between air cell and solid

cell, C,, — exchange energy between two liquid cells, C;; — exchange energy between liquid cell and solid cell,

C,. — exchange energy between two solid cells.

Sample A B C

3D lattice dimensions 80x80x30 80x80x30 80x80x30
(xxyxz) [number of cells]

Drop radius [lattice unit 6 10 10
length]

kT 30 30 30

C, 10 10 10
4 -2 -2 2

C 1 1 1

. 14 14 14

o 221 -21 -21
e -4 -6 -10
C. -30 -30 -30
Number of simul. steps 1500 000 1500 000 1500 000

The initial configuration of the model is the same as in Figure 5.4.2. The system reaches the

equilibrium state in 1.5 million simulation steps, as shown in the Figure 5.4.7.
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Figure 5.4.7: The energy of the model during the simulation process.

The final configurations in two cross-sections after 1.5 million simulation steps are shown in
Figure 5.4.8, and the cross-sections of the surface curves of the drops in the final state are

shown in Figure 5.4.9.

Z=1 Z=1 Z=1

N Y}r\ A

il = —_—
X b4 %
=40 y =40 y=40
T z Zp
B 2
X % %
A B @

Figure 5.4.8: A — cross sections of the final shape of liquid drop on solid surface with solid — liquid

interface tension y; = 21.5 mNm™ B — cross sections of final shape of liquid drop on solid surface
with solid — liquid interface tension y; = 19.5 mNm', C — cross sections of final shape of liquid drop

: =3 o7
on solid surface with solid — liauid interface tension vo = 15.5 mNm™".
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Figure 5.4.9: The curves of drop surfaces in cross section of drop. The drops are in final stable
position after 1.5 million simulation steps.

The geometrical parameters of the shape of the drops were evaluated from the graph in Figure
5.4.9. The diameter 2r of the drop was measured in the bottom level, the height of the drop A,
shown in Figure 3.3.2 in Chapter 3. The contact angle is calculated from the arctangent
function of liquid surface and x — axis corresponds with the contact angle and it is calculated

as shown in Chapter 5.4.2.1. The results are reviewed in Table 5.4.8.

Table 5.4.8: The parameters of liquid drop in the final state.

Sample Drop diameter 2r Drop height A, Contact angle ¢
[lattice unit lengt] [lattice unit lengt] [°]
Ave Std Ave Std
A 32.6 0.8 4 0 36.7
B 41.3 2.2 4 0 24.3
& 60.6 27 1.9 0.3 0

If the values of liquid surface tension, solid surface energy, solid — liquid interface tension and
the contact angle are institutes into Young equation (3.3.3), then it is derived the equation of

balance of the liquid drop on solid surface, as shown in Table 5.4.9.

Table 5.4.9: The values of surface energy s, solid — liquid surface tension vy, liquid surface tension y,, contact

angle 0 and evaluation of Young equation v, - Ysi - 119.

¥s Yl N 0 ¥s - Ys - 10
A 30 21,5 12 36.7 -1.37
B 30 19.5 12 243 -0.44
L 30 15 12 0 2.5
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The setting of exchange energies calculated from the values of surface tensions and energies
drive the simulation process in the agreement with behavior of real systems. The proof is the
values of contact angle and evaluation of Young equation shown in Table 5.4.9.

The phenomena of complete wetting happened only in model C. The evaluation of Young
equation fulfills the condition of complete wetting % - % - ycos@ > 0. The setting of
simulation constant in models A and B causes the wetting of solid surface, it means the value
of contact angle in the interval 0 < §< 90°. The evaluation of Young equation is valid for the
case of incomplete wetting y, - y, - ycos@< 0.

The results confirm the behavior of the model following the theoretically described
phenomena of liquid drop placed on horizontal homogeneous substrate. The different values
of solid — liquid interface tension cause the different shapes of liquid drops and then the
different values of contact angles. The higher value of solid — liquid interface tension causes
the higher value of contact angle and then the lower value of cosé. This influences the total
decrease of the left site of Young equation, what means the worse wetting of solid surface.
The higher value of solid — liquid interface tension decreases the spreading ability of liquid on

the solid surface.

] Computer Simulation of Droplet Motion on a Heterogeneous Substrate

Experimental work investigating the behaviour of a liquid drop placed on a heterogeneous
substrate is described in [132]. This behaviour is investigated using computer simulation is described
within this chapter [133].

The simulation process described below presents a liquid drop motion on a heterogeneous
horizontal flat solid surface. The liquid drop has hemispherical shape in the initial configuration. The
substrate is composed from two different materials - hydrophilic primary flat surface and hydrophobic
cross on the surface. In the beginning of simulation, the liquid drop is in an unstable state and it starts
its motion on the substrate. It is completed when the liquid reaches the stable position on the substrate
[131]. The results of this experiment will be achieved by computer simulation.

The initial configuration of the simulation model is shown in Figure 5.5.1. The basic solid
plate has dimensions 114x114x1. In the middle of the flat square is the centre of the cross. The cross
divides the plate into four parts (I, IL, III and 1V) as marked in Figure 5.5.1. The wide of each cross
stripe is given as one-third of droplet radius R, as shown in Figure 5.5.1A. The drop has hemispherical

shape and its radius is r = 21 lattice unit. It is placed in position distanced 0.2-r upward and 0.11 to the
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right from the centre of the cross, as shown in Figure 5.5.1B. The smallest drop volume is placed in

the part I11 of the solid plate, the biggest drop volume is placed in the part II of the solid substrate.

A B

Figure 5.5.1: A - heterogeneous solid substrate, B — the initial track of drop on the substrate.

The parameters of computer simulation are reviewed in Table 5.5.1. The simulation ends after the

model reaches stable state, which is after 500 000 simulation steps.

Table 5.5.1: Values of computer simulation constants: dimensions of 3D lattice model, liquid drop radius, kgT —
thermodynamic temperature, C, — gravitational constant, C,, — exchange energy between two air cells, C,; —
exchange energy between air cell and liquid cell, Cas1 — exchange energy between air cell and solid plate
cell, C,; — exchange energy between air cell and solid cross cell, Ci) ~ exchange energy between two liquid
cells, Cy,, — exchange energy between liquid cell and solid plate cell, C;; — exchange energy between liquid cell

and solid cross cell, C;},;, Cy,5 — exchange energy between two solid cells.

3D lattice  dimensions  (xxyxz) | 115x115x22
[number of units]

Drop radius [lattice unit length] 21

ke T 30

E; 100

G -40

Ca 26

e 20

G -40

oY -26

a&h -30

s +120
Cotats Cizaz 0
Number of simulation steps 500 000
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The track of the drop on the solid plate in the different simulation times is shown in
Figure 5.5.2. The drop contracts inward along the hydrophobic cross and spreads on the
hydrophilic plate, as shown in Figure 5.5.2A. The first part of drop volume is separated after
300 000 simulation steps on the part I1I of solid plate, shown in Figure 5.5.2B. The second
part of drop volume is separated after 400 000 simulation steps, shown in Figure 5.5.2C. The
last two parts are divided in approximately 450 000 simulation steps. The stable state is
reached after 500 000 simulation steps and it is shown in Figure 5.5.2D. The drop volume is

divided into four small drops. The smallest one is in the part III and the biggest one is in the

part I1.
A B
£ D
Figure 5.5.2: A - the drop contracting along the hydrophobic cross, B - the first part of the drop is

separated afier 300 000 simulation steps, C - the second part of drop is separated after 400 000

simulation steps, D - the drop is divided into four parts after 500 000 simulation steps.

The energy of system plotted versus the simulation time is shown in Figure 5.5.3. The
drop spreads and the curve of energy decreases slowly. The fluctuations of the curve are
caused by introduction of temperature in simulation process. After 300000 simulation steps,
the drop starts to divide and the curve decreases more rapid. The liquid spreading stops after
the state with minimal energy of system is achieved. The liquid drop is divided into four

particles on the parts of the hydrophilic solid plate, as shown in Figure 5.5.3.
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Figure 5.5.3: Graph of the dependence of the energy on simulation time during the simulation of the

droplet motion on the heterogeneous substrate.

Monte Carlo simulation technique is comparable with the experimental results from [131].
The differences are caused by diverse approaches of both methods used for solving of this problem.
These results support the idea to use this computer simulation technique for solution liquid contact
with more complex fibrous systems, where recent theoretical descriptions do not exist. We can expect

reliable accurate results of these processes obtained by the computer simulation.

5.6 Computer Simulation of Wetting of Single Fibre

The wetting of single fibre is theoretically described in Chapter 3.3.2. From the
comparison of conditions for complete wetting of a flat surface (3.3.4) and a single fibre
(3.3.7) is concluded following: if the flat surface is wetted by concrete liquid, the single fibre
could not discharge condition of complete wetting [45]. The shape of surface influences the
ability of the surface to be wet by a liquid.

The conclusion was not possible to establish experimentally. The computer simulation
was used to investigate behaviour of a liquid drop placed on a single fibre. The condition of
complete wetting (3.3.7) depends only on the geometrical parameters of fibre and liquid body,
and on the liquid surface tension. The fibre cross-section was chosen as a variable for the
computer simulation. The computer simulation was done on fibres of four different cross
sections, as shown in Figure 5.6.1. The surface area of the fibre is the parameter influencing

the wetting quality. The perimeter of the fibres in computer simulation is done as a sum of the
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lattice unit length on the surface of the fibre. The fibre A has perimeter 12 lattice unit lengths,
fibre B has perimeter 16 lattice unit lengths, the fibre C 20 lattice unit lengths and the fibre D

28 lattice unit lengths.
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Figure 5.6.1: The cross-section of fibres used in computer simulations. A — fibre of perimeter 12, B — fibre of
perimeter 16, C— fibre of perimeter 20 and D —fibre with perimeter 28.

The compute simulation constants were set up as in computer simulation in Chapter 5.4 for

simulation of liquid drop on flat surface, as shown in Table 5.6.1.

Table 5.6.1: Values of computer simulation constants: dimensions of 3D lattice model, liquid drop radius, kgT —

thermodynamic temperature parameter, Cg — gravitational constant, C,, — exchange energy between two air cells,

Ca —exchange energy between air cell and liquid cell,

C,s — exchange energy between air cell and solid

cell, C;; — exchange energy between two liquid cells, C;; — exchange energy between liquid cell and solid cell,

C,; — exchange energy between two solid cells.

3D lattice dimensions (xxyxz) 40x100x40 | 40x100x40 | 40x100x40 | 40x100x40
[number of cells]

Fibre perimeter [lattice unit length] 12 16 20 28
Drop radius 15 15 15 15
keT 30 30 30 30

e 10 10 10 10

e -10 -10 -10 <10
. 4 4 4 4

e 10 10 10 10

i -47 -47 -47 -47

e 31 31 31 31

= -30 -30 -30 -30
Number of simulation steps 7 000 000 7 000 000 7 000 000 7 000 000

The contact angle between liquid surface as a indicator of the quality of wetting of single

fibre. The spherical drop was placed on a single horizontal fibre in the beginning of computer

simulations. The initial configuration is shown in Figure 5.6.2.
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Figure 5.6.2: The initial configuration of computed simulation of fibre A.

The stable state is achieved after seven million simulation steps and the contact angle was

measured as described in Chapter 5.4.2.1. The final configurations are shown in Figure 5.6.3.
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Figure 5.6.3: The final configurations of fibres with different cross section after 7 million simulation

steps.

The results of contact angle measurement are reviewed in tabulated 5.6.2.

Table 5.6.2: The values of contact angle for fibres of different cross section, as shown in Figure 5.6.1.

A B & D
Contact angle [°] 61.3 57.4 54.9 55.5
St dev 2.7 34 39 4.0

The values of contact angle for all four types of fibres A, B, C, D are higher than the

values of contact angle investigated in Chapter 5.4 on the flat surface from the same polymer.




The value of contact angle measured in experimental work is about 46°, as shown in Table

g . _
5.4.1, and it is about 46° as well from evaluation of computer simulation results, as shown in

Table 5.4.5. These results confirm the theoretical prediction about wetting of single fibres
from Chapter 3.3.2. The flat surface is better wetted than the single fibre made from the same
polymer.

The results are in agreement with the condition of complete wetting of a single fibre
(3.3.7). The quality of wetting is expressed using Harkinson spreading coefficient S..
Harkinson spreading coefficient S. depends on the reciprocal value of fibre radius. The higher
is the fibre radius, the lower is S, it means better wetting of fibres of higher radius and then
higher perimeter in cross section. From the results reviewed in Table 5.6.2 is apparent the
decreasing contact angle with increasing perimeter of cross section. The fibre D with highest

perimeter is better wetted than the fibres with lower perimeters.

5.7 Wetting of Fibrous Assembles

The theoretical description of wetting of parallel fibres parallel ordered into fibrous
horizontal assembles is in Chapter 3.3.3. The quality of wetting is expressed by condition for
complete wetting of fibres (3.3.9). The value of Harkinson spreading coefficient depends on
reciprocal value of the number of fibre in assemble and on the fibre radius. The higher
number of fibres is in assemble, the lower is the value of Harkinson spreading coefficient. The
bigger is the radius of the fibre, the lower is the value of Harkinson spreading coefficient. The

lower coefficient is, the better a liquid wetting of the fibrous assemble.

5.7.1 Wetting of Assembles from Parallel Filaments

The experimental work [134] was done on PP filaments of parameters mentioned in
the Chapter 5.4. The filaments of different fineness were used as shown in Table 5.7.1. The
filaments were taken out from spinning process straight after spinning and cooling process,

before application of surface agents or lubricants. It assures clear surface of filaments.

70



Table 5.7.1: Parameters of PP filaments.

PP filaments Fineness [dtex] Fibre diameter [pum]
1 a 30.6
3 1 393
3 17 48.8

The used testing liquid is pharmaceutical oil of characteristic reviewed in Table 5.4.1.

Assembles of 13 fibres were stretched over a plastic frame with scale for length
measurement.

plastic frame

fibrous assemble

length scale

T L BT s

Figure 5.7.1: The parallel filaments in assemble stretched over plastic frame.

The testament was placed in the microscope connected to digital camera and computer with
software for image analysis. The drop of testing liquid was placed on fibrous assemble and

the liquid motion was recorded using digital camera.
The speed of liquid motion on fibrous assemble was evaluated as distance h, between liquid

drop and the liquid front moving on assemble against square root of time according to Lucas —

Washburn equation (3.3.15). The graph is plotted in Figure 5.7.2.
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j}f igure 5.7.2: The speed of liquid transport on horizontal fibrous assemblies [from fibres of different
ineness.

From the graph in Figure 5.7.2 is clear that the liquid moves fastest on assembles from coarse

fibres of 17 dtex and slowest on assembles from fine fibres of 6.7 dtex.

The filaments of 11 dtex were used in experimental work where the influence of
number of fibres in assembles was investigated [135]. Assembles of 5, 7, 10 and 15 filaments
were stretched over plastic frames and the equal experimental technique was used for
recording of the wetting process. The different method was used for liquid transport speed on
assembles. After the liquid drop was placed on assemble, the decreasing drop volume was
recorded till the drop completely penetrated into assemble. The sequences of drop on
assemble in five different times are shown in Figure 5.7.3. The method of drop volume

evaluation using image analysis is described in [135].

Figure 5.7.3: The sequences of liquid drop on fibrous assemble recorded in five different times from t, to t;.
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The speed of liquid motion on fibrous assemble was evaluated as distance h, between liquid
drop and the liquid front moving on assemble against square root of time according to Lucas —
Washburn equation (3.3.15). The assumption that the decrease of drop volume on assemble is
equal to increase of liquid volume inside assemble was used to evaluate the speed of liquid

motion on fibrous assemble. The drop volume was calculated from the drop dimensions
marked in Figure 5.7.4A and 5.7.4B and it is described in [123].

A B @

Figure 5.7.4: The parameters of liquid drop on fibrous assembles measured using image analysis.

The increase of distance of moving liquid front on the assemble dh, was calculated from the
decrease of drop volume dVy:

by, 2
y

P

(5.7.1)

3

where A, is the total pore area in cross section of assemble, and it is calculated from Equation
(3.4.2). The radius E of assumed cylindrical liquid body around an assemble is measured from
the experimental picture using image analysis as shown in Figure 5.7.4.C, and the fibre radius

b is the half of fibre diameter from Table 5.7.1. Then the distance of moving on assemble is

= L S0
dh"-—ﬁr.(EE_nv‘bz), ( )

where n, is number of fibres in assemble.
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Figure 5.7.5: The speed of liquid transport on horizontal fibrous assemblies of different number of
fibres.

The results of the distance hy plotted against square root of time in Figure 5.7.5 show that the

higher is number of fibres in an assemble the faster is liquid motion.

The both conclusions from above mentioned experimental works are in agreement
with the condition of complete wetting of fibre assembles (3.3.9), it means that the higher
fibre radius and the higher number of fibres in the assemble improve the wetting of the

assembles.

Any detailed analysis of liquid motion on fibrous assemble is not possible from
available experimental techniques. The computer simulation has been used to investigate

liquid motion inside porous space of fibrous assembles in Chapter 5.7.2.

5.7.2 Computer Simulation of Wetting of Fibrous Assembles

Fibres of three different fibre cross sections were chosen for computer simulation.
Fibre A is shown in Figure 5.6.1A, fibre C is shown in Figure 5.6.1C and fibre D is shown in
Figure 5.6.1D. The computer simulation constants were set up as in computer simulation in

Chapter 5.4 and 5.6, as shown in Table 5.7.2. The fibres were ordered in assembles of two,

three and seven fibres, as shown in Figures 5.7.7,5.7.8 and 5.7.9.
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Table 5.7.2: Values of computer simulation constants: dimensions of 3D lattice model, liquid drop radius, kg T —
thermodynamic temperature parameter, Cg — gravitational constant, C,, —

Ca1 — exchange energy between air cell and liquid cell,

exchange energy between two air cells,

C,, — exchange energy between air cell and solid

cell, Cy, — exchange energy between two liquid cells, C;, - exchange energy between liquid cell and solid cell,

C,, — exchange energy between two solid cells.

3D lattice dimensions (xxyxz) 40x300x40 40x300x40 40x300x40
[number of cells]
Fiber A G D
Perimeter [lattice unit length] 12 20 28
Drop radius [lattice unit length] 15 15 15
kaT 30 30 30
L& 10 10 10
8 -10 -10 -10
Ca 4 4 4
G 10 10 10
Cy -47 -47 -47
=, -31 -31 -31
(G -30 -30 -30
Number of simulation steps 3 000 000 3 000 000 3000 000

The spherical drop was placed on horizontal fibrous assembles is shown in an initial

configuration of assemble designed from seven fibres of shape D in Figure 5.7.6.

y=150 % =20
;4 z

0 @ e—

ot =
% ¥

Figure 5.7.6: Initial configuration of computer simulation of liquid motion on fibrous assemble.

The contact angle was evaluated as a indicator of quality of wetting described in

Chapter 5.4 and shown in Figure 5.4.7. The results are reviewed in Table 5.7.3. The values of

contact angle on single fibres are taken from Table 5.6.2 in Chapter 5.6.
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Table 5.7.3: Results of contact angle investigation from computer simulation on fibres of different cross section.

Contact A B ©

Angle Ave Std Ave Std Ave Std
1 fibre 61.3° 2710 54.9° 3.0° 35:5% 4.0°
2 fibres 54.9° 5.22 47.5° §ine 45.6° sl
3 fibres 38 7.8° 45.5° 4.52 39.2¢ o
7 fibres 50.6° 8.5° 48.4° 11.4° 0° 0°

The values of contact angle decrease with bigger fibre diameter and with higher number of
fibres in assemble. This dependency is in agreement with the condition of complete wetting of
fibre assembles (3.3.9), it means that the higher fibre radius and the higher number of fibres in
assemble improve the wetting of the assembles.

The computer simulation was also oriented on the evaluation of speed of liquid
transport on fibrous assembles. The advantage of computer simulation in comparison with
experimental investigation is the evaluation of the liquid motion inside structure of assemble,
inside the pore space, which is not observable using microscopic technique. The assembles of
three and seven fibres of fibres A, C and D are shown in Figure 5.7.7, 5.7.8, 5.7.9,
respectively. The pores where the liquid motion was investigated are marked in the Figures.
The liquid transport was evaluated according to Lucas — Washburn equation (3.3.15). The
square value y?> of y co-ordinate of moving liquid inside the pore was plotted against
simulation time ST. The speed of liquid motion is equal to the coefficient k from linear
function

y* =k-ST +1. (5.7.3)

The cross-sections of assembles made from three fibres A, and seven fibres A are shown in

Figure 5.7.7. The liquid transport speed values in particular pores are shown in Table 5.7.4

g

5 ¢ I pore 3
pore 2 ] | pore 1
pore 1 pore 2
[Tl pore 3 [ [T pored
e e
X X

Figure 5.7.7: The cross-section of fibrous assembles from three and seven fibres A.
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Table 5.7.4:

Values of speed of liquid motion if assembles from fibres A,

Fibre A

Pore 1 Pore 2 Pore 3 Pore 4
Ave Std Ave Std Ave Std Ave Std
3 fibres 0.010 0.001 0.0006 0.0003 0.0003 0.0002
7 fibres 0.014 0.001 0.011 0.001 0.0003 0.0001 3.10° 8107

The liquid front moves fastest in pore 1 on assembles of three and seven fibres as well, and in

pore 2 in assemble of seven fibres. In these pores, the liquid is surrounded mostly by fibres.

The pores 3 and pore 4 are on the surface of assemble, surrounded by air also. Presence of air

cells in the vicinity of liquid cells decreases the ability of liquid movement.

The assembles designed from fibres C are shown in Figure 5.7.8.

pore 2

pore 1

\ pore 3

g

pore3

pore 1

\ pore 2

—

_

X

pore 4

Figure 5.7.8: The cross- section of fibrous assembles from three and seven fibres C.

Table 5.7.5: Values of speed of liquid motion if assembles from fibres C.

Fibre C Pore 1 Pore 2 Pore 3 Pore 4
Ave Std Ave Std Ave Std Ave Std
3 fibres 0.020 0.002 0.0001 0.0001 0.016 0.004
7 fibres 0.029 0.004 0.018 0.002 0.0003 0.0002 0.018 0.002

The same trend of differences between particular pores as in assembles from fibre C is clear

from the results in Ta

ble 5.7.5. The liquid front moves fastest in pores 1 and pore 2 in the

bundle of seven fibres. The other pores are on the assemble surface and the liquid moves very

slowly. Generally, the liquid moves faster on assembles designed from coarser fibre C.
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The assembles designed from fibres D are shown in Figure 5.7.9.
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Figure 5.7.9: The cross-section of fibrous assembles from three and seven fibres D.

Table 5.7.6: Values of speed of liquid motion if assembles from fibres D.

Fibre | Pore 1 Pore 2 Pore 3 Pore 4 Pore 5 Pore 6

D Ave Std Ave Std Ave Std Ave Std Ave Std Ave Std

3 fibr | 0.025 | 0.003 | 0.024 | 0.003 | 0.0009 | 0.0004 | 0.017 | 0.005

7 fibr | 0.027 | 0.003 | 0.029 | 0.011 | 0.030 | 0.002 | 0.029 | 0.002 | 0.0012 | 0.0003 | 0.026 | 0.003

The fastest liquid motion is in the pores | and 2, and pore 3 in the assemble of seven
fibres. Again, these are pore inside the assemble structure. The trend is same as in above
mentioned assembles from finer fibres. The assemble from coarse fibres D transport liquid

slightly faster than finer fibres C and A.

The conclusions from above mentioned experimental works are in agreement with the
condition of complete wetting of fibre assembles (3.3.9), it means that the higher fibre radius

and the higher number of fibres in the assemble improve the wetting of the assembles.
The computer simulation shows the advantage of computer simulation for

investigation of liquid behaviour inside fibrous structure, where the phenomena is not

observable using recently available methods. The computer simulation shows that whilst the
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liquid keeps the drop shape on assemble, it seems like the liquid does not wet the fibrous
structure, the liquid motion inside the pores of the assemble is present and very fast. The
differences in speed of liquid front motion inside particular pores are caused by position of a

pore in fibrous assemble. The speed is very sensitive to the vicinity of pore. The presence of
only fibrous cells in pore vicinity,

the difference.

or the number of air cells present in pore vicinity, makes

5.8  Liquid Penetration into Fibrous Structures of Different Fibrous Orientation

It is known that the liquid is transported in fibrous structure mainly in the direction of
fibre orientation. This gives us an idea of using an acquisition layer in which the fibres are
oriented in the vertical direction. The technology for highloft nonwoven production, where
vertical folds from fibre web are created and thermally bonded, was developed about 15 years
ago at the Technical University of Liberec [136] which is commercially known as Struto®.
This structure was compared with cross laid thermally bonded fibre web of the same
composition. Both structures were compared in their abilities of liquid acquisition in the

vertical direction and liquid distribution in the horizontal direction.

5.8.1 Liqud acquisition and Liquid Distribution

The density of samples was 40 kg.m'3 [137]. This value corresponds with the density of
commercially used acquisition/distribution layers. Two different base fibres were used in

samples, as shown in Table 5.8.1 and four different compositions of fabric were produced, as

shown in Table 5.8.2.

Table 5.8.1: Parameters of fibres used in nonwoven structures.

Fibre Finesses [dtex] Length [mm] Metling point [°C]
Base fibre PET 11 60 256

PET 17 80 256
Bonding fibre PET/coPET 52 50 130-140
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Table 5.8.2: Characteristics of tested samples.

Finesses of base fibres Base fibres / bonding fibres [%] Predominant fibre orientation |
11 dtex 80/20 Cross direction

80/20 Vertical direction
17 dtex 80/20 Cross direction

80/20 Vertical direction

o -
The 0.9 % aqueous solution of NaCl of surface tension Y = 52.158 + 0.666-10°N/m was

chosen according to EDANA standards for testing hygiene products [138]. The solution was
dyed. The liquid surface tension y of baby urine is 45-10°N /m, and of adult urine is 69 —
70-10°N/m at temperature 20°C.

The liquid acquisition, transport in the vertical direction from the top to the bottom of the

sample, was measured according to EDANA standard method of Liquid strike — through time

[136]. The experimental set up is shown in Figure 5.8.1.

Figure 5.8.1: The experimental set up for measuring acquisition speed. Dosing device (1) is placed
onto sample of fabric (2) laying on supporting grate (3). The liquid volume (4), 150 ml of 0.9% NaCl
is poured into dosing device in the beginning of the measurement. The liquid goes through the sample

and supporting grate and is collected in a vessel (5).

The sample of width 100 mm, length 200 mm and height 13.6 mm was placed on
supporting gritte. On the top of sample was placed the dosing perspex vessel weighing 512.9
g. The dosed testing liquid volume was 150 ml. The decreasing height of liquid level,
calculated from decreasing level of volume of liquid in the vessel, was plotted against time

and evaluated as a liquid acquisition speed [m/sec], as shown in Figure 5.8.2.
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Figure 5.8.2: Liquid acquisition speed into different fibrous structures. The acquisition speed [m/sec] is

calculated from the decreasing height of liquid level in the dosing vessel in given time of experimental

observations.

The sample of width 100mm, length 200mm and height 13.6 mm was placed on the glass
board. The video camera was placed under the board. The calibration scale was fixed on the
board in the camera side. 10ml of testing liquid was dosed on the top of the sample from the
pipette of flow 0.8 ml/s. The camera scanned an area of distributed liquid. The results were

evaluated using image analyser after 5 sec and 5 minutes as shown in Figure 5.8.3.

Liquid Distribution
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Figure 5.8.3: The graph of distributed liquid in horizontal direction of different fibrous structures

measured in 5 seconds and 5 minutes after liquid dosing.

The vertical orientation of fibrous web in nonwoven structure causes the faster liquid
acquisition through the fabric in the vertical direction. The fabrics of the same volume density

and produced from fibres of different fineness have different pore size distribution.
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The fibres oriented in cross direction of fabric cause the larger area of distributed liquid as
shown in Figure 5.8.3. The differences between structures are not apparent after 5 seconds of
the measurement. The difference is apparent after five minutes of liquid transport process,
when the area of distributed liquid in horizontal level is 1.2 times higher for samples with

fibre orientation in cross direction than those with vertical fibre orientation. The influence of

fibre fineness is not evident.

5.8.2 Computer Simulation of Liquid Penetratin Process

The configuration of simulation process was set up similar to the real system in
experimental work [139]. The fabric structure is idealized but preserves the main differences
in parameters of experimental samples. The volume of fibres in the unit volume corresponds
to the density of fabric 40 kg/m™, the ratio of a fibre diameter to fibre length is set up close to
real fibre diameters and lengths. The different shapes of fibre in experiment and computer
simulation cause the difference in surface area of fibres. The quotient of surface area between
17dtex and 11 dtex fibres is 1.25 in experiment. This ratio is 1.5 in the model. The orientation
of fibres in the three dimensional lattice is organized in three ways. The first is a model of
fibrous layers where the fibres are oriented in interval (-20°,+20°) with respect to x axis and
in interval (-5°,+5°) with respect to z axis as shown in Figure 5.8.4. This simulates highly
organized structure of carded web cross laid in highloft fibrous assembly. The second way is a
model of fibrous layers where the fibres are oriented in interval (-5°,+5°) with respect to y
axis and in interval (-20°,+20°) with respect to z axis as shown in Figure 5.8.5. This
simulates highly organized structure of carded web perpendicular laid in highloft fibrous
assembly. The third is a model of fibrous structure where the fibres are oriented in interval (-
45° +45°) with respect to y axis and in interval (-45°,+45°) with respect to z axis as shown in
Figure 5.8.6. This simulates randomly organized structure of fibrous assembly. This structure
is used only in computer simulation. The weight of the perspex vessel placed on the sample in
experimental measurement can change the density of fabric, however, it was not taken into
account in simulation. The defined volume of liquid was placed on fabric and was surrounded

by “glass” cells, since these cells do not affect calculation of Hamiltonian (5.2.2).



Figure 5.8.4: The initial configuration of 3D lattice model for simulation of cross-laid highloft fibrous

structure. The liquid volume is closed in a “glass vessel” and placed up to the fibre structure.
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Figure 5.8.5: The initial configuration of 3D lattice model for simulation of vertically laid highloft

fibrous structure. The liquid body is closed in a “glass vessel” and placed on to the fibre structure.
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Figure 5.8.6: The initial configuration of 3D lattice model for simulation of randomly laid fibrous

structure. The liquid body is closed in a “glass vessel” and placed on to the fibre structure.

The simulation constants C;; were set to reach proportional values of liquid surface tension

and surface energies of PET fibre. The constants Cy, ks and 7" were chosen according to
results from Chapter 5.3, where the influence of temperature in two-phase system behaviour

was observed, shown in Table 5.8.3.
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Table 5.8.3: Values of computer simulation constants: dimensions of 3D lattice model. liquid drop radius, kgT —
thermodynamic temperature parameter, C, — gravitational constant, C,, — exchange energy between two air cells,
C,; —exchange energy between air cell and liquid cell, C,s — exchange energy between air cell and solid

cell, €y, — exchange energy between two liquid cells, C, — exchange energy between liquid cell and solid cell,
C,; —exchange energy between two solid cells.

3D lattice dimensions (xxyxz) 200x200x200
[number of cells]

kgT 50

G, 10

20 -1

Ca 10

o 10

Cy -92

Cr: -102

& -59
Number of simulation steps 1 000 000; 4 000 000

The computer simulation results are consistent with the experimental results. The speed of
liquid transport in the vertical direction is highest in vertically oriented fibrous structures as
shown in Figure 5.8.7. The speed was measured as in the experimental work, it means the
decreasing height of liquid level was calculated from decreasing level of volume of liquid in
the “glass vessel”. The square of the height h’ was plotted against the simulation time ST and

evaluated as a liquid acquisition speed [m%/sec] according to Lucas-Washburn Equation

(3.3.15).

Liquid acquisition
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Figure 5.8.7: Liquid acquisition speed measured in vertical direction from the top of the fabrics

into fabric from computer simulation. The acquisition speed h*/ST is calculated from the

decreasing height h of liquid level in the dosing vessel during simulation process.
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The lower speed was measured on structures with cross-laid oriented fi
of the fineness of the fibres

bres. The influence
1S not evident from the computer simulation. For random and
vertical oriented fibres, the finer fibres absorb liquid faster than the coarse fibres. The fastest

absorption was evaluated for vertical oriented structure of finer fibres.

This evaluation shows how fast the liquid is absorbed into the sample, but not how fast it

is transported in vertical direction. The shapes of liquid volumes in Figure 5.8.8 characterise
the difference in liquid transport in different structures.

Figure 5.8.8: The configuration of the models after 4 million simulation steps. The difference of the
shapes of liquid bodies inside the three types of highloft fibrous structures is apparent. A — cross-laid

fibrous structure, B — randomly oriented fibres in structure, C — vertically laid fibrous structure.

The more accurate results of liquid transport in the vertical direction inside the fibrous
structure are obtained from the computer simulation [139]. The liquid transport inside fibrous
structure was recorded as Z co-ordinate of the lowest liquid cell in the structure, which
changes its position during simulation process. The results were evaluated according to
Lucas-Washburn Equation (3.3.15), it means, the square of height I (increasing distance of
liquid cell from the capillary tube in the vertical direction) was plotted against simulation time
ST. The more apparent influence of the fibre orientation in the structure and the fibre
geometry on the acquisition speed is shown in Figure 5.8.9. The vertical orientation of fibres
in the structure and the open structure of fabric consisting coarse fibre transports liquid faster

than the corresponding structure made of fine fibres. The difference between the highest and

lowest speed is nearly 75% as shown in F igure 5.8.9.
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Figure 5.8.9: Liquid acquisition speed from computer simulation measured inside the fibre structures in
vertical direction from the top to the bottom of the fabrics.

The structures with cross-laid fibrous web transport the liquid mainly in horizontal

direction as shown in Figure 5.8.8. The values of area of distributed liquid in five horizontal

layers of the fibrous structures are in Table 5.8.4 after 1 million simulation steps and in Table

5.8.5 after 4 million simulation steps. The area is evaluated as a number of liquid cells in

particular horizontal layers.

Table 5.8.4: The average values and standard deviations of area of distributed liquid in horizontal layers of

different z co-ordinates after 1 million simulation steps.

1 mill | 11 cross-laid 11 random | 11 vertical-laid | 17 cross-laid 17random 17 vertical-laid
ave std ave std ave std ave std ave std ave std
z=45 2079 44 1864 | 30 1654 85 2039 48 1685 49 1466 32
z=35 1352 69 1272 | 99 1229 53 1472 62 1061 81 995 29
g=2 0 0 459 69 634 65 7 11 579 92 669 74
z=15 0 0 45 27 191 68 0 0 150 41 346 62
z=5 0 0 0 0 98 101 0 0 40 47 132 35

Table 5.8.5: The average values and standard deviations of area of distributed liquid in horizontal layers of

different z co-ordinates after 4 million simulation steps.

4 mill 11 cross-laid | 11 random | 11 vertica-laid | 17 cross-laid 1 7random 17 vertical-laid
ave | std | ave | std | ave std ave | std ave std ave | std
Z=135 2398 | 107 | 1352 | 74 [ 1300 | 217 | 2362 | 74 | 1492 | 50 1142 52
=35 2859 | 66 | 1663 | 166 | 1418 | 263 | 3062 [ 152 | 1453 | 133 | 1281 71
z=25 1682 | 50 | 1724 | 109 | 1565 | 220 | 1647 | 123 | 1570 | 93 1465 43
z=15 250 | 198 | 1792 | 56 | 1713 | 357 42 92 | 1648 | 150 | 1853 42
z=35 0 0 | 1440 | 178 | 1949 | 468 0 0 1227 | 200 | 1969 63
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No big differences are evident between structures with finer fibres after one million
simulation steps as shown in Figure 5.8.10. This is the same trend as observed in the
experimental measurement after five seconds. The longer time of the simulation, four million
simulation steps, causes the increase in area of distributed liquid in the horizontal direction in
structures with horizontal fibre orientation, as shown in Figure 5.8.11. The structure with

random orientation of fibres is slightly better for liquid distribution than the vertical laid

fibrous structure.

Liquid distribution in layer z = 35 after 1 million
simulation steps
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Figure 5.8.10: Area of distributed liquid in horizontal direction for different fibrous structures from

computer simulation measured after | million simulation steps.

Liquid distribution in layer z = 35 after 4 million
simulation steps
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Figure 5.8.11: Area of distributed liquid in horizontal direction for different fibrous structures from

computer simulation measured after 4 millions simulation steps.
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From the results of liquid acquisition in Figure 5.8.9 and liquid distribution in Figure
5.8.11 is clear that horizontal laid structure is suitable for liquid distribution in horizontal
direction and it is not good for liquid transport in vertical direction. The vertical laid fibrous
structure is excellent for liquid transport in vertical direction and it is not suitable for laid
distribution. The structure with random orientation of fibres in the structure is the optimal
material for the application as acquisition/distribution layer in baby diaper due to the
combination of its acquisition and distribution abilities. The fine fibres are better than the
coarser fibres.

The above present results bring idea about new product development of material
improvement the ability of liquid acquisition and liquid distribution. The new composite
material contains two layers. The top layer is the vertical laid structure for fast liquid
acquisition from the top sheet of diaper and the bottom layer is the cross laid structure for
liquid distribution to the large area of absorption core. The experimental work was not done,
because the laboratory conditions do not allowe to produce 2 mm thin layers of the requested
materials. The computes simulation was used to get an idea about the behaviour of liquid
inside the composite material. The composite structure is shown in Figure 5.8.11. The bottom
layer from the co-ordinate z = 1 to z = 25 is designed structure as shown in the Figure 5.8.4.
The top layer from the co-ordinate z = 26 to z = 50 is designed structure as shown in the

Figure 5.8.5.

Figure 5.8 11: The initial configuration of fibrous structure composed from vertically laid fibrous layers

and cross laid fibrous layer.

The results of liquid acquisition and liquid distribution are compared with the structure of

random fibre orientation, shown in Figure 5.8.6.

The final configuration after four million simulation steps is shown in Figure 5.8.12.
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Figure 5.8.12: A — final configuration afier 4 million simulation steps of liquid acquisition and
distribution in the structure of randomly oriented fibres. B — final configuration after 4 million
simulation steps of liquid acquisition and distribution in the composite structure.

The shape of liquid volume inside the fibrous structure in Figure 5.8.12 expresses the
differences of liquid distribution of the structure of random fibre orientation and the
composite structure. It is clear that the com posite structure has high ability to distribute liquid
in low horizontal layer. The evaluated speed of liquid acquisition is plotted in Figure 5.8.13
and the evaluated areas of distributed liquid in horizontal layers of the structures are in Table
5.8.6. The curves of acquisition speed in Figure 5.8.13 show that the liquid reachs the lowest
layer z=1 in the time less than 1,5 million simulation steps in random fibres oriented structure
and in time close to 3 million simulation steps for composite material. For the purpose of
acquisition function is important the liquid transport in the top half of the structure, then from
the z = 50 to z = 25. This distance is equal to the Z2 = 2500 to z° = 625 in the Figure 5.8.13. In
this part of the graph is the difference of liquid acquisition speed very small and shows

slightly higher speed for random fibres oriented structure.
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Figure 5.8.13: The liquid acquisition speed measured in vertical direction in structure of randomly
oriented fibres and in composite structure.

The areas of distributed liquid in horizontal layers of fibrous structures shows the different
trend of liquid distribution in these structures. For the purpose of liquid distribution to the area
of absorption core under the acquisition/distribution layer are important results in lower
layers of the structures z = 15 and z = 5. The liquid distribution is significantly better in cross-
laid fibrous web structure than the structure of random oriented fibres as shown in Table
5.8.6.

Table 5.8.6 The average values and standard deviations of area of distributed liquid in horizontal layers of

different z co-ordinates after 4 million simulation steps.

4 mill 11 composite 11 random

ave Std ave std
z=45 1105 121 1352 74
=35 1265 164 1663 166
z=25 1807 164 1724 109
z=15 2180 180 1792 56
L=3 1718 383 1440 178

The composite material achives requests of the function of acquisition/distribution layer
for fast liquid transport in vertical direction from in the top part of the layer, and liquid
distribution in the bottom part of the layers.

The results show the ability of the three dimensional model to simulate real liquid

behaviour in a fibrous system which is in good agreement with the experimental results. The

advantage of the computer simulation in comparison to experimental work is that it allows us
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to investigate the exact liquid behaviour inside different fibrous fabrics. This investigation
shows the phenomena inside fibre structure, which are not otherwise evident from
experimental measurements.

The problem of using the modification of the original Ising model in this chapter is that
the ideal composition of fibre structure does not include the fibre crimp, the circular cross
section of fibres, fibre entanglement and thermal bonding points. Another problem is to
quantify exactly the exchange energy values, which have fundamental influence on the
behaviour of the model. The changes in the model behaviour are very sensitive to small
changes in values of exchange energy.

The differences between liquid behaviour in particular fibrous structures lead to design of
composite material with better ability of liquid transport from the top-sheet of baby diaper by
using fabric with vertical fibre orientation, and liquid distribution to the higher area of

absorption core using fabric with horizontal fibre orientation.
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6. DISCUSSION

The dissertation thesis is concerned with the problematic of wetting and wicking
phenomena present in situations when liquid and fibre structure come into a contact. The
objective of the thesis is to establish computer simulation as a tool of investigation for the
mentioned phenomena. There are two aspects for the computer simulation process. Firstly, it
is composition of a model for a system of three components — solid, liquid and air, which is
similar to a real system (a liquid drop on a heterogeneous solid flat surface, a liquid in contact
with a textile fibre, a liquid in contact with a textile structure, etc.). Secondly, it is the setting

of simulation process variables consistent with wetting and wicking phenomena in real

systems known from experimental measurement.

The three-dimensional lattice model was chosen for simulation of real systems. The
difference between the investigated model described in Chapter 5.2.1 and the previous model
presented in Chapter 4.2 is that the Ising variables are used in simulation program only to
distinguish the different environment in particular cells, but the values of Ising variables do

not influence the calculation of Hamiltonian (5.2.2).

The composition of models used for simulation is easy and quite accurate for simple
systems as a liquid drop placed on a homogeneous surface and a liquid drop placed on a
heterogeneous substrate in Chapters 5.4.2 and 5.5.

The composition of model is different from real system in simulation of synthetic fibres of
circular cross-section. The design of fibres in the models as similar as possible to real fibres is
shown in Figure 5.6.1. From the cross-section of fibres is derived design of assembles of
parallel fibres. The ideal structure of real fibrous assemble of seven fibres is shown in cross-
section in Figure 3.3.5. The ability to design models of very close structure is clear from
cross-section of design fibrous assembles in Figures 5.7.8 and 5.7.9.

The design of highloft fibrous structure in Chapter 5.8 follows real systems by setting of
the accurate value of volume density, geometrical parameters of fibre and fibre orientation in
particular structures. The models do not take into account the crimp of real fibres, fibre
entanglement in structure, and presence of bonding points in thermal bonded structures.

The ability of the mentioned idealised models of real systems to simulate real process of

wetting and wicking is discussed below.



The above-mentioned simplification of calculation of Hamiltonian excluding the Ising
variable values allows more precise determination of exchange energies. The exchange
energies values are the indicators of intensity of two neighbouring cell interaction in the three-
dimensional lattice. The idea of exchange energy values determination is based on difference
of energy of a cell inside volume phase and the energy of the cell on the interface with other
phase present in the system. The derivation of setting for values of exchange energy according
to values of real surface energies of solids and surface tension values of real liquid is
presented in Appendix 1.

The value of gravitational constant was set up very close to value of real gravitational
acceleration as described in Chapter 5.2.1.

The setting of constant related to temperature was determined from the computer
simulation of two-phase system in Chapter 5.3. The simulation processes in the thesis use
chosen values between kgT = 0 and kgT = 40. For these temperatures, the layer of phase
transition is very low and the behaviour of liquids is appropriate to the behaviour of real
liquids used in experimental works in laboratory conditions where the temperatures are

between 20°C and 25°C.

The ability of the three-dimensional lattice model to simulate the real behaviour of
liquid in contact with a solid was proven using easy method. The contact angle between
surface of a liquid drop and horizontal homogeneous surface was evaluated by experimental
way and from computer simulation as well in Chapter 5.4. The values of contact angle from

computer simulation 43.6° and 46.3° are in very close agreement with the experimental value

of contact angle 46.2°.

The computer simulation of liquid drop placed on heterogeneous substrate follows the
trends of behaviour observed in experimental work as shown in Chapter 5.5. The liquid drop,
places eccentrically on heterogeneous cross, is divided into four parts of different sizes

indifferent times of simulation process.

The computer simulation was used to investigate behaviour of a liquid drop
placed on a single fibre in Chapter 5.6. The condition of complete wetting (3.3.7) depends
only on the geometrical parameters of fibre and liquid body, and on the liquid surface tension.

The fibre cross-section was chosen as a variable for the computer simulation. The computer
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simulation was done on fibres of four different cross sections, as shown in Figure 5.6.1. The
surface area of the fibre is the parameter influencing the wetting quality. The perimeter of the
fibres in computer simulation is done as a sum of the lattice unit lengths on the surface of the
fibre. The fibre A has perimeter 12, fibre B has perimeter 16, the fibre C 20 and the fibre D
28. The fibre length is equal. The results are in agreement with the condition of complete
wetting of a single fibre (3.3.7). Harkinson spreading coefficient S, depends on the reciprocal
value of fibre radius. The higher is the fibre radius, the lower is S, it means better wetting of
fibres of higher radius and higher perimeter in cross section. From the results reviewed in
Table 5.6.2 is apparent the decreasing contact angle with increasing perimeter of cross

section, shown in Table 5.6.1. The fibre D with highest perimeter is better wetted than the

fibres with lower perimeters.

Experimental work and computer simulation on assembles of parallel filaments was
done in Chapter 5.7. The conclusions from experimental work are in agreement with the
condition of complete wetting of fibre assembles (3.3.9).

The values of contact angle from computer simulation decrease with bigger fibre
diameter and with higher number of fibres in assemble. This dependency is in agreement with
the condition of complete wetting of fibre assembles (3.3.9), it means that the higher fibre
radius and the higher number of fibres in assemble improve the wetting of assembles. The
computer simulation shows the advantage of computer simulation for investigation of liquid
behaviour inside fibrous structure, where the phenomena is not observable using recently

available experimental methods.

All value of contact angle in Table 5.6.2 is higher than contact angle value of liquid
drop on homogeneous surface in Chapter 5.4. This fact confirms the theoretical conclusion
from Chapter 3.3.2 that whilst the flat surface is wetted by concrete liquid, the single fibre
could not discharge condition of complete wetting. The values of contact angle on assembles
are in Table 5.7.3 show what is the critical number of fibres and fibre diameter for better
wetting of assemble than the flat surface. Liquid drop placed on seven fibres A in assemble
has higher contact angle value than on flat surface. At least three fibres C and two fibres D in
the assemble cause the lower value of contact angle.

The computer simulation shows that whilst the liquid keeps the drop shape on

assemble. what seems like the liquid does not wet the fibrous structure, the liquid motion

inside the pores of the assemble is present and very fast.
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The computer simulation of liquid penetration into complex fibrous structure is presented
in Chapter 5.8.The results show the ability of the three dimensional model to simulate real
liquid behaviour in a fibrous system which is in good agreement with the experimental
results. The advantage of the computer simulation in comparison to experimental work is that
it allows us to investigate the exact liquid behaviour inside different fibrous fabrics. This
investigation shows the phenomena inside fibre structure, which are not otherwise evident
from experimental measurements.

The differences between liquid behaviour in particular fibrous structures lead to design of
composite material with better ability of liquid transport from the top-sheet of baby diaper by
using fabric with vertical fibre orientation, and liquid distribution to the higher area of

absorption core using fabric with horizontal fibre orientation.
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7. CONCLUSION

The results show the ability of the three dimantsional lattice model to simulate real liquid
behaviour in a fibrous system which is in good agreement with the experimental results
despite simplifications of design of fibrous structures and approximation of simulaiton
constants.

The advantage of the computer simulation in comparison to experimental work is that it
allows us to investigate the exact liquid behaviour inside different fibrous fabrics. This
investigation shows the phenomena inside fibre structure which are not otherwise evident
from experimental measurements.

The advantage the computer simulation is posibility to design structures of specific
properties, exactly defined parameters, structures form diverse materials, etc. The simulation
gives a basic idea about the differences of systems behaviour influenced by those diverse

conditions. The computer simulation procedure is faster and cheeper than experimental work.

The above mentioned facts show the reason to continue with improvement of three
dimensional lattice model and computer simulation process for the computer modeling of
wetting and wicking phenomena.

The work is oriented on the accuracy of design of fibrous structure according to real
systems. The exact quantification of fiber orientation in real fabrics was not a part of the
thesis. The evaluation of this structural parameter will help to define the model configuration
of fibrous structure very close to real fabric.

The main features, dependencies and rules of wetting and wicking phenomena are involved
into thesis and accomplish the ability of the model to simulate real behavior. The following
work is oriented on detailed analysis the processes, inside fibrous structure with respect to
exact definition of internal structure, material parameters, liquid parameters and external
conditions. The result are evaluated using different theoretical tools based on principles of
hydrodynamics, capillary forces, Laplace pressure, etc. and should show which theoretical toll
is the most precise for evaluation in the particular model.

The computer simulation results should bring us the idea about liquid behavior inside
complex fibrous structure and find out the reasons for deviation of experimental results from
theoretical description. The identification of the differences could improve the theory of

wetting and wicking processes and helps to better understanding of the phenomena.
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Appendix 1

The determination of exchange energy values for thermodynamic temperature T=0

The liquid cell inside liquid volume is surrounded by 26 liquid cells in three-

dimensional lattice, as shown in Figure (5.2.2A). The energy of the liquid cell Ej; is derived
from Equation (5.2.1):

E, =C, -z, +26C,
where C is gravitational constant, z; is the vertical co-ordinate of cube // in the three

dimensional lattice and C; is exchange energy value between two liquid cells. The second

term is the sum of exchange energies between liquid cell /7 and 26 liquid cells in its vicinity.

The air cell in side liquid volume is surrounded by 26 air cells in three-dimensional
lattice, as shown in Figure (5.2.2B). The energy of the air cell E,; is derived from Equation
3.2.1)

E =C, 2, +26C,

where C, is gravitational constant, z,; is the vertical co-ordinate of cube a/ in the three
dimensional lattice and C,, is exchange energy value between two air cells. The second term
is the sum of exchange energies between liquid cell a/ and 26 liquid cells in its vicinity. The
energy of both cells E; inside their volumes is

E =E,+E, =2C, (2, +2,)+26C, +26C,,.

The energy of liquid cell on the liquid — air interface has at least one air cell in its vicinity, as
shown in Figure 5.2.3A. The energy of the liquid cell £ is

E,=C,z, +25C, +C,,
where z;, is the vertical co-ordinate of cube /2 in the three-dimensional lattice and Cy is

exchange energy value between air cell and liquid cell.

The energy of one air on the liquid — air interface has at least one liquid cell in its vicinity, as

shown in Figure 5.2.3. The energy of the liquid cell E, is
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Has G 2, +25C 40,

where 7, is the vertical co-ordinate of cube a2 in the three dimensional lattice.

The energy of both cells £ on the liquid — air interface is

E,=E,+E,=C, "z, t7;)+25€, +35C_ +2€C."

The difference of the energies AE inside the volume and on the liquid — air interface in the
neglected gravitational field

AE=E, ~F =06C, +26C. ~(25C, +25C. +2C,)=C,+C, ~9¢C,

The relation of the value AE and surface tension is clear from the assumption that from liquid

inside liquid volume and air inside air volume are established two new liquid — air interfaces,

then the difference of energies is equal to
AE=E,-E =C,+C,-2C, =2y,

where 7y, is liquidid surface tension.
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Appendix 2

Microsoft Visual Studio Program for simulation of two phase system

The computer simulation results are mentioned in the Chapter 5.3.1.

*3D lattice model for two phase system*/
[*distilled water*/

# include"graphics h"
# include<stdlib.h>
# include<stdio.h>

# include<conio h>

# include<math h>

# include<float.h>

# include<time. h>

# define SMERX 26
# define SMERY 26
# define SMERZ 100

//global variables

int af SMERX][SMERY][SMERZ];

int q,cas,caskonec=6 krok,pockr=100000 kont;

nt x,y,z,cidlo,i.j.1,xk,yk,zk xv,yv,zv,xb.yb,zb xp,yp,zp.apomoc konec,rez1 =50 rez2=12;

/* exchange energy C1 liquid - liquid, C2 liquid — air, C3 air - air*/
float xx,yy,zz,xxx,yyy.zzz b.c.d energie=0. deltaE=0.;

/Mloat C[2][2]={{-1.,+10.},{+10.-92.}}; //=113/2=56 (0.9%NaCl) — surface tension
/float C[2]{2]={{-1,+5.}.{+5.,-50.} //=66/2=33 (oil) — surface tension
float C[16](16]={{0.,0..0.,0..0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.0.},

{0.,-50.,0.,0..0..0..0.,0..0.,0.,0.,0.,0.,0.+5.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0..0.,0.,0..0.,0.,0.,0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0..0.,0..0.},
{0.,0.0.,0.,0..0.,0.0.0.0..0..0.0.0.0.0.},
{0.0.0.0.0.0.0.0.0.0.0.0.0.0.,0.0},
{0.0.0.0.0.0.0.0.0.0.0.,0.0.0.0.0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0..0.,0.,0..0..0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0..0..0..0.}.
{0.0.0.0.0.,0.,0..0..0.,0.0.,0..0.0.0.0.},
{0.0.0.0.,0.,0.0.0.0.0..0.0.0.0.0.0.},
{0.0.0.0.0.0.0.0.0.,0.0.,0.0.0.0.0.},
{0.0.0.0.0.0.0..0.0.0.0.0.0.0.0.0.},
{0.,0.0.,0..0.0.0.,0.0.,0.,0.,0.,0.,0.,,0.,0.},
{0.45.0.0..0.,0.0.,0.0.0.0.0.,0.0.,0.-1.} };

float G=0_kT=30.,P,BF, // G- gravitational constant, kT — temperature parameter, BF — Boltzman factor
int sig=10,
char str{25];

float enkap| enkapl 1 .envz1 envzl | engpr.enpred, enbun,cenbun;
float enkap2,enkap22,cmrzZ,enszZ,engpo,enpc,enpolc,cenpole,enepole;
int main(void)
{
FILE *vystup],*vystup2, *vystup3,*vystupd, *vystup3;
/*request auto detection*/
int gdriver = DETECT, gmode, errorcode;
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/*initialiye graphics and local variables*/
initgraph(&gdriver, &gmode, "").

/*read result of initialization*/
errorcode =graphresult();

/*an error occured*/
if (errorcode 1= grOk)
{

printf{"Graphics error: %es/n",grapherrormsg(errorcode));

printf{"Press any key to halt:");

getch();
exit(1);
}

setfillstyle(1,0);

/fa[x][y](z] - initial Ising varialbles of 3D space
for(x=0,x<SMERXx++)
{for(y=0.y<SMERYy++)
{for(z=0,z<SMERZ;z++)
talx](yl[z]=15:}}

/flsing variables of initial configuration of liquid
for(x=0,x<SMERX;x++)
{for(y=0,y<SMERYy++)
{for(z=0,z<SMERZ/2,z++)
{alx]lyl[z]=1:}}

/lgrafical output - cross section (x.y)
for(x=0,x<=SMERX-1;x++)
{for(y=0,y<=SMERY- 1;y++)
{putpixel(x.y.a[x][y][rez1]).}

/lgrafical outout - cross section (x,z)
for(x=0,x<=SMERX-1;x++)
{for(z=0,z<=SMERZ-1,z++)
{putpixel(x+SMERX+100 SMERZ-z a[x][rez2][z]);}

}

/lopen output field 1

/ftest of opening

if((vystup 1=fopen("c:\\energie.cpp","w"))=NULL)
{printf("output file error\n");getch();return 1;
}

{lopen output field 2

/ltest of opening

if((vystup2=fopen("c:\\konec.cpp","w"))==NULL)
{printf{"output file error\n")getch();return 1;
}

/lopen output field 3

//test of opening

if{(vystup3=fopen("c:\hladiny cpp","w"))==NULL)
{printf("output file error\n");getch();return 1;
}

/fopen output field 4

{ltest of opening

if({vystup4=fopen("c:\\souradnice,cpp","w"))=NULL)
{printf{"output file error\n");getch();return 12
}

{fopen output field 5
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/test of opening
if((vystupS=f'ppen("c:\\enepole,cpp"."w'))==NULL)
{printf{"output file error\n");getch():return Iz

Jlenergy of the system

for(z=2,2<SMERZ-2;z++)
{for(x=2:x<SMERX-2x++)
{for(y=2,y<SMERY-2;y++)
Xp=x;yp=y:zp=z,
enpole=0.;cenpole=0.;
for(i=-1i<=1,i++)
{for(j=-1;)<=1++)
{for(l=-1;1<=1;14++)
5 {enpole=enpole-+Cla[xp]{yp] zp]]{alxp+illyp+ilzp+]];}

cenpole=enpole-C[a[xp][yp](zp]][alxp][yp](zp]];
enepole=enepole+cenpole;

} } Wi

fprintf{vystup5,"%8.5f\n" enepole),

//beginning of simulation cycle
cas=(),

krok=0;
srand((unsigned)time(NULL));
navl:

flchoose random cell a[x][y][z]

x=random(SMERX-2)+1,
y=random(SMERY-2)+1,
z=random(SMERZ-2)+1,

/Nlook for liquid cell
kont=0;,
if(a[x][y][z]=1)
{for(i=x-1,1<x+2;i++)
{for(j=y-1;j<y+2.j++)
{for(l=z-1;1<z+2;4+)
{iftafi](][1}==15)
{xk=x;yk=y:zk=z:kont=1;goto nav1l;}
JHzi
Ve
else {goto navl;}
if (kont==0){goto navl;}

navll:
Ilehoose random cell a[x][y][z]

x=random(SMERX-2)+1,
y=random(SMERY-2)+1,
z=random(SMERZ-2)+1,

Mook for air cell
kont=0;
ifa[x][y][z]==15)
{for(i=x-1;i<x+2;i++)
{for(j=y-1<y+2,j++)
{for(l=z-1;l<z+2;]4++)

{iftali] =1
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{xv=x;yv=y;zv=z kont=1;goto nav1 1] 3

IR AR
Vht
else {goto navl l;}
if(kont==0){goto navl11;}

navlll:

krok++;
/fealculation of the energy of liguid cell a[xk][yk][zk] and air cell afxv][yv][zv]
enkapl=0.envz1=0_enpred=0.;
for(i=-1;1<=1;i++)
{for(=-1,j<=1,j++)
{for(l=-1;l<=1;1++)
{enkap1=enkap1+C[a[xk][yk][zk]][a[xk+i][ yk+][zk+1]];
T envzl=envzl+Cla[xv][yv][zv]][a[xv+i][yv+][zv+]]]:)
Ji
{Iwithout central cell
enkap I=enkap1-C[a[xk][yk][zk]][a[xk][yk][zk]];
envzl I=envzl-Cla[xv][yv][zv]][a[xv][yv][zv]];
/{gravitational energy
engpr=G*zk,
//total energy
enpred=engprtenkapl 1+envzl1,

/lexchange of cell positins.. liquid a[xv][yv][zv]; air a[xk][yk][zk]
apomoc=a[xk][yk][zk].a[xk][yk][zk]=a[xV][yv][zv];a[xV][yV][zv]=apomoc;

/lealeulaiton of the liquid cell and air cell after exchange of positions

enkap2=0..envz2=0..enpo=0.;
for(i=1,i<=1;i++)
{for(j=-1;j<=1;++)
{for(l1=-1;1<=1;14++)
{enkap2=enkap2+C[a[xv][yv][zv]][a[xv+i][yv+]][zvH]];
envz2=envz2+C[a[xk][yk][zk]][a[xk+i][yk+i][zk+]];}
YL
/lwithout central cell
enkap22=enkap2-C[a[xv][yv][zv]][a[xv][yv][zv]]
envz22=envz2-C[a[xk][yk][zk]][a[xk][yk][k]]:

/lgravitational energy
engpo=G*zv,
/total energy
enpo=engpotenkap22+envz22,
llenergy difference
deltaE=enpo-enpred,

//Boltzmanuy faktor BF, randomlly generated number P

P=0.;BF=0,;

if(deltaE>0.){ P=(rand()/(float)RAND_MAX);BF=(fl oat)exp(-deltaE/kT);
if(P>BF)

{//exchange of cell positions - bact to initial positins

apomoc=a[xk][yk][zk]:a[xk][yk][zk]=a[xv][yV][zv]:a[xV][yv][zv]=apomoc,

goto navl; .
}//end position exchange

}fend if(enpred<enpo)

energie=energietdeltak, ,, e
if(fmod(cas,50,)==0.) { fprintf(vystup1,"%8d %8 5f\n",cas,energie), }
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!i‘(zk=rczl){ putpixel(xk.yk.a[xk][yk](rez1]);}
!i’(zv=rezl){putpixel(xv,yv,a{xv][yv][rez 1)}
!ﬂyk=re22){ putpixel(xk+SMERX+1 00,SMERZ-zk,a[ xk][rez2][zk]); }
if{yv==rez2){putpixel(xv+SMER X+ 00,SMERZ-zv a[xv][rez2][zv]);}

bar(getmaxx()-'J'O,getmaxy()-lD,getmaxx{),getmaxy()—10);
outtextxy(getmaxx()-100.getmaxy()-20,"k="),
gurtexixy(getmaxx()-';‘L‘l,getmaxy(}-20,gcvt(krok,sig,str)};
if{ krok>pockr){goto konec; }

/foutput of energy in simulation time intervals

castt,

outtextxy(getmaxx()-250,getmaxy()-20,"cas=");
bar(getmaxx()-220.getmaxy()-30.getmaxx()-150,getmaxy()-10);
outtextxy(getmaxx()-200,getmaxy()-20,gcvt(cas,sig,str));

goto navl;

konec: //end of simulatin cycle
fprintf{vystup2,"%8d %8d %8 5f\n" cas krok,energie);

// energy belong z axis
for(z=2;2z<SMERZ-2;z++)
{for(x=2;x<SMERX-2;x++)
{for(y=2;y<SMERY-2;y++)
{xb=x;yb=y,zb=z,enbun=0.;cenbun=0;
for(i=-1;1<=1;i++)
{for(j=-1;j<=1;j++)
{for(1=-1;1<=1:1++)
{enbun=enbun+C[a[xb][yb][zb]][a[xb+i][yb+]][zb+H]].}:
} ) N

}cenbun=enbun-C[a[xb][yb][zb]][a[xb][yb][zb]];
fprintf{vystup3,"%8d %8.5f\n" zb,cenbun); }

I/x, y, z co-rdinates of liquid cells
for(z=0,z<SMERZ,z++)
{for(x=0,x<SMERX;x++)
{for(y=0,y<SMERYy++)
{if(a[x][y][z]=1){fprintf{ vystup4,"%8d %8d % 8d %8d\n" x.y.z.ax]yllz]:}

} | AN

felose (vystupl),
fclose (vystup2),
felose (vystup3),
fclose (vystup4),
felose (vystup5);
geteh ();
closegraph();
return 0;

!
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Appendix 3

Microsoft Visual Studio Program for simulation of liquid drop on homo eneous surface

The computer simulation results are mentioned in the Chapter 5.4.2 and 5.4.3.

/*3D lattice model - liquid drop on homogeneous flat surface*/
[*destilled water*/

# include"graphics h"
# include<stdlib.h>
# include<stdio.h>

# include<conio.h>
# include<math h>

# include<float h>

# include<time h>
//dimensions of 3D lattice
# define SMERX 80
# define SMERY 80
# define SMERZ 30

/lglobal variables

int a[ SMERX][SMERY][SMERZ];

int q,cas,caskonec=6 krok,pockr=1500000 kont;

int x,y,z.cidlo,i,j,1,xk,yk,zk xv,yv,zv,xp,yp,zp;

int xko,xkoxr zkoo zkoxr, koo y kxr xky, yky, zky, xkyr, ykyr, zkyr,
int apomoc,konec rezl=1,rez2=40;

float xx.yy.zz xxx,yyy,zzz b.c.d,energie=0. deltaE=0 ;
int =10,xs,ys,zs,vzd,//drop parameters r - drop diameter

//a[xs][ys][zs] - central point of the drop
/* exchange energies C[1][1] liquid-liquid, C[1][0] liquid-air,C[0][0] air-air*/
Jfloat C[2)[2]={{-1..+7.},{+7.-91.}};C1=091; C2=+7; C3=1;
/float C[2][2]={{-1.,410.},{+10..-92.} }; //=113/2=56 (0.9%NaCl),C1=-92; C2=+10; C3=-1;
/float C[2][2]={{-1.,+4.},{+4.-57.} }, //=66/2=33 (0il).C1=5T7, C2=+4, C3=-1,
/130-33*cos(46.2)=7 ;surface tension of oil-surface energy of PP*cos(angle)=46.2
//surface tensin of oil = 2*4-(-47)-(-10)=66/2=33
/fsurface tensin of PP = 2*#(+10)-(-30}-(- 10)=60/2=30
{interface tension oil-PP = 2*(-31)-(-47)-(-30)=15/2=7

/* C[1][1] liqiud-liquid, C[1][2] liquid-solid; C[1][16] liquid-air;
C[2][2] solid-solid; C[2][16] air-solid; C[16][16] air-air,

/Nower liquid surface tension, contact angle less than zero

H30=>13*1+(20,19,18,17,...)

/*liquid surface tension = 2*1-(-20)-(-2)=24/2=12;
C[1][1]=-20,C[1](16]=1,C[16][16]=-2;*/

/*PP surface energy = 2*(+14)-(-30)-(-2)=60/3=30;
C[2][2]=-30, C[2][16]=+14; C[16][16]=-2:*/

[*interface tension liquid-PP = 2*(-6)-(-21)-(-30)=38/2= 19.5
C1[1]=21; C)[2)=-6; C[2][2]=-30;*/

[*interface tensin liquid-PP = 2*(-10)-(-21)-(-30)=31/2= 15.5
C[1][1]=21; C[1][2]=-10; C[2]{2]=-30;*/

[*interface tension liquid-PP = 2*(-4)-(-21)-(-30)=43/2= 21 i)
C[1][1]=-21; C[1][2]=-4, C[2](2]=-30,*/

=(10.0.0.0.0.0.0.,0.0.,0.0.0.0.0,0.0.},
et o {0.-21.-4.0.0.0.0.0.0.0.0,0,0.0.+1.,
{0.-4.-30.,0.0.0.0.0.0.0.0.,0.0.0.+14.},
10.0.0.0.0.0.0.0.0.0.0.0,0,0.0.0.},
{0.0.0.0.0.0.0.0.0.0.0.0,0,0.0.0.},

110




{0.0,0.,0.0.0.0.0.0.,0.0.0.,0..0.,0.0.},
{0,0.0.0.0.,0.0.0.0.,0..0..0.0.0.0.0.}.
{0,0.0.0.,0.0.0.0.0.0.,0.0.0.0.,0.0.},
{0.,0,0.,0..0..0.0..0..0.,0..0.,0.,0..0.,0.,0.},
{0.,0.0.,0.,0.,0.,0.,0..0..0..0.0..0.0.,0.0 ),
{0.0.0.0.0.0.0..0.0.,0.,0.,0..0.0.,0.,0.},
10,0.0.0.0.,0.0.0.0.0.0.0.0.0.0.0.},
{0..0.0.0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.0.0.0.0.0.0.,0..0.,0.,0..0..0.0.,0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0..0..0..0..0.,0.,0.,0.,0.},
{0.41.,414.0.,0..0.0.0.0..0.0.0.0.0.0.-2.}};

float G=10.kT=30.,P,BF; /G - gravitational acceleration
/KT - parameter of thermodynamic temperature

int sig=10;
char str[25],

float enkapl,enkapl1,envzl.envzl 1,engpr.enpred,
float enkap2,enkap22,envz2 envz22 engpo,enpo.enpole.cenpole,enepole;
int main(void)

{

FILE *vystupl,*vystup2,*vystup4,*vystups,*vystup6, *vystup7,
/*request auto detection*/
int gdriver = DETECT, gmode, errorcode;

/*initialiye graphics and local variables*/
initgraph(&gdriver, &gmode, "");

/*read result of initialization*/
errorcode =graphresult();

/*an error occured*/
if (errorcode != grOk)
{ printf("Graphics error: %s/n" grapherrormsg(errorcode));
printf{"Press any key to halt:");
getch();
exit(1);

}
setfillstyle(1,0);

/fa[x][y][z] - initial Ising varialbles of 3D space
for(x=0:x<SMERX;x++)
{for(y=0:y<SMERY,y++)
{for{z=0;z<SMERZ;z++-)
{a[x](yl[z]=15:1}

/Nising variables of initial configuration of liquid
xs=(SMERX-1)/2;ys=(SMERY-1 )2:2s=(SMERZ-1)/2;
for(x=0;x<SMERX-1;x++)

foi .y<SMERY-1,y+t)
i y{for(z=| ;zéSI)GI::FRZ- Izt
{vazd =sqrt(pow(x-xs,2)+pow(y-ys,2 ypow(z-1.2));
if(vzd<=n{a[x][yllz}=1;}
W iizy.x
/Mlsing variables of initial configuration of homogeneous surface
for(x=0;x<SMERX;x++)
{for(y=0,y<SMERY;y++)
{alx](y1(0)=2:}}

lgrafical output - cross section (X.y)
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for(x=0,x<=SMERX- 1;x++)
{for(y=0,y<=SMERY- | :y++)
{putpixel(x,y.a[x][y][rez1]),}

/fgrafical outout - cross section (x,z)
for(x=0,x<=SMERX-1;x++)
{for(z=0,z<=SMERZ- 1 ;z++)
: {putpixel(x+SMERX+1 OO,SMERZ-z,a[x][rQZ][z] Yl

{fopen output field 1
/ltest of opening
ifi(vystup I =fopen("c:\\energie.cpp","w"))=NULL)
{ }printf(“output file error\n");getch();return 1:

/lopen output field 2

[/test of opening

if((vystup2=fopen("c:\\konec.cpp","w")==NULL)
{printf{("output file error\n");getch();return 1

'

/lopen output filed 4

//test of opening

if((vystupd=fopen("c:\\souradnice.cpp”,"w"))==NULL)
{printf{"output file error\n");getch();return 1;
!

//open output field 5

/ltest of opening

if{(vystup5=fopen("c:\\enepole cpp","w"))==NULL)
{printf{"output file error\n"),getch();return I;
|

/lopen output field 6

[ltest of opening

if{(vystup6=fopen("c:\\xz.cpp”,"w")=NULL)
{printf{("output file error\n");getch();return 1,
!

/lopen output field 7

/ftest of opening

if((vystup7=fopen("c:\\yz cpp","w")=NULL)
{printf{("output file error\n");getch():return 1;

/lthe enegy of the system

for(z=2,z<SMERZ-2;z++)

{for(x=2.x<SMERX-2;x++)

{for(y=2,y<SMERY-2;y++)

{xp=x;yp=y.zp=z,
enpole=0.;cenpole=0;

for(i=-1;i<=1;1++)
{for(j=-1;j<=1j+1)
{for(I=-1;1<=1;l4++)
{enpole=enpole+C[a[xp][ypl(zp]][alxp+illyp+il[zp ]}

Jay
cenpole=enpole-Cla[xp][yp][zpl][alxp][ypl(zp]],
enepole=enepoletcenpole;

} } USRS
fprintf{vystup5,"%8.5f\n" enepole),
//the beginning of simulation cycle
cas=0);

krok=0,

srand((unsigned)time(NULL));
navl:
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/fchoose random cell a[x][y][z]

x=random(SMERX-2)+1;
y=random(SMERY-2)+1:
z=random(SMERZ-2)+1

ook for liquid cell
kont=0;
iafx]iylizl=1)
{for(i=x-1;i<x+2;i++)
{for(j=y-1,j<y+2;j++)
{for(l=2-1;1<z+2;14+)
{//liquid - air interface
iffafi](j][1]=15)
{xk=x;yk=y.zk=z kont=1:goto nav11 At

RN
Wit
else {goto navl;}
if (kont==0){goto navl;}

navll:
/lchoose random cell a[x][y][z]

x=random(SMERX-2)+1;
y=random(SMERY-2)+1,
z=random(SMERZ-2)+1;

Mook for air cell

kont=0;

if(a[x][y][z]=15)

{for(i=x-1,1<x+2;i++)
{for(=y-1,j<y+2;j++)
{for(l=z-1;l<z+2;1++)
{//Mliquid - air interface
iftal1][1[11=1)

{xv=x.yv=y;zv=z kont=1;goto navl11;}

SR IAR
Wit
else {goto navll;}
if(kont==0){goto navl1,}

navlll:

krok++;
/lealculation of the energy of liguid cell a[xk][yk][zk] and air cell a[xv][yv][zv]
enkapl1=0..envz1=0.;enpred=0.;
for(i=-1,i<=1,i++)
{for(j=-1;<=1;j++)
{for(l=1;1<=1,1++)
{enkap 1=enkap 1 +C[a[xk][yk][zk]][a[ xk+1][ yk-+]][zk+1]];
envzl=envzl+C[a[xv][yv][zv]][a[xv+i][yv+)][zv+]]].}
VI
/fwithout central cell
enkapl 1=enkap 1-C[a[xk][yK][zk]][al xKI[yK][zK]]:
envzl 1=envz1-Cla[xv][yv][zv])[a[xv][yv][zv]];
//gravitational energy
engpr=G*zk;
/ltotal energy
enpred=engpr+enkapl | +envzl1,

/lexchange of cell positins.. liquid a[xv][yv][zv]; air a[xk][yk][zk]
apomoc=a[xk]| yk][zk];a[xk][yk)[zk])=a[xv][yv}{zv}:a[xv}[yv][zv]=apomoc;
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/lealeulaiton of the liquid cell and air cell afte h iti
enkap2=0_.envz2=0 .enpo=0 : Sencoa
for(i=-1;1<=1,1++)
{for(=-1;j<=1;j4++)
{for(l=1;l<=1,14++)
{enkap2=cn'kap2+C[a[xv}[yv][zv]][a[xv+i][yv+j]{zv+l]];
i envzl=env22+C[a[xk][yk][zk]][a[xk+i][yk+j][zk+l]];}
/Iwithout cenlrail cell
enkap22=enkap2-Cl[a[xv][yv] [zv]][a[xv][yv][zv]];
env222=envzz-C[a[xk][yk][zk]}[a[xk][yk][zk]];

/lgravitational energy
engpo=G*zv,
//total energy
enpo=engpo+enkap22+envz22;
llenergy difference
deltaE=enpo-enpred,

/MBoltzmanuv faktor BF, randomlly generated number P

P=0:-BE=0;

if{deltaE>0.){ P=(rand()/(float RAND_MA X);BF=(float)exp(-deltaE/kT);
if(P>BF)

{//exchange of cell positions - bact to initial positins
apomoc=a[xk][yk][zk];a[xk][yk][zk]=a[xv][yv][zv]:a[xv][yv][zv]=apomoc;
energie=energie;

goto navl;
{/fend position exchange

{/fend if{enpred<enpo)

energie=energietdeltak;
cas++,

if(fmod(cas, 10.)==0.){ fprintf(vystup1,"%8d %8 5f\n" krok.energie),}

if(zk==rez1){putpixel(xk,yk,a[xk][yk][rez1]);}
if(zv=rez1){putpixel(xv,yv.a[xv][yv][rez1]);}
if{yk==rez2){putpixel(xk+SMERX+100,SMERZ-zk a[xk][rez2][zk]). }
if(yv==rez2){putpixel(xv+SMERX+100,SMERZ-zv,a[xv][rez2][zv]); }

bar(getmaxx()-70,getmaxy()-30,getmaxx( ),getmaxy()-10);
outtextxy(getmaxx()-100,getmaxy()-20,"k="),
outtextxy(getmaxx( )-70, getmaxy()-20,gevt(krok sig str));
if(krok>pockr){goto konec; }

//output of energy in simulation time intervals

outtextxy(getmaxx()-250,getmaxy()-20,"cas="),
bar(getmaxx()-220,getmaxy()-30,getmaxx()- 150,getmaxy()-10);
outtextxy(getmaxx()-200,getmaxy()-20,gevt(cas,sig,str)),

goto navl;

konec:// end of simulation cycle

fprintf(vystup2,"%8d %8d %8.5f\n" cas krok,energie);
/leo-ordinates of liquid cells
for(z=0,2<SMERZ;z++)

{for(x=0,x<SMERX;x++)

=0,y<SMERYy++)
ik y{if(a[x][y][:]=] ){fprintf{vystupd,"%8d %8d % 8d %8d\n" x.y,za[x][y][z]);}
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} | HANS

/leurves of liquid surface
"*
for(x=2,x<SMERX-2,x++)
{for(z=2,2<SMERZ-2,z++)
{if(a[x][25][z]==1)
xky=x zky==z,
{for(i=-11<=1,i++)
{forG=1j==1j4++)
. {for(I=-1;1<=1;14+)
{ifalxky+i][25+]](zky+H]=15){ fprintf{ vystup6,"%8d %8d %8d\n" xky,zky.a[xky][25][zky]); }
} PR
} Hizy
*/
for(x=2;x<SMERX-2;x++)
{for(z=1,z<SMERZ-2,z++)
{if(a[x][40][SMERZ-z-1]==1){goto printl;}}

printl: xky=x;zky=8f‘l’\dERZ-z- L fprintf(vystup6,"%8d %8d %8d\n" xky zky a[xky][40][{zky]);
} zy

for(y=2,y<SMERY-2.y++)
{for(z=1,z<SMERZ-2;z++)
{if(a[40][y][SMERZ-z-1]==1){goto print2:} }
print2;  ykx=y;zkx=SMERZ-z- 1 fprintf{vystup7,"%8d %8d %8d\n" ykx,zkx,a[40][ykx][zkx]);

jizy

fclose (vystupl);
fclose (vystup2);
fclose (vystup4),
felose (vystup5);
felose (vystup6);
felose (vystup7),
getch ();
closegraph(),
return 0,

}
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Appendix 4

Microsoft Visual Studio Program for simulation of liquid drop on a heterogeneous

substrate

The computer simulation results are mentined in the Chapter 5.5.

/*3D lattice model - liquid drop on heterogeneous substrate*/

# include<graphics h>
# include<stdlib h>

# include<stdio.h>

# include<conio.h>

# include<math h>

# include<float.h>

# include<time h>

# define SMERX 100
# define SMERY 100
# define SMERZ 40

/lglobal variables

int al SMERX][SMERY][SMERZ],

int q,cas,caskonec=6 krok,pockr=2 kont;

int x,y,z,cidlo, i), xk,yk,zk xv,yv,zv,apomoc.konec,rez [ =0,rez2=85;

float C1=60.,C2=30.,C3=40.,C4=75.,C5=10.,C6=-10.,C7=-1;

/* exchenge energies C1 liquid - liquid, C2 liquid - air, C3 liquid — surface, C4 liquid - cross, C5 air - air,
C6 air - surface, C7 air - cross*/

float xx,yy,zz,xxx,yyy,zzz,b,c,d, energie=0.;

int =36,xs,ys,zs,vzd,//drop parameters

float J[5][5]={{0..C7.0.,C4,0.}.{C7,C5,0.C2,C6},
{0.,0..0.0.,0.},{C4,C2,0..C1,C3),
{0.C6,0..C3,0.}};

float G=20.,
int sig=10,
char str[25],

float enkap1,envz] engpr,enpred,enkap2 envz2,engpo,enpo;
int main(void)
{

FILE *vystupl,
/*request auto detection*/
int gdriver = DETECT, gmode, errorcode;
int Xmax, ymax,

/*initialiye graphics and local variables*/
initgraph(&gdriver, &gmode, "D\BC\BGI");

/*read result of initialization*/
errorcode =graphresult(),

/*an error occured*/
if (errorcode 1= grOk)

[ .
printf("Graphics error: %s/n",graphcrmrmsg{enowcode}].

printf("Press any key to halt:");
getch();
exit(1),
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}
setfillstyle(1,0);

/a[x][y][z] - initial Ising varialbles of 3D space
for(x=0;x<SMERXx++)
{for(y=0,y<SMERYy++)
{for(z=0,2<SMERZz++)
{a[x][y](z]=1:}}

/Msing variables of initial configuration of homogeneous surface
for(x=0,x<SMERXx++)

{for(y=0,y<SMERY y++)

{a[x]lyl[0]=2:}}

//Ising variables of initial configuration of cross
xs=(SMERX-1)/2;ys<(SMERY-1)/2;
for(x=xs-4,x<=xs+4 ,x++)
{for(y=0;y<=SMERY-1;y++)
{a[x][y][0]=2:}}
for(x=0;x<=SMERX-1,x++)
{for(y=ys-4;y<=ys+4;y++)
{a[x][y][0]=-2:} }

//sing variables of initial configuration of liquid
xs=(SMERX-1)/2,ys=<(SMERY-1)/2;
xx=xs+0. 1 *r;yy=ys-0.2*r,zz=1,
for(x=0,x<SMERX-1;x++)

{for(y=0,y<SMERY-1,y++)

{for(z=1,z<SMERZ- 1 ,z++)
{vzd=sqri(pow(x-xx,2)+pow(y-yy.2 ) +pow(z,2));
if(vzd<=r){a[x][y][z]=1;}
V) izy.x

/lgrafical output - cross section (x.y)
for(x=0;x<=SMERX-1;x++)
{for(y=0;y<=SMERY-1,y++)
{putpixel(x,y.a[x][y][rez1]+2);}

/lgrafical outout - cross section (x,z)
for(x=0;x<=SMERX- | ;x++)
{for(z=0,z<=SMERZ-1,z++)
{putpixel(x+SMERX+100, SMERZ-z,a[x][rez2][z]+2).}

/fopen output field 1

I/test of opening

if((vystup 1=fopen("e:\\vera\\energie.cpp”,"w"))=NULL)
{printf("output file error\n");getch();return 1;
}

//the beginning of simulation cycle

cas=0);

krok=0,

randomize(),

navl:

/lchoose random cell a[x][y](z]

x=random(SMERX-2)+1,
y=random(SMERY-2)+1,
z=random(SMERZ-2)+1,

Mook for liquid cell
kont=0,
ifa[x][y][z]==1)
{for(i=x-1,1<x+2;1++)
{for(j=y-1,j<y+2,i++)
{for(l=z-1;l<z+2;1++)
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(fafil[][1)==-1)
{xk=x,yk=y:zk=z kont=1.goto nav11;}
; IRREAR
VIif
else {goto navl;}
if (kont==0){goto navl;}

navll:
//choose random cell a[x][y][z]

x=random(SMERX-2)+1;
y=random(SMERY-2)+1,
z=random(SMERZ-2)+1

/Mook for air cell
kont=0,
ifta[x][yl[z]=1)
{for(i=x-1,1<x+2;1++)
{for(=y- 1,j<y+2;j4++)
{for(l=z-1;l<z+2;14+)
{ifGafi0][1]=1)
{xv=x;yv=y;zv=z kont=1:goto navl11: }
VAR
VIGE
else {goto navll;}
if(kont==0){goto navl1;}

navlll:
/fealculation of the energy of liguid cell a[xk][yk][zk] and air cell a[xv][yv][zv]
enkap1=0.;envz1=0.;enpred=0 ;
for(i=-1;i1<=1;1++)
{for(=-1;j<=1,j++)
{for(I=-1;l<=1;l4++)
{enkapl=enkap1+J[a[xk][yk][zk]+2][a[xk+][yk+]][zk-+H]+2]
*a[xk][yk][zk]*a[xk+i][yk+]][zk+I];
envzl=envzl+l[a[xv][yv][zv]+2] [a[xv+i][yv+]][zv+]]+2]
*alxv][yv][zv] *alxvl[yv+][zv+]; )
YN
//gravitational energy
engpr=G*zk;
/ltotal energy
enpred=engpr+enkapl+envzl;

/fexchange of cell positins.. liquid a[xv][yv][zv]; air a[xk][yk][zk]
apomoc=a[xK][yk][zK];a[xk][yk][zk]=alxv][yv][zv]:alx][yv][z]=apomoc,

/fealculaiton of the liquid cell and air cell after exchange of positions
enkap2=0.;envz2=0_;enpo=0.;
for(i=-1;i<=1;i++)
{for(j=-1;j<=1,j++)
{for(I=-1;1<=1;l++)
{enkap2=enkap2-+J[a[xk][yk][zk]+2][a[xk+i][yk+]][zk+]+2]
*a[xk][yk][zk]*a[xk+i][yk+][zk+];
envz2=envz2-+[a[xv][yv][zv]+2] [a[xv+i][yv+]][zvH+]+2]
sa[xv][yvl[zv]*alxv+il[yv+illzv+1];}
1A
/lgravitational energy
engpo=G*zk;
/ltotal energy
enpo=engpotenkap2+envz2,

/fenergy difference
iffenpred>enpo)
{ifizk==rez1){putpixel(xk,yk,a[xk][yk][rez]]+2),}
if(zv==rez!){putpixel(xv,yv,a[xv][yv][rez1]+2).}
if(yk==rez2) [putpixel(xk+SMERX+lOD,SMERZ-zk,a[xk][rez2][zk]+2};}
if(yv==rez2){putpixel(xv+SMERX+1 00,SMERZ-zv,a[xv][rez2][zv]+2);}
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krok++;
bar(getmaxx()—'?O,getmaxy(}-JO getmaxx(),getmaxy()-10):
outtextxy(getmaxx( )- lOG,geUnaxy()-ZO,"kj); o

outtextxy(getmaxx()-70,getmaxy()-20,gevi(krok sig.str)):
, iftkrok>pockr){goto konec; } P
/foutput of energy in simulation time intervals
energie=energie+(enpo-enpred);

//konec if{enpred<enpo)

else{//exchange of cell positions - bact to initial positins
apomoc=a[}’¢k] [yKI(zK]:a[xk][yK][zK]=a[xv][yv][zv]:a[xv][yv][zv]=apomoc:

if(fmod(cas,50.)==0.){ fprintf(vystup1,"%8d %S8. 5f\n" cas energie); }

castt,

outtextxy(getmaxx()-250,getmaxy()-20,"cas="),
bar(getmaxx()-220.getmaxy()-30,getmaxx()-150,getm axy()-10);
outtextxy(getmaxx()-200,getmaxy()-20,gevt(cas,sig,str));

goto navl,

konec: // end of simulation cycle
fclose (vystupl),

getch (),

closegraph(),

return 0,

}
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Appendix 5

Microsoft Visual Studio Program for simulation of liquid drop on a single fibre

The computer simulation results are shown in the Chapter 5.6.

/*3D lattice model - liquid drop on a single fibre*/
/*pharmaceutical oil*/

# include"graphics.h"
# include<stdlib h>

# include<stdio h>

# include<conio.h>

# include<math h>

# include<float h>

# include<time h>
//dimensions of 3D system
# define SMERX 40
# define SMERY 100
# define SMERZ 40

//global variables

int [ SMERX][SMERY][SMERZ];

int g.cas.caskonec=6_ krok,pockr=700 kont;

int xy.z,cidlo,i,j.1xk vk zk xv,yv,zv,xp,yp,zp;

int xkox,ykx,zkx.zky, yky,zky, zkxd, zkxh,ykxd,ykxh,xkyd xkyh, zkyd,zkyh:
int apomoc.konec,rez1=20,rez2=20,rez3=50,

float xx yy,zz,xxx,yyy,zzz,b,c.d.energie=0. deltaE=0.:
int =15 xs.ys,zs,vzd,//parametry kapky

/* exchange constant
C[1][1] liquid-liquid; C[1][2] liquid-solid; C[1]][16] liquid-air;
C[2][2] solid-solid; C[2][16] solid-air; C[16][16] air-air;*/

//30-33*cos(46.2)=7 = interface tension between of oil-surface energy of PP*cos(angle)=46.2
/lsurface tension of oil = 2*4-(-47)-(-10)=66/2=33

{/surface energy of PP = 2*(+10)-(-30)-(-10)=60/2=30

/linterface energy of 0il-PP = 2*(-31)-(-47)-(-30)=15/2=7

/*C[1][1]=-47, C[1][2]=31:C[1][16]=4; C[2][2]=-30, C[2][16]=10; C[16][16]=-10,%/

float C[16][16]={{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.,-47.-31.,0.,0.,0.,0.,0.,0.0.,0.,0 ;
{0..-31.,-30.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,+10.},

10.,0.0.,0.,0.0.0.0.0.0.0.0.0.0.0.0.},
{0.0.,0.0.,0..0.,0.0.0.,0.0.,0.0.,0.,0.,0.},
10.,0.,0.,0.,0.,0,0.,0.0.0.0.0.0.,0,0.0.},
{0.,0.0.,0,0.,0.0.0.0.0.,0.,0.0.0.,0.,0.},
{0..0.0.,0.,0.,0.0.,0..0.,0.,0.,0.,0.,0.,0.,0.},
{0..0.0.0.,0.,0..0.0.0.,0.0.0.,0.0.,0.0.},
{0.,0.0.,0.,0.0.0.0.0.,0.,0..0.,0.,0.,0.,0.},
{0..0.0.,0.,0.,0.0.,0.,0.,0.,0.,0.,0.0.,0.0.},
{0..0.0.,0.,0.,0.,0.,0.,0.,0,0.,0.,0.0.,0.,0.},
{0..0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0..0.,0.,0.,0.,0.0,0.0.,0.,0.,0.,0.0.0.0.},
{0..0..0.,0.,0.,0.,0.,0.0.0.,0.,0.0.0.0.0.},
10.+4.+10,0.0.,0.0.0.0.0.0.0.0.0.0.-10.}};
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float G=0_kT=30.P.BF.//G - gravitational acceleration

/KT - parameter of thermodynamic
o ynamic temperature
char str[25];

float enkap1 enkapl1,envz1 envz] | .engpr.enpred;
float enkapZ,enkap2;,envz2,envzzz,engpo,enpo,enpole,cenpole,enepoie‘
int main(void) i

FILE *vystupl,*vystup2, *vystup4 *Vystups, *vystup6, *vystup7. * ¥
» k L} s » V s
/*request auto detection*/ ST D

int gdriver = DETECT, gmode, errorcode;

/*initialiye graphics and local variables*/
initgraph(&gdriver, &gmode, ""),

/*read result of initialization*/
errorcode =graphresult();

/*an error occured*/
if (errorcode |= grOk)
{
printf{" Graphics error: %s.’n",grapherrormsg(errorcode});
printf{"Press any key to halt:"),
getch();
exit(1);
|
setfillstyle(1,0);

/fa[x][y][z] - Ising variables of 3D space
for(x=0,x<SMERXx++)
{for(y=0,y<SMERY,y++)
{for(z=0,z<SMERZ;z++)
alx][yl[2)=15.}}

/Mlsing variables of initial configuration of liquid
xs=(SMERX-1)/2;ys=(SMERY-1)/2;zs=(SMERZ-1)/2; //central point of liquid drop
for(x=0,x<SMERX- 1 ,x++)

{for(y=0;,y<SMERY-1;y++)

{for(z=1,2<SMERZ-1,z++)
{ vzd=sqri(pow(x-xs,2)+pow(y-ys,2 H+pow(z-zs,2));
if(vzd<=n){a[x][yl[z}=1;}
V) 2y x

/Msing variables of initial configuration of single fibre
for(y=1,y<SMERY,y++)

{//a[xs-3][y][zs-1]=2,
/la[xs-3][y][zs]=2,
Ia[xs-3][y][zs+1]=2;
/a[xs-2][y][zs-2]=2;
/la[xs-2][y][zs-1]=2;
la[xs-2][y][zs]=2;
/fa[xs-2][y][zs+1]=2;
/fa[xs-2][y][zs+2]=2;
fa[xs-1][y][zs-3]=2;
/la[xs-1][y][zs-2]=2;
fla[xs-1][y][zs-1]=2;
afxs-1][y][zs]=2;
Ma[xs-1][y][zs+1]=2;
la[xs-1][y][zs+2]=2;
Ia[xs-1][y][zs+3]=2;
Ha[xs][y][zs-3]=2;
Jfa[xs][y][zs-2]=2,

121




a[xs][y][zs-1]=2;
a[xs][y][zs]=2;
a[xs][y][zs+1]=2;
Mfa[xs][y][zs+2]=2;
/a[xs][y][zs+3]=2,
flalxs+1][y][zs-3]=2;
Mfalxst1][y][zs-2]=2;
flalxs+1][y][zs-1]=2;
a[xs+1][y][zs]=2;
/a[xs+1][y][zs+1]=2;
/fa[xs+1][y][zs+2]=2;
Ha[xs+1][y][zs+3]=2;
/fa[xs+2][y]|zs-2]=2;
/a[xs+2][y][zs-1]=2;
/a[xs+2][y][zs]=2;
Ha[xs+2][y][zs+1]=2;
Iafxs+2]{y][zs+2]=2;
a[xs+3][y][zs-1]=2;
/a[xs+3][y][zs]=2;
f;fa[xs+3][y] [zs+1]=2;

//grafical output - cross section (x.y)
for(x=0:x<=SMERX- | ;x++)
{for(y=0;y<=SMERY-1.y++)
{putpixel(x.y.a[x][y][rez1]),}

/lgrafical output - cross section (x,z)
for(y=0;y<=SMERY-1,y++)
{for(z=0,z<=SMERZ- | ;z++)
{putpixel(y+SMERY+100,SMERZ-z a[rez2][y][z]):}

/lgrafical output - cross sectin (y,z)
for(x=0:x<=SMERX- | ;x++)
{for(z=0,z<=SMERZ- | ;z++)
{putpixel(x+SMERX+300,SMERZ-z a[x][rez3][z]);}

/lopen output field 1

/ltest of openinf

if((vystup 1=fopen("c:\\energie.cpp","w"))==NULL)
{printf{"output file error\n");getch();return 1;
!

/fopen output field 2

//test of opening

if(( vystup2=fopen("c:\\konec.cpp","w")==NULL)
{printf("output file error\n"):getch();return 1;
H

/lopen output field 4

//test of opening

iff(vystupd=fopen("c:\\souradnice.cpp","w"))==NULL)
{printf{"output file error\n").getch();return 1,

}
/fopen output field 5
/ltest of opening
if{(vystup5=fopcn("c:\'\enepoIe.cpp",'w")}——=NULL)
{printf{"output file error\n" );getch();return 1
)

/fopen output field 6

Ihest of opening

if((vystup6=fopen("c:\\xzh.cpp","w" ))=NULL)
{printf("output file error\n" );getch();return 1
)
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/fopen output field §

/ltest of opening

{(vystup8=fopen("c:\\xzd cpp” "w" )=NULL)
{}printf{"output file error\n");getch(),return 1,

/lopen output field 7

//test of opening

if‘((vystup?':fppen("c‘.\\yzh.cpp","w"))—-=NULL)
{printf{*output file error\n"),getch();return Iz

/lopen output field 9
[/test of opening
if((vystup9=fopen("c:\\yzd cpp","w" ))=NULL)
{ }priml{"output file error\n")getch():return 1;

/fenergy of the sysytem

for(z=2;2<SMERZ-2;z++)

{for(x=2;x<SMERX-2:x++)

{for(y=2,y<SMERY-2y++)

{Xp=x:yp=y.zp=z,
enpole=0_;cenpole=0.;

for(i=-1,i<=1;i++)
{for(j=-1;j<=1,j++)
{for(l=-1;1<=1;l4++)
{enpole=enpole+C[a[xp][yp][zp]l[a[xp+i]lyp+illzp+1]]:}

by
cenpole=enpole-Cla[xp][yp][zp]l[alxp][yp][zp]];
enepole=enepole+cenpole;

} ! HURRS
fprintf{vystup5,"%8.5f\n" enepole);

//beginning of simulation cycle
cas=0,

krok=0,
srand((unsigned)time(NULL));
navl:

/fchoose random cell a[x][y][z]

x=random(SMERX-2)+1;
y=random(SMERY-2)+1;
z=random(SMERZ-2)+1;

/Nook for liquid cell
kont=0;
if(a[x][y][z]==1)
{for(i=x- 1, i<x+2;i++)
{for(j=y-1,j<y+2;)++)
{for(l=z-1;l<z+2;1++)
{/liquid - air interface
if(ali][j][1]==15)
{xk=x;yk=y:zk=z kont=1;goto navll;}

IR ILAN
Vit
else {goto navl,}
if (kont==0){ goto navl;}

navll:
Jichoose random cell a[x]][y][Z]
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=random(SMERX-2)+1;
y=random(SMERY-2)+1:
z=random(SMERZ-2)+1;

/Nook for air cell

kont=0;

if(a[x][y][z]==15)

{for(i=x-1;i<x+2;i++)
{for(=y- 1;j<y+2;j++)

tfor(l=2-1 l<z+2;14++)
B {/Mliquid - air interface
if{ali]l[1==1)

IXv=X,yv=y;zv=z kont=1;goto nav111;}

R AR
HWhf

else {goto navll;}
if(kont==0){goto nav11:}

navill:

krok++;
/fcalculation of energy of liquid cell and air cell in initial positions

enkapl=0.envz1=0_,enpred=0
for(i=1,1<=1;1++)
{for(j=-1;j<=1.j-+)
{for(l=1;l<=1;1++)
{enkapl=enkap!+C[a[xk][yk][zk]][a[xk+i][yk+j][zk+]];
e envzl=envz1+Cla[xv][yv][zv]][a[xv+i][yv+j][zvH]];}
Jil
//without central cell
enkapl 1=enkap1-C[a[xk][yk][zk]][a[xk][yk][zK]];
envzl I=envzl-Cla[xv][yv]{zv]]{a[xv][yv][zv]];
//gravitational energy
engpr=G*zk;
//total energy
enpred=engpr+enkapl 1+envzl1;

//position exchange of liquid and air cell
apomoc=a[xk]|[yk](zk].a[xk][yk](zk]=a[xv][yv][zv].a[xV][yv][zv]=apomoc;,

Ifcaleulation of energy of liquid cell and air cell after position exchange

enkap2=0_.envz2=0.,enpo=0.;
for(i=-1,i1<=1;i++)
{for(j=-1,j<=1,j++)
{for(I=1;l<=1;1++)
{enkap2=enkap2+Cl[a[xv][yv][zv]][a[xvti][yvH][zvH]];
envz2=envz2+Cla[xk][yk][zk]][a[xk+i][yk+i)[zk+]].}
JHA
[fwithout central cell
enkap22=enkap2-C[a[xv][yv][zv]][a[xv][yv][zv]];
envz22=envz2-Cl[a[xk][yk][zk])[a[xk][yK][zK]];

//gravitational energy

engpo=G*zv,

/ltotal energy

enpo=engpotenkap22+envz22;
/idifference of energie before and after position exchange
deltaE=enpo-enpred,

//Boltzmanuy faktor - BF; randomly generated number P

P=0.,BF=0, >
if(deltaE>0.) { P=(rand()/float RAND_MAX); BF=(float)exp(-deltaE/kT);
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if(P>BF)

{//position exchange - bact to initial positi
apomoc=a[xk][yk][zk].a[xk][yk][zk]=a[xv][yv][zv]: it : al positions
energie=energie; [xvIlyvl[zv]:a[xv][yv](zv]=apomoc,

goto navl;

}//end of positin exchange

}//end if(enpred<enpo)

energie=energie+deltak;
cas++,

if{fmod(cas, 10.)==0.){ fprintfivystup1,"%8d %8.5f\n" cas energie), }

@t‘(zk=rez D){putpixel(xk yk,a[xk][vk][rez1]);}
llf(zmrezl M putpixel(xv,yv.afxv]{yv]frez1]),}
!f(xk=‘rez.2){ putpixel(yk+S MERY+100,SMERZ-zk,a[rez2][yk][zk]):}
;f(xv=rez2){putp;xe'.(y v+SMERY+100,SMERZ-zv a[rez2][yv][zv]),}
!f(ykzrczZ) {putpixel(xk+SMERX+300,SMERZ-zk a[xk][rez3][zk] ), }
if{yv==rez2)}{ putpixel(xv+SMERX+300,SMERZ-zv,a[xv]{rez3]{zv]);}

bar(getmaxx()-70,getmaxy()-30,getmaxx(),getmaxy()-10);
outtextxy( getmaxx()- 100,getmaxy()-20,"k=");
outtextxy(getmaxx()-70,getmaxy()-20,gevt(krok,sig str)),
iflkrok=pockr){goto konec; }

/loutput of energy in simualtin time intervals

outtextxy(getmaxx()-250,getmaxy()-20,"cas="),
bar(getmaxx()-220.getmaxy()-30,getmaxx()- 150,getmaxy()-10);
outtextxy(getmaxx()-200,getmaxy()-20,gevi(cas,sig,str));

goto navl;

konec://end of simulatio cycle
fprintf(vystup2,"%8d %8d %8 5f\n" cas krok energie);
/feo-ordination of liquid cells
for(z=0,z<SMERZ.z++)
{for(x=0,x<SMERX:x++)
{for(y=0:y<SMERYy++)
{if(a[x][y][z]==1){fprintf{vystup4,"%8d %8d % 8d %8d\n" x.y.z.a[x][y][z]);}

} 1 i

lferves of liquid surface
,M
for(x=2;x<SMERX-2;x++)
{for(z=2;2<SMERZ-2;z++)
{if(a[x][25][z]=1)
xky=x,zky==2,
{for(i=-1;i<=1;i++)
{for(j=-1,j<=1;j++)
{for(I=-1;1<=1;1++)
{if(a[xky+i][25+i][zky+H]=15){ fprintf{ vystup6."%8d %8d %e8d\n" xky,zky a{xky][25)[zky]).) }

) y Ji/i

i yizy
)
for(x=2,x<SMERX-2,x++)

{for(z=2,2<SMERZ-2;z++) ‘

(if(a[x][S0][SMERZ-z]==1){goto printl;}} )

printl: xkyh=x;zkyh=SMERZ-z,fprintf( vystup6,"%8d %8d %8d\n

} zy

xkyh,zkyh,a[xkyh][50][zkyh]);
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for(x=2,x<SMERX-2:x++)
{ for(z=2;z<SMERZ-2;z++)
{if(a[x][50][z]==1){goto print3; } }

print3: xkyd—‘-x;zkyd;—z;fprintt{vystups,"%sd %8d %Bd\n",xkyd,zkyd,a[xkyd)[st}][zkyd]);
} lzy

for(y=2,y<SMERY-2;y++)
{for(z=2;z<SMERZ-2;z++)
{ifta[15][y][z]=1){goto printd; } }
print4: ykxd=y:zkxd=z fprintf{ vystup9,"%8d %8d %o8d\n",ykxd, zkxd,a[ 15][ykxd] [zkxd]);

MWizy

for(y=2;y<SMERY-2:y++)
{for(z=2;z<SMERZ-2;z-|+}
{ifta[15][YI[SMERZ-z]==1){goto print2;} }
print2: ykxh=y;zkxh=SMERZ—z;fprintf(\ryswp7,"%Bd %o8d %8d\n" ykxh,zkxh,a[15)[ykxh][zkxh]):

Ylzy

felose (vystupl),
fclose (vystup2);
felose (vystup4);
felose (vystups),
fclose (vystup6);
felose (vystup7);
felose (vystup8);
fclose (vystup9),
getch ();
closegraph();
return 0;

}
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Appendix 6

Microsoft Visual Studio Program for simulation of liquid drop on parallel fibres

ordered into horizontal fibrous assembles
E

The computer simulation results are shown in the Chapter 5.7.2.

/*3D lattice model — assembles of parellel fibres*/
/*pharmaceutical oil*/

# include"graphics.h"
# include<stdlib. h>
# include<stdio h>

# include<conio.h>

# include<math h>

# include<float.h>

# include<time h>

# define SMERX 40
# define SMERY 300
# define SMERZ 40

/lglobal variables

int a[ SMERX][SMERY][SMERZ];

int q.cas,caskonec=6 krok,pockr=2000 kont:

int x,y,z,cid[o,i,j,I,xk,yk,zk,xv,yv,zv,xp,yp,zp;

int xkx,ykx,zkx,zky,yky,zky,zkxd,zkxh,ykxd,ykxh,xkyd,xkyh,zkyd,zkyh;
int apomoc konec,rez1=20,rez2=20,rez3=150;

float XX.YY,22,XXX,yyy,zzz,b.c.d energie=0. deltaE=0.;
int r=15,xs,ys.zs,x1,z1,x2.22 x3,23 x4,24 x5 .z5,x6,26 vzd;//parametry kapky
mtx111z111,x11,z11;

// exchange constant

/Mloat C[2][2]={{-1.+7.}.{+7.-91.}};

/Mloat C[2][2]={{-1..+10.},{+10.,-92.} }; //=113/2=56 (0.9%NaCl)
/Moat C[2][2]={{-1.,+4.},{+4.,-57.}}; //=66/2=33 (olej)
/130-33*cos(46.2)=7 = nap oil-PP, angle = 46.2

Ifsurface tension of oil = 2*4-(-47)-(-10)=66/2=33

//surface energy of PP = 2*(+10)-(-30)-(-10)=60/2=30

/finterface tension oil-PP = 2¥(-31)-(-47)-(-30)=15/2=7

float C[16][16]={{0.,0.,0.,0,0.,0.,0.,0.,0.,0.,0,,0.,0.,0,0.,0.},

{0.,-47.-31.0.0.0.,0.0.,0.,0.,0.,0.,0.,0.,+4.}.
{0.-31.-30.,0.,0.0.,0.,0..0.,0.,0.,0..0.,0. +10.},
10.0.0.0.0.0.,0.,0.0.0.,0.,0.,0..0,0.0.},
{0.0.0..0.0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.,0.0.,0,0.,0.,0.,0.,0..0.,0.,0.,0.,0.,0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0..0.,0..0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0,,0.,0.,0.},
{0.,0.,0.,0.,0.,0..0.,0,0.0.,0.,0.,0.0.,0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.,0,0.,0.,0.,0.,0.,0.,0..0.0.,0.,0.,0.0.0.},
{0.0.0.0,0,0.,0.,0.,0..0..0,0.0.,0.0.0.},
{0.0,0.0.0.,0.0.,0.,0..0.0.0.0.0..0.0.},
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Iﬂoat G=0.,kT=30.,P,BF; //G - gravitational constant, kT —
int sig=10; ’
char str[25],

temperature parameter, BF — Boltzman factor

float enkapl enkapl1,envz1,envz] | .engpr.enpred;

float enkap2.enkap2_2,emrzz,enszZ,engpo,enpo,enpole,cenpo]c enepole,
int main(void) : :

{

FILE *vystupl,‘vystupz,"vystup3,‘vystup4 *vystup$, *vystup6, * d * X :
/*request auto detection®/ S M i L w

int gdriver = DETECT, gmode, errorcode;

_itinitialiye graphics and local variables*/
initgraph(&gdriver, &gmode, ).

/*read result of initialization*/
errorcode =graphresult();

/*an error occured*/
if (errorcode = grOk)
{

printf{"Graphics error: %es/n",grapherrormsg(errorcode));
printf{"Press any key to halt:");
getch(),
exit(1);
}
setfillstyle(1,0);

/fa[x][y][2] - initial Ising varialbles of 3D space
for(x=0,x<SMERX;x++)
{for(y=0,y<SMERY y++)
{for(z=0,z<SMERZ;z++)
{a[x][y][z]=15:}}

/Mlsing variables of initial configuration of liquid
xs=(SMERX-1)72;ys=(SMERY-1)/2,zs=(SMERZ-1)/2;
for(x=0,x<SMERX-1;x++)
{ for(y=0,y<SMERY-1.y++)
{for(z=1;2<SMERZ-1;z++)
{ vzd=sqrt(pow(x-xs,2)+pow(y-ys 2 Hpow(z-2s,2));
if(vzd<=n){a[x][y][z]=1;}
Vi izy x

x1=xs+2:z1=zs-2;x2=xs-1;22=2s8-2;x3=x5+3;z3=z5,x4=x8-3 ,24=75,X5=x5-2,;25=75+2 ;x6=x5+1 ,26=25+2;

/Msing variables of initial configuration of fibre A - assemble
[*for(y=1,y<SMERY y++)

{a[xs-1][y][zs]=2;a[xs][y][zs-1]=2;a[xs][y][zs]=2;a[xs][y][zs+1]=2:a[xs+1][y][zs]=2;
Hal[x1-1][y][z1]=2:a[x1][y][z1-1]=2;a[x1][y][z]]=2:a[x1][y][z] +1]=2:a[x]+1][y][z1]=2;

/I a[x2-1][y][22]=2;a[x2][y][22-1]=2:a[x2][y][22]=2;a[x2][y][22+1]=2;a[x2+1][y][22]=2;
a[x3-1][y][23]=2;a[x3][y][z3- 1]=2;a[x3][y][z3)=2:a[x3][y][z3+1]=2:a[x3+1][y][23]=2;
Ha[x4-1][y][z4]=2:a[x4][y][z4-1]=2;a[x4][y][24]=2:a[x4][y][z4+]]=2:a[x4+1][y][24]=2;
Ja[x5-1][y][z5]=2:a[x5][y][z5-1]=2:a[x5][y][25]=2;a[x5] [y][z5+1]=2:a[x5+1][y][25]=2;
//a[x6-1]{y}{z6]=2:a{x6][y}[26-1]=2:a[x6][y](26]=2;a(x6}[v][z6+1|=2:a[x6+1][y](26]=2.
o

"‘
/Msing variables of initial configuration of fibre C
for(y=1,y<SMERY,y++)

; -1]=2;a[xs-2 =2:a[xs-2][yl[zs+1]=2,
ﬂfn?flslfﬂ]z[fz;'lfﬂfi1{]5[15.:-53 =2l iylzsi=2 s Uisles 1 1=2abs- (s 212
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a[XS][Y][25~2]=2;3[x9}[)(][25-']=2;ﬂ[xsl[y][ZS]=2'a[xs]IY][zs+l]=2-
a[xs+1][y)(zs-2]=2:a[xs+1][y][zs-1]=2:a[xs+1][v][ zs]=2: ~BIXS][Y][Z§+2]=2;
a[xs+2][y}[zs.1]=2-‘a[xs+2][y][:il=]2;a[igﬁﬁ[s]&%’zlgfl]]ji;{wrl][y][zs+l]=2.a[xs+1I[y][zs+2]=2-,

{/ fibrous assemble

i

x11=xs+5;z1 1=zs;
for(y=1.y<SMERY y++)

{?[T: 1;%{][?{][7} 12]1 ]§2;i1[)1<= 1-2][y][z1 1]=2;a[x11-2][y][z1 1+1]=2,

alxti-tiyjlzl I-2j=2alx11-1][y][z] 1-1]=2:a[x1 1-1][y][z]1 1]=2:a[x] -] 11+1]=2; - =k

:%:} H[f]][[;;[lz-lzl]?l;aéxl[l ]l[lylllz]][l-l: ]TIZ;Tixl Hiyllz11]=2;a[x1 llallgr";[ZI ll[ﬂ]£;;a;¢1]| ][)‘*?%:ll 1]+1?-]][32}!Zl Sk
-2]=2;a[x yl[zl1-1]=2;a[x11+1 11]=2; =2, ‘ =2,

alx!1+2][y][z11-1]=2;a[x1 1+2][y][z] l]=2;a[i[lxl +2][y}ﬁg{lzl+l]]=2‘;a][xl i

2
x11=xs+3.z11=zs-5,
for(y=1,y<SMERYy++)

{?[T: lilzll[i(i][ﬂ 12]1 ];2;?[1;: 1-2][y][z1 1]=2:a[x11-2][y][z] 1+1]=2;

alxl-ljlyjlzl 1-2]=2:a[x11-1][y][z] 1-1]=2;a[x11-1][y][z]1]=2;a[x] 1-1 11+1)=2;a[x11-1 11+2]=2;
a[x11][yl[z11-2)=2:a[x11][y][z]1-1]=2:a[x1 1][y][z] 11=2:a[x11][y][z] ll-[{]]iz;a[xl]] ][yi]l%)ztl l+2]][£[;Z =
alx11+1][y][z11-2]=2;:a[x 1 1+1][y][z] 1-1]=2;a[x11+1][y][z] 1]=2;a[x] 1+1][y][z] 1+1]=2;a[x] 1+1][y][z] 142]=2;
a[x11+2][y][z1 1-1]=2:a[x1142][y][z] 1]=2;a[x] 1+2][y]{z] 1+1]=2;}

13
x11=xs-2;z1 1=2s-5,
for(y=1,y<SMERY;y++)

talx11-2][y}[z11-11=2:a[x11-2][y}{z] 1}=2;a[x11-2][y}[z1 1 +1]=2;

a[x11-1][y][z11-2]=2;a[x11-1][y][z] 1-1]=2:a[x11-1][y][z] 1 ]=2;a[x] 1-1][y][z] 1+1]=2;a[x] 1-1][y][z] 1+2]=2;
a[x11][y][z11-2]=2:a[x11][y][z]1-1]=2:a[x1 1][y][z] 1]=2;a[x]1 1][y][z] 1+1]=2;a[x1 1][y][z] 14+2]=2;
a[x11+1][y][z1 1-2]=2:a[x1 1+1][y)[z] 1-1]=2;a[x] 1+1][y][z] 1]=2:a[x] 1 +1][y][z] 1+1]=2;a[x] 1+1][y][z] 1+2]=2;
a[x11+2][y][z1 1-1]=2;a[x114+2][y][z] 1 ]=2;a[x] 1+2][y][z] 1+1]=2;}

/4
x11=xs-5;zl 1=zs;
for(y=1,y<SMERY ,y++)

{a[x11-2][y][z11-1]=2;a[x11-2][y][z] 1]=2:a[x11-2][y][z] 1 +1]=2;
a[x11-1][y][z11-2]=2;a[x11-1][y][z11-1]=2:a[x11-1][y][z1 1]=2:a[x] |-1][y][z] I+1]=2;a[x] 1-1][y][z] 1+2]=2;
a[x11][y][z11-2]=2:a[x11][y][z11-1]=2:a[x]11][y][z] 1]=2;a[x11][y][z] 1+1]=2:;a[x11][y][2] 1+2]=2;
a[x11+1][y][z11-2]=2:a[x1 1+1][y][z] 1-1]=2:a[x] 1+1][y][z] 1]=2;a[x]1 1 +1][y][z] 1+1]=2;a[x] 1+1][y][z] 14+2]=2;
a[x1142][y](z11-1]=2;a[x1142][y](z] 1]=2;a[x1 1+2][y][2] 1 +1]=2;}

5
x11=xs-2;z1 |=zs+5;
for(y=1,y<SMERY;y++)

{a[x11-2][y][z11-1]=2:a[x11-2][y][z] 1]=2;a[x11-2][y][z] 1+1]=2;

a[x11-1][y][z11-2]=2;a[x11-1][y][z] 1-1]=2;a[x1 1-1][y][z] 1]=2:a[x] 1-1][y][z] 1+1]=2;a[x11-1][y][z] 1+2]=2;
a[x11][y][z! 1-2]=2;a[x11][y][z11-1]=2:a[x11][y](z11]=2:a[x] 1][y][z] 1+1]1=2:a[x11][y][211+2]=2;
a[x11+1][y][z1 1-2]=2;a[x11+1][y][z] 1-1]=2:a[x] 1+1][y][z] 1]=2Z:alx1 1+1][y][z1 1+1]=2;a[x1 1+1][y][z] 1 +2]=2;
a[x1142][y][z11-1]=2:a[x11+2][y][211]=2;a[x1 1+2][y][z] 1+1]=2;}

6
x11=xs+3;z11=zs+15;
for(y=1,y<SMERY y++)

- 21 1-11=2:a[x11-2][y][z! 1]=2;a[x11-2][y][z1 1+1]=2;
i?:{,;:]l%{])[;?[]zll I-2]12:a{)[cl |-1][])[«¥[]:!.| 1-1]=2.a[x11-1][y](z! 1]=2;a[x1 1-1][y}{z! 1+1]=2;alx1 1-1][y] 21 142]=2;
a[x11][y][z11-2]=2;a[x11][y][z] 1-1]=2:a[x11][y][z1 1]=2;a[x] 1][y][2] 1+1]=2;a[x11][y][z1142]=2; o
alx1 1+1]y)(21 1-2)=2;a0 1+ )z 1- =20l 1 1YI(1 =2alx Y]z =2l 1) 211+2]=2
alx1 142][y][z1 1-1]=2;alx11+2][y] [z 1]=2:alx] 142][y][z1 1+1]=2:}
8/

/Nsing variables of initial configuration of fibre D
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for(y=1.y<SMERYy++)

{ a[xs-3][y][25-1]=2:a[>(s-3][)’][ZSI=2;aIxs-3][y][ZS+1]=2'
a(xs-2][y)[ZS-2]=21a[KS-2][y][ZS-l]=2'a{x5-2][)f][25]=2"&[’<5 2 =2;
afxs-1][y}(zs-3]=2:a[xs- i S Dl 112000 211y 1[zs 212,
it ][i}}zﬂl}]=2;fi[xs-1]]}F}]}Fzss i]}}i.;,[ Xs-1ly)lzs-1]=2:a[xs-1)[y) [zs]=2;a[xs- 1][y][zs+1]=2;
a[xs]lyl(zs-3]=2.a[xs][y][zs-2]=2;a[xs][y][zs-1]
a[xs][y][zs+2]=2:a[xs][y][zs+3]=2;
a[xs+l][y][zs-3]=2;a[xs+l][y][zs-2]=2;a
a{xs+g£y”zs+22]=2;a[xs+]][y][zs+3]=2;
alxst2|y|[zs-2]=2:a[xs+2][y][zs-1]=2;a[xs+2 z5]=2:a[xs+ =2; -
a[xs+3][y][zs-1]=2;a[xs+3][y] [Zs]=2;a[x£+3][)]f%{z]£+1]]=?:?}[xs e i

=2.a[xs](yl(zs]=2;a[xs][y][zs+1]=2;

[xst11ly]zs-1=2;alxs+1][y] [zs)=2:alxs+1][y) [zs+1]=2;

/I fibrous assemble

bl

x111=xs+7;z111=zs;
for(y=1,y<SMERY y++)

{alxI1 1-3]{)!]1[12]1 lzl]-[ !]]?21;?{]:&5]1 li-‘ol[y][zl 1]=2:a[x111-3][y][z] 11+1]=2;
a[x111-2][y][z111-2]=2;a[x111-2][y][z]11-1]=2; 3 i : b
a[x”]'2][y1[2111+2]=2;a[x 1iyllz111-1]=2;a(x111-2][y)[21 11]=2;a[x1 1 1-2][y][z] 1 1+1]=2;
a[x111-1][y][z111-3]=2:a[x1 11-1][y][z] 11-2]=2;a[x111-1 111-11=2;a[x111-1 111]=2;
a[x111-1][y][z111+1]=2:a[x111-1][y][z] | I+2]=2;a[x] ] ]{[]}['i[ﬁzl 1 |+]3]=zafx !
a[x111][y][z111-3]=2:a[x111][y][z] 11-2]=2;a[x1 1 1][y][z] 1 I-1]=2;a[x] 1 1][y][z] 1 1]=2;
a[x1H1][y][z1 1 1+1]=2;a[x1 11][y][z] 1 1+2]=2;a[x1 1 1][y][z] 1 1+3]=2:

a[x1H1+1][y][z1 11-3]=2:a[x1 11+1][y][z] 11-2]=2;a[x1 1 1+1][y][z] 1 1-1]=2;a[x] 1 1+1][y][z] 1 1]=2;

a[x111+1][y][z] 11+1]=2;a[x1 1 1+1][y][z] 1 1+2)=2;a[x] 1 1+1]{y][z] 1 143]=2;
a[x111+2][y][z111-2]=2:;a[x111+2][y][z1 1 1-1]=2:a[x]1 1 142][y][z] 1 1]=2;
alx1112][y][z! L1+ 1]=2.alx 11142} (y){z1 1 142]=2;

a[x111+3][y][z] 11-1]=2;a[x1 11+3][y][z] 1 1]=2;a[x] 1 1+3][y][z] 1 1+1]=2;}

2
x111=xs+4:z111=zs-6;
for(y=1,y<SMERY.y++)

{ a[x111-3][y][z111-1]=2;a[x111-3][y][z111]=2;a[x111-3][y][z] 1 1+1]=2;
a[x111-2][y][z111-2]=2;a[x111-2][y][z111-1]=2;a[x111-2][y][z] 1 1]=2;a[x111-2][y][z] 1 1+1]=2;
a[x111-2][y][z111+2]=2;
a[x111-1][y][z111-3]=2;a[x1 11-1][y][z1 1 1-2]=2;a[x111-1][y][z] 1 1-1]=2:a[x111-1][y][z] 11]=2;
a[x111-1][y][z1 1 1+1]=2;a[x111-1][y][z1 1 142]=2:a[x]1 1 1-1][y][z] 1 1 +3]=2;
a[x111][y][z111-3]=2;a[x1 11][y][z] 11-2]=2;a[x] 1 1][y][z]11-1]=2;a[x1 11][y][z] 11]=2;
a[x111][y][z! 1 1+1]=2;a[x111][y][z] 1 1+2]=2:a[x] 11][y][z] 1 143]=2;

a[x111+1][y][z111-3]=2:a[x] 1 1+1][y][z1 11-2]=2:a[x] 1 1 +1][y] (21 1 1-1]=2;a[x1 1 1+1][y][z1 1 1]=2;

a[x111+1][y][z1 11+1]=2;a[x1 1 1+1][y][z] 1 1+2]=2;a[x1 1 1+1][y][z1 1 143]=2;
a[x11142][y][z111-2]=2;a[x111+2][y][z] 1 1-1]=2;a[x]1 1 1+2][y][z] 1 1]=2;
a[x111+2][y][z1 11+1]=2;a[x1 11+2][y][z] 1 1+2]=2;

a[x11143][y][z1 11-1]=2;a[x1 11+3][y][z1 11]=2;a[x] | I +3][y][z11 1+1]=2;}

3
x111=xs-3;z1 1 1=2s-7,
for(y=1;y<SMERY y++)

111-3 111-1]=2:a[x111-3][y][z! 1 1]=2;a[x111-3][y](z] 1 1+1]=2;
o i[[ilxllz 1 -2][y]][zi 1{1-2]=2;a[x\ 11-2)(y)[z1 11-1]=2ax1 11-2){y}zt 11 ]=2sax L1 1-2](y] (2 L1 +1)=2;
111-2][y][z11142])=2;
:{:l | 11}{;}{21 | l-3]]=2',a[xl 11-1][y])[z] 11-2]=2;a(x1 11-1][y]{z1 1 1-1]=2;alx1 1 1-1] [y} ] 1 1]=2;
a[x111-1][y)[z1 11+1]=2;a[x111-1][y][z] 1 1+2]=2:a[x] 1 1-1][y] 2] | 1+3]=2,
afx111][y][z111-3]=2;a[x1 11][y][z1 11-2}=2;a[x1 11][y) 21 11-1]=2alx T 1]{y] {21 11)=2;
a[x111][y][z1 11+1]=2:a[x1 11][y)[z111+2]=2:a[x1 1 1][y][z] 1 1+3]=2.

alx1 11+1][y][z] 11-3]=2;a[x1 | 1+1][y][z1 11-2]=2;a[x1 1 I +1][y][z1 11-1]=2:alx1] 1+1][yl[z111]=2;

141 [y][z] 11+ 1]=25alx 1T+ [y](z1 1142]=2;alx1 T [y)[z11143]22,
:{:I I 1+2%m[z] 11-2]=2;a[x11142][y][z1] 1-1]=2:a[x1 1142][y][z1 11]=2;
a[x1 1142][y](z1 11+1]=2;a[x1 1 1+2][y][z1 11+2]=2; .
alx111+3](y)[z1 11-1]=2;a(x] 1143][y][z1 1 1]=2:alx 1 1143][y] 2] 11+1)=2:)

14
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x111=xs-7,z111=zs-1;
for(y=1,y<SMERYy++)

{alxI11-3)y) (211 1-1]=2:alx] 11-3][y) {21 11]=2:a[x111-3]] =
i e . 4 < _y][zlll+l]—2;

2}:1 : 12}3]}{; ] H22]1=22,§1[xl 1-2][y]{z1 11-1]=2:a(x111-2){y](z1 1 1]=2;a[x111-2][y][z1 1 1+1]=2,

a[x111-1][y)(z1 11-3]=2;a[x111-1][y][z1 11-2]=2:a(x111- 1)=2;

a[x111-1][y]{z1 11+1]=2;a[x1 1 1-1][y][z11 l+2]=2:tL?xl : Illl[])[rl[]ﬂ]l : 1{'_]3]2;;[“ LRIk

alx111[y][z1 11-3]=2;a(x111][y}(z1 11-2]=2;a[x1 11][y]{z] 11-1]=2:a0x1 1 1][y][z] 11]=2:

:%:l : : ‘]'-[?']]Ez]lll 1l Jlr:];]l;[x[l 1)[y)[z11142)=2;ax111][y){z] 1143]=2; :
yllz1 11-3]=2;a[x1 11+1][y)(z1 11-2)=2;a(x] 1] -1]=2: =2,

:%:: ]l ::;%EY_]I%Z: : }+21]1=22"a[["1 L+1][y][z11 l+2]=2a'.2;x1 1;:]1[])&[]2[]:: : 1133]2:‘;[)(1 S
yllz1 11-2]=2;a(x 1 1142][y][z1 11-1]=2. =2,

a[x11142)[y][z1 11+1]=2;a[x11 1+21[yy]][[zzl I 1+]2]=2Et[xl e

a[x111+3][y][z1 11-1]=2;alx1 1 143]{y)[z] 11]=2a(x1 1 143][y][z1 1 141]=2:)

15
x111=xs-4.2111=z5+6,
for(y=1,y<SMERYy++)

{ax11 1-3]%):]![]7.]1 121}-[11]{=2;?|x| 11-3][y](z111)=2:a[x111-3][y][z] 1 1+1]=2;
a{x111-2)[yl{z111-2]=2;a[x1 1 1-2]){y][z111-1]=2;a[x1 1 1-2][y =7 i =2
T s It IF2alxtH-2]{y][zl H]=2:a[x 1 1 1-2][y]{zl 1 1+1]=2;
a[x111-1][y][z111-3]=2;a[x1 1 1-1][y]{z111-2]=2;a[x111-1][y][z] 1 1-1]=2;a[x1 1 1-1][y][z1 11]=2;
a[x111-1][y]{z1 L1+1]=2:a[x1 11-1][y][z]1 1 1+2]=2;a[x1 1 1-1][y][z] 1 1+3]=2;
a[xIHI]{y]fzl11-3]=2:a[x1 L 1]{y]{zl 1 1-2]=2;a[x1 L ][y]{zl 1 I-T]=2.a(xT L I]{v]{z111]=2;
a[x111][y][z111+1]=2;a[x1 1 1][y][z111+2]=2;a[x1 1 1][y][z]1 1 1+3]=2;
a[x111+1][y][z111-3]=2;a[x111+1][y][z] 11-2]=2:a[x]1 1 1+1][y][z1 11-1]=2;a[x1 1 1+1][y][z] 1 1]=2;
a[x111+1][y][z] 11+1]=2:a[x1 1 1+1][y)[z] 1 1+2]=2;a[x1 1 1+1][y][z] 1 1 4+3]=2;
a[x111+2][y][z1 11-2]=2;a[x1 1142][y][z1 1 1-1]=2;a[x1 1 1+2][y][z1 1 1]=2;
a[x111+2][y][z1 11+1]=2;a[x1 1 1+2][y][z111+2]=2;
a[x111+3][y][z] 11-1]=2;a[x1 1 1+3][y][z] 1 1]=2;a[x] 1 143][y][z] 1 1+1]=2;}

6
x111=xs+3.z111=2s+6;
for(y=1,y<SMERY.y++)

{ a[x111-3][y][z111-1]=2;a[x111-3][y][z11 1]=2;a[x1 11-3][y][z1 | 1 +1]=2;
a[x111-2][y][z111-2]=2:a[x111-2][y][z1 11-1]=2:a[x1 1 1-2][y][z] 1 1}=2:a[x11 1-2][y][z111+1]=2;
a[x111-2][y][z111+2]=2;
a[x111-1][y)[z111-3]=2:a[x111-1][y][z111-2]=2;a[x11 1-1][y][z1 11-1]=2:a[x1 1 1-1][y][z] 11]=2;
a[x111-1][y][z1 11+1]=2:a[x111-1][y][z] 1 1+2]=2;a[x1 1 1-1][y][z1] 1+3]=2,
a[x111][yl(z111-3]=2;a[x111][y][z111-2]=2:;a[x1 1 1][y][z] | 1-1]=2;a[x111][y][z111]=2;
a[x111][yl[z111+1]=2:a[x111][y][z1 1 142]=2;a[x11 1[y][z111+3]=2,
a[x111+1][yl{z1 11-3]=2;a[x11 1+1][y)[z] 11-2)=2;a]x1 1141 ][y][z] 1 1-1]=2:a[x]1 1+1][y][z111]=2;
a[x111+1][y)[z111+1]=2:a[x111+1][y][z1 ] 142]=2;a[x111+1][y][(z111+3]=2;
a[x11142][y)[z111-2]=2:a[x111+2][y][z] 1 1-1]=2;a[x111+2][y][z111]=2;
a[x111+2][y][z1 11+1]=2:a[x11142][y][z] ] 1+2]=2;
a[x111+3][y](z1 11-1]=2:a[xI 1 1+3][y][z]1 1]=2:a[x1 11+3][y][z111+1]=2:}

/lgrafical output - cross section (X.y)
for(x=0,x<=SMERX- 1;x++)
| For[y=0;y<=SMERY- 1,y++)
{putpixel(x,y.alx][yllrez1]):}
}
//grafical outout - cross section (x,z)
for(y=0,y<=SMERY-1 y+H)
{ for(z=0;z<=SMERZ-1 03 s |
{ putpixel{y+5MERY,SMERZ-Z,a[rcﬂ][y] [z]):}

i
/lgrafical outout - cross section (y,2)

for(x=0:x<=SMERX- l;x++)
{for(z=0,2<=SMERZ- 1,z++)
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{p“tpixel{""‘SMERX*l00.SMERZ-z,a[x][rez:l.][z});}

/fopen output field |

//test of opening

if((vystup I =fopen("c:\\energie cpp" " w"))==NULL)
{}printf("output file error\n"):getch();return 1;

/lopen output field 2

/ltest of opening

if((vysmp2=fgpen("c:\\rychlost] -cpp","w"))}==NULL)
{printf{"output file error\n");getch();return 1,

}

/fopen output field 3

//test of opening

1ff(vystup3=fopen(“c:\\rychlost1 I.cpp","w"))==NULL)
{;)rintﬁ"output file error\n" }.getch().return 1,

//open output field 4

/ftest of opening

if{(vystup4=fopen("c:\\rychlost2.cpp","w"))==NULL)
{printf{"output file error\n"):getch();return 1

}

/lopen output field 5

/test of opening

ifi(vystupS=fopen("c:\\rychlost3.cpp”,"w"))==NULL)
{printf{("output file error\n");getch();return 1;
}

/fopen output field 6

//test of opening

if{(vystup6=fopen("c:\\rychlost4.cpp","w"))==NULL)
{ printf{ "output file error\n" );getch();return 1;

}

/lopen output field 8

/ltest of opening

if((vystup8=fopen("c:\\rychlost6.cpp","w"))==NULL)
{printf("output file error\n");getch():return 1;
}

/lopen output field 8

Ihest of opening

if((vystup7=fopen("c:\\yzh.cpp","w"))==NULL)
{printf("output file error\n").getch();return 1;

!

/lopen output field 9

/ltest of opening

if(( vystup9=fopen("c:\\yzd.cpp","w"))==NULL)
{printf("output file error\n"),getch();return 1;

}

/fopen output field 77

/ltest of opening

if([vystup'?'?=fopen("c:\\rychiostS.cpp","w")‘f=NULL)
{printf{"output file error\n");getch();return 1,
H

Jithe beginning of simulation cycle
cas=0),

krok=0,

srand((unsigned time(NULL));
navl:

Jlchoose random cell a[x][y}{z}

x=random(SMERX-2)*1;
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y=random(SMERY-2)+] :
z=random(SMERZ-2)+1 -

/Nook for liquid cell
kont=0;
ifta(x](y][z]=1)
{for(i=x-1;i<x+2;i++)
{for(j=y-1,j<y+2;j++)
{for(l=z-1;1<z42;14++)
Uftalil(][1=15)
xk=x;yk=y.zk=z;kont=1;goto nav11;)

fz.y.1
Vit iz,

else {goto navl;}
if (kont==0){goto navl:}

navll:
//choose random cell a[x][y][z]

x=random(SMERX-2)+1;
y=random(SMERY-2)+];
z=random(SMERZ-2)+1;

/Nook for air cel
kont=0;
if(a[x][y][z]==15)
{for(i=x-1,1<x+2;1++)
{for(j=y-1;j<y+2:j++)
{for(l=2-1;1<z+2;1++)
{f(a[i]{j][l}=1)

{xv=x;yv=y;zv=z,kont=1;goto navl11;}

PR LA
yWihf
else {goto navll;}
ifikont==0){goto navll;}

navlll:
krok++,

rychlostl: //cell 1
if(fmod(krok,5000.y==0.)
{for(y=0:y<=SMERY-1,y++)
{iffa[xs+3][y][zs-2]==1){fprintf{vystup2,"%8d %8d\n" krok.y),goto rychlost11; }

)43
else{goto rychlostl 1;}

rychlostl1://cell 11
if(fmod(krok,5000.==0.)
{for(y=0;y<=SMERY-,y++)
{if(a[xs+2][y][zs-3]==1){fprintf(vystup3,"%8d %8d\n" krok.y).goto rychlost2; }
)

else{goto rychlost2; }
rychlost2: // cell 2
if(fmod(krok,5000. ==0.)

{for(y=0,y<=SMERY-1,y++)
{if(a[xs+2][y][zs-3]=] ) fprintf(vystup4,"%8d %8d\n" krok,y).goto rychlost3; }

L
else{goto rychlost3;}

rychlost3: /fcell 3
iftfmod(krok,5000.)==0.)
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{for(y=0;y<=SMERY- 1,y++)

{1ffa[xs+3 +2]=] ' " o £
\ 1yMzs+2]==1){fprintfvystups,"%8d %8d\n -krok,y):goto rychlostd; }

else{goto rychlostd; )

rychlost4: //cell 4
if{fmod(krok, 5000, }==0 )
_ {for(y=0,y<=SMERY-1 y+H)
{}li’(a{xs][y]{zs-4]=l M fprintf(vystup6,"%8d %8d\n" krok,y);goto rychlosts; }

else{goto rychlosts; }

rychlost5: //cell §
if(fmod(krok,5000.)y==0.)
{for(y=0.y<=SMERY- I ;y++)
{}if(a[xs—6] [yl[zs+3]==1){fprintf{vystup77,"%8d %8d\n" krok,y);goto rychlost6; }

else{goto rychlost6; }

rychlost6:
/lcalculation of the energy of liguid cell a[xk][yk][zk] and air cell a[xv][yv][zv]
enkapl=0_;envz1=0.enpred=0.;
for(i=-1;i<=1;i++)
{for(j=-1;j<=1;j++)
{for(I=-1;1<=1;1++)
{enkap I=enkap1+C[a[xk][yk][zk]][a[xk-+i][yk+][zk+]]};
i envzl=envzl+Cla[xv][yv][zv]]falxv+illyv+][zv+]]:}
RE
/lwithout central cell
enkapl 1=enkap1-C[a[xk][yk][zk]][a[xk][yk][zk]];
envzl l=envzl-Cla[xv][yv][zv]][a[xV][yVv][zV]],
//gravitational energy
engpr=G*zk,
//total energy
enpred=engpr+enkapl 1+envzl1;

/lexchange of cell positins.. liquid a[xv][yv][zv]; air a[xk][yk][zk]
apomoc=a[xk][yk][zk]:a[xk][yk][zk]=a[xv][yv][zv];a[xV][yV][zv]=apomoc;

//calculaiton of the liquid cell and air cell after exchange of positions
enkap2=0_envz2=0_enpo=0,
for(i=1;1<=1,1++)
{forG=-1;j<=1,j++)
{for(1=-1;l<=1;l4++)
{enkap2=enkap2+C[a[xv][yv][zv]][a[xv+i][yv+i][zvH]];
envz2=envz2+C[a[xk][yk][zk]][a[xk+i][yk+]][zk+]];}
HIYARR
/fwithout central cell
enkap22=enkap2-C[a[xv][yv][zv]][a[xv][yv][zV]];
envz22=envz2-C[a[xk][yk][zk]][a[xk][yk][zk]];

//gravitational energy
engpo=G*zv;
/ftotal energy
enpo=engpo+enkap22+envz22;
/lenergy difference
deltaE=enpo-enpred,

JIporovnani velikosti energie - Boltzmanuv faktor
P=0.BF=0., .
if{deltaE:*O.}{P=(rand()!(ﬂoat)RAND_MAX);BFﬁ}{})ﬂﬂé};;p{-de]mEa’kT},
1 >
{/fexchange of cell positins into initial state
apomoc=a[xk}[yk]{zk];a[xk][yk]{zk]=a[xv][yv][zv];a[xv]{yv][zv]=apomoc;
energie=energie,
goto navl,
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}//end of position exchange
}//konec if{enpred<enpo)

energie=energietdeltak;
cas++,

if(fmod(cas, 10.)==0.) {fprintf{vystup|,"%8d %8. 5fn" cas energie); |

iflzk==rez1){ putpixel(xk.yk,a[xk][yk][rez1]);}

|:f(zv==rezl ) putpixel(xv,yv,a[xv][yv][rezl]);}

!f{xk=rez2}{ putpixel(yk+SMERY,SMERZ-zk a[rez2][yk][zk]);}
!fva——f-TezZ) {putpixel(yv+SMERY SMERZ-zv,a[rez2)[yv][zv]);}
if(yk==rez3){putpixel(xk+SMERX+100,SMERZ-zk a[xk][rez3][zk]);}
if(yv==rez3){putpixel (xv+SMERX+100,SMERZ-zv,a[xv] [rez3][zv])}

bar(getmaxx()-70,getmaxy()-30,getmaxx( ),getmaxy()-10);
outtextxy(getmaxx()-100,getmaxy()-20,"k=");
outtextxy(getmaxx()-70,getmaxy()-20,gevt(krok sig,str));
if{ krok>pockr){ goto konec; |

/foutput of energy in simulation time intervals

outtextxy(getmaxx()-250,getmaxy()-20,"cas="),
bar(getmaxx()-220,getmaxy()-30,getmaxx()- 150,getmaxy()-10);
outtextxy(getmaxx()-200,getmaxy()-20,gcvi(cas,sig,str));

goto navl,

kaonec: // end of simulation cycle

for(y=2,y<SMERY-2;y++)
{for(z=2;z<zs;z++)
{if(a[xs+4][y][zJ=1){goto print4.} }
printd: ykxd=y;zkxd=z;fprintf{vystup9,"%8d %8d %8d\n" ykxd,zkxd,a[xs+2][ykxd][zkxd]);

Wizy

for(y=2,y<SMERY-2,y++)
{for(z=2,z<SMERZ-2:2++) i e
{if(a[xs][y][SMERZ-z]==1){goto print; .
print2: ykxh=y',zkxh=SMERZ~z;fprind‘(vystup?,"%sd ,8d %8d\n",ykxh, zkxh,a[xs][ykxh]{zkxh]),

Wizy

fclose (vystupl);
fclose (vystup2);
felose (vystup3);
felose (vystup4);
felose (vystup5),
felose (vystupb),
fclose (vystup7);
felose (vystup8);
felose (vystup9),
felose (vystup77);
getch ():
closegraph().
return 0,

}
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Appendix 7

Microsoft

Visual Studio Program for simulation of liquid penetration into fibrous

structure

The computer simulation results are shown in the Chapter 5.8.2.

/*3D lattice model of liquid penetration into fibrous structure*/

# include"graphics.h"
# include<stdlib h>
# include<stdio.h>

# include<conio.h>
# include<math h>

# include<float h>

# include<time h>

# define SMERX 201
# define SMERY 201
# define SMERZ 201

//global variables

int a[ SMERX][SMERY][SMERZ],

int g.cas, krok.pockr=1000,kont,pocet, pocvl=0,n xr,yr,zr,delka,objemk,plochak ubytek;
double xp,yp.zp.kx.ky kz;

int x.y,z.cidlo,1,),1 xk,yk.zk,xv,yv,zv,apomoc,konec,rez 1=25 rez3=45 rez2=100,0kraj=5;
int vlakna=0,

float zaplneni=0.,

double fi fir,thetar, theta,betar beta,signumx,signumy,signumz,pi=3.1416,vzdal,vzd;

float xx,yy,zz xxx,yyy,zzz b.c.d,energie=0..deltabE=0_BF P,
int =19 xs.ys,zs,
int xmin,xmax,ymin,ymax,vyska,prumer], prumer2;//parametry kapky

/* vlalues of exchange energies
J[1][1] liquid-liquid, J[1]{0] liquid-solid, J[1][16] liquid-air,
J[0][0] solid-solid; J[0][16] solid-air; J[16][16] air-air */

/*liquid surface tension = 2*10-(-92)-(-1)=113/2=56.5;
C[1][1]=-92,C[1][16]=10;C[16][16]=1,*/

/*fibre surface energy = 2*10-(-59)-(-1)=80/2=40;
C[0][0]=-59; C[0][16]=+10; C[16][16]=-1,*/

/*interface tension liquid-fibres = 2*(-102)-(-92)-(-59)=53/2=26.5
C[1][0]=102; C[1][1]=-92; C[0][0]=59,*/

=11-59.-102.0.0.,0.,0.,0.0.0.0.0.0.0,0.0.+10.},

e AT Rl (-102.-92.0.0,0.,0.0.0.,82.0,0,0.0.0.+10.},
(0.0.0.0.0.0.0.0.0.0.0.0.,0.0.0.}.
{0.0.0.0.0.0.0.0.0.0.0.0.0.0.,0.0.),
(0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.},
(0.0.0.0.0.0.0.0.0.0.,0.0.0.0.0.0.},
(0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.},
(0.0.0.0.0.0.0.0.0.0.0.0.,0.0.0.0.},
(0.-82.0.0.0,0.0.0.,0.0.0.0.,0.0.0.-1.},
(0.0.0.0,0,0.0,0,0,0.0.0.,0.0.0.0.},
{0.0.0.0,0.0.0.0,0.0.0.0.0.0.0.,0.},
{0.0.0.0.0.0.0.0.0.0.0.0.0.0.,0.0.,
10.0.0.0.0.0.0.0.0.0.0.0.,0.,0,0.0.,
10.0.0.0.0.0.0.0.0.0.0.0.0.0.0,0.},
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{0-,0,,0..0-‘0.,0.,0.,0.,0.,0,,(}_,0‘,0_,0_‘0“0. '
1#10.,+10,,0.,0.,0.,0.0.,0.-1.0.,0.,0.,0.0.,0.-1.}};

float G=7.kT=50; /G gravitational acceleration

/KT parameter fo thermodynamic temperature
int sig=10;
char str[25];

float enkapl,enkapl1,envzl,envzl1,engpr enpred;
float enkap2 enkap22,envz2 envz22,engpo.enpo;

int main(voi)

FILE *vystup l,'\fystup2,‘vystup3,‘vystup4,‘vystups,‘vystup6,‘vystup45,‘vystupSS,‘vystup?.S;
FILE *vystup15, *vystup05,*vystup7,*vystup8;

/*request auto detection*/

int gdriver = DETECT, gmode, errorcode;

int Xmax, ymax;

/*initialiye graphics and local variables*/
initgraph(&gdriver, &gmode, ""),

/*read result of initialization*/
errorcode =graphresult();

/*an error occured*/
if (errorcode != grOk)

printf{"Graphics error: %s/n" grapherrormsg(errorcode));
printf{"Press any key to halt:");

getch();
exit(1);

}
setfillstyle(1,0);

//lsing variables of 3D space
for(x=0;x<SMERX;x++)
{for(y=0,y<SMERYy++)
{for(z=0,2<SMERZ;z++)
{a[x][y][z]=15:}}
}

/lsing variables of intial configuration of the fibrous system

JIproc jsou uhly theta a fi prehozeny nevim, ale funguje to

pocevl=0;
2s=51,
zacatek:
n=0,
zaplneni=0.,
I
for(x=0;x<SMERX;x++)
{for(y=0,y<SMERY y++)
{for(z=0,z<zs,z+1)
{if(a[x][y][2]==0){pocvi=pocvi+] 4
i
1

zaplneni= 100*pocvl/2020000;

if(zaplneni>4 ){goto konecvl; }
xr=random(SMERX-1); yr=random( SMERY-1); zr=random((zs-1 ]);a[(int)xr][[im)yr][(int}zr]=2;

if(random( I000)<500}{signumx=l .} else{signumx=-1.}
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fir=random(20); fi=pi*fir/180.

if{random(1000)<500) {signumy=1.,} else {signumy=1 .}

/lunit vector parallel with fibre
signumx.ky=signumy *sin(fi),

if(random(1000)<500){signumz=1 .1} else{signumz=1 ;)
nav90:thetar=random(5); theta=pi*thetar/180.: ;
kz=signumz*sin(theta);

/printfivystup6,"%8 5d %8 5d %8 .5d\n" kx ky, kz);

/ldelkavl:

delka=1875;
//delka=random(225),
/if{delka<1000){goto delkavl;}
/lelse{goto postup;}

postup:

Xp=(n*kx)txr;  yp=(n*kyytyr;  zp=(n*kz)ter

if{xp<=0} {n=0;goto zacatek.} if(xp>=SMERX-okraj) {n=0;goto zacatek; }
if(yp<=0) {n=0;goto zacatek:} if(yp>=SMERY-okraj) {n=0;goto zacatek; }
if(zp<=0) {n=0;goto zacatek;} if(zp>=zs) {n=0;goto zacatek; }
vzdal=sqrt( pow(xp-xr,2)+pow(yp-yr,2+pow(zp-zr.2) ),

if{vzdal>delka){n=0,goto zacatek;}

a[(int)xp][(int)yp][(int)zp]=0;
a[(int)xp+1][(int)yp][(int)zp]=0; n=n+1, pocvl=pocvi+2; goto postup;

,“I

*/
zaplneni=100*pocvl/2020000;

if(zaplneni>4.){goto konecvl;}
xr=random(SMERX-1); yr=random(SMERY-1); zr=random((zs-1)):a[(int)xr][(int)yr][(int)zr]=2;

if(random(1000)<500){signumx=1.;} else{signumx=-1..}
nav90: fir=random(45), fi=2 *pi*fir/360.;

if(random( 1000)<500){signumz=1..} else{signumz=-1.;}

/lunit vector parallel with fibre
kx=(float)signumx *sin(fi);kz=(float)signumz,

ifirandom(1000)<500){signumy=1.;} else{signumy=-1..}
thetar=random(45); theta=2 *pi*thetar/360.;

ky=(float)signumy*sin(theta);

//delkavl:

delka=1875;
//delka=random(225),
/if(delka<1000){goto delkavl;}
/felse{goto postup;}

postup: : :
xp=(int)(n*kx)+xr; yp=(int)(n*ky)+yr; zp=(int)(n*kz)tzr,

i = =0, 5 Tl = -okraj) {n=0,goto zacatek, }
if(xp<=0) {n=0;goto zacatek.} if(xp> SMERX-okraj Al :
iﬂyg<=[)} {n=0,goto zacatek, } if(yp>=SMERY-okraj) {n=0;goto zacat:ll:.}
if(zp<=0) {n=0;goto zacatek;} if(zp>=2s) {n=0,goto zacatek; }
vzdal=sqrt( pow( xp-xr,2)+pow(yp-yr,2 y+pow(zp-zr,2) ),

if(vzdal>delka){n=0;goto zacatek}
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a[(int)xp][(int)yp][(int)zp]=0;

a[(int)xp+]][(int)yp][(im)zp]=0;n=n+l', pocvi=pocyl+2; 2oto postup;

konecvl:

/Nsing variablesof glass vessel

xs=(SMERX-1)12;ys=(SMERY-1)/2;

xx=(Int)xs;yy=(int)ys;

for(x=0.x<SMERX-1:x++)
{for(y=0;y<SMERY-1;y++)

{for(z=z5-1,2<SMERZ-10;z++)
{vzd=sqri(pow(x-xx,2)+pow(y-yy.2));
if(vzd<=r){a[x z]=8;

A f( MHalx][yl[z]=8;}

//sing variable of liquid in initial configuration
xs=(SMERX-1)/2;ys=(SMERY-1)/2;
xx=(Int)xs;yy=(int)ys;
for(x=0,x<SMERX-1;x++)
{for(y=0,y<SMERY-1;y++)
{for(z=zs-1,2<SMERZ-10;z++)
{vzd=sqrt(pow(x-xx,2)+pow(y-yy.2));
if{vzd<=r-3){a[x][y](z]=1:}
HMizy x

//grafical output - cross section (x,y)
for(x=0;x<=SMERX- 1 ;x++)
{for(y=0;y<=SMERY- | ;y++)
{putpixel(x,y.a[x][y][rez1]):}

//grafical output - cross section (x.y)
for(x=0,x<=SMERX-1,x++)
{for(y=0,y<=SMERY-l,y++)
{putpixel(x,SMERY-y+250.a[x][y][rez3]),}
H
/lgrafical output - cross section (x,z)
for(x=0,x<=SMERX-1,x++)
{for(z=0,z<=SMERZ- | ;z++)
{putpixel(x+SMERX+20,SMERZ-z a[x][rez2][z]); }
]

//grafical output - cross section (y,z)
for(y=0,y<=SMERY-1,y++)
{for(z=0;,z<=SMERZ- 1 ;z++)
{putpixel(y+SMERY+240, SMERZ-z a[rez2][y][z]).}

'

/fopen output field 1

[test of opening

if{(vystupl=f0pen("c:\\energie.cpp","w")}=NULL)
{printf{"output file error\n"),getch();return 1
]

/fopen output field 2

/test of opening

if{(vystup2=fopcn("c:\\krokcas.cpp","w")FNULL)
{printf("output file error\n”);getch();return 1

|

/lopen output field 3
/itest of opening .
if((vyslup3=f0pen("c:\\0bjcmk.cpp". w"))=NULL)
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{}printf{"outpul file error\n"):getch():return 1,

/lopen output field 4
/ltest of opening
|f‘((vystup4=fppen("c:\\zaplneni.cpp","w" )=NULL)
{printf{"output file error\n");getch();return |-
: i

/lopen output field 5
//test of opening
if{(vystupSzfgpen("c:\\wstvy.cpp“."w")FNULL)
{printf("output file error\n"),getch():return 1:

/fopen output filed 6
//test of opening
if((vystup6=fopen("c:\\plochak,cpp","w")#NULL)

{ }primf‘(“output file error\n");getch();return 1:

/fopen output field 45

/ltest of opening

1f{(vystup4 5=fopen("c:\\plocha05.cpp","w")==NULL)
{printf("output file error\n").getch();return 1;
}

/lopen output field 35

/ltest of opening

if((vystup35=fopen("c:\\plochal5.cpp”,"w"))==NULL)
{printf{"output file error\n")getch();return 1;
J

/lopen output field 25

//test of opening

if((vystup25=fopen("c:\\plocha25.cpp","w")==NULL)
{printf("output file error\n"),getch().return 1,
}

/lopen output field 15

Itest of opening

if((vystup15=fopen("c:\\plocha35.cpp","w")==NULL)
{printf{("output file error\n");getch();return 1;
}

/lopen output field 05

[test of opening

if((vystup05=fopen("c:\\plochad5 cpp","w")==NULL)
{printf("output file error\n");getch();return 1;

)

/lopen output field 7

/ltest of opening

if(( vystup'J’:fopen(“c:\\rychlost.cpp"."w“)FMJLL)
{printf("output file error\n"):getch();return )
}

/lopen output field 8

{ltest of opening
if((vystup8=fopen("c:\ubytek.cpp"."w" ))=NULL)
{printf("output file error'\n”);getch();return 1;

)
fprintf(vystup4,"%8d %8.5f\n",pocvl,zaplneni);

/fbeginnign of simulation cycle
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cas=();
krok=0,

srand((unsigned)time(NULL));
navl:

’(#

/Mhow deep is liquid in fibrous structure?

if(fmod(krok,500.)==0.)

{for(x=0,x<SMERXx++)
{for(y=0.y<SMERY;y++)

: ; {ifta[x][y][1]==1){goto konec;}

/Ichoose random cell a[x][y][z]

x=random(SMERX-2)+1;
y=random(SMERY-2)+1;
z=random(SMERZ-2)+1;

/Nook for liquid cell
kont=0,
iftax](y][z]=1)
{for(i=x-1,i<x+2;i++)
{for(=y-1<y+2;j++)
{for(l=2z-1,l<z+2,1++)
{/Miquid - air interface
iftali][][1}=15)
{xk=x;yk=y,zk=z kont=1,goto navl1;}

HRUAR
Wihf
else {goto navl;}
if (kont==0){goto navl;}

navll:
//choose random cell a[x][y]([z]

x=random(SMERX-2)+1,
y=random(SMERY-2)+1;
z=random(SMERZ-2)+1;

/Nook for air cell

kont=0;

if(a[x][yllz}=15)

{for(i=x-1,i<x+2;1++)
{for(j=y-1y<y+2;j+t)
{for(l=z-1;l<z+2;1++)
{/Mquid - air interface
iftali](j1(1=1)

{xv=x;yv=y,zv=z,kont=1,goto navl 1 1;}

R LAR
Vit
else {goto navll;}
if(kont==0){goto nav11:}

navlll:
krok++,

if(fmod(krok,5000 )==0.)
{for(z=0,z<zs;z++) )
{for(y“ﬂ‘.y(=SMERY- Ly+t :
=0:x<=SMERX-1;x++) ; .
i 'x{?f(a[xny][z1=1 ){fprintf(vystup?,"%8d %8d\wn" krok.2)
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£oto nave; |

i ) } }

else{goto nave; }

nave:
if(fmod(krok,10000.)=0,)
{for(z=zs;2<SMERZ-1 0,z++)
{for(y=0,y<=SMERY- Ly++)
{for(x=0,x<=SMERX-1 (Xt
{iftalx][y](z]==1){ ubytek=ubytek+1;}

Broh )
fprintf{vystup8,"%8d %8d " krok,ubytek),goto naven; }
else{goto naven;} ;

naven:
/fealeulatin of energies of liquid and air cells in initial positions

enkap1=0.;envz1=0.enpred=0.;
for(i=1,i<=1;i++)
{for(i=-1,j<=1,j++)
{for(l=-1;1<=1;1++)
{enkap1=enkap+J[a[xk][yk][zk]][alxk+i][yk+j][zk+]];
T envzl=envzl+I{a[xv][yv](zv]][alxv+i][yv+i]{zv+]]:}
A
/lwithout central cell
enkap] 1=enkap 1-J[a[xk](yk](zk]][alxk][yK](zk]];
envzl l=envzl-J[a[xv][yv][zv]][a[xv][yv][zv]];
//gravitational energy
engpr=G*zk;
/ftotal energy
enpred=engpr+enkapl 1+envzl 1,

/lexchage of positins of liquid cell and air cell
apomoc=a[xk][yk][zk]:a[xk][yk][zk]=a[xV][yv][zv]:a[xV][yV][zv]=apomoc;

/lcalculation of energies f liquid cell and air cell after positins exchange

enkap2=0_.envz2=0..enpo=0.,
for(i=-1;i<=1;1++)
{for(j=-1j<=1,j++)
{for(I=-1;l<=1,1++)
{enkap2=enkap2-+J{a[xv][yv][zv]][alxv+il[yv+il[zv+1]}:
envz2=envz2-+I[a[xk][yk][zk]][a[xk+i][yk+]][zk+]]].}
DA
[/without central cell
enkap22=enkap2-J[a[xv][yv][zv]][a[xV][yv][zv]];
envz22=envz2-J[a[xk][yk][zk]][a[xk][yk][zK]];

//gravitational energy
engpo=G*zv,

fitotal energy
enpo=engpo+tenkap22+envz22,

//difference of energies before and after positin exchange
deltaE=enpo-enpred;

/fif fmod(krok, 1. y==0.) {fprintf(vystup5,"%8d %8.51\n" krok,P). }

// Boltzman factor BF, randomly generated number P
P=0.,BF=0., R
if(deltaE>0.){ P=(rand()/(float)iRAND_MA X);BF=(float)exp(-del AN,

if(P>BF) A .
{/lexchange of positions of liquid cell and air cell

apomoc=a[xk][yk][zk];a[xk][yk][zk]=alxv][yv](zv}alxV][yv][zv]=apomoc,
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energie=energie;
goto navl;

}/end ifenpred<enpo) }/fend of position exchange
energie=energie+deltak;

if{fmod(cas,50.)=0 ){ fprintf{vystup1,"%8d %8.5f\n" cas energie): }

if(zk=1-ezl){putpixel{xk,yk,a xk][yK][rez1]);
!f(zv——=rezl){putpixel{xv,yv,a{xv%gv%{mlB:i
if(zk==rez3){ putpixel( xk,SMERY-yk+250,a{xk][yk][rez3]}' }
iflzv—rez3){putpixel(xv. SMERY-yv+250 a[xy][yv]{rez3]).
Hflyk=rez2){ putpixel(xk+SMERX+20,SMERZ-zk a[xk][rez2]{zk]).}
. |f{yv=rez?.){put]:lixel{xv+SMERX+20,SMERZ-zv,a[xv][rezZ][zv]}:}
if{ xk==Fez2) {putplxel{yk+SMERY+240,SMERZ-zk,a[reﬂ][yk][zk]} } :
{xv=rez2){putpixel(yv+ SMERY+240, SMERZ-zv.a{rez2][yv][zv]).}

outtextxy(getmaxx()- 100, get Py
setfillstyle(1,0); ()-100,getmaxy()-20,"k="),
bar(getmaxx()-70,getmaxy()-30,getmaxx(),getmaxy()-10);
setcolor(15);
outtextxy(getmaxx()-70,getmaxy()-20,gevt(krok sigstr));

iftkrok>pockr){goto konec; }

/foutput of energy in simulation time intervals
cast+,

outtextxy(getmaxx()-270,getmaxy()-20,"cas="),
setfillstyle(1,0);
bar(getmaxx()-220,getmaxy()-30,getmaxx()-150,getmaxy()-10);
setcolor( 15);
outtextxy(getmaxx()-200,getmaxy()-20,gcvt(cas,sig,str));

goto navl;

konec:// end of simulation cycle

/Miquid volume in firbrous structure
objemk=0,
for(x=0;x<SMERX;x++)

{ for(y=0,y<SMERY,y++)

{for(z=0,z<zs,2++)
{if(a[x][y][z]==1){objemk=objemk+1;}

] ey
fprintf{vystup2,"%8d %8d\n" cas krok),
fprintf(vystup3,"%8d\n" objemk);

/Niquid volume in horizontal layers of fibrous structure
for(z=0,z<zs,z++)
//plochak=0;
{for(y=0,y<=SMERY-,y++)
{for(x=0;x<=SMERX-1,x++)
{ifta[x][y][z]=]){ plochak=plochak+1:}

} } fprintf(vystup6,"%8d %8d\n",z,plochak); }

/Nayer z=45
for(z=45,2<46,2++)

=(,y<=SMERY-Ly++)
{for(y=0.y {for(x=0;x<=SMERX-1;x++)
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HRAIXIIY)45]=1){fprintfvystup0S,"%8d %8d %gdun' Alxly]145],x,y):)
H } }

/Nayer z=35

for(z=35,2<36.z++)

{for(y=0;y<=SMERY- 1 ,y++)
{for(x=0,x<=SMERX-1 X+

HRa(X]IYI35]==1){fprintfvystup15,"%8d %84 %8d\n" afx]{y)[35).x,y):}

} 1 H

/Nayer z=25
for(z=25,2<26,z++)
{for(y=0.y<=SMERY- 1 ;y++)
{ for(x=0;x<=SMERX-1 X+
(f@lx][yl[251=1) {fprintfivystup25,"%8d %8d %8d\n" afx](y][25].x.y).}

} 1 H

/Nayer z=15
for(z=15,z<16;z++)
{for(y=0;y<=SMERY-1;y++)
{ for(x=0;x<=SMERX- 1 ;x-++)
{falx][y)[151=1){fprintf(vystup35."%8d %8d %8d\n" a[x]y)[15]xy).}

H i 1

/Nayer 5
for(z=5,2<6,z++)
{for(y=0,y<=SMERY- 1,y ++)
{ for(x=0;x<=SMERX- | ;x++)
URalx]{y)[S}==1){fprintf{vystup45,"%8d %8d %8d\n" afx]{y}[S).x.y).}

outtextxy(getmaxx(}-470,getmaxy()-20,"ob="),
setfillstyle(1,0),
bar(getmaxx()-420,getmaxy()-30,getmaxx()-350,getmaxy( )-10);
setcolor(15); i ;
outtextxy(getmaxx( )-400,getmaxy()-20,gcvi(objemk,sig,str));

: e (vystup2),fclose (vystup3);fclose (vystupd),felose (vystups);
;::g Eg:ﬁ;}:;ﬁ:g:e Ezstugll;);fclosé ?vystupJS);fclose (vystup25);fclose (vystupl5);
felose (vystup05),fclose (vystup7);felose (vystup8),
getch ();
closegraph(),
return 0,
}
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Appendix §

Microsoft Visual Studio Program for simulation of I uid penetr,

composite structure

ation into fibrous

The computer simulation results are shown in the Chapter 5.8.2
/*3D lattice model of liquid penetration into fibrous composite structure*/

# include"graphics h"
# include<stdlib.h>
# include<stdio.h>

# include<conio h>
# include<math h>

# include<float h>

# include<time h>

# define SMERX 201
# define SMERY 201
# define SMERZ 201

/lglobal variables

int a[SMERX][SMERY][SMERZ];

int q,cas, krok, pockr=400,kon! ocvl=0,n,xr,yr,zr, | -
. xp,yp,zpp,kx,ky,kz; L, pocet,p yr.,zr,delka,objemk,plochak. ubytek;
int x,y,z,cidlo,i,j,1.xk,yk.zk xv,yv,zv,apomoc konec,rez =1 5.rez3=45 rez2=100,0kraj=5;
int vlakna=0,

float zaplneni=0.;

double fi fir,thetar theta betar beta signumx,signumy,signumz,pi=3.1416,vzdal vzd:

float xx,yy,zz xxx.yyy,zzz,b,c,d energie=0. deltaE=0.,BF P,
int =19 ,xs,ys,zs;
int xmin,xmax,ymin,ymax,vyska,prumerl prumer2;//parametry kapky
/* vlalues of exchange energies
J[1][1] liquid-liquid, J[1][0] liquid-solid, J[1][16] liquid-air,
J[0][0] sohd-solid; J[0][16] solid-air; J[16][16] air-air */

/*liquid surface tension = 2*10-(-92)-(-1)=113/2=56.5,
C[1][1]=-92,C[1][16]=10,C[16][ 16]=1;*/

/*fibre surface energy = 2*10-(-59)-(-1=80/2=40;
C[0][0]=-59; C[0][16]=+10; C[16][16]=-1;*/

/*interface tension liquid-fibres = 2*(-102)-(-92)-(-59)=53/2= 26.5
C[1][0]=102; C[1][1]=-92; C[0][0]=59;*/

float J[16][16]={ {-59..-102,,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,+10.},
{-102.,-92.,0.,0.,0.,0.,0.,0.,-82,,0.,0.,0.,0.,0..+10.},
{0.,0.,0.0.,0.0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.},
{0.,0.0.0.0.,0.0.0.0.0.0.0.0.,0.,0..0.},
{0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0,0.,0,0.,0.},
{0.,0.,0.,0.,0.,0,,0.,0,0.,0.0.0.0.0,0.0.},
{0.,0.,0.,0.,0.,0.,0,,0,0.,0.,0.,0.,0,0.0.,0.},
{0.,-82..0.,0.,0.,0.,0,,0.,0.,0.,0.0.,0,0.0.-1.},
{0,,0.,0.,0,,0.,0,,0.,0,,0.,0..0.,0.‘0..0,,{].,{).},
{O.,0.,0.,0.,0.,0.,0.,0.,0.,0.,{]..{].,0,,0.,0..0.},
{0.,0.,0.,0.,0,.0.,0..0.,0.,0.,0.,{].,0..0.,0..0.},
{0.,0..0.,0.,0,,0.,0..0.,0..0.,0..0.,0.,0.,0.,0.},
{0.,0..0..0.,0.,0..0.,0.,0.,0..0.,0.,0.,0.,0,,0,},
{0.,0,,0.,0.,0,,0..0,.0.,0.,0.,0.,0.,0..0.,0.,0,I,
g+l(},,+IO,,(}..O..O..O.,O.,O.,-I.,0,, ,0.,0.,0,0.,-1.}},
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float G=7 kT=50.:
int sig=10;
char str[25];

float enkapl.enkapl 1 envz1 envz| | engpr,enpred;
float enkap2,enkapzz,envzz,envzzz,engpo,enpo;

int main(voi)

FILE ‘VY-“”P',*Wstup2,‘vystup3,‘vystup4,"vystup5,* Stup6, *vystupds, *vystup3 5 *vystup2s:
FILE *vystup15,*vystup0S, *vystup7, *vystups: A A s

/*request auto detection*/
int gdriver = DETECT, gmode, errorcode;
int xmax, ymax;,

/*initialiye graphics and local variables*/
initgraph(&gdriver, &gmode, gL

/*read result of initialization*/
errorcode =graphresult();

/*an error occured*/

if (errorcode != grOk)

{
printf{"Graphics error: Ys/n",grapherrormsg(errorcode)),
printf{"Press any key to halt:");

getch();

exit(1);

}

setfillstyle(1,0);

/flsing variables of 3D space
for(x=0;x<SMERX;x++)
{for(y=0;y<SMERYy++)
{ for(z=0,2<SMERZ,z++)
{a[x](yl[z]=15}}
}

/Nsing variables of fibrous structure in initial configuration .
//proc jsou uhly theta a fi prehozeny nevim, ale funguje to
pocvl=0;,

z5=51;

/hop layer
zacatek|:
n=0,
zaplneni=0.;

"0
for(x=0,x<SMERX;x++)
{for(z=0;z<zs;z++) .
{if(a[x][y][z]==0) {pocvi=pocvI+1:}}
3

zaplneni=100*pocvl/1000000;
if(zaplneni>4.){goto konecvll;}

ndom(SMERX-1); yr=random(SMERY1); zr=random((zs-1)al(int)xr]{intyr]{(inter]=0;
xr=random -1);

if[random(1000}<500){signumx=],;} else{signumx=-1.}

r=random(5); fi=pi*fir/180.; ; et
::Irando;Tl(OéOFSOO){signumFl.;}else{s:gnumz 1}
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//unit vector parallel with fibre
x=signumx*sin(fi); kz=signumz,

if{random{I000)<500}{signumy=l i} else{si

: B signumy=-1 :
nav90 thetar=random(20);, theta=pi*thetar/1gg
ky=§:gnumy‘sin(ﬂ1em}; i
/Mfprintf{vystup6,"%8.5d %8 Sd 708.5d\n" kx ky.kz);

fldelkavl:

delka=1875;
//delka=random(225),
/fidelka<1000){goto delkavl.}
/felse{goto postup:; )

postupl:
Xp=(n*kx)+xr; yp=(n*ky)+yr; zp=(n*kz)+zr,

if(xp<=0) {n=0;goto zacatek1;} 1f(xp>=SMERX-okraj) {n=0; :
L & i =Ugoto zacatek|
!f[yp*:—(]) {n=0.goto zacatek!:} f{yp>=SMERY -okraj) {n=0;goto zacatek1;} }
if(zp<=0) {n=0;goto zacatekl;} if(zp>=zs) {n=0,goto zacatekl;}‘
vzdal=sqri( pow(Xp-xr,2+pow(yp-yr,2y+pow(zp-zr.2) );

if(vzdal>delka) {n=0;goto zacatekl;}
a[(int)xp][(int)yp][(int)zp]=0;n=n+1; pocvl=pocvl+1;  goto postupl;
/a[(int)xp+1]((int)yp]((int)zp]=0;

konecvll:

//vstupnj hodnoty pole a

for(x=0,x<SMERXx++)

{for(y=0;y<SMERY,y++)
{for(z=0,z<21,z++)

} {a[x][yl[z]=15:}}

//bottom layer

zaplneni=0.;

poevl=0;

n=0;

vzdal=0;

zacatek2:

zaplneni=100*pocvl/1000000;

if(zaplneni>4.){goto konecvI2;}

xr=random(SMERX-1); yr=random(SMERY-1); zr=random(25);a[(int)xr][(int)yr][(int)zr]=0;
if(random( 1000)<500) {signumx=1 .} else{signumx=-1.}

fir=random(5); fi=2.*pi*fir/360,; :

ifirandom(1000)<500){signumz=1.;} else{signumz=-1.,}

//unit vector parallel with fibre '
kx-(ﬂoat)simumx;kz#ﬂoat)signumz‘sm(ﬁ);

if(random( 1000)<500) {signumy=1..} elsesignumy=-1.,}
thetar=random(20); theta=pi*thetar/180.;

ky=signumy*sin(theta);

/ldelkavl:

delka=1875;
Jidelka=random(225),
Ihfldelka<1000){goto delkavl; }

llelse{goto postup;}
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postu_pZ:

Xp=(int)(n*kx)+xr; yp=(int)(n*ky)+yr. 2p=inYnSkayar

if(xp<=1) {n=0.goto zacatek2;} if(xp><SMERX-okrai

e : el Ve -okraj)  {n=0;goto :

e e
i iy zacatek2:} if(zp>=26) =0 7t

vzdal=sqrt( POW(XP-Xr,2)+pPoW(yp-yr,2)+pow(zp-2r.2) ). {n=0.goto zacatek2; }

if{vzdal>delka){n=0;goto zacatek? )

al(ntxpl{(inOYPII(int)zp)=0; n=n+1; pocvi=pocvi+l;  goto —_—

/fal(intyxp+1][(int)yp]{(int)zp]=0,

konecvl2:

//sing variables of glass vesel

xs=(SMERX-1)22;ys=(SMERY-1)/2;

xx=(Int)xs;yy=(int)ys;

for(x=0:x<SMERX-1,x++)
{for(y=0,y<SMERY-1:y++)

{for(z=zs-1,z<SMERZ-10,z++)
{vzd=sqrt(pow(x-xx, 2y +pow(y-yy 2)).
if(vzd<=r){a[x][y][z]=8:}

Vi llzy el

/Msing variables of liquid in initial configuration
xs=(SMERX-1)2;ys<(SMERY-1)/2;
xx=(int)xs;yy=(int)ys;
for(x=0,x<SMERX- | ;x++)

{for(y=0,y<SMERY-1;y++)

{for(z=zs-1,z<SMERZ-10;z++)
{ vzd=sqrt(pow(x-xx,2)+pow(y-yy.2));
iftvzd<=r-3){a[x][yl[z]=1}
Py x

//grafical output - cross section (x,y)
for(x=0;x<=SMERX- 1 ;x++)
{for(y=0,y<=SMERY-1.y++)
{putpixel(x.y,a[x][y][rez1]):}
)

/igrafical output - cross section (x.y)
for(x=0;x<=SMERX-1;x++)
{for(y=0,y<=SMERY-l.y++)
{ putpixel(x,SMERY-y+250.a{x]{y}[rez3]).}

//grafical output - cross section (x,z)
for(x=0;x<=SMERX-1,x++)
{for(z=0,z<=SMERZ- 1 ,z++)
lputpixel{x+SMERX+20,SMERZ-z,a[x][rezZ][z] Wk

)

/fgrafical output - cross section (y,z)
for(y=0,y<=SMERY-;y++)
{for(z=0,z<=SMERZ- | ;z++) .
{putpixel(y+S MERY+240,SMERZ-z,a[rez2][y](z]):}

)

/lopen output field |

/Mest of opening et AR

if((vystup1=fopen("c:\\encrgie.cpp 'w"))==NULL) :
{printf{"output file error\n");getch();return 1,

)
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/lopen output field 2
{ftest of opening
[ vystup2=fppen("c:\\krokcas.cpp","w" ))==NULL)
{ }prmtf( "output file error\n");getch() return |-

/fopen output field 3

{ftmt of opening

1f{(vystup3=f9pen("c:\\objemk,cpp","w" ))=NULL)
{printf{"output file error\n" ).getch();return 1

} 1

/lopen output field 4
{ll.est of opening
|f[(vystup4=fppen("c'.‘s\zaplneni.cpp","w")}=NULL)
{iprmtf{"output file error\n");getch();return 1,

/fopen output field §
/ftest of opening
if{(vystup5=fcpen("c:\\vrstvy.cpp","w"))=NU].,L)

{ ;:rintf("output file error\n");getch();return 1:

//open output field 6

/ltest of opening

if{(vystup6=fopen("c:\\plochak cpp","w"))=NULL)
{}printfl"output file error\n"),getch();return 1;

/lopen output field 45

/Ntest of opening

if((vystup4 5=fopen("c:\\plocha05.cpp","w")==NULL)
{printf("output file error\n");getch();return 1
H

/lopen output field 35

/ltest of opening

if{(vystup3 S=fopen("c:\\plochal5.cpp","w")==NULL)
{printf{"output file error\n"),getch();return 1,
}

/lopen output field 25

[fest of opening

if((vystup25=fopen("c:\\plocha25.cpp”,"w")==NULL)
{printf{"output file error\n");getch();return 1,
|

/lopen output field 15

/Mtest of opening

if{(vystup15=fopen("c:\\plocha]S.cpp"."w")}=NULL)
{printf{"output file error\n"),getch();return 15

1

/lopen output field 05

/Mtest of opening

iff((vystup05=fopen("c\\plochad5 cpp","w")==NULL)
{printf("output file error\n");getch();return 1,

}

[fopen output field 7

/Ntest of opening oy

if((vystup?xfopcn("c:\\rychlost.cpp", w"))=NULL) :
{printf("output file error\n”);getch();return 1,

I
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{fopen output field §
//test of opening

if((vystups=fopen("c:\\ubytek.cpp" "W"))=NULL)

{;:rintf{"output file error\;l");getch(};rcturn ¥

fprintf{vystup4,"%8d %B.Sf\n",pocvl,zaplncni);

//beginning of simulation cycle

cas=0;

krok=0,

srand((unsigned)time(NULL));

navl:

fi

/Mow deep is liquid in fibrous structure?

if(fmod(krok,500.)==0.)

{for(x=0;x<SMERX;x++)
{for(y=0,y<SMERYy++)

} {ifta[x][y][1]==1){goto konec;}

/lchoose random cell a[x][y][z]

x=random(SMERX-2)+1;
y=random(SMERY-2)+1,
z=random(SMERZ-2)+1,

Mook for liquid cell
kont=0,
if(alx][y][z}==1)
{for(i=x-1;i<x+2;i++)
{for(j=y-1,j<y+2;j++)
{for(l=z-1;l<z+2;4+)
{//liquid - air interface
if(afi](][1]==15)
{xk=x;yk=y.zk=z;kont=1;goto navl1;}

V) Mlzji
VIif
else {goto navl;}
if (kont==0){goto navl:}

navll:
/lchoose random cell a[x][y](z]

x=random(SMERX-2)+1;
y=random(SMERY-2)+1;
z=random(SMERZ-2)+1;

/Nook for air cell

kont=0,

iffalx][y)[z}=15)

{for(i=x-1;i<x+2;i++)
{for(j=y-1.j<y+2;++)
{for(1=z-1;1<z+2;1++)
{/liquid - air interface
ifGalilliln=")

{xv=x;yv=y;zv=z.kont=1.goto navl11;}

R AR
Vi
else {goto navl1;}
ifkont==0){goto nav1l,}
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navlll:

krok++;

iﬁfmod(krok,SOOO.}:=0.)
{for(z=0;z<zs;z++)
{for(y=0,y<=SMERY-] ¥+
{ for(x=0,x<=SMERX-| Xty

goto nave; } Ay z==1) fprindvystup?, %8 %8d\n" krok,z);

H
else{goto nave;} } }
nave:
if{fmod(krok, 10000.)==0)

{for(z=zs,2<SMERZ-10,2++)
{for(y=0,y<=SMERY- 1:y++)
{for(x=0;x<=SMERX-1 ;x++)
{ifta[x][y][z]==1){ubytek=ubytek+1.}

I }
fprintf{vystup8,"%8d %8d\n" ;krok,ubytek):goto naven: }
else{goto naven;}

naven:
/lcalculation of energies of liquid and air cells in initial positions

enkap1=0.envz1=0.enpred=0.;
for(i=-1;i<=1;1++)
{for(j=-1;j<=1;j++)
{for(I=1;l<=1;I++)
{enkap1=enkap1-+J{a[xk][yKk][zk]][alxk+i][yk+j][zk+H]];
s envzl=envzl+I[a[xv][yv][zv]][a[xv+i][yv+j][zv+]];}
Jil
/fwithout central cell
enkapl 1=enkap -J[a[xk][yk][zK]][alxk][yk][zK]];
envzl 1=envzl-J[a[xv][yv][zv]][a[xVv][yv][zVv]];
//gravitational energy
engpr=G*zk,
//total energy
enpred=engprt+enkapl I +envzl1;

/lexchange of positions of liquid cell and air cell
apomoc=a[xk][yk][zk]:a[xk][yk][zk]=a[xV][yV][zv];a[xV][yV][zv]=apomoc;

/lealculation of energies of liquid and air cells after position exchange

enkap2=0.,envz2=0.enpo=0;
for(i=-1;i<=1,i++)
{for(j=-1,j<=1.j++)
{for(I=-1;1<=1;1++) .
{ enkap2=enkap2+J[s[xv]{yv][zv]}[a[xv+i][ylv+_;][zv+l]];
envz2=envz2+J[a[xk][yk][zk]][a[xk+i][yk+j][zk+]]:}
U
//without central cell
enkap22=enkap2-J [a[xv][yvI[zv]][a[xv][yv][zv]]:
envz22=envz2-J[a[xk][yk](zK]][a[xk][yk][zk]]):

/fgravitational energy
engpo=G*zv,

/Mtotal energy
cnpo=engpo+enkap22+env122;

Jidifference of energies before and after position exchange
deltal:=enpo-enpred,
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M fmod(krok, | _)==0.){fprintftvysmp5‘n%8d %8.5f\n"

// Bol
P=0(,}- l;z;nan_ factor BF, randomly generated number p

if{deltaE>0.){ Pﬂrand()!{ﬂoat)RAND_MAX);BF={ﬂoat)exp(-deltaEfkT)-

krok,P); )

if(P>BF)

{//position exchange, cell back to initi iti
apomoc=a[xk][yk][zk] i ) ge, cells back to initial positions
energie'=er{er3]i[é e b L a{’w][yv][Z“']'a[’“‘][Y"][Z“]=3I!'(‘-'THC‘¢;

goto nav];

N
}/end if{enpred<enpo) Vfend position exchange

energie=energie+deltak;
if(fmod(cas,SO.}=0.}{fprintf(vystupl."%8d 708.50\n" cas energie): }

!f(zk=ral ){putpixel(xk,yk.a[xk][yk][rcz] i}
!f(zv==rez 1) putpixe](xv,yv,a[xv]{yv} [rez1]);}
!f{zk=rez3 )iputpixel(xk SM ERY-yk+2 SO,a[xk][yk][rcz3]); }
if(zv=rez3){putpixel(xv,S MERY-yv+250,a[x v][yv][rez3]);}
!f(yk=re22) { putpixel(xk+SMERX+20,SMERZ-zk,a[xk][rezz][zk]};}
_ iflyv=rez2){ putpixel(xv+SMERX+20.SM ERZ-zv,a[xv][rezZ][zv]);}
ifixk==rez2){ putpixel(yk+SMERY+240,Sl\dERZ-zk,a[FCZ2}[yk][zk]);}
if(xv=rez2){ putpixel(yv+SMER Y+240,SM ERZ-zv,a[rez2][yv][zv]);}

outtextxy(getmaxx()-100, getmaxy()-20,"k=");
setfillstyle(1,0);
bar(getmaxx()-70,getmaxy( )-30,getmaxx(),getmaxy()-10);
setcolor(15);
outtextxy(getmaxx()-70.getmaxy( )-20,gevt(krok,sig,str));

iftkrok>pockr){goto konec;}

/foutput of energy in simulation time intervals
cas++;

outtextxy(getmaxx()-270,getmaxy()-20,"cas=");
setfillstyle(1,0);

bar(getmaxx()-220,getmaxy()-30.getmaxx()- 150,getmaxy()-10);
setcolor(15);
outtextxy(getmaxx()-200,getmaxy()-20,gevt(cas,sig,str));

goto navl;

konec://end of simulation cycle

/Niquid volume in fibrous structure
objemk=0:
for(x=0;x<SMERX;x++)
{for(y=0,y<SMERY;y++)
{for(z=0,z<zs,2++) |
{ifta[x][y][z]=1){objemk=objemk+1;}

|
fprintf{vystup2,"%8d %8d\n" cas krok),
fprintf(vystup3,"%~8d\n",objemk);

/Miquid volume in horizontal layers of fibrous structure
for(z=0,z<zs,z++)
lplochak=0,
{for(y=0;y<=SMERY- .y ++)
{for(x=0,x<=SMERX-1 x++) .
{ifta[x][y][zJ==1){plochak=plochak+1.}
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} ! fprintf(vystup6. "84 %8d\n" z,plochak); }

/Nayer z=45
for(z-—45;z<46;z++)
{for(y=0,y<=SMERY- Ly++)
{for(x=0:x<=SMERX-1 S
{iftalx][y][45]=1 Miprintf{vystup05,"%8d %8d Yo8d\n" a[x][y][45].x,y); }

} i }

/Mayer z=35
for(z=35,2<36,z++)
{for(y=0:y<=SMERY-| y++)
{for(x=0;,x<=SMERX- | X+H)
{if{a[x][y][35]==1){ fprintf{vystup15,"%8d %8d Y68d\n" a[x](y][35],x,y),}

1 | }

/Nayer z=25
for(z=25;2<26,z++)
{for(y=0.y<=SMERY- 1 ;y++)
{ For(x=0,x<=SMERX- 1 ;x++)
{ifa[x][y] [25]==1){fprintf{vystup25,"%8d %8d %8d\n" a[x][y][25],x.y);}

H ' }

/Nayer z=15
for(z=15;z<16;z++)
{for(y=0,y<=SMERY- I,y ++)
{ for(x=0;x<=SMERX- 1 ,x++)
{ifta[x][y)[15]=1){fprintf{vystup35,"%8d %8d %8d\n" a[x][y][15].x.y):}

H ' i

/Nayer z=5
for(z=5,2<6,z++)
{for(y=0;y<=SMERY-1,y++)
{for(x=0,x<=SMERX- | ;x++)
{ifta[x][y][5]==1){fprintf(vystup45,"%8d %8d %8d\n".a[x][y][5].x.y);}

outtextxy(getmaxx()-4 70, getmaxy()-20,"ob="),
setfillstyle(1,0);
bar(getmaxx()-420,getmaxy()-30,getmaxx()-350,getmaxy()-10),
setcolor(15), . _ .
outtextxy(getmaxx()-400,getmaxy()-20,gevt(objemk,sig str));

felose (vystup2);felose (vystup3),felose (vystup4);fclose (vystup5),
;::gss: Eg:::gé;;::gse Egstugé);fclou (vystup35).felose (vystup25);felose (vystupl5),
fclose (vystup05);felose (vystup7),fclose (vystup8);
getch ();
closegraph(),
return 0,
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