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ABSTRAKT

Diplomova prace se zabyva zjiwanim velikosti pd@r v polymernich pnach
s otevenymi pory a vztahem mezi jejich strukturou a alklgtmi viastnostmi. Byla
navrzena metoda vizualizace rovinné plochskké polyuretanové gmy. Vizualizace byla
provedena u ¢i vybranych vzork s rfiznou porovitosti. Ziskané obrazy byly podrobeny
obrazové analyze, z niZ byla odhadnuta velikosi pdfistribuce jejich velikosti. Naslegn
byly méteny akustické vlastnosti zkoumanych matéraéktudovan vztah mezi strukturou a

akustickymi vlastnostmi.

Kli ¢ovéa slova:Polymerni pna, polyuretan, velikost piyakustické vliastnosti.

ABSTRACT

The Master Thesis is focused on estimation of mize in polymeric foams with
opened-pores and relations between structure efspaomd acoustic properties. The method
for visualization planar section of flexible polgtinane foam has been suggested.
Visualization was carried out for five selected péen with different porosities. Obtained
images were analyzed by image analysis. Thus thegpes and distribution of sizes were
estimated. Then the acoustic properties of obsemvaigrials were measured. Finally the

behaviour between structure and acoustic propesassstudied.

Keywords: Polymer foam, polyurethane, pore size, acoustipgnties.
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INTRODUCTION

It seems to be that nowadays — at the beginnirnigeo® ' century not many things rest
to be investigated or developed in the field oesce and technology. The era of great
discoverers and epoch-making inventions is ovengh still there are some opportunities

how to contribute to overall knowledge of mankind.

Many studies points at mutual relationships betwestructure, physical (and
sometimes chemical) properties of observed mat€efia@ same case is this thesis. It is
focused on the several main sub-topics. The prodtienf stereology of porous material —
the polyurethane foam concretely is the first ofNext subject, which relate to the first
one, is the estimation of pores size and distrdoutf sizes. Third sub-topic is attended to
measurement of acoustic properties of selectedrimtend observation of relationships

between structural and acoustic properties of pethiane foam.

These topics are not new. Main goals of this thasisto summarize present state of
art, to offer another point of view to this problae and compare with the original

opinions and, maybe, to help people interestetdigiiranch.
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|. THEORETICAL PART
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1 DEFINITION OF TERMS

The topic of this thesis — investigation of polynieams and its acoustic behaviour

brings a few main key words. The meaning of thesms will be defined in this chapter.

1.1 Dispersion

Dispersionis a system of at least two kinds of matter (lijiolid or gas), whereas one
kind is dispersed into the second one in the fofrenaall particles. Continuous dominant

phase, usually called matrix, surrounds non-comntiisudispersed patrticles.

Dispersions can be divided according to severakra (e.g. differences of size
dispersed particles) into a few sub-groups [1]. ©hé¢he most used dividing, shown in

table (Tab. 1) is according to state of matterispérsion’s components.

Tab. 1: Classification of dispersions according tats of matter of dispersion’s components [1].

dispersed matrix
particles solid liquid gas
solid solid sol suspension aerosol (smoke)
liquid dispersion
liquid in surroundings emulsion aerosol (smoke)
of solid matter
gas solid foam foam /
1.2 Foam

In accordance with table (Tab. 1) the foaam be defined as a heterogeneous system
(dispersion) that includes gas particles (mosttybabbles) in liquid matrix. Similarly we
can define the solid foaras a system of air bubbles surrounded by solidixnkito the
group of solid foams belong all cellular materigsluding polymer foams, which are the

subject of interest in this work.

1.3 Acoustics and acoustic properties of material

1.3.1 Acoustics

Acoustics is a large-scale branch. Acoustics studies soumdich is token of
oscillation of mass with any frequency between 20 20 000 oscillation per second, and

noise(any undesirable sound) — from their origin, piggdaon in the space to its perception
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by the people. Acoustics has many sub-branches asichusical acoustics, architectural

acoustics, physiological acoustics and others [2].

1.3.2 Waves

The waveis (in conjunction with partichebasic term in classical physics. It is a way of

transfer of energy in real time. The basic splijtoi waves includes three types:
 Mechanical waves (e.g. water waves or waves oEhois

» electromagnetic waves (e.g. visible light or RTG/es),

* de Broglie’s waves (flow of elementary particles).

Mechanical waves, which are the cause of noisebeasubdivided to longitudinaind
transversawaves. Sound rises thanks to oscillating of massdrally every system of
points). Oscillation is physical process in whible tharacteristic values (location, velocity

etc.) are changed periodically, in dependenceroa.ti

Noise can propagate as longitudinal waves in ecase, in addition as transversal

waves in solid mass. In free space noise propagatdsdirections [2] and [3].

1.3.3 Basic acoustic quantities

The wavelength [m] is the first from fundamental acoustic quaasitdescribed in
this chapter. It describes a distance between ®ighbouring maxima of wave. It can be
also defined as a distance, which the wave traisg the time of one oscillation (one
periodT [s]).

The frequencyf [Hz] is physical quantity showing number of cyclasy periodical
phenomenon per time unit. Relation between wavéteriggquency and period is shown in

equation (1) [4]:

A=%=CT, 1)

wherec is velocity of wave.

Passing of acoustic wave through some surroundiages causes to the pressure
fluctuations. Overall pressure in this place bagsnaround original pressure. This variable

pressure is called acoustic presgufPal. It is defined by the equation (2) [4]:
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p=—o )

wherepg is amplitude of wave.

Acoustic wave transfers mechanical energy from @ufoscillating system) to
surrounding space. Quantity of this energy, whiabsgs imaginary unit area per time unit,

is acoustic powelP [W]. This quantity is a basic parameter of all m@s of noise.

Equation (3) is definition of this quantity [4]:

P:FTS:FC: pcA, (3)

whereF is force,sis trajectoryA is areag is velocity and represents time.

Soundproofing properties of materials are common8tled transmission loss

characteristics. Transmission lo&$-] denotes ability of material to resist propagatiof

acoustic energy through material. As it is shownhgyequation (4) the transmission loss is
defined as a ratio between acoustic powers ati@sinission of noise through mateifal
and primary value of acoustic powey. This quantity strongly depends on the incidence

angle® of noise and angular frequerncy(« = 2nf ) of waves [4].

P (P, w)

e ETX®)

(4)
When the acoustic waves run into the surface ofesomass there is an interaction
between waves and mass. Part of acoustic energflested, next part passes through and
rest of it is absorbed. Different materials hagedént ratio between these three parts of
energy. The absorbed part is transferred to andiner of energy, mainly to the thermal
energy. Acoustic absorption is defined as a ratialsorbed acoustic power divided by
total acoustic power of noise. The ratio illustcaie@ equation (5) is commonly called

absorption coefficiendr [-] [4]:

a:P—F‘)\:l—\RZ\, (5)

where, P is total acoustic power?s is acoustic power absorbed by the material and

R [-] is reflection coefficient

The value ofa can be inside the interval <0; 1> whereas value 0 describes

a material without absorption of noise amd& 1 means total absorption of noise. Surface
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absorption of noise is a function of many paransetrch as roughness, porosity and

acoustic compliance [4].

Specific acoustic impedanc@[N.s.m"]

Specific acoustic impedance or wave resistance atenal is defined by following
equation (6) [5]:

Z=pc=—, (6)

<|lo

wherep is density of material andis speed of oscillating of particles.

The last discussed acoustic quantity is acousténsityl [W.m™]. Size of this vector

quantity shown in equation (7) describes quantitgt direction of acoustic energy flow.

Upright to the direction of acoustic wave acousttensity equals zero [4].

| = p(t).v(t) (7)

1.3.4 Other important terms

Human ear cannot respond to any acoustical stimirearly — the perception of it is
proportional to the logarithm of this stimulus. Tha the reason for implementation of

term acoustical levelAcoustical level is defined as a common logarithinmatio between

observed quantity and any reference value:

_ X _, _comparedialue
L =log— =log
Xo referencevalue

(8)

The basic unit of acoustical level_is Bl (named after inventor of phone A. G. Bell).

Because of better interpretation the dB — dedibél,1 B) is commonly used [4].
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2 POLYMER FOAMS

The polymer foam has been chosen for estimatiomood size as it was discussed in
chapter 1.2. This dispersion system consist anynpadic matrix, which surrounds a
"bubbles" of air. These cavities are frequentlylezhlcellsor pores The polymer/air ratio
(which determines a density of material) also asphbre size may vary — depending on

manufacturing conditions [6].

There are two important macroscopic characteristiggolymer foams highly affected
by the structure in term of applications. Mechahm®aperties are first of it. Mechanical
properties of polymer foams are influenced by taoameters: density and morphology of
cells [7]. The same importance has acoustical ptigse This important macroscopic value
plays an important role in applications of polynf@mms. Acoustical properties depend on

pore size [8] and [9].

2.1 Foamed polymers

Wide group of polymers is used for technical aglans as foam. Both closed- and
opened-foams are often used in automotive, buildimystry, packaging industry and
others industrial branches. Commonly exploited payfoams are PE, PP, PS, PVC, EVA
and PPO-PS blend. All of these foams has closds. dalpical foam with opened cells is
PUR foam [10].

2.2 Classification of polymer foams

The main classification of polymer foams is usualyried out from structural point of
view. As it is shown in figure (Fig. 1), there amo basic types of polymeric foams —
— foams with opened cel(fig. 1a) and closed-cdtbams (Fig. 1b). The picture shows also
its structural differences — faces of pores. Opalhfoams have the most of faces open

whereas in case of closed-cell materials theregpposite situation [10].

There are few opposing views concerning shape téspdt can differ depending on
production conditions. Extruded foams with closetlschave ellipsoidal shape of cells
because of melt deformation in flow direction dgriprocessing [7]. Another shapes of
cells (rectangular, triangular, hexagonal or potirhewith 10-17 faces) are also available

[6], [10]. Therefore there are some opinions assgrspherical shape of pores [11], [12].
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Cut
face

Cut
edge

Face

Vertex

Edge

(b)

Fig. 1: SEM pictures of open-cell and closed-oeédirhs [10].

2.3 Observed material — flexible polyurethane foam

The polymers known as polyurethanes (PUR) inclu@genals that incorporate the
carbamate group, -NHCOO-, as well as other funatignoups, such as ester, ether, amide,

and urea. The name polyurethane is derived froyl etlitbamate, known as urethane.

2.3.1 Production

These polymers are usually produced by the polyaedreaction of polyfunctional
isocyanate with a macroglycol, a so-called polywl,other reactants containing two or
more groups reactive with isocyanates. This addipolymerization reaction, to produce
urethane polymers was pioneered in 1937 by O. BEy& The chemical reaction is
generalized by (9):
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R-N=C=0 +H-0-R> R-NH.COO- R, 9)

where R and R’ are radicals (e.g. phenyl group).[14

Monomers — isocyanates and polyols can vary in mggecy on foam type. Flexible
PUR foams (with open cells) are often based oretwt?,4-diisocyanate shown in figure
(Fig. 2a), whereas rigid PUR foams (closed cellegyp are usually made from
4,4'-methylene diphenyl diisocyanate (Fig. 2b). &Apolyol the glycols, polyglycols and
hydroxy-polyesters are widely used [14].

CHy
@NCO DCN—@ CH, /_\ NCO
NCO

a) b)

Fig. 2: a) toluene-2,4-diisocyanate, b) 4,4'-me¢imd diphenyl diisocyanate [14].

2.3.2 Basic properties, advantages and applications

The reason of investigation this material is obsidhis kind of material is widespread
in many applications. A major advantage of thiseriat is that it can be manufactured
with relative ease to varying densities, which anéy a few percent of the density of the
base material. It has excellent energy absorpti@racteristics and it is widely used for
shock mitigation in automotive, in packaging andcushioning. Polyurethane foams are
also widely used as cores in sandwich plates aellissiwvhich is one of the most effective
weight saving design options for structures in @etg of applications. The advent of
carbon and ceramic has recently enabled the usaabf construction in high temperature
applications in jet engine nacelles and rocket l@sz[f]. In present also the polyurethane
composite systems become populds][ [16] and [17]. Practical usage of polyurethane

foam with opened cells as a damping material fasenand vibrations is also possible [18].
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STEREOLOGY OF POLYMER FOAMS

2.4 Stereology

Stereology is the study of three-dimensional stmgt and particularly the
measurement of key parameters describing that tsteudbased on two-dimensional
images. In most cases these images are obtaineticbyscopy (optical, electron, etc.) but

another methods providing two-dimensional imageshEachosen.

Two basic stereological approaches are often USest. of it suppose that structure of
material is deterministic just only probes (selmts) are random. Second approach is

based on modeling of structure by random procd4$és

For valid application of stereology it is necess&wyknow relationships between
two-dimensional image and three-dimensional objécr a planar section through a
structure, volumes appear as areas, surfaces appdares, and lines appear as points.
Measurement of these areas, lines, and pointsmedirectly determine the extent of the
three-dimensional structure, but can be used tulzke an estimator [20]. There are three

ways how to obtain pore volumes [21], as it willdiscussed later.

2.5 Observation of porous or grainy materials

Studying of real structure and subsequent quangtastereological evaluation of
obtained images is the simplest way of stereolbgiescription of material. There are
several methods for observation of porous or graamples. Some of frequently used will

be described in this chapter.

2.5.1 Microscopy

Microscopy is technique of observation small olgeotr small details on bigger
objects. There are many kinds of microcopies — st frequently used are optical
microscopy (OM), scanning electron microscopy (SEivgnsmission electron microscopy
(TEM) and atomic force microscopy (AFM). Tanks toeir reliability, microscopical
methods are widespread for examination of architecof cells (or grains) in biology,
metallurgy, and polymer science [22], [23] and [24] term of polymer foams it can be

used for observation both closed-cell [7] and operedl foams 16].
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The principle of microscope is an interaction ahgée with photons (OM) or electrons
(SEM, TEM) emitted from source towards to samplenm@asurement of atomic forces
between tip of microscope and sample (AFM). OM &itM are based on detection of
reflected photons (OM) and electrons (SEM) whefB@M detects electrons transmitted
throughout the ultra thin sample. AFM examines desnof quantity intermolecular

interactions between the tip and sample, whichrdsess topology of sample’s surface.

Resolution ability of microscopy depends on wavegtenof used radiation and
increases from optical microscope through SEM aBiTo AFM. Each of these methods
is specific and provides different images but &lthese methods can represent the image

of structure satisfactory [25].

2.5.2 Computer tomography

Computer tomography (CT) is nondestructive digitahging technique. The word
"tomography" is derived from the Greek wordg (slice) andypdow (to write). CT is
based on the recording the attenuation of radiatfemay) after passing through
investigated object from several directions. Theanpoter from cross sections of
projections reconstructs resulting image. This meétlwas initially implemented in the

medical field; nowadays it is also used in matsriakearch [26].

In context of the topic, CT images are often usedpknar section images for
following image analysis and estimation of poretisecsize [21] or volume of pores [27].
CT can be also applied on observation of distrdyubf filler in foamed composite systems
[28].

2.5.3 Another methods

Another methods used for characterization of grainyporous systems are mercury

porosimetry and laser diffraction.

Mercury porosimetry(or mercury intrusion porosimetry) is an importamd widely

used technique for the analysis of the pore straabfi a variety of porous materials. It is
based on the gradual intrusion of mercury into aceated porous system as an external
pressure is applied; increasing pressure makedesnpares accessible to mercury. This

method allows obtaining pore size distribution [29]
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Laser diffractiontechnique is based on the diffraction of lasembdsy the sample.
When the patrticle size is significantly larger titha incident wavelength with a refractive
index significantly different from the surroundingedium, most of the light is scattered in
the forward direction at small angles relative lte propagation direction of the incident

beam. This technique is popular in the field of dewsystems [30].

2.6 Modeling of structure

Modeling of structure is second stereological appho Using a model structure,
physical properties of the corresponding materalsamulated. Repeated calculations with
varying model parameters allow investigating how thaterial’s properties change with
altering microstructure. Thus, instead of produaingny sample structures and choosing
the best one for a given application, suggestionggybod candidates can be obtained by
simulation. The increasing capability of simulatiaigorithms as well as computer power
allows for high precision in the simulation resulis return, this requires more and more

sophisticated model structures and model fittirmcpdures [31].

Thanks to presented advantages, modeling of steuidwery popular tool in materials
research. By using different models and approachasjing properties of material are

predicted.

2.6.1 Tessellation

Tessellation is term, describing a method of partibf space to final number of cells,
which fills this space particularly or totally amchich has at most one border in common.
In case of total filling the space is called telsdin. Particularly filled space is an example
of incomplete tessellation. The simplest partittmmsists in comparing distances of points
in space from the center of cells. Those pointdriter space of cell, which are closer to
the one cell center then to another ones. The beliders are created by the points, which

have the same distance to more than one cell center

Dislocation of centers in space is called pointcpss. Centers can be distributed
homogeneous — mutually independent — in empty Beah space — it responds to Poisson
point process, or inhomogeneous. Inhomogeneoushdisbn may be caused of mutual
interactions between centers (attractive or repelsgiteractions). An attractive interaction

leads to clustering of centers and forms clusedd$i. In the second case distances between
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neighbouring centers may be bonded below by remiisiteractions, which forms models

with hard core.

Periodical distribution of centers is the simplesinters makes translation grid and all
cells has the same size and in addition it has#émee orientation. This case of periodical
distribution is unreal in real objects, but sometsnthere is tendency to go near to this
situation as much as possible — as an exampleetidemncy of periodical distribution of
filler in composites can be used. These "grid systeare described by Bookstein’'s model
and tessellation generated by this model. Thankgedsellations the grainy, porous or

polycrystalline material can be model [11], [32]d [33].

2.6.2 Voronoi tessellation

Voronoi tessellation is one type of tessellatiohisTtessellation can be assigned to all
system of points and it has the unique solutionnfost of it. Very important property of
Voronoi tessellation is convexity of cells. Theree aseveral definitions of Voronoi

tessellation. The Growth model, shown in figureg(R) is one of it.

Fig. 3: Growth model of spherutical growth in polsmmelt; t = 0 on the left; t =o on the right [33].

This model expects start of growth objects (gravedls, etc.) from nuclei in time= 0.
The velocity of growth from all nuclei is consta@rowth of objects is terminated in every
point of contact with neighbouring object. The altgecreated by this way represent the
Voronoi tessellation. Growth model can be used rfardeling of progression material
microstructure [33]. Except this, Voronoi tessetiatcan be used in many other fields such

as astronomy, biology physics and logistics [32].

2.6.3 Poisson-Voronoi tessellation

Poisson-Voronoi tessellation (PVT) is Voronoi télsg®n generated by Poisson point
process. Generated points are distributed homoggnuspace. The cells of PVT (shown

in figure (Fig. 4) correspond to this distributif32].
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Fig. 4: Planar section of three-dimensional Poisaéoronoi

tessellation [12].
2.7 Modeling of fluid flow

2.7.1 Biot viscosity correction function

Biot viscosity correction function, represented dnyuations (10), (11) and (12) used
e.g. by Pispola et al. [9] is a mathematical desiom of arbitrary pore size distribution
approach. It is the ratio of the average viscoigsidn force on the capillary walls per unit
bulk volume to the average seepage velocity pet haolk cross-sectional area and
measures the deviation from the Poiseuille flowtion (the friction between air molecules
inside the pores is dominant). For a porous mateiith circular cylindrical pores with
radiusr with probability density function (PDF{r), the viscosity correction functidfsyc

is given by the following expression:

. TKTB(K)f(I’)dI’
Fevc (@) === 0 , (20)
‘ j [1 2K‘1TB(K)]f (r)dr
0
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where parameterks andk are defined as:

Tg(K) = :;(TKK)) (11)
k=r 2P0 (12)
n

wherel; andl, are the modified Bessel functions, [kg.m”] is the equilibrium density of
air, n [Pa.s] the dynamic viscosity of air and[rad.s"] the angular frequency. Solution of

the viscosity correction function (9) via directmerical integration requires data on PDF

£(r) [9].

2.7.2 Double porosity approach

Flow and transport in structured porous media srgquiently described using double
porosity (or dual-porosity) models. This probleroatias firstly defined in geology [34] but
the general double porosity theory is applicalde &r polymer foams [9] and [35].

In double porosity models the void space of thetinaes (pores) is considered as a
continuum while the void space within the blockslymer) is regarded as another
continuum. The dual-porosity medium is considerehé¢ a superposition of these two
systems over the same volume. The two pore systasract by exchanging air, water, or
solutions in response to pressure head and coatientgradients. Macroscopically, two
flow velocities, two pressure heads, and two sotatecentrations characterize the porous
medium at any point in time and space. Dual-poyd§f) models assumes that both fluid
flow and solute transport can be described by tausagons, which are coupled through a

term that describes the exchange of fluid or sddeteveen the two pore regions [36].

The DP can be employed to model the acoustic betawf materials with two
distinct pore scales: meso-porous sdgl@gepresents a group of pores with size 1,12-4,14
mm) and micro-porous scallg (pore size between 0,04-1,64 mm). The model isdas
assumptions of low ratid(ly) between the characteristic dimensions of the masd
micro-porous parts of the medium and ability of negacopic nonacoustic quantities (total
flow resistivity ¢u, total open porosity2y, flow resistivity of micro-scaleygm, open

porosity of micro-scale@,, flow resistivity of meso-scale/, and open porosity of
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meso-scald,) to characterize the micro- and meso-porous paftsThese quantities are
described by following equations (13) and (14):
Ap Ao | A
Qup=9,+2,1-Q,)=—+1-——— [— 13
db p m( p) A A | A= Afp ( )
whereAs, is area occupied by micro-scahg, is area of meso-pores aAds the total area

of sample surface.

1 ={(1—9p)+ 1
b

— 14
lpd lpm Lpp:l ( )

2.8 Image analysis

Image analysis is a process that serves for evatuatf digital images from
stereological point of view. The goal is to get oEhrcible and representative data

describing the observed structures typically. Thecess is includes:
* Image recording and its transformation to the dldirm,
* image corrections,
« identification of objects (grains, cells, etc.),
» quantification to finite number of data.

Recording of source data — images of planar sextminsamples is described in
previous chapter (2.5). Transformation of imageh®digital form is carried out thanks to
the CCD cameras (OM) or created directly by thévgme pertaining to the device (SEM,
TEM, AFM).

Image corrections includes selection of squareestangular area from the whole
picture, noise removing, contrast adjustment aoucdransformation. Noise arises during
the transformation of image from analogue formhte digital one and affects the results of
measurement. Colour transformation and contrasisadent as well are necessary to.
Images are transformed from the coloured origioghe black and white form. These are

required for objects identification.

Identification of objects is the most important tpaf image analysis. Transformed

black and white image is divided to the objectdl§¢cgrains, etc.) and their background.
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Founded objects are described by finite numberatd corresponding with number of
objects) representing the characteristic valueswdstigated objects such as diameter or
area. For correct interpretation many measuremawne o be done and the statistical

methods of evaluation must be used [37].

2.8.1 Euclidean distance map

Euclidean distance map (EDM) is a basic tool oftezdus image analysis [21], [27],
[38] and [39]. EDM coming out of pattern (black ambite image), which is divided to the
two sets of points ip rows andg columns (according to the resolution — one pixeire
point). The first set represents a group of objlreground) with associated valbg, = 1
and the second group describes empty space (bacidrowith value b,q = O.
Subsequently, there is assigned a distance to liteest foreground point to each

background poinb;. This distance is computed from equation (15):

dy = _min ((p=)?+(@~1)? lopq =1] (15)

2.9 Conversion of pore section areas to pore volumes

Information about cell areas are not representatisematerial characteristic. The
conversion of areas to volumes is necessary. Incipie, there are three ways how to

obtain pore volumes. All of these suppose semi+spdieshape of cells [21].

29.1 ASTME 112

ASTM E 112 is the American standard used for detengiaverage size of grain size
in metals [40]. It is based on following equatiofi$) and (17), describing a relation
between mean ardaA of random planar section of sphere and its medumnm®EV (E*

denotes mean value of *):
EV =C'.(EA)*? (16)

where

C=.|- =1382 (17)
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By using these equations it is possible to caleutaean volume of spherical and
irregular shapes too. Disadvantage of this methaghpossibility to give information about

pore size distribution [21].

2.9.2 Geometrical solution

This approach is based on imagination of spheribalps of pores. A sphere of
diameterD is the geometrical model of pore. The sphere diameistribution will be
characterized by PDfp and the meaiD. Planar section of sphere is a circle profile of
diameterd. The profile diameter distribution will be charatzed by the PDRFy, the mean

Ed. This stereological estimation method is comingaduhe Wicksell equation (18) [21]:

d ¥ f,(D)
f, (d)=— [=2==dD, 18
@ Edlm (19)

for 0<d< Dy, whereDy, is the maximum ob andd.

For estimation of an unknown PDf5, a model PDHp, which depends on some

parameters is chosen. Then the model profile RREn be fitted to the empirical one [27].

2.9.3 Spatial solution

This, the most precise but the most difficult apphgais carried out by the
computation of spatial EDM and subsequent spatiabNa tessellation. By this solution
the size of each pore is known. The problem of théthod is enormous computational

demandingness of spatial EDM [21].
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3 NOISE PROPAGATION AND ABSORPTION

Acoustic properties of any material can be conakiae a summary of properties
affecting propagation of noise through given malerstudying of acoustic properties is
very important for subsequent applications of stddmaterials. Ability of noise to
propagate through any material depends on mechaafspropagation (or inhibition)
inside the medium and relationships effects noisgpggation All media have three

properties which affect the behavior of noise pgaen:

« A relationship between density and pressure. Thlatioaship, affected by

temperature, determines the speed of noise witl@mtedium.

* The motion of the medium itself, e.g. wind. Indepemidof the motion of noise

through the medium, if the medium is moving theseads further transported.

* The viscosity of the medium. This determines the aht@hich noise is attenuated.

For many media, such as air or water, attenuatientd viscosity is negligible [41].

Term noise absorption generally means conversi@absbrbed part of acoustic energy
to another kind of energy, usually thermal enefggst of acoustic energy is splitted to
reflected and passed part [42]. Scheme of intenadietween wall and acoustic waves is

shown in figure (Fig. 5):

Incident sound Refracted and
" absorbed sound

Reflected sound Transmitted sound

Fig. 5: Reflection, absorbtion and transmissiorsotind
[43].
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3.1.1 Absorption of noise in air

This phenomenon is the most common manner of nolssorgtion in our
surroundings. In comparison with other media, pgapian of noise in air is very easy.
Except of air molecules, there is no significant @diment for acoustic waves. Noise
absorption in air varies in dependency on frequeasfayoise, relative humidity of air and
temperature of air. Lower frequencies and highdativee humidities and temperatures

cause increased noise absorption [4].

3.1.2 Absorption of noise in porous media

Description of noise absorption is more difficdiah in previous case. Decreasing of
acoustic energy can be caused by three ways, whemeatly is the shortage due to the

combination of all of them [44]:
» Friction of oscillating air particles with walls pbres:

While the noise penetrates into the pores of nalssorbing material, the kinetic
energy of acoustic field decreases. The effectiveepnéshis phenomenon rises with

increasing porosity of given material.
* Reduction of potential energy of penetrating wave:

This leads to relaxation of acoustic pressure, wimely be caused by heat transfer
between air and material. Transition of heat redutes air temperature and

pressure in thinking place.
* Non-reversible deformation of fibers of materialfiience of elastic hysteresis):

Elastic hysteresis is typical phenomenon for polyfioams. It can be caused by
every force, which deforms the foam. After termioatof action of the force the
material has the tendency to come back to theraigihape. It means that value of
deformation work is bigger than work gained by wtasleformation during the

shape recovery. This difference is proportionah@ghortage of acoustic energy.

Expect these phenomenon, pores also affect absorpbdity of porous media —

— especially the number of pores. Shape of parakso important [42].
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. PRACTICAL PART
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4 EXPERIMENT

The practical part of this thesis was focused oneliggment of method, which
provides the ability of observing planar cut orfaoe of polymer foams without using a CT
method and measurement of acoustical propertieseletcted foams. Five samples have

been investigated. The densities of them are surmethin table (Tab. 2):

Tab. 2: Density of samples.

Sample Density [kg.nt]
A 21,12
D 22,60
E 34,17
F 22,74
G 23,70

Note: Samples B and C were also measured by P&Jdmause of small amount of

material the samples were discarded.

4.1 Pore size estimation

4.1.1 Visualisation of pores

CT technique (described in chapter 2.5.2) is vemfootable method for visualization
of pores in planar section of any porous media. Tinighod gives us images of planar
section of sample as black and white pictures, a/tiee black area represents a boundary
of pores and white space determines an area of gergons. Output from the CT

measurement is shown in the figure (Fig. 6a).

The main disadvantage of CT method is high cost glaegus. The demand for
development an alternative method to CT covers #maahd for "cheaper" method with

comparable results.

One possibility is a technique of printing and seag (P&S). The samples of flexible
PUR foams were prepared from the sheets by cutitiije small pieces. Printing area of
each sample was approx. 1,5 x 1,5 cm. This aresvaysalthe straight edge made during
the manufacturing of PUR sheet — was covered wiimging ink and printed to the sheet
of paper. Printed image was firstly scanned tostiemit into the digital form (example is

shown in the figure (Fig. 6b)), and then adapteg@iature-editing SW. All samples were
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scanned on resolution 1300 dpi (1 px = 0,0195 nimjas the necessary to adjust the
contrast and crop it. Finally the EDM analysis wasceeded.

All samples was measured thirty times accordinigiowing rules:

Five different pieces from every sample were cut,

each piece was printed to the sheet of papermigstiand scanned,

600 x 600 px area from every printed image wasctedefor image analysis (each

one from different place),

image analysis of every picture was executed taiol#stimation of pore section

sizes,

computed data were statistically evaluated.
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Fig. 6: Comparison of two visualization methodsplainar section of flexible PUR sample CT (1a)
[27] and printing and scanning technique (1b).

4.1.2 Image analysis

The image analysis has been carried out by EDM inSWé Tessellation whose
environment is pictured in Appendix A | and basierenands are shown in Appendix A 1.
The image analysis included a several steps. Rexuofi noise shown in figure (Fig. 7)

was the first one.
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Fig. 7: Detail of P&S image (sample F). Part ofginal image (4a)
and the same part after noise reduction (4b).
The original images were polluted by aggregates-8fhlack pixels as it is shown in
the figure (Fig. 7a). This noise probably originatesim both imperfections of paper and
noise from scanner. It was necessary to removeritnext measurement. After this

operation, only the prints of pore borders werédlesas it can be seen in figure (Fig. 7b).

In the second step EDM, based on equation (10) waased out. Graphical
representation of results from EDM computation isveh in figure (Fig. 8). It is not
necessary to find distance to each background pgieeh each foreground one — only
distances from boundary foreground pixels are itgmar(in the figure (Fig. 8) are red).

The brightness of the background pixel increases wvireasing value of distance:

Fig. 8: Sample F: part of graphical representatioh EDM with red
boundary foreground pixels. Grey colour indicatesreasing distance

value.
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Local maxima of EDM - the lightest areas in figuFeg( 8) were considered as a
centers of pore sections and the value of Euclidkstances there as radiuses of pore
sections. In next step circles of such radiusescxopated these vacancies. Result of this

approximation is pictured in figure (Fig. 9):

Fig. 9: Sample F: approximation of pore sectionschgles. Red area
is in detail in the figure (Fig. 10).
The problem of this approximation is possible oygslag of circles — shown in figure
(Fig. 10a). To avoid bad computation, overlappingsmiemoved manually (see the

Appendix A 1). Result of this process can be seefigure (Fig. 10Db).

Fig. 10: Sample F: detail of approximation the EDiM circles. Overlapping

circles in (7a) are filtered (7b).

The last step of image analysis is computation ef\bronoi tessellation, based on

local maxima of EDM. LeP = {py, p»,...p:}is a set of points ird-dimensional spack®
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(d = 2 for our planar images). The Voronoi tesseltafar P is the partitioning of the space
which associates a regi®{p;) with each generatgy from P in such a way that all points
in V(p)) are closer top than to any other point . Equation (19) confirming this

statement is shown below:
V(p) ={xo Rd,Hx—pi”st—ij} fori# (19)

where Hx— pi|| is Euclidean distance. Voronoi tessellation basetboal maxima of EDM

(Fig. 9) is in the figure (Fig. 11). Finally thetiesated areas of pore sections (computed by

Voronoi tessellation) were exported and statidiycaaluated.

f
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Fig. 11: Sample F: Voronoi tessellation based ocaldEDM maxima

(green net) covering the original printed image.

4.2 Alternative methods of visualization

According to the task of this thesis the alterratimethods of visualization pore

structure were tested.

4.2.1 Direct scanning of foam

Direct scanning of foam was tested for its simpjicA piece of foam without any
previous preparation was scanned to get an imagguwafture on the surface. Part of planar

section of scanned foam is shown in figure (Fig. TRere are two circles there — the green
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one represents area of polyurethane, where th@mezng of pore structure is possible,
whereas the red circle shows the part of sampleyevthe recognizing of pore sections is
impossible. In addition it is difficult to recogmizsurface pore sections from pore sections
belongs to the deeper layers everywhere. Becaubesé two imperfections this method is

unsatisfactory for obtaining image of planar sectbany foam.

Fig. 12: Image of directly scanned surface of san{pl

4.2.2 Saturation of pores by water glass

This method was tested for development a technifples ta give a cut of structure.
Saturation of pores by any liquid and its transfation into solid state is way, how to get a
tough structure capable of cutting. As a saturaliquid the 30 % water solution of water
glass (NaSiOs) was selected. Water glass — viscous liquid, widesled as a glue or as an
bonding agent in metallurgy, was selected becaiigéoov cost and good availability. This
technigue was based on presumption of water glasdehing described by chemical

equation (20):
Me,SiO; + H,CO; » Me,CO; + H,SiO; (gel SiG - n HO), (20)

where Me can be any alkali metal.



UTB ve Zling, Fakulta technologick& 35

The small pieces of foam were saturated and slowétdud to the temperature around
60-70 °C to speed curing reaction. Unfortunatetgrat2 hod of curing the samples were
still soft. It is assumed that this failure was s@d by low concentration of water glass —
— heating process cured the water glass but eviapthia solvent. Evaporation of water was

the cause of no saturation of most of pores.

For improvement of this method the usage of contaasl inert reinforcement was
tested. As a reinforcing material the titanium dixand zinc white (also known as white
pigments) were used. The samples of foam were $atliby paste made from water glass
and pigments. Different concentrations of pigmemse tested, but the result after curing

was the same as in previous case.

4.2.3 Printing and scanning — alternative colours

It seems to be that this technique is the best abof tested. For comparison with the
validated colour (black stamping ink) the altermatones were tested for printing. After
testing of watercolour, alcoholic black felt tipdafood colour it was recognized that the

stamping ink is the best choice.

4.3 Evaluation of measurement

Data of pore section areas obtained by P&S wasreeghto MS Excel and arithmetical
averages and standard deviations were calculatedtabte (Tab. 3) sums up the estimated
average pore section areas with standard deviatiodgadiuses of pore section calculated

from average pore section areas with standard ti@via
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Tab. 3: Calculated average pore section areas aadiuses of pore section from individual

measurements.

Average pore section areafox],
Measuremertt average radiuses of pore sectiofigx].
Sample A| Sample D Sample E| Sample § Sample |G
A r A r A r A r A r

1 1402/ 16,63/973| 14,45/ 1131| 14,06/ 1526| 17,56/ 2159| 19,78
2 121514,44/782|11,86| 1332 16,75/ 1579| 18,06/ 2253| 20,82
3 1072 13,58(762|11,73/1191| 15,58/ 1470| 16,80[2263| 21,96
4 1173 15,09/895|13,16| 1374/ 16,60| 1495|17,57| 2137| 21,17
5 1002 13,50 719| 11,50 1368| 16,68) 1441 16,93| 2238/ 21,17
6 982 | 13,36725|11,75(1281|15,93| 1402| 17,36| 2235( 20,98
7 1048/ 13,11/ 715| 10,62 1342| 15,98) 1380| 16,12| 2637| 23,02
8 1074 14,01 760|11,48)1311|16,34| 1228| 15,79| 2495| 23,71
9 1086| 14,32845|12,21)1278| 15,93] 1396| 16,54| 2466 21,74
10 1054 13,55| 702 10,51| 1249| 15,78] 1306| 15,76( 2384/ 21,39
11 1160 14,63| 755|11,68 1333(16,74] 1295| 15,03( 2595| 23,43
12 1032 13,27/ 704/ 10,93/ 1311| 15,07 1253| 15,27| 2624| 22,97
13 1058 13,50(687|11,12/1081( 14,38/ 1461(16,67(2247| 21,06
14 723| 10,58714(10,70[1165|15,85|1488|16,75| 2651| 24,50
15 920| 12,51758|11,33]1190| 15,37/ 1333| 15,64| 2708 24,72
16 865| 11,86781|12,02/1048|14,66|1354|15,00|2563| 24,33
17 980| 12,8%696|10,95|1255| 16,72| 1385| 16,40| 2690| 24,24
18 775| 11,12670|10,89(1148|14,85|1232(15,63|2732| 24,63
19 881| 11,99711|10,57|1332| 16,05/ 1290| 15,36 2720| 24,87
20 862| 11,90820|11,78)1336|17,28/1412|16,65|2294| 22,31
21 788| 11,8%874|13,00(1125|14,60[1234|14,99| 2750| 25,03
22 969| 13,0%907|13,18/1002|13,85|1517|16,59|2779| 23,84
23 825| 11,59927|12,73|1292|15,57[1544/17,18|2263| 21,18
24 841| 11,51831|11,63/1107|13,981393|16,03|2415| 22,09
25 1074 14,23|770|11,27[1342(16,50]1436| 17,13| 2651| 23,61,
26 973| 14,19810|11,81)1330| 16,48/ 1299| 16,31 2583| 23,01
27 856| 11,94826|12,29|1319|16,16|1556| 18,22| 2776| 24,67
28 1159 14,32(833|12,35/1187| 14,54/ 1341| 16,79[2872| 25,06
29 1169 15,50(967|13,81| 1156( 14,26/ 1331|16,61( 2635| 23,60
30 - - | 84212,43/1172|14,08(1475| 17,29(2524| 23,26

Total 4001/ 13,24{791| 11,84| 1239| 15,60| 1392| 16,44| 2511| 22,93

average

o 151| 1,38/ 84/ 0,97 103 0,97 101 O0O,B7 215 152
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4.4 Modeling of structure

Pore section areas are obtained by P&S analysigydye volumes are required. Pore
volumes were estimated by computer simulation. Térenal distribution of pore radiuses
with some mean valukEr and standard deviatiooy was assumed. About 6000 spheres
with these parameters were generated. For eachesphmane X with uniform distribution
of distance in interval <Er +3g; > from sphere centre was generated (noteBhat3¢; is
the maximal sphere radius). If the random planentérsects the sphere, section area was
computed. The distribution of section areas of paes known from experiment. The
distribution of sphere sections is computed by &mn. The goal is to find such sphere
parameter&r andg;, to minimize sum of square deviations of experitaeand simulated

distributions.

Pore volume distribution is lognormal [9]. If th@rp section radiuses have normal
distribution, the distribution of pore volumes istHognormal, but shape of our pore
distribution is similar to lognormal. For not extrly big amount of measured pores it is

easy to equate both these distributions.

4.4.1 Wicksell's problem

Planar cutting of porous media brings a severablpros. For understanding the Wicksell's
problem a model situation of porous material is vamoin figure (Fig. 13)

— spherical pores are distributed in volume of mateandomly. An arbitrarily selected
cutting plane intersects the pores in differentitpmss. When the diameter of pore lies
outside of cutting plane, the area of circle (ov&jed by intersection) is smaller than the

diameter of pore [27].

Fig. 13: Wicksell's problem [27].
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The modelling have been carried out in MS Excel, imgi macro computation. The

VBA code of macro is shown in Appendix A lll. Thpperance of the Excel file is figured
in (Fig. 14).
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Fig. 14: Apperance of Excel file for modelling tusture.

In column A in figure (Fig. 14) the random radiuses pore sections are generated on

the basis of values in cells yellow M1 and M2, whiepresents the average radius of pore

sectionr and standard deviatiogy.

Column B shows the data of random plane X. If taki@ in column B is smaller than

value in column A (at the same row) the area arsgction is calculated in column C.

Column D includes mean pore section areas obtdigdel&S. The data from columns

C and D are rounded down to hundreds in columnsdB-an

The interval ofEA is written in column H.
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Data in Columns | and J are calculated on basisfes in columns E, F and H — the
amount of pore sections with areas from intervalalumn H are counted from columns E
(theoretical) and column F (P&S), whereas columndegesponds with column | and
column F coresponds with column J. The values inrmal J is standardized for amount of
theoretical data. Finally the square of deviatimiseach row of columns | and J are
calculated in column K. The graph in figure (Fig.) 8hows the comparison between

theoretical prediction (connected squares) androad& A (circles).

This model is based on change the values of aveealjas of pore section(cell M1
in (Fig. 14)) and standard deviatiop(cell M2). The influence of changing these values t

the shape of curve is shown in graphs from (Grgpb {

Graph3) where the movement of curves is demonstratedallSralue of g (e. g. in
graph (Graph 1) in comparison with higher valmeand the same value of radius of pore
sectionr (Graph 2) denotes the move of curve up — it isedlbecause the probability of
intersection with generated sphere with such radses. The different scale of y-axis in all
of these graphs are caused by standardization périexental data to the amount of

generated theoretical data.

Graph 1:Sample A: comparison of theoretical predittof distribution (connected circles) and the

experimental data for values r =18,6; = 2,5.
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Graph 2: Sample A: comparison of theoretical prédit of distribution (connected circles) and the

experimental data for values r =18,6; = 4,9.

300

250

200

150

100

50

500

1000

1500

dn

2000

2500

3000

3500

Graph 3: Sample A: comparison of theoretical prédit of distribution (connected circles) and the

experimental data for values r =14; = 4,4.
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4.5 Acoustic properties

Measurement of acoustical properties has beenedaout on the two-microphone
impedance tube (Kundt’'s tube) Bruel&Kjaer. By tmeasurement the values of absorption
coefficient a and reflection coefficienR have been found. Finally the relations between

structure and acoustic properties have been deskcrib

4.5.1 Equipment

Three-channel portable PULSE multi-analyzer Briel&fjdaype 3560-B-030:

PULSE, shown in figure (Fig. 15), is portable appasdor elaboration and analyzing
of acoustic signals in real time. It works in fregqay range from 0 Hz to 25,6 kHz. In
combination with two-microphone impedance tube (#iismtube) Briel&Kjaer allows to

study absorption characteristics of materials [45].

Fig. 15: Three-channel portable PULSE multi-anatyBetel&Kjaer,
type 3560-B-030 [45].

Two-microphone impedance tube Briel&Kjaer:

This part of equipment, also known as Kundt’s tybetured in figure (Fig. 16), is a
standard tool used for determination of absorptioefficienta and reflection coefficieriR
of small samples. It consists of two tubes withneéers 100 mm and 29 mm for
measurement in frequency range from 50 Hz to 1,6 (kiyger diameter) and from 500 Hz
to 6,4 kHz. Measurement is based on decompositioacoustic signal (generated by

source) to incident and reflected part.
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Aforementioned PULSE multi-analyzer performs analgzof signal and with the help

of auxiliary apparatuses — Amplifier of signal Bl&ijeer type 2706and_computer with

software BZ5050 the values of observed quantities are obtainedaryement of

apparatuses for measurement are figured in figifigs 17) and (Fig. 18).

Fig. 16: Two-microphone impedance tube Briel&K|pes].

Fig. 17: Picture of connected aparatusses [46].
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Fig. 18: Scheme of network ( zesileva amplifier) [47].

4.5.2 Preparation of samples

With respect to the apparatus shape (tube) thelsamyith cylindrical shape had been
prepared. Preparation of samples to the measurewsshtperformed on the cold press,
employing the circle cutting knives. The tools fangle preparation are figured in figure
(Fig. 19).

Fig. 19:Cold press anf cutting knives for samplegaration [46].

4.5.3 Measurement

At the beginning of measurement the calibration besn passed. The calibration is
important for comparison of microphones signals he treference sample has been

measured with normal and interchanged positiomsiofophones.
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Measurement of absorption coefficieat and reflection coefficientR has been
performed for low frequencies (large tube with deden 100 mm) and high frequencies
(small tube with diameter 29 mm) separately. Thesueament has been executed without
air gap between the sample and the end of tuber Alfie insertion of sample to the
Kundt’s tube and adjust the holder of sample, thisengenerator was started. This it was
performed for all samples two times for both tubesaddition two layers of the foam with

the largest pores have been measured togetherhithedss of samples is shown in table
(Tab. 4):

Tab. 4: Thickness of samples.

Sample Thickness [mm]
A 29,5
D 28,0
E 29,0
F 24,0
G 20,0

The measurement has been carried out at conditiamsnarized in table (Tab. 5).

These values were preset in computer.

Tab. 5: Conditions of measurement.

Temperature of air [°C]: 20 °C
Air pressure [kPal: 101,32%
Relative humidity of air [%0]: 30 %

4.5.4 Evaluation of measurement

After measurement the obtained data were proce&sedsing special software the
curves of measured absorption coefficienh low frequencies were connected with curves
of a in high frequencies and made just one curve fersample. The computed data — the
values ofa at measured frequencies were exported to MS Exuetlgaaphs ofa vs.

frequency andR vs. frequency have been created.
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5 RESULTS

5.1 Pore size estimation

Tab. 6: Transformed values from (Tab. 3) — averpgee section areas [nfhand

radiuses of pore sections [mm]. The 30th measuréepfesample have been discarded.

Average pore section are@fmm?,
Measuremertt average radiuses of pore sectiofisim].
Sample Al Sample O Sample H Sample H Sample G
A r A r A r A r A r
1 0,53 0,32(0,37|0,28(0,43|0,27| 0,58/ 0,34/ 0,82/ 0,39
2 0,46/ 0,28(0,30(0,23(0,51(0,33| 0,60 0,35(0,86|0,41
3 0,41/ 0,26(0,29| 0,23 0,45|0,30| 0,56 0,33(0,86| 0,43
4 0,45/ 0,29(0,34/0,26(0,52(0,32(0,57/0,34(0,81|0,41
5 0,38 0,26(0,27|0,22|0,52|0,33| 0,55/ 0,33| 0,85/ 0,41
6 0,37/0,26(0,28(0,23(0,49(0,31|0,53/0,34({0,85|0,41
7 0,40 0,26(0,27|0,21/0,51|0,31|0,52|0,31| 1,00/ 0,45
8 0,410,27(0,29(0,22(0,50(0,32(0,47/0,31(0,95| 0,46
9 0,41 0,28(0,32|0,24/0,49| 0,31/ 0,53/ 0,32/ 0,94/ 0,42
10 0,40 0,26|0,27|0,20|0,47|0,31| 0,50/ 0,31]/ 0,91/ 0,42
11 0,44 0,29|0,29|0,23(0,51|0,33(0,49|0,29(0,99| 0,46
12 0,39 0,26|0,27|0,21|0,50|0,29| 0,48/ 0,30| 1,00/ 0,45
13 0,40 0,26|0,26|0,22(0,41|0,28(0,56| 0,33(0,85| 0,41
14 0,270,21|0,27|0,21|0,44/0,31|0,570,33| 1,01/ 0,48
15 0,350,24{0,29|0,22(0,45|0,30(0,51|0,30(1,03| 0,48
16 0,33 0,23|0,30|0,23| 0,40/ 0,29| 0,51/ 0,29/ 0,97/ 0,47
17 0,37 0,25|0,26|0,21{0,48|0,33(0,53|0,32(1,02| 0,47
18 0,29 0,22|0,25|0,21|0,44/0,29|0,47|0,30| 1,04/ 0,48
19 0,34 0,23|0,27|0,21{0,51|0,31{0,49|0,30(1,03| 0,48
20 0,33 0,23|0,31/0,23|0,51|0,34| 0,54/ 0,32/ 0,87 0,44
21 0,30 0,23|0,33|0,25(0,43|0,28(0,47|0,29(1,05| 0,49
22 0,37 0,25|0,34|0,26|0,38|0,27| 0,58/ 0,32| 1,06/ 0,46
23 0,31 0,23|0,35|0,25| 0,49/ 0,30/ 0,59/ 0,34/ 0,86/ 0,41
24 0,320,22|0,32|0,23|0,42|0,27|0,53|0,31]/ 0,92/ 0,43
25 0,41 0,28|0,29|0,22(0,51|0,32(0,55|0,33(1,01| 0,46
26 0,370,28|0,31|0,23|0,51|0,32| 0,49/ 0,32| 0,98/ 0,45
27 0,330,23|0,31|0,24{0,50|0,32(0,59| 0,36 1,06| 0,48
28 0,44 0,28|0,32|0,24|0,45|0,28| 0,51/ 0,33| 1,09/ 0,49
29 0,44 0,30|0,37|0,27(0,44|0,28(0,51|0,32(1,00| 0,46
30 - - 10,320,24|0,45|0,27|0,56|0,34| 0,96/ 0,45
Total 14 38/0,26/0,30] 0,23] 0,47| 0,30| 0,53| 0,32{ 0,95 0,45
average

g 0,06(0,03(0,03|0,02(0,04|0,02(0,04(0,02(0,08|0,03
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Estimated data of pore section areas and radiuggsefsections, summarized in table
(Tab. 3) have been obtained by P&S technique andecpent EDM analysis in SW
Tessellation. The values in pixels cannot describe¢hl dimensions of samples. The data

from table (Tab. 3) has been transformed to millereeand summarized in table (Tab. 6).

5.2 Distribution curves

Distribution curves of pore section areas have loeeated from measured data gained
by P&S and SW Tesselation. Graphs from (Graph 4)YGoaph 8) represents the
distribution curves of pore section areas of samplehe dots in graphs represent an
averages pore section sizes of each of six timasned piece of foam. The curves show
the total average and distribution curve of suckenma. In case of samples A, D and E it is
obvious that these materials have a high amoustnailer pore sections. Samples F and G
have more uniform distribution of pore section areéhe shapes of curves (mainly of
sample F and G) are irregular because of small atrmfuneasured data. Graph (Graph 9)

represents the comparison of average distributioves of samples.

Graph 4: Distribution curve of pore section areasample A
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Graph 5: Distribution curve of pore section areasample D
200 - A o -
Sample D D01-D06
180 - A O DO07-D11
A O A D12-D16
160 - AB8 " X D17-D21
X
140 - + D22-D30
. O D31-D35
3 —e— Average
S 100 -
5
3 80 -
o
60 -
40 +
20 -
0 T T T T T T T T m o :.;;'-i":‘ »
0 200 400 600 800 100 120 140 160 180 200 220 240 260 280 300
0 0 0 0 O 0 0 0 0 0 0
Area of pore section [px]
Graph 6: Distribution curve of pore section areasample E.
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Graph 7: Distribution curve of pore section areasample F.
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Graph 8: Distribution curve of pore section areasample G.
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Graph 9: Comparison of average distribution cureésll samples.
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5.3 Pore volumes

The area of pore sections has been calculated icXt8l. The values af andg; has
been estimated for the as small value of sum ofrssA® as possible. Three different

ways for calculatiorEV were tested. The results in pixels are summariz¢ahile (Tab. 7).

Tab. 7:Calculated rg; and 42 with minimal mean volumes.

i Mean volumes

SAMPLE o N? EV, EV, EVs
[pX] 3 3 3
[px’] [px] [px]

A 18,23 4,7 7868 25045 30153 41016

D 17,2 2,9 10754 21203 23058 30124

E 21,7 4.2 3907 48932 47607 59210

F 22,9 4.8 2791 42625 56975 70177

G 59,8 7,8 219 88859( 9325411 180992

WhereEV; has been calculated from the averagenerated in Excel in column A (see
figure (Fig. 14)) by using standard equation fohese volume \(=4/3.7zr°), EV, is the
average of sphere volumes calculated individualyelach generatedin column A and
EV; were obtained from calculation by using equation déstimation ofEV from EA
according to the ASTM E 112 Standard (16). The vaingsxels cannot describe the real

dimensions of samples. The values of BYf has been transformed to millimeters and
summarized in table (Tab. 8).

Tab. 8:Calculated rg; and 4? with minimal mean volumes in millimeters..

" Mean volumes
SAMPLE (mm] o N? EV. EV, EVs3
[mm?] [mm?] [mm’]
A 0,36 4,7 7868 0,187 0,225 0,306
D 0,34 2,9 10754 0,158 0,172 0,225
E 0,42 4,2 3907 0,320 0,355 0,442
F 0,45 4.8 2791 0,375 0,425 0,523
G 1,17 7,5 3904 6,628 6,956 1,350

It is obvious in table (Tab. 8) that the mean paskimesEV differ very strongly in
dependence on used method. Note that all threeoshetxploit the same image data and
difference is not evoked by difference in samplegthod of visualization of image

analysis. The table (Tab. 8) confirms premises uged3TM E-112 Standard [40]. This



UTB ve Zling, Fakulta technologick& 51

standard describes grain size by a nuntheorresponding with grain volume by relation
EV=2°. The one step difference @ corresponds with two times greater grains. Theoreas

of this procedure is impossibility of exact measueat of grain size.

5.4 Acoustical characteristics

The acoustical quantities of absorbtion coefficierand reflection coefficienR have

been measured in frequency range 64-6400 Hz. Themabxalues of these coefficients
are summarized in table (Tab. 9).

Tab. 9: Maximal values af and R of samples and the frequency of maximaéradisorption.

Maximal values :
Thickness Density of adandR [-] Corresponding [Hz]
Sample | of sample| of sarr_leple qubal Lo_cal Global Local
[mm] [kg.m”] | maximum | maximum : .
maximum| maximum
a R a R
A 29,5 21,12 | 0,640,358 - - 3296 -
D 28,0 22,60 | 0,708,294 - - 3424 -
E 29,0 34,14 | 0,981,020 0,897/0,103 6400 2416
F 24,0 22,74 | 0,644,356 - - 4792 -
G 20,0 23,70 | 0,700,296| - - 4864 -
G —doublg 40,0 23,70 | 0,9340,066|0,795/0,205] 5352 1960

The noise absorption curves in whole measured rarggghown in graphs (

Graph10) and (Graph 11). The absorption curves of sampleB,A and G has the
similar trend and each curve can be divided to tegions. At the lower frequencies
(approximately up to 2500 Hz) the curves can kediby lines with the similar slope. It
means that the dependenceaobn frequency is almost linear. At higher frequescihe
deviation from linear behaviour is observed. Thevesrpass the maximal value @fand
then rest at the comparable value or decreasdglglig.ccording to the table (Tab. 9), it is
possible to state that maximal valuesaadenoting the maximal noise absorption ability of
material are comparable for samples A and F andséonples D and G, whereas the

maximal values are observed at different frequendtds obvious, that the higher density
of foam compensate the smaller thickness.

The absorption curves of samples E and two layesaoiple G are different. These
curves increases faster because of greater slogpehave the linear region in interval

0-1700 Hz approximately. In the second region we ftad two maxima ofaon the
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curves The first maxima of both curves are local — fromsth@oints the curves decreases
dramatically to the local minima. The differencevafue a between the local maxima and
local minima is around 20 %. Consequently thiecreases again to the global maxima. In

the case of two layers of sample G the secondatathe end of measurement rage is

observed too.

The reason of the different shape of absorptionesunf samples F and two layers of
sample G is not fully evident. In the first casedin be caused by distinctively different
density of sample F. We are assuming the smallezspmside the sample, which make
difficult for air to pass through the sample. Theasiw@ement of resistance against air

passing would confirm this statement. The In thescafstwo layers of sample G it is

possible that the doubling of thickness has thélairaffect as greater density.

Graph 10: Absorption coefficient of measured saspieange 64-6400 Hz.
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Graph 11: Reflection coefficient of measured samplgange 64-6400 Hz.
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6 CONCLUSION

The "Printing and scanning” (P&S) method for viszatiion planar section of flexible
polyurethane foams has been suggested. It is lmsedver the printed area with stamping
ink and print on the sheet of paper. The obtaineabems transformed to the digital form
by scanning. The main advantage of this methodsisimplicity and low demandingness

on equipment (only computer with scanner is real)ire

Alternative methods of visualization were testedfddtunately all of tested methods
(direct scanning of foam, saturation of foam byavalass and usage of alternative colours

for P&S) have not been successful.

Five samples of flexible polyurethane foam haverbmvestigated to estimate their
pore section areas. The images of planar sectiosaroples obtained by P&S technique
were analyzed by using EDM method in SW Tessellatioa sizes of pore sections and
radiuses of inscribed circles were calculated. Hselts of this procedure are summarized
in tables (Tab. 3) and (Tab. 6). According to theata dhe distribution of pore section
areas have been calculated and the distributiomesuof pore section areas shown in

graphs from (Graph 4) to (Graph 9) have been aleate

Obtained data of pore section areas have beerfdraredd to mean volumeSV by
using three different methodkV; has been calculated from the averagsith normal
distribution, generated in Excel by using standayaaéion for sphere volum&/€4/3.7r°),
EV, has been calculated on the basis of the averagsploére volumes calculated
individually for each generated with normal distribution andEVs; were obtained
from calculation by using equation for estimatidrE® from EA according to the ASTM E
112 Standard equation (16). The comparison of tkiekees is in the tables (Tab. 7) and
(Tab. 8).

Finally the acoustical properties of samples hagenbdetermined. The acoustical
properties are characterized by absorption coefftar and reflection coefficienR. Their

dependency on frequency of sound is figured inflggdp

Graph10) and (Graph 11) and maximal values of measuredtdigs are summarized
in table (Tab. 9). The results shows that absorpiwitity of foam is affected by density
and thickness of layer. The dependency of absormi@ificient a on pore size have not

been proved.
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LIST OF SYMBOLS AND ABBREVIATIONS

Symbol Dimension Meaning
A, Am, Ap [m] Area, area of micro-porous scale, area of nEmOUS
scale.
AFM Atomic force microscopy.
B, dB Dimension of acoustic level.
Bog Mark of pixel in Euclidean Distance Map.
c [m.s’]  Velocity of acoustic wave.
C [] Constant of equation for calculation of pordurae.
CCD Charge-coupled device (chip).
CT Computer tomography.
d [m] or [[] Diameter of circle profile or dimension.
dj [pX] Euclidean distance.
D, Dy [m] Diameter of pore. Average diameter of pore.
DP Double porosity.
dpi Dots per inch.
E, Ea [J] Acoustical energy, absorbed acoustical energy.
EA ED, [m?], [m], Mean area, mean diameter, mean volume, mean raflius
EV, Er [m?], [m] PO&
EDM Euclidean distance map.
e.g. Exempli gratia.
et al. Et alii.
etc. Et cetera.

EVA Ethylene-vinyl acetate copolymer.
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Symbol

lo, 11

Im, Ip
Me

OM

P

Po
P

P1, P2
P, P2, Pn
Pi
P&S
PDFf(r)

PE

Dimension Meaning

[HZz]

[N]

[W.m™]

[Pa] or []
[Pa]
(W] or [-]

[W]

Frequency.

Force.

Biot viscosity correction function.

Exponent depending on pore volumes.

Acoustic intensity.

Mean size of acoustic intensity.

Modified Bessel functions.

Acoustic level.

Micro-porous scale, meso-porous scale.

Alkali metal.

Optical microscopy.

Acoustic pressure or row in EDM.

Amplitude of acoustic pressure.

Acoustic power or set of points (Voronessellation).
Acoustic power of source, acoustic power aftansmission.
Points of seP.

Generator (Voronoi tessellation).

Printing and scanning technique.

Probability density function as a function oflizs.

Polyethylene.
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Symbol Dimension

PP
PPO-PS
PS
PUR
PVC

PVT

PX

RTG

SEM

SW

TEM

[m.s?]

<

VBA

R, R

V(pi)

Meaning

Polypropylene.

Polypropylene oxid, blend with PS.
Polystyrene.

Polyurethane.
Polyvinylchloride.
Poisson-Voronoi tessellation.
Pixel.
Column in EDM.

X-ray.
Trajectory.

Scanning electron microscopy.
Software.
Time.

Period.
Parameter oFgyc.

Transmission electron microscopy.
Velocity of particles oscilation.
Visual Basic.

Radius of pore.

Reflection coefficient, space of Voronoi tedagbn.

Radicals.

Region of Voronoi tessellation.
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Symbol Dimension Meaning

X Position in EDM.
X Cutting plane

X, Xo Compared value, reference value.
Z [N.s.m? Specific acoustic impedance.
a [-] Absorption coefficient.
N? Sum of squares.
() [°] Angle.
n [Pa.s]  Dynamic viscosity of air.
K [m®  Parameter oFgyc.
A [m] Wavelength.
& [-] Transmission loss coefficient.
T Pi.

£, o [kg.m‘s] Density, equilibrium density of air.
o Standard deviation.

Hin, Hn, [Pa.s.mz] Total flow resistivity, flow resistivity of micrescale, flow

resistivity of meso-scale.
w [s']  Angular frequency.

Qib, Om, [] Total open porosity, open porosity of micro-sabpen

porosity of meso-scale.
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APPENDIX A Il: SW TESSELLATION — BASIC COMMANDS

Binarization

By moving scroll box determines threshold betweé&aclb colour (value = 0) and white

colour (value = 255)

Noise Reduction

Erases the aggregates of noise pixels accordingléoted value.

Extract Boundary Pixels

Calculates the boundary foreground pixels, accgrtbnselected parameter (white or black

boundaries).

Minimum Distance

Set of the maximal and minimal radiuses. The séxa¥ determines overlapping of circles

(increasing value denotes decreasing overlappaspectively.

Divide

Computates the "net" of pores boundaries.

Export Data

Exports results to thetat" file.

Export Image

Exports results to the'png”, "*.jpg/jpeg"” or "*.bmp" file.



APPENDIX A 1ll: VBA CODE FOR MODEL OF STRUCTURE

Cel | s(vybrany, sloupec).Interior.Colorlndex = 3
Next sl oupec
End Sub
Sub vypocet 1()
Dim prum sigm pom As Doubl e
Di m radek, sl oupec As Integer
radek = 1
For sloupec = 3 To 3 Step 1
Sheet s("Listl"). Sel ect
Cells(3, 13).Value = sl oupec
For prum = 20.5 To 20.5 Step 0.1
For sigm= 4.6 To 4.6 Step 0.1
pom = Rnd(-1)
Random ze (prum* sigm* sloupec + 1)
Sheet s("Listl"). Sel ect
Cells(1, 13).Value = prum
Cells(2, 13).Value = sigm
pom = Cells(1, 16).Val ue
Sheet s("List2"). Sel ect
Cel | s(radek, 1).Val ue prum
Cel | s(radek, 2).Val ue Si gm
Cel | s(radek, sloupec + 2).Value = pom
radek = radek + 1
Next sigm
Next prum
radek =1
Next sl oupec
Sheet s("List2"). Sel ect
Range(" C18"). Sel ect
End Sub



