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ABSTRAKT

Tato habilita¢ni prace je souborem vyzkumnych aktivit a z nich vyplivajicich poznatk(l jednak pro navrh a
realizaci aplikovatelného akustického systému a také pro navrh a realizaci edukativnich sestav pro studenty
technickych obort. Jednotlivé kapitoly se opiraji o publikované ptispévky v impaktovanych casopisech, resp.
uvedenych v databazich SCOPUS a WEB of SCIENCE, o udélené patenty, realizovana dila, edukativni
sestavy a exponat. Pfedmétem vyzkumu je v této praci navrh, ovéfeni a optimalizace zvukové pohltivych
akustickych systémi s rezonan¢ni nanovlakennou membranou. Akusticky prvek je zalozen na pevném ramu
(v podobé perforované desky) ¢i flexibilnim ramu (v podobé linearnich tutvart ¢i miiZky) ve spojeni s
nanovlakennou vrstvou, kde plocha nanovldkenné membrany je dana velikosti, tvarem a rozte¢i perforace,
kterd se, v obecném pfipadé, nemusi svym tvarem a velikosti opakovat v celé plose a prvek tak sestava
z mnoha ruznych plosek, které umoziuji kmitdni membrany s vysledkem jedine¢nych vlastnosti kazdé

kmitajici plochy.

KLICOVA SLOVA

Nanovlakna, rezonator, membrana, perforace, dutina

ABSTRACT

This habilitation thesis is a collection of research activities and their knowledge for the design and
implementation of the applicable acoustic system as well as the design and realization of educational
apparatus for students of technical fields. The individual chapters are based on published publications in
impacted journals listed in the SCOPUS and WEB of SCIENCE databases, patents, products, educational
apparatus and exhibits. The subject of this research is the design, verification and optimization of sound
absorbing acoustic systems with a resonant nanofibrous membrane. The acoustic element is based on a rigid
frame (in the form of a perforated plate) or a flexible frame (in the form of linear formations or grids) in
conjunction with a nanofibrous layer where the area of the nanofibrous membrane is determined by the size,
shape and spacing of the perforation, it does not have to repeat its shape and size over the whole surface and
the element thus consists of many different surfaces that allow vibration of the membrane resulting in the

unique properties of each vibrating area.
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UvVoD

Tato habilitacni prace navazuje na teoreticky a experimentalni vyzkum zpracovany v dizertacni praci autorky
[Kalinova, 2005], ktera se zabyvala studiem vlivu parametru vlakennych objemnych materialti na Cinitel
zvukové pohltivosti a ovefovala ulohu tenké nanovlakenné vrstvy coby membranového rezonatoru ve
spojeni se zvuk pohlcujicim vladkennym materidlem. Z tohoto diivodu habilitaéni prace neopakuje vycet
akustickych veli¢in, zndmé teoretické rovnice a matematické vztahy, vyjma nezbytnych formulaci, pouzitych
pro vypocet v ramci experimentu, resp. uvedenych v jednotlivych publikacich. V navaznosti na dizertacni
praci, je tato habilitacni prace souborem vyzkumnych aktivit a z nich vyplivajicich poznatkd jednak pro
navrh a realizaci aplikovatelného akustického systému a také pro névrh a realizaci edukativnich sestav pro
zaujeti a aktivaci jak studentl oboru NTI/FM, tak pro pfipadné budouci studenty technickych obord.
Principidln€é nové akustické systémy, podlozené udélenymi patenty, nevyuzivaji, na rozdil od poréznich
materialf, princip zavislosti &initele zvukové pohltivosti o na mérmém odporu R (flow resistivity [Pa.s.m™]),
ale pracuji na principu rezonance, kde akustické veli¢iny zavisi kromé strukturnich parametri membrany
zejména na jejim ploSném rozméru, resp.tvaru a na mechanickém napéti, resp. tuhosti membrany. Mérny
odpor R mé na Cinitel zvukové pohltivosti oo membrany vliv pouze pii vysSich frekvencich, na rozdil od
plosné hmotnosti membrany, ktera ovliviiuje o pfi niz8ich zvukovych frekvenci [Sakagamia, 1998].

S rostouci hodnotou mérného odporu R klesé Cinitel zvukové pohltivosti membrany.

Jednotlivé kapitoly se opiraji o publikované ptispévky v impaktovanych cCasopisech, resp. uvedenych
v databazich SCOPUS, nebo WEB of SCIENCE, dale o udélené patenty, realizovana dila, edukativni sestavy

a exponaty.

Pro uceleny piehled pozadi vyzkumu, je v uvodu zpracovan jednak ptehled zvukove pohltivych prvkd pro
aplikace v prostorové akustice, dale jsou znazornény namétené charakteristiky Cinitele zvukové pohltivosti
o zdkladnich zvukové pohltivych materidlll a je shrnuto nové feseni akustického prvku s optimalizovanymi
parametry vcetné aplikac¢nich navrhli a zdokumentovanych realizaci autorky. Kapitoly nasledujici po tvodu
do problematiky, se jiz zabyvaji konkrétnimi parametry jednotlivych komponent novych akustickych prvk.
V prvni kapitole jsou uvedeny méfici metody pro stanoveni rezonancnich vlastnosti nanovldkennych
membran, druha se pak zabyva synergii dvou rtiznych rezonan¢nich prvkl v jednom akustickém systému.
V tomto uspotadani je myslenkou spojeni membranového (nanovlakenného) rezonatoru spolu s dutinovym
rezonatorem, resp. perforovanym panelem. Tieti kapitola prezentuje myslenku vyuziti miizky/sitky pro
ohraniceni plochy kmitajici nanovlakenné membrany s moznosti volby velikosti a tvaru kmitajici plochy za
ti¢elem pohlcovani zvuku o definovaném rozmezi frekvenci. Ctvrta kapitola studuje strukturni parametry
nanovldkenné membrany. Posledni pata kapitola vyuziva ptedchozi poznatky pro navrh a ovétfeni edukativni

sestavy. Na zavér je shrnut soucasny a navazujici vyzkum.



UVEDENI PROBLEMATIKY V SIRSICH SOUVISLOSTECH

Akustické feSeni prostoru vychazi z méfeni akustického vykonu feSené mistnosti a poté jsou navrzeny
akustické prvky sriznou funkci (absorpéni obklady, absorpéni podhledy, absorpéni télesa, difuzory,
bariéry). Tato prace je zaméfena pouze na absorpéni prvky a to zejména s dlrazem na feSeni nizSich
frekvenci zvuku. Tlumeni nizSich frekvenci je do jist¢ miry omezeno finalni tloustkou akustického
materialu. Pomoci nanovlakennych rezonan¢nich membran bude v navrhu dosazeno vy$si akustické

pohltivosti pti nizsich frekvencich zvuku ve srovnani s béZzné dostupnymi materialy.

Porézni materialy jsou pouzivany ke zmensovani amplitudy odrazené zvukové viny. Pod pojmem pohlcovani
zvuku rozumime nevratnou pieménu zvukové energie v energii jinou. Nejvétsi mnozstvi energie je
spotfebovano tfenim kmitajicich Castecek vzduchu o stény porl, kde v mezivrstvé dochazi ke snizeni
rychlostniho gradientu a nevratné preméné kinetické energie ¢astic v tepelnou. Materidly zalozené na
rezonan¢nim principu lze rozdélit do tii skupin; uspofadani chovajici se jako kmitajici membrany,
usporadani chovajici se jako kmitajici desky a uspofadani spocivajici na principu Helmholtzovych
rezonatortl. Tenka kruhova membrana je v praci [Skvor, 2001] definovéna jako utvar, ktery vznikne
napnutim napf. tenké homogenni elastické folie s konstantni plo§nou hmotnosti na tuhy ram kruhového
tvaru. Timto napnutim vyvolanym radialné plsobici silou membrana ziskd svoji tuhost. V nasledujicich
kapitolach jsou akusticky vyhodnoceny zvukové pohltivé materialy, které se v prostorové akustice obvykle

pouzivaji.

U.1. DRUHY ZVUKOVE POHLTIVYCH MATERIALY

U.1.1. Vidkenné materidaly

Cinitel zvukové pohltivosti vlakennych materidlii s uspotadanim vlaken kolmo na smér zvuku je vy3si nez u
paraleln¢ uspotfadanych materiald. Tento jev je zptisoben jednak moznosti pohybu jednotlivych vldken a také
ibytkem akustické energie vlivem fazovych prechodti mezi vlikny a vzduchem v poréznim materialu. Useky
oblouckil tvarovanych vldken pfispivaji k celkovému sméru uspotfddani vldken v materidlu a akustické
charakteristiky se stdvaji spiSe izotropni. Akustickd energie dopadajici na usek vldkna, ktery se muze
pohybovat, se pfeméni na kinetickou energii vibrujiciho vlakna, tim padem pohltivost zvuku naroste. U
podélné kladenych vzorkl zavisi nejen na moznosti Gsekll pohybovat se ale i na délce téchto useku, ktera je
regulovana koncentraci pojivych vldken resp. poétem pojicich bodi. Cinitel zvukové pohltivosti vldkennych
materialti roste S klesajicim primérem vlaken pifi zachovani konstantni objemové hmotnosti vlakenného
materialu, coz je zplsobeno vét§im mérnym povrchem vldken o mens$i jemnosti. Tfeni mezi vzduchem a
povrchem poéru je realizovano na vétsi interakéni plose a je tak spotfebovano vice akustické energie

[Kalinova, 2005].



Ve stavebnictvi se pouZzivaji materialy ze skelnych, nebo mineralnich vlaken (Isover, Rockwool, Alpax).
Vyhodou téchto struktur je jejich dobrd nehotlavost a tepelnd odolnost. Nevyhodou pak zdravotni riziko pfi
uletu Castic a casti vlaken, coz se da pfi vhodném krytovani eliminovat. Dalsi skupinou jsou materialy
z organickych vlaken, at’ uz z primarnich o vyssi kvalité, nebo sekundarnich (tzv. druhotnych surovin), které
jsou zase levn&jsi (vyrobce napi.: Mitop, Juta, Jilana, Fibertex, Ekotex, Retex, Polytex, Netex, Ecotextil,
Fezko Thierry, HP Pelzer, Klatex, 3M thinsulate,... ). Obraz 1znazoriiuje namétend data Cinitele zvukové
pohltivosti vzorktl ze skelnych vlaken o tloustce 20mm a rtizné plo$né hmotnosti, obraz 2 vzorkid rouna

z primarnich vlaken a obraz 3 vzorki rouna z druhotnych vlaken.
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Obraz 1: frekvencni zavislost Cinitele zvukové pohltivosti; vzorky skelnych viaken vyrobené ISOVER; cerna krivka =
skelna vidkennd rohoz o plosSné hmotnosti 600g.m'2 a tloustce 20mm; Cervena kiivka = skelnd vilakenna rohoz o plosné

hmotnosti 1300g.m™ a rloustce 20mm.
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Obraz 2: frekvencni zavislost cinitele zvukové pohltivosti; graf porovndva vzorky rouna vyrobené spol. Cellofoam
(FBO0OFR HO/NK); cernad kiivka = rouno o tloustce 10mm; modra kifivka = rouno o tloustce 20mm, Cervenad kiivka =
rouno o tloustce 50mm, zelend kiivka = viakenny material s oboustrannym krytim (Thinsulate 3M) o tloustce 18mm a

plosné hmotnosti 315gsm.
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Obraz 3: frekvencni zavislost cinitele zvukové pohltivosti; vzorky rouna vyrobené JUTA a.s.; Cernd kifivka = rouno o
plosné hmotnosti 360g.m™ a tloustce 18mm; modra kiivka = rouno o plosné hmotnosti 600g.m™ a tloustce 18mm;

Cervend kiivka = rouno 0 plosné hmomosti 360g.m™ a tloustce 30mm; zelend kiivka = rouno o plo§né hmotnosti

600g.m™ a tloustce 30mm

U.1.2. Pénové materidaly

Pénové struktury jsou vyrdbény na zadklad¢ polyuretanu, nezesitované LDPE, nebo melaminu (vyrobce
napt.: Celofoam, Eurofoam, BPP Brno,
rozpoustédla polymeru. Cinitel zvukové pohltivosti pénovych materialti roste s jejich tloustkou a objemovou

hmotnosti (obraz 4). Pro zvySeni odrazivé, resp. pohltivé plochy, mohou byt pénové materialy tvarovany

s proménlivou tloustkou do 3D efektu (obraz 5).
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Obraz 4: fiekvencni zavislost cinitele zvukové pohltivosti; graf porovndvad vzorky melaminové pény vyrobené Cellofoam
HR290/0O/NK; cerna kiivka = péna o tloustce 10mm, cervend kiivka = pena o tloustce 20mm; modra kiivka = péna o

tloustce 50mm; zelena = smésova péna o tloustce 30mm (Akustické Materialy, s.r.o._Lisovana péena HD 3cm).
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Obraz 5: frekvencni zavislost cinitele zvukové pohltivosti; KRIVKY: modrd_ péna s vinkami o tloustce 70mm, rozte¢
vinek 25mm, upati vinky 10mm, vrchol vinky 25mm; Cervend péna s jehlany o tloustce 70mm, zdkladna jehlanu
50x50mm, tloustka rovinnné casti pény k paté jehlanu 20mm, vyska jehlanu 50 mm; cernd_ péna s obdélniky o tloustce

60mm , sive zakladny obdélniku 50mm, upati obdeélniku 40mm, vrchol obdélniku 60mm.

U.1.3. Akustické perforované desky

Tuhé desky s kruhovymi, ctvercovymi, ¢i Stérbinovymi otvory, navrZzené na principu Helmholtzova
rezonatoru, se vyuzivaji pro pohlcovani nizSich frekvenci. Vyznamné omezeni téchto prvki spociva
V pohlcovani velmi uzkého zvukového pasma, na které jsou tyto prvky ,,naladény*. Pro ostatni frekvence je
pohltivost velmi nizka (obrazy 6-9). Tyto desky jsou aplikovany bud’ pfimo na sténu/strop, nebo, a to

vétSinou, v n¢jaké vzdalenosti od stény/stropu, dale mohou byt opatieny vyplni.
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Obraz 6: frekvencni zavislost cinitele zvukové pohltivosti; tuhd deska o tloustce 16mm z lamina s kruhovymi otvory

(Akustické Materialy, s.r.o. Akustickd kazeta AVS10); Otvor o pruméru Smm s rozteci otvorii 16x16mm. Méreno v



riizné vzdalenosti od steny (vzduchova mezera véetné tloustky vzorku 0 - 50 mm): cernd kiivka = 0; modra krivka = 20;

Zluta krivka = 30, zelend krivka = 40, cervend kiivka = 50.
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Obraz 7: frekvencni zavislost Cinitele zvukové pohltivosti; tuha deska o tloustce 16mm z lamina s kruhovymi otvory a
Sterbinami (Akustické Materidly, s.r.o._Akustickd kazeta AVS3); otvor o priimeru 8mm s rozteci otvorii 16x16mm, pres
to Sterbina o tloustce 4mm, Sirce Smm a roztec¢i 8mm. Méreno v riizné vzdalenosti od stény (vzduchova mezera véetné
tloustky vzorku 0 - 50 mm): cernd krivka = 0; modra krivka = 20; zluta kiivka = 30; zelena kiivka = 40, cervenad krivka

=50.
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Obraz 8: frekvencni zavislost cinitele zvukové pohltivosti; tuhd deska o tloustce 16mm z lamina s kruhovymi otvory a
Stérbinami (Akustické Materidly, s.r.0._Akusticka kazeta AVS2); otvor o priméru 8mm s rozteci otvorii 16x16mm, pies
to sterbina o tloustce 4mm, Sivce 13mm a rozteci 16mm. Méreno v ruzné vzddlenosti od stény (vzduchova mezera vcetné
tloustky vzorku 0 - 50 mm): Cerna kiivka = 0; modra kiivka = 20; Zlutd kiivka = 30; zelena kiivka = 40; Cervend kiivka

= 50.
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Obraz 9: firekvencni zavislost cinitele zvukové pohltivosti; tuhd deska o tloustce 16mm z lamina s kruhovymi otvory a
Sterbinami (Akustické Materidly, s.r.o._Akustickd kazeta AVS1); otvor o primeru 8mm s rozteci otvorii 16x16mm, pres
to stérbina o tloustce 4mm, Sirce 29mm a rozteci 32mm. Mereno v riizné vzdalenosti od stény (vzduchova mezera vietné
tloustky vzorku 0 - 50 mm): cernd krivka = 0; modra kiivka = 20; zlutd kiivka = 30; zelena kiivka = 40; cervena krivka

=50.

U.1.4. Akustické nanoviikenné membrdany

Zvukové pohltivé materialy s nanovlakennymi vrstvami byly vyvinuty na TUL. Nanovldkenna vrstva pracuje
jako rezonan¢ni membrana, kterd pfi pisobeni zvuku vibruje a pohlcuje nizsi rezonan¢ni frekvence zvuku.
Nanovlakenné vrstvy jsou vyrobeny elektrostatickym zvlaknovanim roztoku nebo taveniny polymeru na
vlakennou netkanou textilii. Vyrobu nanovladkennych vrstev elektrostatickym zvldkiiovanim popisuji patenty

[Kim, 2005; Jirsak, 2006].

SEM MAG: 500 x DET: BE Detector L P———
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Obr. 10 Snimek nanovidkenné struktury v porovndni s vidkennou strukturou.



Unikatni akustické vlastnosti nanovlakennych vrstev jsou dany jednak velkym specifickym povrchem
nanovlaken, kde mize dochazet k viskdznim ztratam a také schopnosti nanovlakenné vrstvy rezonovat na
vlastni frekvenci. Snimek na obraze 10 ukazuje rozdilnou strukturu nanovlakenné vrstvy na vlakenném
materialu. Dopadne-li na nanovlakennou membranu zvukové vinéni, uvede ji do vynucenych kmitt, jejichz

amplituda je maximalni v ptipad¢ rezonance.

Vyvoj zvukové pohltivého materialu s pouzitym rezonan¢nim prvkem byl praci [Kalinova, 2005] zalozen na
vyzkumu jednotlivych komponent materialu, tedy vyzkumu parametrti zasadnich pro velikost Cinitele
zvukové pohltivosti. Vysledky vlivi jednotlivych parametri jak samotného pordzniho materialu, tak
samotného rezonancniho prvku a koneéné materialu kombinujiciho oba prvky na zvukovou pohltivost byly v
této dizertaCni praci shrnuty [Kalinova, 2005]. Nanovlakenna vrstva aplikovana na podkladovou netkanou
textilii vykazuje rezonancni efekt. Maximalni hodnota Cinitele zvukové pohltivosti je oproti samotné
podkladové textilii posunuta k niz§im frekvencim, které jsou z hlediska absorpce zvuku zadouci. S po¢tem
rezonan¢nich prvkl roste Cinitel zvukové pohltivosti. Jelikoz zlstava plosna hmotnost a s tim i souvisejici
tuhost membrany konstantni, prvky vykazuji amplitudu pro urcity mod pii stejné frekvenci. S plosnou
hmotnosti nanovlakenné vrstvy se maxima ¢initele zvukové pohltivosti posouvaji ve sméru pozadovanych
niz8§ich frekvenci. S ploSnou hmotnosti vyplikového vldkenného materidlu se zlepSuje zatlumeni
rezonan¢niho systému, coz se projevuje menSim poklesem Cinitele zvukové pohltivosti v oblasti
antirezonance. Jak s tloustkou, tak sobjemovou hmotnosti materialu, rezonan¢ni frekvence klesa
k pozadovanym niz$§im hodnotam a Cinitel zvukové pohltivosti roste. Rezonatory sestavené se sestupnou
tendenci plosnych hmotnosti ve sméru Sifeni zvuku vykazuji jednak vyssi pohltivost a také nizsi rezonanéni
frekvenci systému oproti seskupeni rezonatorii s vzestupnou tendenci plosnych hmotnosti. Cim dale jsou
nasledné rezonatory od prvniho narazového rezonatoru, tim vice utlumena zvukova vlna na né dopada,
rozkmit rezonatoru je stale mensi a s tim spojena uc¢innost zvukového pohlceni. To je ditvod, pro¢ rezonan¢ni
ucinny nez rezonanéni systém s prvkem pracujicim na nejnizsi frekvenci zafazenym jako prvni. Material,
ktery je vysledkem vyzkumu vldkennych charakteristik, umoznuje vysokou zvukovou pohltivost v Siroké
frekvenéni $kale. Je to zptisobeno pouzitim rezonanéni nanovlakenné membrany, ktera je tlumena pohltivou
vlakennou vrstvou. Predev§im pohlcovani zvuku o nizsich frekvencich je velkym problémem, ktery tento

material fesi na velmi dobré trovni [Kalinova, 2005].



U.2. NAVRH AKUSTICKEHO PRVKU

Predmétem vyzkumu je v této habilitatni praci navrh, ovéfeni a optimalizace zvukové pohltivych
akustickych systémt s rezonan¢ni nanovlakennou membrénou. Akusticky prvek je zaloZen na pevném ramu
V podobé perforované desky ¢i flexibilnim rdmu v podobé¢ linearnich ttvard ¢i miizky, jejichz zadni stranu
pokryva tenkd nosnéd vrstva s nanovlakennou membranou, kterd je t€mito ramy do jisté miry kryta proti
mechanickému poskozeni. Rdm ma dale pohledovou funkci. Na obraze 11 je znazornéno prvni uspotradani
prvku, zaloZeného na perforovaném panelu s nanovlakennou vrstvou, kde plocha nanovlakenné membrany je
dana velikosti a tvarem perforace, ktera se, v obecném ptipadé, nemusi svym tvarem a velikosti opakovat
v celé plose a prvek tak sestava z mnoha rtiznych plosek, které umoziuji kmitani membrany s vysledkem
jedine¢nych vlastnosti kazdé kmitajici plochy. Do systému vstupuji také vlastnosti dutinového rezonatoru
(vztah 1), kde kromé velikosti, a rozte¢i oOtvoru, je podstatna také tloustka desky a jeji vzdalenost od

odrazivé plochy (v aplikaci stény/stropu).

Frekvence perforovaného panelu fy [Hz], zalozeného na principu Helmholtzova rezonatoru, je dle praci
[Kolmer, 1980; Randeberg, 2000] dana vyrazem

c Sp

fi = 32 {5mia’ )

kde ¢ je rychlost §ifeni zvuku prostiedim [m.s™], Sp je plocha prifezu dutiny [m?], Sg je plocha rezonatoru

(rozteg otvort) [m?], 1 je tloutka perforované desky [m] a d je vzdalenost od stény [m].

Podobné obraz 12 znazoriuje dal$i usporadani prvku, zalozeného na ramu v podobé linedrnich utvart
(draténa konstrukce), kterou v celé jeho ploSe na zadni strané piekryva nanovlakenna membrana. Kazdy tvar
rdmu ohranicuje plochu kmitajici membrany a v obecném pfipad¢, se jednotlivy utvar rAmu nemusi opakovat
Vv celé plose a prvek tak sestava z mnoha riznych ohraniceni, které umoziuji kmitani membrany s vysledkem

jedinecnych vlastnosti kazd¢ kmitajici plochy.



Obraz 11: Princip ndvrhu findiniho feSeni akustického prvku zaloZeného na perforovaném panelu s nanovidkennou
Vrstvou Vv pohledu a iezu. Sedd barva v Fezu zndzoriuje neperforovanou cdst panelu (desky), bila perforaci panelu,

modrd nanoviakennou rezonancni membranu a cervend adhesivni prostredek.

Obraz 12: Princip ndvrhu findlniho 7eSeni akustického prvku zaloZeného na ramu v podobé linedrnich utvari
S nanovldkennou vrstvou v pohledu a rezu. Sedd barva v rFezu zndazornuje ram (draténd konstrukce), modra

nanoviakennou rezonancéni membrdanu a cervend adhesivni prostredek.
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U.2.1. Aluminiové perforované panely s nanovlakennou vrstvou

Jednim z feSeni obecného prvku, zaloZeného na perforovaném panelu s nanovlakennou vrstvou, je pravidelna
perforace s danou velikosti a tvarem otvoru a jejich rozteéi. Zakladem navrhu je komponenta z hlinikového
plechu o tloustce Imm a kruhovymi perforacemi volitelnych priméri a rozte¢i dle obrazu 13. Po
optimalizaci parametrii perforaci vzhledem k Ciniteli zvukové pohltivosti findlniho akustického prvku
S nanovldkennou membranou o danych parametrech, bylo navrzeno 9 variant perforaci tak, aby vysledné
perforace vytvarely designovy vzor a také aby velikosti a roztece perforaci, coby definic ploch pro kmitani
nanovlakenné membrany, odpovidaly piedchozim vysledkim pro nejvyssi hodnoty Cinitele zvukové

pohltivosti (obraz 14).

E

Obraz 13: Komponenta vyuzitd pro ndavrh akustickych prvki, zaloZenych na perforovaném panelu s nanovidkennou

vrstvou.
o0 e 00 A [¢] ”
°c8 8 208 8 208 8 B
°8 °8 g8 o
o o 8 O o o
=0 =20 3 -
Ro RBo Rog o o
g o do Boo © o
a Q > Z
8o S0 g go © R
2] 2] g8o o ¢ o
X 058 & 9258
o) 0 RBRo
58 g 5 g8z X
3o g o o] o
o0 0 R p
28 298 © o
) kel
8 o g 0o 0 o
o g 0% o o
oo oo o o
o 8a o8p o o
o :: o 020 o o
S a 050 g
X g 288 E
20 8 g0 0O (s}
8O Qo o o
Sog © 8
g 3 o o
20 E 0 o o
58 2 888 8 a
B S8 ~82 9 o
: 5 § 808 8 8
) g0 [5
g g‘:é 880 o o
°8 °88 © 8
o] q 80 {q Q0 © 8 8 o
28 Q g o o ggo o ggo o
o ¥a = a %
88 88s s 588 g 838 é

Obraz 14: Dva z ndavrhii perforaci s designovym charakterem zaloZenych na kruhovych otvorech riznych velikosti a

rozteci V ramci jednoho akustického prvku.

Obrazy 15-18 znazoriuji zvukové pohltivé vlastnosti navrzenych prvki, kdy k pohledové perforované desce
jsou postupné pridavany dalsi komponenty. Akusticky prvek je vzdy méfen v riizné vzdalenosti od stény (5 —

50mm). Obraz 15 znazorfiuje samotnou perforovanou desku, obraz 16 perforovanou desku s nanovlakennou
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vrstvou na tenkém nosiéi a pro potvrzeni unikatnich akustickych vlastnosti prvku s nanovrstvou, pak obraz
17 znazornuje perforovanou desku s nosi¢em pro nano, ale bez nanovlakenné vrstvy. Obraz 18 pak souhrnné

porovnava vSechny varianty ve vzdalenosti 50mm od stény.
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Obraz 15: frekvencni zavislost cinitele zvukové pohltivosti; Al dérovany plech o tloustce Imm s vystredénymi kruhovymi
otvory o priméru 8 mm, s rozteci otvorii 10 mm, bez nano; KRIVKY: Seda Smm, Zlutd 10mm, modrd 20mm, zelend

30mm, cervena 40mm, cerna 50mm.
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Obraz 16: fiekvencni zavislost Cinitele zvukové pohltivosti; Al dérovany plech o tloustce Imm s vystiedénymi kruhovymi
otvory o priiméru 8 mm, s rozteci otvorii 10 mm s nanovlakennou vrstvou (N) na nosici (E). KRIVKY: Seda Smm, Zlutd

10mm, modra 20mm, zelena 30mm, cervena 40mm, cerna 50mm.
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Obraz 17: frekvencni zavislost cinitele zvukové pohlitivosti; Al dérovany plech o tloustce Imm s vystredénymi kruhovymi
otvory o priméru 8 mm, s rozteci otvorii 10 mm, bez nano, s nosicem pro nanovrstvu (E). KRIVKY: Sedd Smm, Zlutd

10mm, modra 20mm, zelena 30mm, cervena 40mm, cerna 50mm.
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Obraz 18: fiekvencni zavislost cinitele zvukové pohltivosti; Al dérovany plech o tlouStce Imm s vystredénymi
¢vercovymi otvory (C) o rozmeru 10 mm, s rozteci otvortt 12 mm (/12), s nosicem pro nanovrstvu (E), nebo s
nanovrstvou (N) na nosici (E). KRIVKY: cerna - Al perforovand deska ve vzddlenosti 50mm od stény, modrd - Al
perforovana deska s nosicem pro nanovrstvu (E) ve vzdadlenosti 50mm od steny, cervena - Al perforovand deska s

nanovrstvou (N) na nosici (E) ve vzddlenosti 50mm od stény.

U.2.2. Skelné miizky s nanovildakennou vrstvou

Akusticky prvek je vtomto pfipadé zalozen na ramu - V podobé pravidelné miizky ze skelnych paski
zanedbatelné tloustky - jehoz zadni stranu pokryva tenka nosna vrstva s nanovlakennou membranou. Navrh
vychazi z teSeni obecného prvku, zaloZzeného na ramu v podobé¢ linearnich ttvari s nanovlakennou vrstvou

(obraz 12), zde miizka zajist'uje pravidelné volné plochy s danou velikosti a tvarem otvoru a jejich rozteci.
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Obraz 19 znazoriuje pohltivost a akustického prvku v podobé miizky s nanovlakennou vrstvou na tenkém
nosici, ktery je méfen v rizné vzdalenosti od stény (10 — 50mm). Obraz 20 porovnava zvukové pohltivé
vlastnosti akustického prvku s a bez nanovlakenné membrany. Navrzeny prvek je na zavér porovnavan
S bézn¢ pouzivanym pohltivym materidlem s dosazenymi nejlepsimi vysledky zvukové pohltivosti, které
byly naméfeny (obraz 21). Z tohoto porovnani, je zfejmé, ze vyvinuty akusticky prvek mutize konkurovat
materialu bézné dostupnému na trhu, ktery dosahuje nejlepSich vysledkl (obraz 5) a to i pfi nizsi skladebné
tloust'’ce prvku (pocitano i s piipadnou vzduchovou mezerou). Porovnavané skladebné tloustky jsou 30, 40 a
50mm ku 60mm pénovém materialu. Benefitem navrzené technologie je ziskany prostor mezi akustickym

prvkem tloustky 1-5mm a sténou/stropem, ktery miize byt vyuZit pro instalaci osvétleni, reproduktori apod.
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Obraz 19: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (E) laminovdna na miizku, uloZené

V riizné vzdalenosti od stény (10 —50 mm); KRIVKY: Zlutd 10, modra 20, zelend 30, cervend 40, cerna 50.
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Obraz 20: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (E) laminovina na miizku, KRIVKY:
Cervena - mrizka s nanovrstvou (NA) na nosici (E), ve vzddlenosti 50mm od stény, cernd - mrizka s nosicem bez

nanovlakenné vrstvy (E) vzdalenosti 50mm od stény.
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Obraz 21: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (E) laminovdana na mitZku o tloustce
Imm a rizné vzdalenosti od stény v porovndni s akustickou pénou o tloustce 60mm; KRIVKY: cervend - miizka s
nanovrstvou (NA) na nosici (E) o tloustce Imm, ve vzdalenosti 50mm od stény, modra - mrizka s nanovrstvou (NA) na
nosici (E) o tloustce Imm, ve vzdalenosti 40mm od steny, zelend - mrizka s nanovrstvou (NA) na nosici (E) o tloustce
Imm, ve vzdalenosti 30mm od stény, cerna — akusticka péna o celkové tloustce 60mm (péna s obdéiniky o tloustce

60mm , sirve zakladny obdélniku 50mm, upati obdélniku 40mm, vrchol obdélniku 60mm).
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U.3. STATISTICKE VYHODNOCENI DAT

Ve vétsiné naméfenych experimentalnich dat byla vypocitdna primérna hodnota a smérodatna odchylka
¢initele zvukové pohltivosti pro kazdou frekvenci z péti az deseti méteni. V rdmci grafil, kde se porovnavaji
kiivky Ccinitele zvukové pohltivosti materidlti, nejsou vyndSeny smérodatné odchylky pro zajisténi
prehlednosti a zobrazitelnosti vysledkti. Smérodatné odchylky navic nelze kvtli piehlednosti znazornit pro
kazdou z 1064 hodnot frekvenci zvuku, ale jsou vyneseny jen ty v tietinooktavach. Nasledujici obrazy
znazornuji smérodatné odchylky pro tfi typické druhy akustickych materialti, které jsou v této praci
hodnoceny (rouno, rouno s nanovlakennou vrstvou a mfizka s nanovlakennou membranou). Prvni material je
typické vlakenné rouno z druhotnych surovin a podilem bikomponentnich vlaken o celkové plosné hmotnosti
600 g.m? a tloustce 10 mm +/- 1,5 mm (obraz 22). Druhy je pro porovnani ten samy material rouna
z druhotnych surovin s laminovanou nanovladkennou vrstvou na povrchu. Z porovnani obou, (obraz 22) je
ziejmé, Ze nehomogenita materialu se pfidanim nanovlakenné vrstvy dramaticky nezméni. Treti ptipad (na
obraze 23) znazorfiuje nanovlakennou vrstvu 0 plo§né hmotnosti 0,2, g.m™ na tenkém nosici laminovanou na
skelnou miizku o tloust’ce 1mm a velikosti oka 5,3x5,2mm, resp. 4,5x4mm otvoru. Nehomogenita tohoto
prvku je ve frekvenénim pasmu 400-700Hz vétsi nez nehomogenita vlakenného rouna, na druhou stranu od
frekvence 700Hz a vise je nehomogenita naopak mensi. Velka smérodatna odchylka ve frekvenénim pasmu
400-700Hz je zpisobena zakmitanim membrany v miizce, jak ukazuji znazornéné teckované kiivky pro dva

naméiené vzorky stejného materialu.
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Obraz 22: frekvencni zavislost cinitele zvukové pohltivosti; KRIVKY: cervend - rouno o plosné hmotnosti 600 g.m™ a
tloustce 10 mm +/- 1,5 mm; cernd - Nanovrstva plosné hmotnosti 0,2, g.m"2 na tenkém nosici laminovana na rouno o

plosné hmotnosti 600 g.m? a tloustce 10 mm +/- 1,5 mm.
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Obraz 23: fiekvencni zavislost Cinitele zvukové pohltivosti; Nanovrstva plosné hmotnosti 0,2, g.m™ na tenkém nosici
laminovana na mrizku o tloustce Imm a velikosti oka 5,3x5,2mm, resp. 4,5x4mm otvoru, méreno ve vzdalenosti 50mm

od stény. Teckované krivky patii dvéma riiznym vzorkim stejného materialu S extrémnimi daty v oblasti cca 450Hz.

Jak bude popsano v kapitole 1.1. dale, méfeni Cinitele zvukové pohltivosti v impedanéni trubici zahrnuje
kombinaci velkého priméru trubice (100mm) pro frekvenéni rozsah 100 — 1600Hz a malého primeéru trubice
(29mm) pro frekvenéni rozsah 500 — 6400Hz. Typickym piipadem pro nesouroda data z obou trubic, kdy
vzorek vykazuje rezonan¢ni chovani, které je ovlivnéno okrajovymi podminkami plochy vzorku, je
nanovlakenna membrana na miizce 0 velikosti oka 5,3x5,2mm, resp. 4,5x4mm otvoru (obraz 24). V ptipadé
homogenniho materialu, by kiivky z obou priméra trubic na sebe plynule navazovaly, kdezto v piipadé
rezonan¢ni membrany, se chova kruhovy vzorek stejného materialu o rizném prumeéru/plose jinak (zelena a
modra teCkovana kiivka nenavazuje jedna na druhou). Z tohoto divodu byla vétSina vzorkd hodnocena a

znazornéna pouze ve frekvenénim spektru 100 — 1600Hz (data z velké trubice o pruméru 100mm).

Dale, pokud byla hodnocena nanovlakennd membrana ve vztahu k umisténi v méfici aparature, kde se
typicky hodnoti vliv zmény vzdalenosti membrany od odrazivé stény, pak byl do aparatury umistén pouze

jeden vzorek a graficky znazornén pouze tento, tzn. nebyl bran primér z vice namétenych vzorki.

Pro stanoveni primérného priméru nanovldken, byla struktura nasnimdna nejméné€ na péti mistech
nanovlakenné vrstvy, naméfeno nejméné 100 praméra vlaken a vypocitana primérna hodnota a smérodatna
odchylka. V piipadech, kdy byl hodnocen vliv struktury nanovlaken na akustické vlastnosti rezonan¢niho

systému, byla vyhodnocena ¢etnost priméeri vlaken se znazornénim minima, maxima, medidnu a kvartilt.
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Obraz 24: frekvencni zavislost Cinitele zvukové pohltivosti; Nanovrstva plosné hmotnosti 0,2, g.m™ na tenkém nosici
laminovana na mrizku o tloustce Imm a velikosti oka 5,3x5,2mm, resp. 4,5x4mm otvoru; méreno ve vzdalenosti 50mm
od stény; KRIVKY: modra teckovand - data namérend na velké trubici v rozsahu 100 — 1600Hz; zelend teckovand - data

namérend na malé trubici v rozsahu 500 — 6400Hz; cerna — kifivka kombinovand z méreni na obou trubicich.
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U.4. NAVRHOVANE APLIKACE

Akustické prvky, navrZzeny v kapitole U.2., jsou zalozeny na svétlo propustné nanovldkenné membrang,
mohou byt proto vyuzity pro feSeni prostorové akustiky v podobé svételného podhledu, obkladu, svételného
objektu (2D, 3D), polopticky, kuchynskych dvitek, japonské zastény a zaluzie, aj. Nékteré z navrhovanych

aplikaci jsou znazornény na obraze 25.

Obraz 25: ndavrhy akustickych prvkii pro aplikace v prostorové akustice.
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U.5. REALIZOVANE AKUSTICKE PRVKY

Vzhledem k tomu, ze pro efektivni aplikaci musi akusticky panel vykazovat dostatecnou zvukovou
pohltivost, mechanickou odolnost a inovativni design, jde o kompromisni feSeni té€chto tii aspektd.
Technologie nanovlakenné membrany navic vyrazné definuje limity estetického provedeni samotného

vyrobku. Jedna se o tvar a rozloZeni perforace desky, kde:
optimalni otvory pro ¢tvercovou perforaci jsou:

e (Ctvercovy otvor o stran¢ 9 mm, rozte¢ jednotlivych otvord 11 mm

e (Ctvercovy otvor o stran¢ 10 mm, rozte¢ jednotlivych otvorti 12 mm
optimalni otvory pro kruhovou perforaci:

e  kruhovy otvor o priméru 8 mm, rozte¢ jednotlivych otvorti 10 mm

e kruhovy otvor o priméru 4 mm, rozte¢ jednotlivych otvori 5 mm

Pro dosazeni patfi¢ného designového efektu a také s ohledem na uvazované prosviceni, je finalni provedeni
licové plochy panelu kombinaci perforovanych a neperforovanych ploch (obraz 26). Vzhledem k
aplika¢nimu ucelu akustického panelu a k limitim, které jsou definovany vyslednymi vlastnostmi
obkladového panelu, bylo nutno zhodnotit co mozna nejsirsi $kalu dostupnych materialti. Jelikoz se obklad
profiluje jako akusticky pohltivy, vychazi cely koncept navrhu ze snahy nastavit rovnovahu mezi
akustickymi ucinky nanovlakenné membrany Vv perforaci panelu a designového provedeni obkladového

segmentu.
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Obraz 26 realizace akustickych prvkii pro aplikace v prostorové akustice. Perforovana hlinikova deska o tloustce Imm

V podobé svételnych podhledii 600x500.

Jako technicky akceptovatelné varianty byly dale posuzovany tyto:

e Deskovy material na bazi dieva (MDF, DTD, pieklizka) s vyhodou snadné obrobitelnosti, s vysokou

Skalou povrchovych tprav, avsak filozofie materialu neodpovida hi-tech designu
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o Kov (tahokov, perforovany plech, pletivo, sit€¢) s vyhodou vysoké akustické efektivity, nehoflavosti,
a vysoke translucentnosti, av§ak s nizkou mechanickou odolnosti a komplikovanou obrobitelnosti

o Sklo (tabulové, Glasio) s vyhodou luxusniho vzhledu, vysoké translucentnosti a nehotlavosti, avsak s
komplikovanou obrobitelnosti a vysokou cenou

e Plast (Plexisklo, polykarbonat) s vyhodou snadné obrobitelnosti, avSak vysokou hotlavosti a nizkou
mechanickou odolnosti

o Kompozit (bond, Corian, kompakt, GRP) s vyhodou snadné obrobitelnosti a hi-tech designovym

vzhledem, avSak vysokou cenou u nékterych typt

U.5.1. Perforované panely s nanovlikennou membranou

Prvni realizaci je akusticky prvek, zaloZzeny na perforovaném panelu z kompozitu BOND s hlinikovym
povrchem, opatfeném nanovlakennou membranou, kterd umoziiuje prichod svétla. Prvek je tak navrzen
jako svételny akusticky panel o rozmérech 1200 x 600 pro aplikaci do prostorové akustiky (obraz 28). Jde o
sendvicovy panel kovového designu, tloustky 4 mm a nizké hmotnosti. Panel je slozeny ze tii vrstev —
hlinikovy plech / polyetylenové jadro / hlinikovy plech. Tato skladba dava materidlu vysokou tuhost,
snizenou hoflavost a kvalitni a estetické povrchy. Jeho technologie vyroby a sendvi¢ova skladba eliminuje
dilatace materialu, proto jej Ize aplikovat i ve velkych formatech — 13003000 mm. Material lze snadno
formatovat a frézovat. Pro zajisténi optimalni akustické absorpce je vytvotfena zcela specificka perforace,
ktera naplnuje predikci pro optimalni akusticky efekt - kruhovy otvor o priméru 7 a 10 mm, rozte¢
jednotlivych otvorti 32x17 mm. Samotnd perforace je zpracovana tak, ze vytvaii hexagonalni kompozici
navazujici z panelu na panel a pfi prosviceni vytvaii velmi dekorativni a moderni detail v podobé nekonecné
mozaiky. Jde o princip estetického sjednoceni plochy obkladu, ktery je vizudln€ ,,bezespary*“. K uchyceni
panelu slouzi systémovy hlinikovy rost, ktery umoziuje rektifikace ve 3 smérech. Samotny panel je nasledné
k roStu lepen. Pravé pomoci rostu lze variovat s celkovou skladebnou tloustkou obkladu od 50 do 300 mm
(obraz 27). Specifickym detailem je rozmisténi LED zdrojt pro maximalizaci svételného efektu. LED pasky

s vykonem 9,6 W/m, 890 Im/m byly rozmistény v osové vzdalenosti 200 mm.

deska Bond 4mm - perforace

lepeno na oboustrannou pasku

cca 100

AL pfichytka a L-profil

31 3x LED pasek nalepeny

600 podkladni LDTD bild 600x1200mm tl. 18mm

Obraz 27: pricny ez svételného panelu 1200x600.
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Obraz 28: foto realizace akustickych prvkii pro aplikace v prostorové akustice. Svételny panel 1200x600 (vlevo),

prosvétleny (vpravo).

U.5.2. Flexibilni miizky s nanovlikennou membrdanou

Cilem navrhu byl panel, ktery by byl materialovou alternativou do podhledovych rastrd typu T24 v rozteci
600x600 mm. V piipad¢ podhledového panelu bylo cilem nalézt nosny material, ktery ze své vizualni
podstaty je spise skryty a pii pohledu z vétsi vzdalenosti zcela neznatelny. Material, ktery umozni maximalni
efektivitu akustické absorpce podhledu s nanovlakennou vrstvou. Vzhledem k tomu Ze material nemusi
vykazovat vysokou mechanickou odolnost, byly vybirany materialy uspofadané do miizky s velikosti
jednotlivych ok v rozmezi 4x4 mm az 8x8 mm. Jako podklad pro stanoveni tohoto intervalu byla vyuzita

data z provedenych méteni Cinitele zvukové pohltivosti. Panel ma homogenni konstrukei v celé své plose.
Jako technicky akceptovatelné varianty byly posuzovany tyto:

e Sit’ ze skelného vlakna s vyhodou nizké ceny, jednoduchého zpracovani a vysoké translucentnosti,
avsak s jistou tvarovou nestabilitou miizky v Case
e Kov (tahokov, pletivo, sité) s vyhodou vysoké akustické efektivity, nehoflavosti a vysoké

translucentnosti, avSak s problematickou montazi a tvarovou nestabilitou mfizky v Case.

Vzhledem ke snaze vytvorit ekonomicky vhodné feseni, byla zvolena miizka ze skelného vldkna (stavebni
perlinka) s adekvatni velikosti a rozte¢i otvort miizky (obraz 29). Ta je pfipevnéna na subtilni ramy z

multiplexu tl. 18mm a perlinka je pfedepnuta do fixa¢nich L-profili (obraz 30). Na tuto plochu s ramem byla
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nasledné kasirovana nanovlakenna vrstva. Timto zpisobem bylo dosazeno maximalni translucentnosti a
Cistoty detailu skrytého v podhledu. Specifickym detailem je rozmisténi LED zdroji pro maximalizaci

svételného efektu. LED pasky s vykonem 9,6 W/m, 890 Im/m byly rozmistény v osové vzdalenosti 300 mm.

Obraz 29: realizace akustickych prvkii pro aplikace v prostorové akustice. Svételny podhled 600x600.

Pohled celni
tuhy ram z pfeklizky 18/8mm
2% vyztuZny AL profil L 20/10
otalunéno perlinkou {bez potisku)
tuhy ram z preklizky 18/8mm
o Pficny fez 2x wziuZny AL profil L 20/10
S I
592 | otalunéno perlinkou (bez potisku)

Obraz 30: pohled a pricny ez svételného panelu z miizky 600x600.
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U.5.3. Barevné i‘eSeni nanovlakenné membrdany

Pro zvyseni aplikacniho potencialu, byl navrZzen koncept barveni nanovlakenné vrstvy, kdy pigment je pfidan

do roztoku polymeru, ze kterého jsou nanovlakna elektrostaticky zvlaknéna (obraz 31).

Obraz 31: barevné nanovidkenné vrstvy vyrobené z roztoku polymeru.
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KAPITOLA |I: MERICI METODY PRO STANOVENI AKUSTICKYCH
VLASTNOSTIi NANOVLAKENNYCH MEMBRAN

1.1. METODA STANOVENI CINITELE ZVUKOVE POHLTIVOSTI POMOCI DVOU-
MIKROFONOVE IMPEDANCNI TRUBICE

Metoda je zalozena na hodnoceni zvukové pohltivych vlastnosti materialti pii kolmém dopadu zvukovych
vln. Zafizeni slouzi ke stanoveni ¢initele zvukové pohltivosti (sound absorption coefficient o [-])
laboratornich kruhovych vzorkti o priméru 100mm pro frekvencni rozsah 50 — 1600 Hz a 29mm pro
frekvenéni rozsah 500 — 6400 Hz podle normy ASTM E1050-08. Vysledna kiivka cinitele zvukové
pohltivosti v zavislosti na frekvenci zvuku je pak kombinaci dat z méfeni materialti v trubicich o vnitinim

praméru 100 a 29mm.

Norma CSN ISO 10534-1 (730501), ASTM E1050-08
Frekvencni rozsah 50 — 6400 Hz

Velikost vzorku 1 100 mm (pramér kruhového vzorku)

Velikost vzorku 2 29 mm (pramér kruhového vzorku)

Vzhledem k tomu, Ze velikost perforaci akustického prvku ¢asto dosahuje pruméru malé trubice, byla vétSina
vzorkli méfena pouze ve velké trubici o priméru 100mm a zafizeni pro stanoveni Cinitele zvukové
pohltivosti bylo tak vyuZito pro méfeni omezeného frekvenéniho spektra 100 — 1600Hz. Tyto frekvence

dostate¢né pokryvaji oblast feSeni, které je zaméfeno zejména na stiedni a nizsi frekvence zvuku.

Cinitel zvukové pohltivosti je po optimalizaci parametri daného materidlu dale méfen v dozvukové
mistnosti, kde je zpravidla testovano cca 20m® materialu. Nepiesnou alternativou, pouZivanou
v automobilovém pramyslu je alfa kabina, ktera testuje cca 1m’® materidlu. V prostorové akustice je

materialové vyfeSeny prostor testovan in-Situ.

1.2. METODA STANOVENI VLOZNEHO UTLUMU POMOCI CTYR-MIKROFONOVE
IMPEDANCNI TRUBICE

Metoda je zaloZena na hodnoceni ,,zvukove izolacnich* vlastnosti materialti pti kolmém dopadu zvukovych
vin. Zatizeni slouzi ke stanoveni vlozného utlumu (transmission loss L [dB]) laboratornich kruhovych
vzorkl o priméru 100mm pro frekvencni rozsah 300 — 1600 Hz a 29mm pro frekvenéni rozsah 500 — 6400
Hz podle normy ASTM E2611-09. Vysledna kiivka vloZzného utlumu v zavislosti na frekvenci zvuku je pak

kombinaci dat z méfeni materiala v trubicich o vnitinim praméru 100 a 29mm.
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Norma CSN ISO 10534-2, ASTM E2611-09

300 — 6400 Hz,
Frekven¢ni rozsah
resp. 315 — 5040 Hz (tietinooktavové pasmo)

Velikost vzorku 1 100 mm (pramér kruhového vzorku)

Velikost vzorku 2 29 mm (pramér kruhového vzorku)

Tato metoda byla vyuzita pouze pro méfeni rezonancniho chovani nanovlakennych membran, nikoli pro

stanoveni vlozného utlumu membran, ktery je dle predpokladu minimalni.

Obraz 32: Zarizeni pro méreni cinitele zvukové pohltivosti materidlii (a) Zarizeni pro méreni viozného utlumu materiali

(b)

Nasleduje publikace, ktera se zabyva studiem rezonan¢niho chovani nanovldkennych membran o rGzné

plo$né hmotnosti a rozdilném pramérném priméru nanovlaken pomoci obou uvedenych méficich metod.

e K. Kalinovd, “Nanofibrous Resonant Membrane for Acoustic Applications,” Journal of
Nanomaterials, vol. 2011, Article ID 265720, 6 pages, 2011. doi:10.1155/2011/265720; ISSN:1687-
4110 (Print); ISSN: 1687-4129 (Online)
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Because the absorption of lower-frequency sound is problematic with fibrous material made up of coarser fibers, highly efficient
sound absorption materials must be developed. The focus of this paper is on the development of a new material with high acoustic
absorption characteristics. For low-frequency absorption, structures based upon the resonance principle of nanofibrous layers are
employed in which the resonance of some elements allows acoustic energy to be converted into thermal energy. A nanofibrous
membrane was produced by an electrostatic spinning process from an aqueous solution of polyvinyl alcohol and the acoustic
characteristics of the material measured. The resonant frequency prediction for the nanofibrous membrane is based on research
into its production parameters. The distance between electrodes during the electrostatic spinning process determines the average
diameter of the nanofibers, and the outlet velocity of the material determines its area density. The average diameter of nanofibers
was measured using the Lucia software package directly from an electron microscope image. The resonant frequency of nanofibrous

membranes was determined from the sound absorption coefficient and transmission loss measurement.

1. Introduction

This paper deals with the acoustic behavior of a nanofibrous
resonant membrane. A nanofibrous layer was produced by
an electrical spinning process from an aqueous solution
of polyvinyl alcohol and the resonance effect created by
the nanofibrous layer then studied. Acoustic waves cause
vibration in the resonant nanofibrous system with acoustic
energy at the resonance frequency partially converted to
kinetic energy, the remainder being acoustic energy at
other frequencies. These frequencies are damped so that
the majority of the acoustic energy, accamulated in the
resonator, may be converted into heat.

This theoretical study of sound absorption characteristics
[1] focuses on a membrane-type sound absorber. To analyze
the absorption mechanism, the solution is rearranged in a
form which points out the contribution from each element
in the membrane-type sound absorber. The effects of the
parameters of the sound absorption system are discussed in
the light of the calculated results. In addition, the method
used for predicting peak frequency and the peak value of the
oblique-incident absorption coefficient of the membrane-
type sound absorber is presented. This method satisfactorily
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explains the relationship between the absorption character-
istics and the parameters.

A sound-absorbing structure using thin film is described
in a patent [2]. When a soundwave makes contact with the
sound-absorbing structure of the invention, the thin films
vibrate and contacts between the overlapping portions rub
against each other. The energy contained in the soundwave
dissipates as a result, and a high sound absorption coefficient
over a broad frequency band is obtained. The sound absorp-
tion effect is intensified by the addition of the damping effect
as the soundwave passes through the interstices.

Because the absorption of lower-frequency sound is pro-
blematic with fibrous material made up of coarser fibers,
highly efficient sound absorption materials must be devel-
oped. The focus of this paper is therefore on the development
of a new material with high acoustic absorption characteris-
tics.

Previous work (3, 4] has shown this nanofibrous material
to be a highly efficient sound absorber. For low-frequency
absorption, structures based upon the resonance principle
are employed in which the resonance of some elements
allows acoustic energy to be converted into thermal energy.
Earlier work [3] has demonstrated that the nanofibrous
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FIGURE 1: Frequency dependence of sound absorption coefficient a.
Nanofibers creating alayer (black curve) and nanofibers distributed
separately in the sample (grey curve). The final thickness of both
materials is 30 mm, with a bulk density of 21 kg/m 3.
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F1GURE 2: Snapshot of the nanofibrous structure.

layer has a resonant effect on sound absorption when the
nanofibers are arranged with respect to the layer. Then
the tops of sound absorption coefficient are displaced to
the lower frequencies than those of sample with nanofibers
distributed separately (see Figure 1).

The sound absorption peaks of longitudinally laid sam-
ples occur at frequencies lower than those of samples laid
perpendicularly [4].

This is attributable to motion in the nanofibrous layer.
When the longitudinal soundwave propagates perpendicu-
larly to the alignment of the membrane, the nanolayer is
able to move and changes in acoustic energy may occur.
The second effect is due to the viscosity of the surrounding
air, where acoustic energy is consumed by the drag between
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FiGure 3: A device for the production of nanofibers from a
polymer solution. The polymer solution (1) wets the cylindrical
electrode (2). This electrode is matched with a counter electrode
(3) whose potential differs. By rotating electrode (2), the polymer
solution is drawn from the container into the counter electrode.
The nanofibers form in the electrical field and are deposited on
the support material (4). The electrode distance during electrostatic
spinning and the outlet velocity of the material, which controls its
area, may be altered.

FIGURE 4: Nanofibrous membrane vibration at the first resonant
frequency.

vibrating air particles and the pore surface, converting the
acoustic energy into thermal energy. These two nanofibrous
layer phenomena together constitute the innovation of this
acoustic product compared to current materials used for
sound absorption such as foil and fibrous board.

2. Experimental

The nanofibrous membrane was produced by an electrostatic
spinning process from an aqueous solution of polyvinyl
alcohol (see Figure 2), and two acoustic characteristics of
the material, the sound absorption coefficient and the trans-
mission loss, were measured. In this case, the nanofibrous
membrane was created without any support materials from
an aqueous solution, but a nonsoluble solution may also
be used to produce a nanofibrous membrane possessing the
same parameters and physical characteristics.

Two production parameters, the electrode distance dur-
ing the electrostatic spinning process and the outlet velocity
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FiGURre 5: Frequency dependence of transmission loss L (dB) with
denoted resonant peaks (a) and frequency dependence of sound
absorption coefficient a with denoted resonant peaks (b).
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FIGURE 6: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient & (b). The area density of
the nanofibrous layer is 28.8 g-m .
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FiGURE 7: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient a (b). The area density of
the nanofibrous layer is 17.2 g-m™2.
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FigUure 8: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient a (b). The area density of
the nanofibrous layer is 6.3 g-m ™.
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FIGURE 9: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient & (b). The area density of

the nanofibrous layer is 4.8 g-m 2.

of the material, which controls its area density, were altered
(see Figure 3). Changes in the nanofibrous layer structure
in terms of specific anisotropy and the diameter of the
nanofibers are the result of the electrode distance setting.

A Type 4206 Impedance Measurement Tube featuring
dual microphones was used to measure the sound absorption
coefficient and transmission loss in the 50 Hz—6.4 kHz range.

In this experimental section, the resonant frequencies
from the sound absorption coefficient and transmission
loss measurement are compared. The maximum value of
the sound absorption coefficient and transmission loss
occurs along the resonant frequency of the thin membrane.
Soundwaves vibrate the resonant nanofibrous system, with
acoustic energy at the resonant frequency (see Figure4)
then partially converted to kinetic energy, the remainder
being acoustic energy at other frequencies. These frequen-
cies are damped so that the majority of the acoustic
energy, accumulated in the resonator, may be converted to
heat.

Resonant frequencies are labeled with circles in Figure 5.

The resonant frequency of nanofibrous membranes was
determined from the sound absorption coefficient and trans-
mission loss measurement. Two dependency relationships
were studied to determine the resonant frequency.
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F1GURE 10: Measured frequency dependence of transmission loss L
(dB) (a) and sound absorption coefficient « (b). The area density of
the nanofibrous layer is 3.3 g-m 2.

TaBLE 1: Production parameter during electrostatic spinning.
Outlet velocity of material determining its area density.

Outlet velocity of nanofibrous
material during electrostatic
spinning (m-min"')

Area density of the nanofibrous
layer (g-m~2)

0.0171 28.8
0.0342 17.2
0.0855 6.3
0.1197 48
0.171 33
3. Results

In this section, the results measured for the frequency depen-
dence of sound absorption coefficient & and transmission
loss L (dB) are compared. The outlet velocity of the material
determines its area density (see Table 1) and the distance
between electrodes during the electrostatic spinning process
determines the average diameter of the nanofibers (see
Table 2).

3.1. Electrode Distance Constant (50 mm) with Changing Area
Density of the Nanofibrous Membrane. From Figures 6, 7,
8, 9, and 10 (a), it is evident that the maximum value
for transmission loss L (dB) decreases with decreasing
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FiGure 11: Measured frequency dependence of transmission loss
L (dB) (a) and sound absorption coefficient a (b). The electrode
distance is 50 mm.

TasLE 2: Production parameter during electrostatic spinning. Dis-
tance of electrodes during electrostatic spinning which determines
the average diameter of nanofibers.

Distance of electrodes during Average diameter of nanofibers

electrostatic spinning (mm) (nm)
50 79.9
70 77.6
90 76.3
110 73.3
130 68.6

area density of the nanofibrous membrane. The resonant
frequencies of the lower area density of the membrane (see
Figures 8-10 (a)) are not uniquely determined.

Figures 6-10 (b) show that the first significant peak
in the sound absorption coefficient a has been displaced
in the direction of lower frequencies with increasing area
density of the material, when the average nanofiber diameter
(the electrode distance during electrostatic spinning) is
held constant. The resonant frequency of the nanofibrous
membrane thus decreases with the area density of the
nanofibrous membrane.

Comparing results from the examination of both acous-
tic characteristics (see Figures 6-10, with transmission loss
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FiGure 12: Measured frequency dependence of transmission loss
L (dB) (a) and sound absorption coefficient a (b). The electrode
distance is 90 mm.

L (dB) (a) and the sound absorption coefficient a (b)) shows
that the resonant frequencies are not in agreement. The peaks
occurring under each measurement are formed at different
frequencies.

3.2. Area Density of the Nanofibrous Membrane is Constant
(17.2g-m~2) with Changing Electrode Distance. Figures 11,
12, 13, and 14 (b) show that the first significant peak in
the sound absorption coefficient a has been displaced in
the direction of higher frequencies with decreasing average
nanofiber diameter (increasing electrode distance during
electrostatic spinning) when the area density of the material
is held constant. The resonant frequency of the nanofibrous
membrane thus increases with decreasing average nanofiber
diameter.

Comparing results from the examination of both acous-
tic characteristics (see Figures 11-14, with transmission loss
L (dB) (a) and the sound absorption coefficient a (b)) shows
that the resonant frequencies are not in agreement. The peaks
occurring under each measurement are formed at different
frequencies.

The measurement of transmission loss shows two peaks,
one at 530 Hz and one at 2700 Hz, for all measurements
using constant area density (see Figures 11-14 (a)). 530 Hz
and 2700 Hz would thus be resonant frequencies of the
measuring apparatus during transmission loss measurement.
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FiGure 13: Measured frequency dependence of transmission loss
L (dB) (a) and sound absorption coefficient a (b). The electrode
distance is 110 mm.

One peak is constant for all measurements using both
dependencies and both acoustic characteristics measured
(see Figures 6, 7, and 11-14). The resonant frequency of
the measuring apparatus while measuring both acoustic
characteristics is around 2700 Hz.

4. Conclusions

These two phenomena, the vibration of the nanolayer and
air friction inside the nanopores, constitute the innovation
of this acoustic product compared to current materials used
for sound absorption such as foil and fibrous board.

Sound absorption coefficient measurements show that
the resonant frequency of the nanofibrous membrane
decreases with increasing area density of the membrane and
increases with decreasing average diameter of the nanofibers.

Comparing results from the examination of both acous-
tic characteristics (transmission loss L (dB) and the sound
absorption coefficient a) shows that the resonant frequencies
are not in agreement. The peaks occurring under each
measurement are formed at different frequencies.

The transmission loss measurement shows that 530 Hz
and 2700Hz would be the resonant frequencies of the
measuring apparatus during transmission loss measurement.

One peak is constant for all measurements using both
dependencies and both acoustic characteristics measured.
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FiGURE 14: Measured frequency dependence of transmission loss
L (dB) (a) and sound absorption coefficient a (b). The electrode
distance is 130 mm.

The resonant frequency of the measuring apparatus while
measuring both acoustic characteristics is around 2700 Hz.
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1.3. STANOVENI REZONANCNICH FREKVENCI NANOVLAKENNE MEMBRANY
POMOCI OPTICKE METODY

Metoda spociva ve sniméani kmiti membrany upnuté do kruhového ramu v prihledné trubici pomoci
vysokorychlostni kamery (obraz 33). Vysledkem je grafické znazornéni vychylky membrany v zavislosti na
frekvenci zvuku, ktera membranu rozkmitava. Frekvence je skokové ladéna v hrubé skale, nasledné je v
okoli maxim zjemnéna pro ziskani piesnéjsi hodnoty rezonancni frekvence membrany danych parametrt.
Vychylka membrany je v zavislosti na jejich parametrech, zejména tuhosti, viditelnd okem a dosahuje

hodnoty jedné amplitudy az 2,5mm (obraz 34). Mé&fici fetézec obsahuje nasledujici komponenty:

e prihlednd trubice o priméru vnitini stény 100mm.
o audio signalni generator se zesilovacem
e autoreproduktor (kruhovy pro kruhovou trubici)

e vysokorychlostni kamera (opticky snimac)

Alternativou s piesnéjsimi vysledky je stanoveni rezonanénich frekvenci nanovlakenné membrany pomoci
laserového vibrometru Ometron VH-1000-D, ktery snima vychylku jednoho bodu na membrané, pficemz
odpada vyznaceni bodu, které muze deformovat nanovlakennou strukturu. Stanoveni rezonan¢niho chovani
nanovlakennych membran pomoci tohoto vibrometru ovéiil Doc. Petr Sidlof. Pro stanoveni komplexniho
chovani membran byl dale vyuzit laserovy skenovaci vibrometr, ktery pti zvolené frekvenci zvuku snima
postupné cely povrch membrany a vyhodnocuje vychylku sit€ bodi. Variantni metody jsou predmétem
dizerta¢ni prace Ing. Tomase Ulricha, kterému je autorka Skolitelkou, proto se tato habilitacni prace nebude
témito metodikami dale zabyvat. Pfedmétem dalSiho spole¢ného vyzkumu v nasledujicim obdobi bude dale
piesné stanoveni radidlniho napéti membrany, které spolu s jeji ploSnou hmotnosti ur¢uje hodnotu rychlosti

Sifeni pFi¢né viny na membrané (vztah 3 bude dale uvedeny v kapitole I1).

Obraz 33: foto nanovidkenné vrstvy upnuté v trubici. Sledované body membrany byly vyznaceny v jedné, nebo vice

klicovych pozic.
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Obraz 34: foto nanovldikenné vrstvy upnuté v trubici. Obraz, snimany vysokorychostni kamerou Olympus i-speed2, je
poskladan s 10 po sobé jdoucich momentii od minimalni pozice po maximalni plohu sledovaného bodu pri kmitani

membrany (dava dohromady soucet obou amplitud).

Nésleduje publikace vé€novana navrhu a studiu ucelnosti této metody pro stanoveni rezonan¢niho chovani

membran z nanovlakenné vrstvy o riiznych plo$nych hmotnostech.

o Klara Kalinova, Merve K. Ozturk and Michal Komarek. ,,Open and closed tube method for
determination of resonance frequencies of nanofibrous membrane®, The Journal of The Textile
Institute, 2015, http://www.tandfonline.com/doi/full/10.1080/00405000.2015.1083353

Timto tématem se dale zabyvaji nasledujici publikace autorky:

o Ozturk M.K., Kalinova K., Nergis B., Candan C. ,,Comparison of Resonant Frequency of
Nanofibrous Membrane and Homogenous Membrane Structure”, Textile Research Journal,
published online before print June 13, in print in Volume 83 Issue 20 December, 2013, DOI:
10.1177/0040517513490064, Print ISSN: 0040-5175, Online ISSN: 1746-7748

e M.K. Ozturk, B. Nergis, C. Candan, K. Kalinova, ,,The Effect of Measuring Equipment Settings on
the Resonant Behavior of Nanofibrous Membrane® The International Istanbul Textile Congress
2013, May 30th to June 1th 2013, Istanbul, Turkey

e ULRICH, T. a K. KALINOVA. Determination of Resonant Frequencies of Nanofibrous Membrane
by High-speed Camera. Nanocon 2016. Ostrava, Czech Republic: TANGER Ltd., 2016, s. 251 —
256. ISBN 978-808729471-0
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Nanofibrous layer performs as a membrane that vibrates at low frequencies. This property is obtained by nano
dimensions of the interfiber areas. Sound waves incident on the acoustic resonance membrane make the membrane
oscillate, and the maximum amplitude occurs in the case of resonance. The structures based on the nanofibrous layers
are employed for low-frequency sound absorption. The resonance of the nanofibrous elements allows acoustic energy to
be converted into thermal energy. In this article, a nanofibrous layer was produced by electrostatic spinning from an
aqueous solution of polyvinyl alcohol and the resonance effect of nanofibrous layer was studied. For this purpose, the
new method developed for determination of resonance frequencies of a membrane was employed. The ultimate objective
of the study was to assess the effect of mass per unit area on resonance frequencies of the membrane placed in an open
and closed tube. The results indicated that the resonance frequencies of the membrane decreased with an increase of the
mass per unit area of the nanofibrous membrane. Except for the lowest frequencies (first resonance peak), the resonant
behavior of the membrane was affected by the resonance of tube.

Keywords: open and closed tube; resonance frequency; nanofibrous membrane; PVA; electrospinning; basis weight

Introduction

Environmental noise from sources such as traffic,
industries, construction, and public work, as well as
noise from indoor sources like ventilation systems and
office machines, is an ever growing problem to human
health. Studies on acoustic applications of textile
materials started in the nineties; however, acoustic
application of nanofibrous membranes is almost a new
field. Nanofibrous membranes have very attractive sound
absorption properties. Sound absorbents based on
nanofibers can have a higher absorption factor compared
to traditional absorbents, especially in lower frequencies.
The study performed by Sakagami, Morimoto, and Yairi
(2009) shows the resonant behavior of a micro-
perforated panel for various perforation ratios in
comparison with a panel-'/membrane-type absorber. The
sound absorption of the back wall surface is considered.
The research published by Onen and Caliskan (2010)
compares the predictive model of sound absorption of
microperforation  configurations with measurements
inside the impedance tube. Absorption peaks took place
at sound frequencies around 500-1000 Hz, according to
perforation parameters. Kalinova (2011) focused on
estimation of the resonance frequency of nanofibrous
membranes from coefficient and transmission loss
measurement depending on production parameters of

sound absomption membrane prepared by the
electrospinning process. Mohrova and Kalinova (2012)
also studied the sound absorption properties of PVA
nanofibrous membranes with different structures. Water
vapor was applied to the surface of a nanolayer (for
10-120s) in order to change the structure of the
membrane containing nanofibers. Also, the sound
absorption coefficients of thin PVA nanofibrous
membranes and foil were compared. The results of the
experimental study showed that the sound absorption
coefficient curves are analogical for thin polymeric foil
as well as for nanofiber PVA membrane. Furthermore,
when the time of the water vapor application process
onto the layer from PVA nanofibers was increased, the
number of local places having different basis weights
due to the dissolved and merged fibers, increased. It was
concluded that this might affect the resonance frequency
of the membrane, and that each part of the material area
resonates at a slightly different frequency due to these
local places and the irregularity of the membrane.
Hence, an increase in the absorbed frequency range is
observed. Kalinova, in another paper (Jirsak, Kalinova,
& Stranska, 2006), demonstrated that the sound
absorption coefficient of the material with nanofibrous
layers is, at lower frequencies, eminently higher than
that basic material without nanofibers. She found that the

*Corresponding author. Email: klara kalinova@tul.cz

© 2015 The Textile Institute
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resonant nanofibrous membrane vibrates and the sound
energy of lower frequencies is absorbed. A study
(Ozturk, Kalinova, Nergis, & Candan, 2013) deals with
the acoustic behavior of a PVA nanofibrous resonant
membranes produced by needleless -electrospinning.
Using an experimental set-up involving a high-speed
camera, the study attempted to predict the sound
absorption behavior of a PVA nanofibrous membrane by
determining its resonance frequency. The findings were
compared with those from a homogencous membrane
structure in the form of a foil. An experimental study
(Huang, Nguyen, & Jiao, 2007) demonstrated reduction
of the nonlinear effect on the standing waves by a
feedback loop in cylindrical tube used as a resonator.
The utilization of the high-speed camera in the general
process of vibration analysis has occurred over the past
years in different application fields. The analysis of
human vocal folds vibration, so-called videokymography,
is described by Svec and Schutte (1996) and Inwald,
Déllinger, Schuster, Eysholdt, and Bohr (2011). Wang,
Mottershead, Thle, Siebert, and Reinhard Schubach,
(2011) combines the high-speed camera measurement
with the finite element simulation method to determine
the structural responses of materials on the full field
vibration. Nabavi, Siddiqui, and Dargahi (2008) describe
the utilization of the particle image velocimetry
technique to measure the velocity of the standing waves
within an air-filled rigid-walled square channel subjected
to acoustic standing waves and compare the data with
the analytical results obtained from the time-harmonic
solution of the wave equation. This approach is related
to our experimental setup, but in this article, the
interaction of the acoustic waves with nanofibrous
membranes is studied.

One widely used method of vibration measurement
and analysis is laser vibrometry. This method is used in
different application fields including the development
and monitoring of high-speed milling devices (Tatar &
Gren, 2008) or the vibration of turbines and electrical
engines as described by Verma and Kumar (2006).
Although laser vibrometry is a sophisticated method, the
precision of the measurement can be affected by
material  parameters such as surface roughness
(Rothberg, Halkon, Tirabassi, & Pusey, 2012).
Generally, the vibration of solid objects can be studied
by laser methods. However, the exception is the
measurement of thin membranes which are translucent
for the laser beam as in the case of the nanofibrous
sheets. In this case, the laser methods are not
advantageous and the utilization of high-speed camera
analysis seems to be the best applicable method.

In accordance with the literature study discussed, the
research for this article was conducted to investigate the
effect of basis weight on resonance frequency of a
membrane using an optical novel measuring method.

37

Experimental work
Material

The water solution of polyvinyl alcohol (PVA) (Mw =
80,000-100,000 g mol ") was used for the preparation of
the solution for the experiment. Glyoxal and phosphoric
acid were added as cross-linking agents. The 12.8%
(w w™") PVA solution (Sloviol®, CHZ, Novaky, Slovak
Republic) containing 0.38% (ww ') glyoxal (40%
(ww™ ") solution of glyoxal in water) and 0.51%
(ww ") HiPO4 (85% (w w ") phosphoric acid in water)
was prepared (Filovda et al, 2013). The solution
containing PVA, distilled water, glyoxal, and phosphoric
acid was vigorously stirred at room temperature.

Production of nanofibrous membrane

For production of PVA nanofibrous membranes, the
roller electrospinning method (Nanospider method) was
used (Jirsak et al., 2006). In this method, the roller was
connected to a high voltage supply, and at the top of the
roller, there was a counter electrode, which was
grounded (see Figure 1). Taylor cones were created on
the roller surface toward the counter electrode.

Optimum process parameters such as roller speed,
distance between the electrodes, and voltage were
applied during the spinning process. The distance
between the surface of the roller and the collector was
120 mm. A voltage of 50 kV, relative humidity of RH
34%, and temperature of 19 °C were applied during the
course of electrospinning. The final layer was
crosslinked by hot air at temperature of 140 °C for
5 min. In order to obtain nanofibrous membranes of
different basis weights, the speed of the support
materials was changed (Table 1).

counterelectrode

supporting material

high voltage power supply

Figure 1. Schematic diagram of roller electrospinning method
used for PVA nanofibrous membrane production.
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Table 1. Basis weights of PU (12.8%) nanofibrous membranes.

12.8% PVA
Basis weight (g m™?) 3+0.04 7+0.14 15+0.11
Supporting material speed (m min ") 0.10 0.05 0.06 (3 times)
Characterization

The surface and structure of the membrane and the
diameter of the electrospun PVA fibers were determined
using Carl Zeiss Ultra Plus Field Emission scanning
electron microscopy (SEM), with an accelerating voltage
of 1.48 kV. The average fiber diameter was calculated
from the SEM images using image analysis software
(NIS Elements BR 3.2). More than 100 fibers were
counted from at least 4 SEM images which were taken
from different places of a sample. The average diameter
of PVA nanofibrous membranes was kept constant in
240+ 100 nm to analyze solely the effect of basis weight
on resonance frequencies of the membrane. Figure 2
shows the morphology of electrospun PVA nanofibers
with a concentration of 12.8%.

Optical method for determination of resonant
frequency
The new method for determining the resonance
frequencies of the membranes was utilized. The main
components of the system used during the experiments
were the digital camera (Olympus — System i-SPEED2),
an LCD display panel of 84", and a transparent tube
(see Figure 3).

During our study, a frequency of 2000 framess '
was used at the preset resolution of 800 x 600 pixels. A

Figure 2. SEM images of PVA (12.8%) nanofibers with basis
weights of (a) 3 gm 2, (b) 7gm 2 and (c) 15 g m ~. Marked
scale is 1 pm.

mark was drawn on the center of each sample in order
to focus the lens of the camera. The zoom setting was
maintained at 1.39:1, and the distance between the
camera and the transparent tube was 500 mm with an
angle of 25°.

The tested sample was fixed in a position of
0.395 m from the sound source inside the tube of total
length 0.62 m. A speaker at the end of the tube excited

Figure 3. Scheme of the measuring system with the detail of real nanofibrous membrane.
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Table 2. Positions of the nodes and antinodes (in terms of ratios).

OPEN tube CLOSED tube
Resonance
n(l,2,3,4, Node like ratio to tube Antinode like ratio to tube Node like ratio to tube Antinode like ratio to tube
9;.) length length length length
1 0 1 1 1/2
2 0 1/3 1/2 1/4
2 2/3 1 1 3/4
3 0 1/5 1/3 1/6
3 2/5 3/5 2/3 1/2
3 4/5 1 1 5/6
4 0 1/7 1/4 1/8
4 2/7 3/7 1/2 3/8
4 4/7 5/7 3/4 5/8
4 6/7 1 1 7/8
5 0 1/9 1/5 1/10
) 2/9 1/3 2/5 3/10
5 4/9 5/9 3/5 1/2
5 2/3 7/9 4/5 7/10
5 8/9 1 1 9/10
6 0 1/11 1/6 1/12
6 2/11 3/11 1/3 1/4
6 4/11 5/11 1/2 5/12
6 6/11 7/11 2/3 7/12
6 8/11 9/11 5/6 3/4
6 10/11 1 1 11/12
7 0 1/13 1/7 1/14
7 2/13 3/13 2/7 3/14
7 4/13 5/13 3/7 5/14
7 6/13 7/13 4/7 172
7 8/13 9/13 517 9/14
7 10/13 11/13 6/7 11/14
7 12/13 1 1 13/14
8 0 1/15 1/8 1/16
8 2/15 1/5 1/4 3/16
8 4/15 1/3 3/8 5/16
8 2/5 715 12 7/16
8 8/15 3/5 5/8 9/16
8 2/3 11/15 3/4 11/16
8 4/5 13/15 7/8 13/16
8 14/15 1 1 15/16
9 0 1/17 1/9 1/18
9 2/17 3/17 2/9 1/6
9 4/17 517 1/3 5/18
9 6/17 717 4/9 7/18
9 8/17 9/17 5/9 1/2
9 10/17 11/17 2/3 11/18
9 12/17 13/17 7/9 13/18
9 14/17 1517 8/9 5/6
9 16/17 1 1 17/18

the incident plane sinusoidal sound wave. The
membrane began to oscillate after the impact sound
waves reached it. This movement was picked up by the
high-speed digital camera and was displayed on the
LCD screen.

In order to determine a rough estimate of the
resonance frequency of the membrane, the 0-1000 Hz
frequency range was studied by taking measurements at
every 20 Hz. The deflection size of the nanofibrous
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membranes under the frequency range of 0-1000 Hz was
measured using the experimental settings below:

Setting 1: Open tube with positive tension of membrane
(one end of the tube is open).

Setting 2: Closed tube with positive tension of
membrane (the tube was closed with a rigid plate).
Setting 3: Open tube with negative tension of membrane
(a 0.5387 g weight was hung on the sample, and then
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immediately removed so as to create a radial tension on
the sample while one end of the tube was left open).

Setting 4: Closed tube with negative tension of
membrane (a 0.5387 g weight was hung on the sample,
and then immediately removed so as to create a radial
tension on the sample while the tube was closed with a
rigid plate).

Four different experimental settings were used to
study the resonant behavior of nanofibrous membrane
under different conditions.

Open vs. closed method

Resonance frequency of open tube can be calculated as
follows (Hirose & Lonngren, 2010):

(&
=(2n—-1)—. 1
f=@n-1) )
and that of closed tube is given by:
f=n—, @)

2L

where n is 1, 2, 3, 4..., ¢ sound velocity in the air
[ms '], L tube length [m]

The positions of the nodes/antinodes are given in
Table 2. Each value in the table was the ratio of the
position of a node/antinode to the total tube length,
which was assumed to be 1 wunit. The first three
resonance frequencies occurred in experimental (modes
1-3).

Figures 4-7 show the positions of the nodes/
antinodes of standing waves (see Table 2) in the empty

open and closed tube for the resonance frequencies
calculated using Equations (1) and (2). In these figures,
the relative position of the membrane to these nodes/
antinodes is also presented by means of a red line. The
position of membrane was chosen randomly at 0.637 of
tube length to ensure that the membrane is not located
exactly at node or antinode of tube. By placing the
measured sample out of the characteristic resonant
points, the basic resonant frequency of membrane should
not be affected by the first resonant frequency of the
tube at 139 Hz for the open tube and 277 Hz for
the closed tube. The results of measurements shown in
the Figures 8-11 confirm the presumption of randomly
selected position of the inside the tube in all settings.
The first peak of deflection belongs only to the
membrane, not the tube, because the first resonant
frequency is higher than the basic resonant frequency of
membrane.

Resonance frequency dependence on area density of
circular homogenous membrane

Regarding the graphs given in Figures 8-11, the first
peak having the maximum deflection tended to shift
toward the lower frequencies when the basis weight of
the material was increased. In other words, the resonance
frequency of the nanofibrous membrane was inversely
proportional to the basis weight for the nanofibrous
membrane, in the way given by the theory of a circular
homogenous membrane. The theory is formulated as
follows (Rossi, 1988; Skvor, 2001):

Displacement nodes (particles condensation and refraction) in an OPEN tube

Figure 4. Positions of nodes of standing wave inside the empty OPEN tube with the line of membrane position with respect to tube

length.
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Displacement antinodes {longest particles trajectory) in an OPEN tube
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Figure 5.
tube length.

Positions of antinodes of standing wave inside the empty OPEN tube with the line of membrane position with respect to

Displacement nodes {particles condensation and refraction} in a CLOSED tube
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Figure 6. Positions of nodes of standing wave inside the empty CLOSED tube with the line of membrane position with respect to

tube length.

; a F
i —m\/m, (3)

where F is the applied force to the membrane [N], R is
the radius of the membrane [m], m,, is the basis weight
of membrane [kg m 2], and a is a constant of mode.
Since these values were constant quantities for each
membrane produced in this experimental study, the
Equation (3) may be simplified as follows:

41

. constant (4)
)".\‘q

Besides the basis weight the other parameters e.g. fiber
diameter and its distribution, the flexibility of the
macromolecular chains of the nanofibers, compactness of
the nanofiber layer i.e. porosity and friction between

individual nanofibers, anisotropy of the structure, and
others influence the overall acoustic properties of the
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Displacement antinodes (longest particles trajectory) in a CLOSED tube
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Figure 7. Positions of antinodes of standing wave inside the empty CLOSED tube with the line of membrane position with respect

to tube length.

Optical methaod for resonance frequencies of membrane determination with resonance
frequencies of OPEN TUBE - positive tension
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Figure 8 Deflection of membrane for setting 1.

nanofiber membrane. Some of these parameters have Results and discussion

been studied and described in the study (Kucukali Figures 8-11 show the sum of the deflection (i.e. the sum
Ozturk, Nergis, Candan, & Kalinova, 2014). From the of positive and negative amplitudes) of PVA nanofibrous
results f)f this StUd.)ﬂ it can be concluded that the sound membranes having different basis weights for the different
absorption behavior of the nanofibrous membranes measurement settings (setting 1-4). From these figures, it

increased when the fiber diameter was decreased.
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can be seen that the amplitude of the membrane under
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Optical method for resonance frequencies of membrane determination with resonance
frequencies of CLOSED TUBE - positive tension
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Figure 9. Deflection of membrane for setting 2.
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positive tension (without a weight) was different from that
of the membrane under negative tension (with a weight).
Inside a closed tube, the standing wave occurs due to the
reflection of the wave from back wall with an antinode of
the first resonance frequency of 277 Hz, which is close to
the membrane position (see Figure 7). Therefore, the

antinode of the first resonance frequency inside the closed
tube is expected to impact the membrane vibration. On the
other hand, the positions of the node inside the closed tube
and node and antinode inside the open tube are far away
from the membrane position (e.g. 1 or 0 which is far from
0.637) (see Figures 4-6).

Optical method for resonance frequencies of membrane determination with resonance
frequencies of OPEN TUBE - negative tension

resonance
of
50 it 139 416 694
45+ resonance resonance resonance
frequency of tube frequency of tube frequency of tube
40 influencing Influencing Influencing
membrane membrane membrane
E 351 vibration vibration vibration
'g' 3,0
.5 2 5
'y
E 20
32
15
10
0,5
0,0

50 150 250

—-o— membrane of 3gsm  —# membrane of 7 gsm

350 450 550 650

f [Hz]

Figure 10. Deflection of membrane for setting 3.
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Optical method for resonance frequencies of memhrane determination with resonance

frequencies of CLOSED TUBE - negative tension

2,0 277 555 832
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membrane frequency of tube frequency of tube frequency aof tube
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membrane membrane membrane
1,4 vibration vibration vibration
E
E 1,2
S 10
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0‘0 1 1 1 1 f 1 1 1 1
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—o— membrane of 3gsm  -=- membrane of 7gsm  —+ membrane of 15 gsm

Figure 11. Deflection of membrane for setting 4.

Figure 8 shows the comparison of the resonance
frequency of the nanofibrous membranes in the open
tube form (i.e. setting 1). As may be seen from the
graph, the resonance frequencies of the membrane
decreased as basis weight of the nanofibrous membrane
increased. This was more evident at higher resonance
frequencies. Except for the first resonance peak, the
resonance behavior of the membrane seemed to be
affected by the resonance of the tube itself. This finding
was supported by the fact that the resonance frequencies
of the tube (gray lines) were close to those of the
membranes (the colored peaks).

Figure 9 shows the resonance frequencies of the
membranes in the case of closed tube. The resonance
frequencies of the nanofibrous membranes shifted to the
lower frequencies as the basis weight of the membranes
increased, which was in accordance with the results of
setting 1. Also, more peaks occurred at high frequencies.

This can be attributed to the fact that the antinodes
inside the closed tube impacted the membrane vibration.

Finally, with reference to Figure 10 and Figure 11, it
can be stated that the resonance frequencies of the
membranes exhibited similar characteristics to those
presented in Figures 8 and 9, respectively. However, the
amount of deflection in general was observed to increase
in the case of negative tensioning of the membranes
(settings 3 and 4). Application of tension to the samples
might have rendered them slack and more flexible, and
consequently, they might have vibrated more readily at a
wider displacement.

Besides all these, the amplitude of the deflections
was observed to decrease when the tube was closed. The
reason may be explained with that the resonance
frequency occurs when the deflection is at a maximum.
When the tube is closed, its resonance frequency does
not match up with that of the membrane, and therefore,

Optical method for resonant frequencies of 3 gsm membrane determination with resonant frequencies of
OPEN or CLOSED TUBE
110 140 400 640 # OPEN tube
L XEX b £ D £ ® CLOSED tube
120 150 260 550 4 OPEN TUBE with MEMBRANE of 3 gsm
7% CLOSED TUBE with MEMBRANE of 3 gsm
139 277 416 555 694 832
* o > = * =]
frequency [Hz]

Figure 12. The resonance frequencies of 3 g m > membrane against those of the empty tube.
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Optical method for resonant frequencles of 7 gsm membrane determination with resonant frequencles of
OPEN or CLOSED TUBE
100 140 400 & OPEN tube
DR ] X X & X} = CLOSED tube
M 140 240 300 530 4 OPEN TUBE with MEMBRANE of 7 gsm
= CLOSED TUBE with MEMBRANE of 7 gsm
139 277 416 555 694 83z
& L 2 L] 4 L]
frequency [Hz]

Figure 13. .The resonance frequencies of 7 g m - membrane against those of the empty tube.

Optical method for resonant frequencies of 15 gsm membrane determination with resonant frequencies of
OPEN or CLOSED TUBE
100 140 380 500 ¢ OPEN tube
X X 3 X1 X @ i & ® CLOSED tube
70 110 220 320 520 © OPEN TUBE with MEMBRANE of 15 gsm
IS CLOSED TUBE with MEMBRANE of 15 gsm
139 277 416 555 694 832
* = 2 = . &
frequency [Hz]

Figure 14. The resonance frequencies of 15 g m™~? membrane against those of the empty tube.

the membrane cannot vibrate sufficiently to cause
maximum deflection to occur.

In an attempt to demonstrate the relation between
resonance frequencies of the membrane and the tube for
each basis weight, Figures 12-14 were plotted. The
influence of the resonance frequency of the tube on the
resonance frequencies of the samples may not be
negligible for the measurements made for light membrane.
In the case of the lightest membrane, the resonance
frequencies of the sample almost coincided with those of
the tube, which confirmed the influence of the tube. This
may be due to the fact that the tube causes the formation
of a standing wave in which the node and antinode
locations of the light weight membrane vibrations change,
and hence, samples resonance frequencies matched up
with those of the tube as expected. However, as was
expected, it was not as evident for heavier membranes.
Heavy membranes show their own characteristic and were
less affected by the tube.

Conclusions

A novel method for the determination of the resonance
frequency of a membrane was developed within the frame
of a long-term project. In this article, the effect of basis
weight of a membrane on resonance frequency was
investigated for four different settings such as open tube,
negative pre-tensioning, etc. using this optical method. It

45

was found that the resonance frequencies of the
membranes decreased as basis weight of the samples
increased. This result is in the accordance with behavior of
other types of fiber-based acoustic absorbing materials.
The main difference between using the nanofibrous
membranes and conventional fibrous materials is in the
absorbance of lower frequencies. This effect is caused by
the morphology parameters e.g. ratio between free length
of fiber between entanglements. Furthermore, the
deflection size of the membranes also decreased with the
increase of the basis weight. Finally, it was concluded that
except for the lowest frequencies (first resonant peak), the
resonance behavior of the membrane was affected by the
resonance of the tube. Heavy membranes show their own
characteristic and were less affected by the tube.
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KAPITOLA IlI: SYNERGIE DVOU RUZNYCH REZONANCNICH PRVKU
V JEDNOM AKUSTICKEM SYSTEMU.

V tomto uspotadani je myslenkou spojeni membranového (nanovlakenného) rezondtoru spolu s dutinovym
rezonatorem, resp. perforovanym panelem. Princip je popsan v uvodni kapitole U.2., resp. U.2.1. Rezonan¢ni

frekvence homogenni kruhové membrany fy; [Hz] je dle prace [Skvor, 2001] dana vztahem

1
fo,i = omR a0,iCy (2)

kde R je polomér kruhu napnuté membrany [m], a,;je konstanta vidu (2,4048 pro fy 1; 5,5201 pro f,; 8,6537

pro fo3; 11,97915 pro fy4) @ Cy je rychlost pficné viny §itici se na membrané [m.s™'] dana vztahem

Cu = Jm: 3)

kde v je radialni nap&ti membrany [N.m™] a mg, plo$nd hmotnost membrany [kg.m™].

Pro pravothlou membranu jsou pak jeji rezonanéni frekvence f,, [Hz] dle prace [Skvor, 2001] dany

vztahem
=30 (&) +(3) @

kde m, n jsou vidy v kazdé ose, a,b jsou rozméry stran pravouhelniku [m].

Uzlové ¢ary kruhu v nejjednodussim ptipadé symetrie jsou soustfedné kruznice, uzlové ¢ary pravothelniku
sméfuji v nejjednodussim piipadé ve sméru os napéti membrany (kolmo na strany tvaru) a rozdéluji
vedena po uhlopfiéce pravouhelniku. Z tohoto diivodu byly k danym hodnotam rezonanéni frekvence kruhu
odvozeny tfi varianty rozméru pravouhelniku (pro zjednoduseni Ctverce) a vypocitany jejich rezonanéni
frekvence (tabulka 1). Konstantniho napnuti membrany v bylo dosazeno dodrZzenim konstantnich podminek
laminace nanovlakenné membrany na desku s perforaci. Optickou metodou byla stanovena zakladni
rezonanéni frekvence kruhové membrany fy;. Za predpokladu konstantni hodnoty v a tim i Cy, pak vztah (4)

Ize upravit dosazenim vztahu (2) nasledovné

nrfon)(5) +(5)
fian = —V e 0 5)
Prvni varianta rozméru &tverce vychazi ze shodné plochy s plochou kruhu (1,27.10°m?), pak je strana

ctverce rovna 0,036m. Druha varianta je odvozena od shodného rozméru strany ¢tverce s primérem kruhu

0,04m a tfeti varianta po¢ita se shodou rozméru praméru kruhu a uhlopti¢ky ¢tverce Xx=0,04 (strana ¢tverce
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ma pak rozmér 0,028m). Z hodnot rezonan¢ni frekvence, vypoéitané pro vidy m=1,2,3 a n=1,2,3, je nalezena
shoda s rezonan¢nimi frekvencemi kruhu pouze v prvni varianté, kde plochy obou tutvari jsou shodné
(tabulka 1 (a), (b)). Proto byl navrh experimentu zaloZen na shodné ploSe Gtvard. V ostatnich variantach
rozméru Ctverce, kde se s primérem kruhu shoduje bud’ strana, nebo thlopticka ¢tverce, neodpovidaji Zadné

rezonan¢ni frekvence vlastnim frekvencim kruhu.

KRUH 40 R [m] f0,i [Hz] CTVEREC 36;36 a[m] b [m] fm,n [Hz]
a0,1 2,4048 0,02 90 m 1 n 1 0,036 0,036 92
a0,2 5,5201 0,02 207 m 1 n 2 0,036 0,036 146
a0,3 8,6537 0,02 324 m 2 n 1 0,036 0,036 146
a0,4 11,7915 0,02 441 m 2 n 2 0,036 0,036 185
m 3 n 1 0,036 0,036 207
m 1 n 3 0,036 0,036 207
m 3 n 2 0,036 0,036 236
m 2 n 3 0,036 0,036 236
(a) (b) m 3 n 3 0,036 0,036 277
. CTVEREC 28;28
CTVEREC 40;40 a[m] b [m] fm,n [Hz] (x=40) a [m] b [m] fm,n [Hz]
m 1 n 1 0,040 0,040 83 ml 1 nl 1 0,028 0,028 118
m 1 n 2 0,040 0,040 131 ml 1 n2 2 0,028 0,028 186
m 2 n 1 0,040 0,040 131 m2 2 nl 1 0,028 0,028 186
m 2 n 2 0,040 0,040 166 m2 2 n2 2 0,028 0,028 235
m 3 n 1 0,040 0,040 186 m3 3 nl 1 0,028 0,028 263
m 1 n 3 0,040 0,040 186 ml 1 n3 3 0,028 0,028 263
m 3 n 2 0,040 0,040 212 m3 3 n2 2 0,028 0,028 300
m 2 n 3 0,040 0,040 212 m2 2 n3 3 0,028 0,028 300
(C) m 3 n 3 0,040 0,040 249 (d) m3 3 n3 3 0,028 0,028 353

Tabulkal: vypocet rezonancnich frekvenci (a) kruhu o priméru 0,04m; cétverce o variantnim rozméru strany — (b)
0,036m (shodnd plocha s kruhem = 1,27.10°m?), (c) 0,04m (shodnd strana s priimérem kruhu), (d) 0,028m (ihlopFicka

x=0,04 shodna s primérem kruhu).

Pro ovéfeni vlivu tvaru perforace na rezonan¢ni chovani akustického prvku s nanovlakennou membranou
byly navrzeny rizné tvary perforace pii konstantni plode utvaru 1,27.10°m? — kruh, étverec, trojithelnik a
Ctyfcipa hvézda (tabulka 2, obraz 35). Na PA6 desku o tloustce 13mm S jednim vystiedénym otvorem
rizného tvaru byla laminovana nanovlakenna vrstva z 14%roztoku PA6 o plosné hmotnosti 0,2gsm. Je
zfejmé, Ze rezonance nanovlakenné membrany ma pro akusticky systém (dutinovy/membranovy rezonator)

majoritni vliv na vysledné vlastnosti.
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Tvar rozméry Tvar rozméry
trojdhelnik , |strana [m] vyska [m] plocha [mz] trojdhelnik , |strana [m] vyska [m] plocha [mz]
rovnostranny rovnostranny
0,054 0,046765 0,001263 0,068 0,058890 0,002002
kruh primér [m] plocha [m?] ||kruh pramér [m] plocha [m’]
0,04 0,001257 0,08 0,005027
étverec strana [m] plocha [m?] ||Etverec strana [m] plocha [m?]
0,036 0,001296 0,056 0,003136
hvézda hvézda
cip zakladna [m] wvyska [m] plocha [m2] cip zakladna [m] wvyska [m] plocha [mz]
0,022 0,029 0,000319 0,029 0,039 0,000566
4*cip 0,001276||4*cip 0,002262
Ctverec strana [m] plocha [mz] Ctverec strana [m] plocha [mz]
0,022 0,000484 0,029 0,000841
celkem 0,001760(|celkem 0,003103

Tabulka2: vypocet plochy perforace ve tvaru rovnostranného trojuhelniku, kruhu, étverce a hvezdy o jednotné plose

(modra pole), variantni rozméry tvarii jsou vyznaceny zelené.

54;54

40

36;36

Obraz 35: zndzornéni zakladnich tvarii perforace o stejné plose 1,27.10°m?,

Do systému vstupuje dutinovy rezonator o konstantni ploSe perforace, avSak rozdilném tvaru se
zanedbatelnou vyslednou pohltivosti zvuku (obraz 36). Srozdilnym tvarem, ma akusticky systém
s aplikovanou nanovlakennou membranou, kterd prekryva otvor dutiny ve vysledku rtizna rezonancni
maxima Cinitele zvukové pohltivosti, avSak prvni maximum ¢tverce a trojuhelniku je téméf shodné pii cca
400Hz (obraz 37) a podobné se shoduje druhy peak ¢tverce a kruhu pfi cca 700Hz (obraz 38). Membrana ve
tvaru ctyfcipé hvézdy pak rezonuje shodné s ¢tvercem a trojuhelnikem s prvnim maximem pfi cca 400Hz,

dale s trojuhelnikem pfi druhé rezonancéni frekvenci cca 600Hz a nakonec jeji tieti rezonancni maximum

vvvvvv

dochazi k vétsimu poctu rezonanci a zvuk je tak pohlcovan v Sir§im frekvenénim spektru.
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Obraz 36: frekvencni zavislost Cinitele zvukové pohltivosti; deska o tloustce 13mm s 1 vystredénym kruhovym otvorem
riizného tvaru a rizném priméru, méreno ve vzddlenosti 50mm od stény; KRIVKY: cdernd - ctverec strana
36mm_50mm, Cervend - rovnostranny trojuhelnik strana 54mm_50mm; modra - kruh o prioméru 40mm_50mm, zelend -

hvezda o rozmeéru cipu 29x22 mm (vyskaxstrana) 50mm.

0.8
a(-)

( \
SN |
WL |

1]

100 1000 f(Hz)

Obraz 37: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovdina na
PA6 desku o tloustce 13mm s 1 vystiedénym otvorem rizného tvaru S konstantni plochou 1,27.10°m, méfeno ve
vzddlenosti 50mm od stény; KRIVKY: ¢ernd - ¢tverec strana 36mm; cervend - rovnostranny trojithelnik strana 54mm;

modra - kruh o priméru 40mm, zelend - hvézda o rozméru cipu 29x22 mm (vyskaxzdakladna).

K zakladnim tvarim byly poté odvozeny dalsi velikosti (obraz 38) a to nasledovné: zakladni kruh o priméru
0,04m byl vepsan do rovnostranného trojihelniku o velikosti strany 0,068m a jemu opsana kruznice 0
praméru 0,08m, kterd opisuje také Ctverec o stran€ 0,056m. zakladni kruznice 0,04m je vepsana také do

nového rozméru hvézdy o vysce cipu 0,039 a zakladny cipu 0,029m.
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Obraz 38: zndzornéni dalsich tvarii perforace ve vzajemném vztahu k zdkladnimu tvaru kruhu o primeéru 0,04m.

Obraz 39 porovnava dle nakresu 36 dalii velikosti tvarti ve vzajemném vztahu k zakladnim tvaram. Cim
rezonan¢ni peak kazdého tvaru, pfi kterém je pohltivost maximalni, se s plochou tvaru posouvd smérem
k vy3sim frekvencim. Cerveny trojithelnik o plose 2,00.10° m? ma maximum pii cca 500Hz, zelend hvézda o
plose 3,10 .10 m? m4 maximum pii cca 600Hz, &erny &tverec o plose 3,13 m? ma maximum pii cca 700Hz a

modry kruh o ploge 5,02 .10 m? ma pak maximum pfi cca 900Hz.
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Obraz 39: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovana na
PAG6 desku o tloustce 13mm s 1 vystiedénym otvorem rizného tvaru, méreno ve vzddlenosti 50mm od stény; KRIVKY:
Cernd - Ctverec strana 56mm; cervend - rovnostranny trojuhelnik strana 68mm; Zlutd - kruh o priméru 80mm; zelend -

hvezda o rozmeéru cipu 39x29 mm (vyskaxzdkladna).
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Obrazy 40 — 43 pak porovnavaji ruzné velikosti jednoho tvaru s a bez aplikované nanovlakenné membrany
(Cerna kitivka je vzdy perforace s membranou o mens$i plose a Ktomu Sedd bez membrany, Cervena je
perforace s membranou o vétsi ploSe a k tomu oranzova bez membrany). Obecné 1ze konstatovat, Ze pies
perforaci aplikovana nanovlakenna membrana posouva hlavni rezonan¢ni peak, kdy je pohltivost zvuku
maximalni smérem k vys$§im frekvencim oproti stejné perforaci bez membrany, avSak celkova pohltivost
prvku vyrazné stoupne. S velikosti perforace stejného tvaru jsou v maxima pohltivosti posunuta smérem
k vyssim frekvencim zvuku. Tato zavislost bude jisté platit jen v urcitém rozmezi velikosti, nalezeni limitQ

nebylo pfedmétem tohoto experimentu.
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Obraz 40: frekvencni zavislost Cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovdna na
PAG6 desku o tloustce 13mm s 1 vystiedénym otvorem tvaru ctyrcipé hvézdy 0 rizném rozméru cipu (vySkaxzdkladna),
méreno ve vzdalenosti 50mm od stény; KRIVKY: cernd - 29%22 mm s nano 02gsm; cervend - 39x29mm s nano 02gsm;

Seda — 29x22 mm, oranzova - strana 39x29mm.
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Obraz 41: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovdna na

PAG6 desku o tloustce 13mm s 1 vystiedénym otvorem tvaru rovnostranného trojiuhelniku o riizném rozméru strany,
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méreno ve vzdalenosti 50mm od stény; KRIVKY: ¢ernd - 54mm s nano 02gsm, cervena - 68mm s nano 02gsm; sedd —

54mm, oranzova - strana 68mm.
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Obraz 42: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovina na
PAG desku o tloustce 13mm s 1 vystiedénym otvorem tvaru ctverce O riiznéM rozmeéru strany, méreno ve vzddlenosti
50mm od stény; KRIVKY: cernd - 36mm s nano 02gsm; cervend - 56mm s nano 02gsm; sSedd — 36mm; oranzova -

strana 56mm.
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Obraz 43: frekvencni zavislost Cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovdna na
PAG6 desku o tloustce 13mm s 1 vystiedénym otvorem tvaru Kruhu 0 riizném rozméru strany, méreno ve vzddlenosti
50mm od stény; KRIVKY: éernd - 40mm s nano 02gsm, cervena - 80mm s nano 02gsm; Seda — 40mm; oranzova -

strana 80mm.
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Za G¢elem navrhu vzoru perforace panelu, byly navrzeny a testovany takové tvary, aby produkt byl snadno a
rychle vyrobitelny. Proto byly pouzity pouze kruhové perforace a Stérbinové profezy. Obraz 44 porovnava
vysledky cinitele zvukové pohltivosti desky o tloustce 2mm perforované kruhovymi otvory o pruméru 8mm
arozteci 16; 16mm, jednak samotné perforované desky a poté s aplikovanou nanovlakennou vrstvou, méieno
Zjedné, nebo druhé strany desky, ktera je vzdy ve vzdalenosti S0mm od stény/pistu trubice (vzduchova

mezera mezi akustickym prvkem a odrazivou sténou je tedy vzdy 48mm).
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Obraz 44: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovana na
BOND desku o tloustce 2mm perforovanou kruhovymi otvory o priméru 8mm a rozte¢i 16 X 16mm, méreno ve
vzddlenosti 50mm od stény; KRIVKY: cernd - perforovand deska s nanovidkennou membrdanou na rubu; Zlutd -

perforovana deska S nanovidkennou membranou na lici; cervena — samotna perforovand deska.

Obraz 45 pak znazornuje vysledky cinitele zvukové pohltivosti desky o tloustce 2mm perforované
kruhovymi a Stérbinovymi otvory rtznych velikosti a rozte¢i a aplikovanou nanovlakennou vrstvou na
tenkém nosicCi. Z téchto vysledkil je patrny velky vliv jak velikosti, tak roztecCe perforaci, které budou
predmétem dalSiho systematického vyzkumu v nésledujicim obdobi. Dalsim vyhledem je ovéfeni vyznamu
vlastnosti dutinového rezonatoru (vztah 1 uvedeny v kapitole U.2.), kde krom¢ velikosti, a roztece otvoru, je
podstatna také tloustka desky a jeji vzdalenost od odrazivé plochy (v aplikaci stény/stropu). Teoretické
predpoklady budou ovéfeny nejen pomoci kiivky Cinitele zvukové pohltivosti, ale také pomoci méfeni

vychylky nékterou z optickych metod, uvedenych v kapitole I.
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Obraz 45: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovdina na

BOND desku o tloustce 2mm perforovanou kruhovymi a §térbinovymi OtVOry 0 riizném priméru priuméru a rozteci.
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Nasleduje publikace, ktera se zabyva studiem akustického chovani prvku sestavajiciho z membranového

(nanovlakenného) rezonatoru a perforovaného panelu s kruhovymi perforacemi rizné velikosti a roztece pro

nalezeni optimalni varianty perforace vzhledem k nanovladkenné membrané o danych parametrech.
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A nanofibrous acoustic system based on
the cavity/membrane resonance principle

Klara Kalinova

Abstract

Room acoustic solutions are based on measurements of the acoustic power of the room and acoustic elements with
different functions (absorption tiles, absorption ceilings, absorption bodies, diffusers, barriers). This work is focused only
on absorption elements, with an emphasis on addressing lower frequencies. The goal of this research is achieved by
sound absorbing means which contains a cavity resonator with a nanofibrous resonant membrane, which overlaps
orifices of the cavity resonator. The design of the material is based on broadband noise. Absorption of lower frequencies
is restricted to a certain extent by the final thickness of the acoustic material. A two-microphone impedance tube for
determining the sound absorption coefficient was used to measure the limited frequency spectrum 100-1600 Hz. These
frequencies, however, cover the area particularly focusing on middle and lower frequencies. The principle of the acoustic
system consists in using combination of a cavity resonator, by which the air or other material contained in its cavities is
forced into vibration upon impact of sound waves of high frequency, and a nanofibrous resonant membrane, which is
forced into vibration upon impact of sound waves of low frequency. The optimal arrangement of holes inside the

perforated plate, according to broadband sound absorption, has been found.

Keywords

room acoustics, membrane, nanofibers, resonance, sound, electrostatic spinning, absorption

The design of a sound absorbing material suitable for
the particular application is based on a range of fre-
quencies of unwanted sound which are to be absorbed
or damped. To absorb sounds of high frequencies, espe-
cially porous materials are used, such as melamine,
polyurethane, and metal foams or non-woven fabrics
made from mineral or polymeric fibers. The term
sound absorption is understood to mean the irreversible
transformation of sound energy into a different energy.
The greatest amount of energy is consumed by the fric-
tion of vibrating air particles on the pore walls, where
there is a reduction of the velocity gradient in the inter-
layer and an irreversible transformation of the kinetic
energy of the particles into thermal energy.' However,
these materials are unsuitable for absorbing sounds of
lower frequencies, due to the great material thickness
needed in such cases. Nanofibers produced by the elec-
trospinning process have a large specific surface area.’
Thanks to the large specific surface of fibers as well as
the small pore size, the nanofibrous layers have differ-
ent properties in comparison to currently-produced

porous fibrous material. In an experimental study'
parameters of the acoustic wave propagation were
derived. Static resistivity was determined based on
measurements of the permeability of bulk fiber materi-
als. The permeability of constantly filled materials is a
function of the diameter of the fibers.

Materials based on the resonance principle can be
divided into three groups: materials that act as a
vibrating membrane; materials that act as a vibrating
plate; and materials based on the principle of
Helmholtz resonators. The base weight of the mem-
brane has a clear effect on the resonant frequency of
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the system or on the absorption coefficient, which
increases with these characteristics.” F urthermore,
there is a shift in the maximum of the sound absorption
coefficient towards lower frequencies. In practice, a thin
circular membrane is defined® as a form which is cre-
ated by stretching, for example, a thin homogeneous
elastic film with a constant base weight on a rigid cir-
cular frame. The membrane obtains its rigidity through
this strain induced by the radially acting force. This
section evaluates the materials which are used in
room acoustics.

Sakagami et al.” shows the resonant behavior of a
micro perforated panel for various perforation ratios in
comparison with a panel/membrane-type absorber. The
sound absorption of the back wall surface is consid-
ered. The research published by Onen et al.® compares
the predictive model of sound absorption of microper-
foration configurations with measurements inside the
impedance tube. Absorption peaks occurred at sound
frequencies around 500-1000 Hz, according to perfora-
tion parameters. Kalinova’ focused on estimation of
the resonance frequency of nanofibrous membranes
from sound absorption coefficients and transmission
loss measurements, depending on the production
parameters of nanofibrous membrane prepared by the
electrospinning process. Kalinova, in another paper,®
demonstrated that the sound absorption coefficient of
the material with nanofibrous layers is, at lower fre-
quencies, eminently higher than the base material with-
out nanofibers. She found that the resonant
nanofibrous membrane vibrates and the sound energy
of lower frequencies is absorbed.

Principle of technology

In accordance with the author’s patent,” the research
for this paper is based on the study of a nanofibrous
membrane like the resonance membrane for an acoustic
panel. The goal of this research is achieved by sound
absorbing means which contains at least one cavity
resonator with an acoustic resonant membrane, which
overlaps an orifice/orifices leading into the cavity/cav-
ities of the cavity resonator (see Figure 1). The para-
meters of the resonant membrane, together with the
shape, volume, and spacing of the cavity of the cavity
resonator, then determine which sound frequencies will
be damped and to what extent. At the same time it is
possible—while maintaining the thickness of the
resonator—to damp sound frequencies which would
normally be damped by a cavity resonator with an
extremely large air gap. If necessary, in order to
obtain the required sound absorbing properties, the
resonant membrane is arranged on both opposing sur-
faces of the cavity resonator, and/or on the resonant
membrane another cavity resonator is arranged, which
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Figure |. Cross section of sound absorbing means according
to the invention with Helmholtz’s cavity resonator covered by
the membrane resonator; where | is the cavity resonator, 2 is the
frame, 3 is the hole of the cavity resonator, 4 is the membrane
resonator, and 5 is the wall/ceiling.

can be attached to another resonant membrane, which
overlaps the orifice/orifices leading into its cavity/cav-
ities. Any cavity resonator can be used as the cavity
resonator, for example a Helmholtz cavity resonator,
a cavity resonator formed by a honeycomb, a cavity
resonator formed by a perforated panel/board with at
least one cavity, and so on. Any resonant membrane
can then be used as the resonant membrane, for exam-
ple a layer of polymeric nanofibers, a synthetic foil, a
metallic foil, a cellulose foil, a layer of paper, or a
combination thereof. The resonant membrane can
also be perforated. For the purpose of further increas-
ing the sound absorption, at least one cavity of the
cavity resonator is at least partially filled with sound
absorbing material.

Sound absorption of acoustic perforated boards

Rigid boards with circular, square, or slotted holes are
used to absorb low frequencies. The major limitation of
these elements is that they absorb a very narrow sound
band, to which these elements are “tuned”. For other
frequencies the rate of absorption is very low. These
boards are applied either directly to the wall/ceiling
or, typically, at some distance from the wall/ceiling.
They can also have a filling. Figure 2 shows the typical
sound absorption curves of perforated board contain-
ing holes and slots.

Materials and methods

Solutions using acoustic elements with nanofiber
resonant membranes

Resonant nanofiber membrane. Acoustic materials with
nanofiber layers have been developed for their broad-
band effect. The nanofiber layer works as a resonant
membrane, which when exposed to sound vibrates and
absorbs lower resonant frequency sound. Nanofiber
layers are produced by electrospinning a polymer solu-
tion into a non-woven fabric (see Figure 3). The pro-
duction of nanofiber layers by electrospinning is
described in its patents.'”'" Nanofiber layers have
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Figure 2. Frequency dependence of the sound absorption coefficient; rigid laminated board with a thickness of 16 mm with circular
holes and slots; holes with a diameter of 8 mm and a span of 16x16 mm, slots with a thickness of 4 mm, width of 29 mm, and span of
32mm. Measured at different distances from the wall (air gap including the thickness of the sample): 0: board on the wall; 20: 20 mm
from the wall; 30: 30 mm from the wall; 40: 40 mm from the wall; 50: 50 mm from the wall.
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Figure 3. Image of a nanofibrous structure compared to a
fibrous structure.

unique acoustic properties due to the large specific sur-
face area of the nanofibers, where viscous losses may
occur, and also the ability of the nanofiber layer to
resonate at its own frequency. The resonance mem-
brane is then, upon the impact of sound waves of low
frequency, brought into forced vibration, whereby the
kinetic energy of the membrane is converted into ther-
mal energy by the friction of individual nanofibers and
by the friction of the membrane with the ambient air.
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Figure 4. Principle of the proposed final solution of the
acoustic element with a nanofiber layer, where the openings of
the plate are covered by a thin carrier layer of 25 g.m_z, together
with a nanofiber membrane of 0.2g.m™? (blue line in the cut).

Part of the energy is also transmitted to the frame, by
which means the vibrations of the resonance membrane
are damped. When sound waves hit the nanofiber mem-
brane they introduce forced vibrations in the case of
resonances which have maximal amplitude. The fibrous
material provides sufficient attenuation of the resonat-
ing membrane, so as much sound energy as possible is
converted into heat in the resonator.

Cavity resonator. The acoustic element is based on a solid
frame in the form of a perforated plate whose reverse
side is covered by a thin spunboned carrier layer of
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25g.m~2 with a nanofiber membrane of 0.2g.m 2
where the nanofiber layer is secured between the perfo-
rated plate and the carrier layer. The perforated plate is
situated on the face of the acoustic panel. Figure 4
shows a possible design of acoustic panel for the pur-
pose of illustration, and Figure 5 shows the actual
design of the cavity resonator (perforated plate) used
in the experiment. The w and t sizes and shapes have
been chosen to ensure the greatest possible porosity of
the plate.

Cavity resonator covered by the membran. The principle of
the acoustic system consists in the usage of a combina-
tion of a cavity resonator, by which the air or other
material contained in its cavities is forced into vibration
upon impact of sound waves of high frequency, and an

£ 2

Figure 5. Component used to design the subsequent acoustic
elements: aluminum perforated plates covered with a nanofiber
layer with marked hole width w, hole spacing t, and angle 60°.

acoustic resonant membrane, which is brought into
forced vibration upon the impact of sound waves of
low frequency. The resonance frequency of the cavity
resonator is then determined by the particular dimen-
sions of its cavity/cavities, by the size, shape, and spa-
cing of the inlet orifices leading into it/them, by its
material, and by the quantity and character of the fill-
ings of the cavity/cavities.

The nanofiber resonant membrane is then arranged
on the surface of the cavity resonator, to which it is
firmly attached—for example glued or laminated. Its
parts, which overlap the orifices leading into the
cavity/cavities of the cavity resonator, constitute sepa-
rate resonant surfaces, whereby the resonant frequency
of each of them is also determined, apart from the over-
all properties of the resonant membrane, also by their
size, shape, and spacing (see Figure 1).

Upon the impact of sound waves, these resonant
surfaces are brought into forced vibrations, which are
subsequently damped by friction in the inner structure
of the resonant membrane, by the friction of the reso-
nant membrane against ambient air, and possibly
against other layers of the material arranged in its
proximity, wherein part of the kinetic energy of the
resonating membrane is transmitted to the cavity reso-
nator. Moreover, friction in the inner structure of the
resonant membrane is further increased by the fact that
the neighboring resonant surfaces can vibrate with
mutually different periods and/or deviation.

For production of PA6 nanofibrous membranes, the
cord electrospinning method was used.'”” In this
method, the cord was connected to a high voltage
supply and at the top of the cord there was a counter
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Figure 6. Frequency dependence of the sound absorption coefficient; aluminum perforated sheet with a thickness of | mm with
centered circular holes with a hole diameter of 8 mm, hole spacing of 10 mm, without a nanolayer. Curves: 10: 10 mm from the wall;
20: 20 mm from the wall; 30: 30 mm from the wall; 40: 40 mm from the wall; 50: 50 mm from the wall.
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Figure 7. Frequency dependence of the sound absorption coefficient; aluminum perforated sheet with a thickness of | mm with
centered circular holes with a hole diameter of 8 mm, hole spacing of 10 mm, with a nanofibrous layer (N) on a carrier (E). Curves: 10:
10mm from the wall; 20: 20 mm from the wall; 30: 30 mm from the wall; 40: 40 mm from the wall; 50: 50 mm from the wall.
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Figure 8. Frequency dependence of the sound absorption coefficient; aluminum perforated sheet with a thickness of | mm with
centered circular holes with a hole diameter of 8 mm, hole spacing of 10 mm, without a nanolayer, with a nanolayer carrier (E). Curves:
10: 10mm from the wall; 20: 20 mm from the wall; 30: 30 mm from the wall; 40: 40 mm from the wall; 50: 50 mm from the wall.

electrode, which was grounded. The polymeric solution
was applied onto the cord around its whole circumfer-
ence then the application means moving reversibly
along the active spinning zone of the cord and the pro-
cess of electrostatic spinning of the liquid polymeric
material is started. Taylor cones were created on the
cord surface towards the counter electrode. The nano-
fibers then covered the carrier during the electro-spin-
ning process, without any conveyer or supporting
material, such as paper. The average fiber diameter
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was 160+ 57nm and the base weight of nanofibrous
membrane was 0.2 4+0.02 g.m 2.

The method used for determining the acoustic
absorption coefficient of acoustic laboratory samples

Apparatus was used to determine the sound absorption
coefficient of laboratory circular samples with a dia-
meter of 100 mm for a frequency range of 50-1600 Hz
and 29mm for a frequency range of 500-6400 Hz,
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Figure 9. Frequency dependence of the sound absorption coefficient; aluminum perforated sheet with a thickness of | mm with
square centered holes with a hole diameter of 8 mm, hole spacing of 10 mm, with a nanolayer carrier or with a nanolayer on a carrier.

All samples are placed at a distance of 50 mm from wall.
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Figure 10. Frequency dependence of the sound absorption coefficient; aluminum perforated sheet with a thickness of | mm with
square centered holes with a hole width of 3 mm, hole spacing of 4 mm, with a nanolayer carrier or with a nanolayer on a carrier. All

samples are placed at a distance of 50 mm from wall.

according to ASTM E1050-08. The method is based on
an evaluation of the sound absorptive properties of
materials at a normal incidence of sound waves.

Due to the fact that the holes in the frame were almost
the same size as the diameter of the small tube of the
measuring apparatus, one sample from each of arrange-
ments was measured in a large tube with a diameter of
100 mm. A two-microphone impedance tube for deter-
mining the sound absorption coefficient was therefore
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used to measure the limited frequency spectrum 100-
1600 Hz. These frequencies, however, cover the area par-
ticularly focusing on middle and lower frequencies.

Results and discussion

Figures 6-9 illustrate the sound absorbing properties
of the proposed elements, where further components
are gradually added to the visible perforated boards.
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Figure |l. Frequency dependence of the sound absorption coefficient; aluminum perforated sheet with a thickness of | mm with
square centered holes with a hole width of 30 mm, hole spacing of 40 mm, with a nanolayer carrier or with a nanolayer on a carrier. All

samples are placed at a distance of 50 mm from wall.
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Figure 12. Frequency dependence of the sound absorption coefficient with decreasing hole width from the optimum (8/10);
aluminum perforated board with a nanolayer on a carrier at a distance of 50 mm from wall. Holes arrangement: 8/10: perforated plate

with hole width of 8 mm and hole spacing of 10mm; 4/5: perforated plate with hole width of 4mm and hole spacing of 5mm; 3/4:

perforated plate with hole width of 3mm and hole spacing of 4mm.

The hole width is 8 mm and hole spacing is 10 mm
(see Figure 5). The acoustic element is measured at
different distances from the wall (5-50mm). Figure 6
shows the perforated board, Figure 7 shows the perfo-
rated bard with a nanofiber layer on a thin carrier, and,
in order to confirm the unique acoustic properties of the

the huge sound absorption differences between all
three components, where the each element is measured
at different distances from the wall (5-50 mm), can be
seen. In the case of an individual perforated board (see
Figure 6), the distance from the wall does not have any
significance. On the other hand, the sound absorption
of a perforated board covered with carrier or nanofiber
layer on a thin carrier (see Figures 7, 8) increases with
distance from the wall. The perforated board covered

element with a nanolayer, Figure 8 shows a perforated
board with a thin nanolayer carrier but without the
nanofiber layer. From this comparison (Figures 6-8)
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Figure 13. Frequency dependence of the sound absorption coefficient with increasing hole width from optimum (8/10); aluminum
perforated board with a nanolayer on a carrier at a distance of 50 mm from wall. Holes arrangement: 8/10: perforated plate with hole
width of 8mm and hole spacing of 10 mm; 10/12: perforated plate with hole width of 10mm and hole spacing of 12mm; 12/15:

perforated plate with hole width of 12mm and hole spacing of 15 mm; 18/21: perforated plate with hole width of 18 mm and hole

spacing of 21 mm.
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Figure 14. Frequency dependence of the sound absorption coefficient; aluminum perforated board with a nanolayer on a carrier at a
distance of 50 mm from wall with comparison of acoustic foam of 60 mm thickness. Curves: 8/10: perforated plate with nanolayer with
hole width of 8 mm and hole spacing of 10 mm; 30/40: perforated plate with nanolayer with hole width of 30 mm and hole spacing of
40 mm; FOAM 60: foam rectangles with a thickness of 60 mm; width of the base of the rectangle 50 mm, depth of the rectangle 40 mm,

height of the rectangle 60 mm.

with a nanofiber layer on a thin carrier (see Figure 7)
provides high sound absorption at lower frequencies,
with a maximum value of absorption at 500 Hz. The
results between each arrangement are very different.
Nevertheless, all of the distances from the wall have
been measured for each arrangement, because the simi-
lar results between them could be found for different

distance from the wall.
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Figure 9 provides a summary comparison of the acous-
tic element with and without the nanolayers at a distance
of 50mm from the wall. Figure 10 provides a summary
comparison of the acoustic element with and without the
nanolayers at a distance of 50mm from the wall. An
aluminum perforated plate, alone, or covered with a car-
rier or with nanofiber layer, has hole width 3 mm, hole
spacing 4 mm, and an angle of 60°. Figure 11 provides a
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summary comparison of the acoustic element with and
without the nanolayers at a distance of 50 mm from the
wall. An aluminum perforated plate, alone, or covered
with a carrier or with a nanofiber layer, has a hole
width 30 mm, hole spacing 40 mm, and an angle of 60°.

From the comparison of Figures 9-11 we can see the
optimal arrangement of holes inside the perforated plate
according to the broadband sound absorption. The
8mm wide and 10mm distant holes provide the best
results. The compact view gives Figures 12 and 13,
where the same hole arrangement has been chosen for
comparison of smaller and bigger holes, with optimum
(8/10). With decreasing hole width from the optimum
(see Figure 12), the sound absorption peak narrows.
With increasing hole width from the optimum (see
Figure 13), the sound absorption peak around 500Hz
disappears, and the sound absorption occurs at higher
sound frequencies. Figure 14 compares the two variants
of cavity/membrane resonators with material normally
available on the market (acoustic PUR foam with a
rectangular profile, having a total thickness of 60 mm).
One of the variants shows similar results to foam (30/
40) and the second one (optimum §/10) shows better
sound absorption at lower frequencies (around 500
Hz) and worse at higher sound frequencies above
700 Hz. The thickness of the cavity/membrane resona-
tors is 1 mm, in comparison to the foam thickness of
60mm. The space between the cavity/membrane reso-
nator and the wall/ceiling (S0mm air gap in the
experiment described) is a huge benefit of the new
technology:; this gap can be used for the installation
of lighting, audio speakers, heating, and so on.

Conclusions

The acoustic element is based on a solid or flexible frame
in the form of a perforated board whose reverse side is
covered by a thin carrier layer with a nanofiber mem-
brane which, to a certain extent, protects the frame
against mechanical damage. The frame has a further
visual function. Given that the size of the holes in the
frame almost reaches the diameter of the small tubes of
the measuring apparatus, the samples were measured
only in large tubes with a diameter of 100mm. The
two-microphone impedance tube for determining the
sound absorption coefficient was therefore used for mea-
suring the limited frequency spectrum 100-1600Hz.
These frequencies, however, cover the area particularly
focused on middle and lower frequencies.

The optimal arrangement of holes inside the perfo-
rated plate, according to the broadband sound
absorption, has been found. The 8§ mm wide and
10mm distant holes provide the best results.
Optimization of elements is underway which, after
evaluating their particular acoustic properties, will
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lead to the selection and production of several proto-
types designed for specific applications (light sus-
pended ceilings, cladding, light objects, light three-
dimensional objects, wing bars, kitchen doors,
Japanese screens and blinds, and so on).

Based on the comparison of the nanofibrous ele-
ments with widely-used acoustic foam, it is clear that
the developed acoustic element can compete with the
material normally available on the market that
achieved the best results during this study (PUR foam
with a rectangular profile and a total thickness of
60 mm). The advantage of this technology is the space
between the acoustic elements, with a thickness of
1-5mm, and the wall/ceiling (5S0mm air gap in experi-
ment described — see Figure 14), which can be used for
the installation of lighting or other services.
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Appendix

The possible applications of an acoustic system based
on the cavity/membrane resonance principle are sug-
gested in Figure 15. The sound absorbing method can
be used for the production of acoustic bodies, interior
blinds, ceilings, screens, curtains, separating walls for
interiors, light suspended ceilings, cladding, light
objects, light three-dimensional objects, kitchen doors,
Japanese screens and blinds, and so on.

Figure 15. Future applications of nanofibrous acoustic system based on a solid frame in the form of a perforated plate whose
reverse side is covered by a thin carrier layer with a nanofiber membrane.

66



KAPITOLA Ill: VYUZITI MRIZKY/SITKY PRO OHRANICENI PLOCHY
KMITAJICI NANOVLAKENNE MEBRANY S MOZNOSTI VOLBY
VELIKOSTI A TVARU KMITAJICI PLOCHY

Uspotadani akustického prvku je zalozeného na perforovaném panelu s nanovlakennou vrstvou, kde plocha
nanovlakenné membrany je dana velikosti a tvarem perforace, ktera umoznuje kmitani membrany. Princip je

popsan v ivodni kapitole U.2., resp. U.2.2.

Nejprve byly testovany sklovlaknité miizky s riznou velikosti a rozte¢i ok s vyhodou nehoflavosti pro
aplikace akustickych prvki ve stavebnictvi (obraz 46). Nanovlakenna membrana byla touto miizkou
uchycena po celém obvodu oka, tzn. membrana mohla kmitat ve tvaru pravouhelniku ve volném prostoru

oka mtizky o nasledujicich rozmérech:

e NEHORLAVA MRiZKA ADFORS R163 (velikosti oka 5x5, vn&jsi rozte¢e 8x7 mm);
e NEHORLAVA MRiZKA ADFORS R 122 (velikosti oka 6x5, vn&jsi rozte¢e 9x8 mm);
e NEHORLAVA MRIiZKA ADFORS R96 (velikosti oka 4x4, vnéjsi roztete 6x5,5 mm);
e NEHORLAVA MRiZKA ADFORS R58 (velikosti oka 4x3,5vn&jii rozte¢e 6x4,5mm);
e NEHORLAVA MRiZKA ADFORS R56 (velikosti oka 2x2, vngj§i rozte¢e 2,5x3 mm);
e NEHORLAVA MRIiZKA ADFORS R52 (velikosti oka 5x4, vngjsi roztete 7x5,5 mm);
e SAMOLEPICI MRiZKA ADFORS R52 (velikosti oka 3,5x3, vn&jii roztete 6x5 mm).

Obraz 46: vzorky sklovidknitych miizek ADFORS s aplikovanou nanovidkennou membranou.

Dle vysledki ¢initele zvukové pohltivosti vyrobenych material z riznych mfizek (obraz 47) jsou ziejmé

vvvvv

s nanovlakennou membranou R163 (velikosti oka 5x5, vné&jsi roztee 8x7 mm).
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Obraz 47: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovdina na
skloviaknitou mrizku ADFORS o tloustce 1mm s otvory 0 rizném rozméru a rozteci (YxY; RxR); méreno ve vzdalenosti
50mm od steny;, KRIVKY: cervend - 2x2; 2,5X3; zelend- 4x3,5; 6x4,5; modrd - 4x4; 6x5,5; fialova - 5x4,7x5,5; zluta -
5x5; 8x7,; Seda — 6x5;9%8 a cerna - 3,5x3; 6X5.

Z hlediska nehotlavosti byla dle ovétovana draténd sita o riizné velikosti ok s prostorovym 3D usporaddnim

(obraz 48 a). Byla testovana draténa sita o nasledujicich rozmérech:

o DSI (velikosti oka cca 0,2x0,2 mm; vnéjsi roztece 0,3x0,3 mm);
e DS2 (velikosti oka 1x1, vngjsi rozteCe 1,2x1,2 mm);

o DS3 (velikosti oka 3x3, vngjsi roztece 4x4 mm);

o DS4 (velikosti oka 5x5, vnéjsi roztece 7x7 mm);

e DSS5 (velikosti oka 10x10, vnéjsi roztece 12x12 mm)

Velikost ok v tomto piipadé neni tplné relevantni, jelikoZ nanovlakennou membranu uchycuji draténé viny
pouze v bodech, nikoli v linii jak zndzoriuje obraz 48 b. Membrana tedy nekmita pouze v ramci ttvaru,
ktery vymezuji body, ale vliv na tento Gtvar ma i okolni hmota membrany, ktera tak do systému

vstupuje v celé plose vzorku.

Obraz 49 porovnava draténé miizky (sita) o riznych velikostech a rozteCich ok (DS1 — DS5 v potadi od
nejmensi po nejveétsi velikosti oka). Jediny zajimavy vysledek pro nizké frekvence vykazuje vzorek
S nejjemnéjSimi oky DS1 (Cervena kiivka v grafu na obraze 49), ktery umoziluje nanovlakenné membrané
rezonovat. Ostatni 3D draténé miizky uchycuji membranu pouze bodové na vrcholu viny dratu. Prostorové
uspotadani neni tedy pro akusticky prvek pfinosem. Pro ovéfeni vyjimecného vysledku draténého sita DS1 je
porovnan na obraze 50 ¢initel zvukové pohltivosti sita DS1 s a bez nanovlakenné vrstvy. Z tohoto je ziejmé,

ze samotné jemné sito nevykazuje rezonanc¢ni efekt, jak by se nabizelo.
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Obraz 48: (a) draténa sita s aplikovanou nanovidkennou membrdanou riiznou velikosti ok (DS1 — DS5 v poradi od

nejmensi po nejvetsi ,,velikost” oka), (b) zndzornéni bodii uchyceni membrany na vrcholech vin propletenych drdti

sita.
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Obraz 49: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PA6, 0,2gsm) laminovdna na
draténd sita s riiznou velikosti ok (DS1 — DS5 V poradi od nejmensi po nejvétsi ,, velikost“ oka); méreno ve vzddlenosti

50mm od stény; KRIVKY: cervend — DS, zelend — DS2, modrd — DS3, ¢ernd — DS4 a Zlutd — DS.
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Obraz 50: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva na nosici (14%PAG6, 0,2gsm) laminovdna na

dratené sito DS1 (velikost oka cca 0,2x0,2mm; vnéjsi rozte 0,3x0,3mm); méreno ve vzddlenosti 50mm od stény;

KRIVKY: éervend — DS1 s nanovidkennou membrénou, éernd — DSI samotné bez nano.

Nasleduje publikace, ktera se zabyva studiem akustického chovani prvku s nanovlakennou membranou, kde

kmitajici plochu membrany zajistuje pevny ram v podob¢ miize ruznych velikosti a rozteci ok.
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Resonance Effect of Nanofibrous Membrane for Sound
Absorption Applications

Klara Kalinova
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Abstract

Nanofibrous layers have unique acoustic properties due to the large specific surface area
of the nanofibers, where viscous losses may occur and also the ability of the nanofiber
layer to resonate at its own frequency. The resonance membrane is then, upon impact of
sound waves of low frequency, brought into forced vibrations, whereby the kinetic
energy of the membrane is converted into thermal energy by friction of individual
nanofibers, by the friction of the membrane with ambient air, and possibly with other
layers of material arranged in its proximity, and part of the energy is also transmitted to
the frame, by which means the vibrations of the resonance membrane are damped.
When sound waves hit the nanofiber membrane, they introduce forced vibrations in
the case of resonance which have maximal amplitude. The principle of the technology is
achieved by the synergy of perforated plate in the form of a cavity resonator with
nanofibrous layer in the form of resonant membrane. The parameters of the resonant
nanofibrous membrane together with the shape and volume of the perforations then
determine which sound frequencies will be damped and to what extent.

Keywords: membrane, nanofibers, sound absorption, foil

1. Introduction

The confusion between sound insulation and sound absorption is often phenomenon. Sound-
absorbing materials play an indispensable part in controlling noise generated within a room or
in reverberant areas. Although such materials are highly effective as sound absorbers, they are
relatively poor sound insulators because of their soft, porous, and lightweight construction.
Sound insulation prevents sound traveling from one place to another such as between apart-
ments in a building. A part of sound energy is absorbed, the next part is reflected, and the
rest is transmitted to the second room. The sound attenuation is due to the air viscosity,
nonreversible deformation of material, and the thermal conduction between the fibers and the

I MECH ® 2017 The Author(s). Lxensee InTech This chapter i distributed under the terms of the Creative Commons
Attribution License (http://creativecommons org/licenses/by/3.0), which permits unrestricted use,

openociemelnpenrrim distribution, and reproduction in any medium, provided the original work is properly cited E@‘:‘“
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air. The sound absorption also depends on structure characteristics, that is, fiber arrangement,
fiber fineness, density of fiber, porosity, and so on. The sound absorption of lower frequencies
becomes the main problem of this acoustic section.

Nanofibrous layers have unique acoustic properties due to the large specific surface area of the
nanofibers, where viscous losses may occur and also the ability of the nanofiber layer to
resonate at its own frequency. The resonance membrane is then, upon impact of sound waves
of low frequency, brought into forced vibrations, whereby the kinetic energy of the membrane
is converted into thermal energy by friction of individual nanofibers, by the friction of the
membrane with ambient air, and possibly with other layers of material arranged in its prox-
imity, and part of the energy is also transmitted to the frame, by which means the vibrations of
the resonance membrane are damped. When sound waves hit the nanofiber membrane, they
introduce forced vibrations in the case of resonance which have maximal amplitude.

1.1. Membrane resonators

Materials based on resonance principle can be divided into three groups: arrangements behav-
ing as vibrating membranes, arrangements behaving as vibrating plates, and arrangements
consisting in the principle of Helmholtz resonators.

The work [1] uses a mechanic analogy of an acoustic resonance system consisting of an acoustic
mass m, connected to an acoustic plasticity ¢, the movement of which is dampened by an
acoustic resistance R,. The behavior of the membrane (plate) can be compared to the behavior
of a corpus with a certain mass flexibly connected to a spring (represented by an air cushion, of
by the air in material pores). Assuming that the elements representing the mass are perfectly stiff
and the elements representing the flexibility have no mass, this problem can be compared to the
theory of linear circuits in the field of electrical engineering, where the coils are considered as
having no capacity, condensers having no inductivity, and resistors being purely ohmic [2]. As in
the field of electrical engineering, where the notion of electrical impedance is introduced, which
is defined as the ratio between the voltage and current, a similar variable can be introduced for
acoustic systems—the acousticimpedance Z. It is defined as the ratio of the pressure affecting the
system and the volumetric rate at which the system vibrates thanks to the effect of the
abovementioned force. For individual elements, apply the following:

, 1
Ly = Jwnlg, Zr =Ry, Z; = ja)c,, (1)
where j is an imaginary unit, @ the angular frequency, in s .
Assuming that the system is not damped (R, = 0), it meets the equation
: 1
jomg + — =10, )

Jjawca

the resonance of the system according to Ref. [1] then occurs at the frequency
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where ¢ is the speed of sound propagation through the environment, in m s ', p is the air
density, inkg m % my, is the surface density of the membrane, in kg m 2 and d is the thickness
of the air cushion in m.

The influence of the surface density of the membrane on the resonance frequency of the
system, or the sound absorption coefficient that increases with this characteristics, is also
apparent. We can also notice the shift in the maximums of the sound absorption coefficient
toward lower frequencies.

A thin circular membrane is defined in Ref. [3] as a structure that arises by stretching, for
example, a thin homogeneous elastic film with a constant surface density to a rigid circular
frame. The membrane gains its rigidity by means of this stretching induced by radially acting
force. The resonance frequency of a thin circular membrane is defined using the relation

Ao, i v
A ca LI LAY 4
fi 2nR \{ my @

where ay; are constants of symmetric vibrations of the circular membrane for i-modes, R is the
membrane diameter, in m, and v radially acting stretching force related to the unit of the frame
diameter (membrane tension), in Nm .

From the above, it shows that the resonance frequency of the membrane decreases with
its increasing surface density. Membrane resonators based on a resonant principle of a
nanofibrous layer function effectively as slim lightweight absorbing solutions. Contrary to
conventionally used microscale sound absorbers, sound-absorbing membranes based on sub-
micron fibers show a higher absorption abilities—due to the possibility of resonating on its
own resonant frequency, the nanofibrous membrane is able to absorb critical lower sound
frequencies. These unique properties come from the nature of nanofibrous layers, that is, small
fibrous diameter (respectively, high specific surface area) and high porosity. This makes it
possible to reach higher viscous loss inside the material and consequently to dissipate the
acoustic energy. Nanofibrous elements and optimal rigidity of the membrane itself then allow
an acoustic system to vibrate more efficiently [4, 5]. Resonant nanofibrous membranes of insig-
nificant thickness are prepared from different polymer solutions in the form of electrospun
nanofibers captured on a substrate layer via electrospinning method.

The theoretical bases of sound absorption characteristics that the paper deals with are studies
performed by Sakagami et al. The study [6] focuses on a membrane-type sound absorber. To
analyze the absorption mechanism, the solution is rearranged in a form which points out the
contribution from each element of the membrane. The effects of the parameters of the sound
absorption system are discussed in the light of the calculated results. Also, the method used for
predicting the peak frequency and the peak value of the oblique-incident absorption coefficient

1
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of the membrane-type sound absorber is presented and satisfactorily explains the relationship
between the absorption characteristics and the parameters.

Resonant behavior of a microperforated panel for various perforation ratios in comparison with
a panel-/membrane-type absorber is presented in Ref. [7], considering back-wall surface effect.
The effectiveness of a fiber-based sound absorbance material involves several parameters such as
porosity, tortuosity, fiber diameter, surface density, and thickness [8]. The optimal material types
and structural characteristics of such membranes are in the deep interest of researchers, and
although some have been proposed, it still remains as a subject of research. Kalinova has
demonstrated that the resonance frequency of polyvinyl alcohol (PVA) nanofibrous acoustic
membranes decreases with an increasing surface density and the average diameter of the
nanofibers [5]. Rabbi et al. sandwiched polyacrylonitrile (PAN) and polyurethane (PUR)
nanofibrous membrane between two nonwoven layers of polyester (PET) and wool. All mate-
rials with electrospun membrane(s) were found to significantly increase its absorbance. More-
over, the effect of nanofiber layer’s number and its surface density was investigated [9].
Asmatulu et al. tested the sound absorbance property of electrospun polyvinyl chloride (PVC)
mat of different thickness and with fiber diameters ranging from a few hundred nanometers to a
few microns. When the fiber diameter goes beyond 500 nm, the sound absorbance shift toward
the lower frequency with a thicker mesh but absorption coefficients remain the same [4].

1.2. Helmholtz’s resonators

Helmholtz's resonators are acoustic systems that consist of a swinging air plug and a
connected air volume. It can have a variety of forms: an empty wine bottle, corpus of a string
instrument, bass reflex enclosures of loudspeakers, and wall coverings made of perforated
panel. These acoustic systems can be arranged either separately or jointly to the perforated
board, which is mounted to a certain distance from the wall [10].

In the study [11], the variable system of sound absorption power by the chairs in the low-
frequency range was examined. As the results of scale model experiments (1/10 scale) in the
reverberation room, the absorption power was controlled in the low-frequency range by the
opening and closing of holes of the resonator. The diameter of holes, a neck’s length, and a
cavity volume of the seat were evaluated. The result was obtained for 125 or 250 Hz by
changing the cavity volume of the seat in the experiment.

An acoustical structure consisting of a large-scale isolated resonator with a large-diameter
cvlindrical cavity has been studied in the work [12]. This resonator differs from the classical
Helmholtz's resonator where the cavity is only several millimeters in diameter and lined with a
sound-absorbing material. The impedance of the cavity and the impedance of the volume of
the resonator are calculated. Calculations show that the sound energy is absorbed by resonators
made of sound-reflecting materials. Absorption is of a resonant character with the resonant
frequency at 60 Hz. A resonator measuring 200 x 200 cm, with the cavity diameter of 50 cm
and the distance to the rigid surface being 30 cm, absorbs 3.5 m” of sound energy at the
resonant frequency. At very low frequencies, changes in the imaginary parts of both cavity
and radiation impedances occur along with the increase in the cavity diameter and frequency.
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The study [13] deals with the effect of orifice geometry on the resonance frequency of
Helmholtz’s resonators. Helmholtz’s theoretical formula for calculating resonant frequency fy
is as follows:

fn—é\/%r ®)

where ¢ is the sound velocity, a is the diameter of orifice, and V is the volume of cavity. Further,
Sondhauss’s calculation of resonant frequency fs with the correction 6 = 4a/3m is then

c / A )
Ju =3\ Vitr 2y ©)

where A is the orifice area and [ is the orifice thickness.

1.3. Measuring methods

Vibration phenomena can be investigated by the noninvasive optical methods. One of the most
widely used methods for vibration measurement and analysis is laser vibrometry that can be
combined with the high-speed camera. This approach can be seen in different application
fields, for example, the development and monitoring of high-speed milling devices [14-21].
Nabavi describes the utilization of the particle image velocimetry technique to measure the
velocity of the standing waves within an air-filled rigid-walled square channel subjected to
acoustic standing waves. The data were compared with the analytical results obtained from
the time-harmonic solution of the wave equation [22].

The resonant effect of nanofibrous membrane has been studied by means of high-speed digital
camera in the author’s paper [23]. The study attempted to predict the sound absorption
behavior of the PVA nanofibrous membrane in comparison with the homogeneous membrane
structure using an experimental setup involving a high-speed camera. The membrane has been
exposed to plane sinusoidal sound wave and its deflection was picked by the high-speed
digital camera. The resonant peaks of oscillating nanofibrous membrane as well as homoge-
neous membrane occur (see Figure 1). The recent study [24] shows how except for the lowest
frequencies (first resonance peak), the resonant behavior of the membrane is affected by the
resonance of the tube when the effect of mass per unit area on resonance frequencies of the
membrane placed in an open and closed tubes is investigated.

Two-microphone impedance measurement tube type 4206 is used to measure the absorption
coefficient in the frequency ranges from 100 Hz to 6.4 kHz. This is achieved by measuring the
incident and reflected components of random noise, which is generated inside the tube. From
the incident and reflected components of the sound pressure at two microphone positions, the
frequency response functions are calculated due to the cross-spectrum of the two microphone
signals. Using these values, the sound absorption coefficient can be determined. An apparatus
is used to determine the sound absorption coefficient of laboratory circular samples with a
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Figure 1. The resonance peaks of nanofibers compared with foil (took over author’s paper 23).

diameter of 100 mm for a frequency range of 100-1600 Hz and 29 mm for a frequency range of
5006400 Hz, according to the standard ASTM E1050-08.

Due to the fact that the quad perforations in the plate were almost the same size as the
diameter of the small tube of the measuring apparatus, the samples were measured only in a
large tube with a diameter of 100 mm for a limited frequency range of 100-1600 Hz. These
frequencies, however, cover the area particularly focusing on middle and lower frequencies.

2. Acoustic element design

2.1. Production of nanofibrous layer for membrane resonator design

For the production of nanofibrous membranes, roller electrospinning method (nanospider
machine) was used. In this method, there is a roller that is connected to a high voltage supplier,
and al the top of the roller there is a counterelectrode that was grounded. Taylor cones are
created on the roller surface toward counterelectrode (Figure 2). Individual nanofibrous layer
of very low basis weight of about 0.1-2 g/m?® is not self-supporting. That is why the nanofibers
are deposited on a thin supporting textile. This carrier has to be sound permeable with a low
basis weight of about 20-50 g/m”. Process parameters such as roller speed, distance between
the electrodes, voltage, and so on are set for an optimal nanofiber diameter and the basis
weight of nanofibrous membrane.

For the production of PA6 nanofibrous membranes, the cord electrospinning method was
used [25]. In this method, the cord was connected to a high voltage supply, and at the top of
the cord there was a counterelectrode, which was grounded. The liquid polymeric material is
applied onto the cord around its whole circumference, and then the application means moving
reversibly along the active spinning zone of the cord and the process of electrostatic spinning
of the liquid polymeric material is started. Taylor cones were created on the cord surface
toward the counterelectrode.
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Figure 2. Schematic diagram of roller electrospinning method used for PVA nanofibrous membrane production.

2.2. Cavity resonator together with nanofibrous resonant membrane

The principle of the technology is achieved by the synergy of the perforated plate in the form of
a cavity resonator with nanofibrous layer in the form of a resonant membrane. The resonant
nanofibrous membrane is arranged on the surface of the cavity resonator, to which it is fixedly
attached, for example, glued or laminated, and so on. Its parts, which overlap the orifices
leading into the cavities of the cavity resonator, constitute separate resonant surfaces, whereby
the resonant frequency of each of them is determined, apart from the overall properties of the
resonant membrane, also by their size and shape. Upon impact of sound waves, these resonant
surfaces are brought into forced vibrations, which are subsequently damped by friction in the
inner structure of the resonant membrane, by the friction of the resonant membrane against
ambient air, and possibly against other layers of the material arranged in its proximity,
wherein part of the kinetic energy of the resonating membrane is transmitted to the cavity
resonator. Moreover, friction in the inner structure of the resonant membrane is further
increased by the fact that the neighboring resonant surfaces can vibrate with mutually differ-
ent periods or deviation.

At the same time, it is possible—while maintaining the thickness of the acoustic element—to
damp sound frequencies which could be normally damped by the cavity resonator with
extremely large air gap. In order to obtain the required sound-absorbing properties, the
resonant membrane can be arranged on both opposing surfaces of the cavity resonator.

The acoustic element is based on a quad hollow plate (see Figure 3) whose reverse side is
covered by a thin carrier layer with a nanofibrous membrane which to a certain extent protects
the frame against mechanical damage. For the final application in the room acoustic, the space
between the nanofibrous membrane covering the thin perforated plate and the wall or ceiling
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Figure 3. Components used to design the acoustic elements —aluminum quad hollow plate 9/11 (size of perforation is 9 x
9 mm, span of perforation is 11 x 11 mm) with a thickness of 1 mm (left) covered with a nanofiber layer (middle) lighted
(right).

(20-50-mm air gap in the mentioned experimental) is of huge benefit to the new technology. It
can be used for the installation of lighting, audio speakers or heating, and so on. The sound-
absorbing means can be used, for example, for the production of acoustic bodies, interior
blinds, tiling, ceilings, screens, and separating walls for interiors, or, as the case may be,
segment or profile elements for the transportation industry (paneling of cabin).

Figure 3 (on the right) shows the final lighted prototype of acoustic system based on
nanofibrous membrane covering the thin perforated plate. The resonance frequency of the
acoustic system is then determined especially by dimensions of plate perforations, by the size
and shape of the inlet orifices, and by its material and thickness of the plate.

Table 1 shows the calculation of resonant frequency for each of quad perforated plates that
have been studied at the experimental section of this work.

Firstly, due to the fact that the quad perforations in the plate were almost the same size as the
diameter of the small tube of the measuring apparatus, the samples were measured only in a

Quad hollow plate (quad size in mm/quad span in mm) fu (Hz) fs (Hz)
3/5 2682 2467
46 2581 2462
5/7 2473 2415
§/10 2190 219
9/11 2112 2155
10/12 2040 2095
25/30 1290 1369

Table 1. Calculated resonant frequency of separate perforated plates based on Helmoltz's (f;) formula (5) and
Sondhauss’s (fs) formula (6).



Resonance Effect of Nanacfibrous Membrane for Sound Absorption Applications
http.//dx.doi.org/10.577 2/intechopen.70361

large tube with a diameter of 100 mm for a limited frequency range of 100-1600 Hz. These
frequencies, however, do not cover the resonant frequencies of separate perforated plates
calculated in Table 1. Secondly, in the case of nanofibrous layer in a form of resonant mem-
brane, the measurement of membrane tension v for resonant frequency calculation according
to formula 4 is impossible because of the low tension together with non-homogeneous
nanofibrous layer. It is why the resonant frequency of nanofibrous membrane has been deter-
mined by the optical method [24] where the first resonant peak was detected around 100 Hz.
Then, the results of nanofibers-covering perforated plate and the separate perforated plate are
compared only by way of sound absorption curves.

3. Sound absorption results

In this section, the sound absorption measurements of acoustic means with nanofibrous mem-
brane are shown. Two-microphone impedance measurement tube type 4206 was used to
measure the sound absorption coefficient in a limited frequency range of 100-1600 Hz.

The following figures show a graphs of sound absorption coefficients « in dependence on the
frequency of sound for separate aluminum plate having different size of orifices and spacing
between quad orifices, which is deposited in different distances from the wall (i.e,, separate
Helmholtz resonator), as well as for sound-absorbing means comprising this perforated plate,
whose surface is overlapped by the resonant membrane formed by the layer of nanofibers
from polyamide 6 (PA6) having a basis weight of 0.2 g m 2 deposited on a thin carrier having a
basis weight of 25 g m 2 One of the configurations is filled by a foam or a fleece having a
thickness of 20 mm.

The individual perforated plate and the same perforated plate covered by a thin carrier with
nanofibers have been compared and are shown in Figure 4. The huge growth of sound
absorption of middle frequencies can be seen. Starting with 500 Hz, the sound absorption
curve of nanofibers improved element is constant contrary of the unstable curve of individual
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Figure 4. Frequency dependence of the sound absorption coefficient; quad hollow plate 9/11 (side of quad perforation is
9 mm, span of quad perforation is 11 mm) with a thickness of 1 mm with an air gap of 20 (blue - dotted), 30 (green - dash-
dotted), 40 (red — dashed), and 50 mm (black) on the left. Nanofibrous membrane of (.2 g/'mZ on a carrier of 25 g/m2
covering the same perforated plate (quad 9/11) on the right.
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perforated plate. For the verification of nanofibrous membrane efficient, the individual
nanofiber carrier without nanofibers has been evaluated and is shown in Figure 5. Then, it is
evident that the carrier-covering perforated plate improves the sound absorption of high
frequencies but it does not provide wide-frequency efficiency as well as nanofibers improving
plate.

Quad perforated plate of different sizes and spans has been evaluated and is shown in Figure 6.
When the size of the perforation is 9 x 9 mm and the span of the perforation is 11 x 11 mm,
then it is marked (9/11).
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Figure 5. Frequency dependence of the sound absorption coefficient; individual carrier of 25 g/m? covering the perforated
plate (quad 9/11) with an air gap of 20 (blue - dotted), 30 (green - dash-dotted), 40 (red — dashed), and 50 mm (black)
between the acoustic element and the wall.

1000 f{({Hz)

Figure 6. Frequency dependence of the sound absorption coefficient; nanofibrous membrane of 0.2 g/m* on a carrier of
25 g/m® covering the quad perforated plate of different size with a thickness of 1 mm with an air gap of 50 mm. Quad
perforated plate of 3/5 (blue - dotted), 4/6 (green - dash-dotted), 5/7 (red — dashed), and 8/10 (black) of side/span (left).
Quad perforated plate of 8/10 (black), 9/11 (green - dash-dotted), 10/12 (red — dashed), and 25/30 (blue - dotted) of side/
span (right).
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With an increasing size of quad hole, the sound absorption achieves the wide-frequency
efficiency generally as can be seen in Figure 6. The best arrangement of quad hole seems to be
9-mm side of quad and the span of 11 mm (9/11), where the nanofibrous resonant membrane
interacts with the perforated panel to achieve optimal parameters of the acoustic system.

Due to two effects, the large specific surface area of the nanofibers and also the ability of the
nanofibrous layer to resonate at its own frequency, the nanofibrous membrane achieves broad-
band sound absorption compared to the narrowband effect of homogeneous foil on the same
perforated plate (see Figure 7). Starting with 500 Hz, the sound absorption curve of nanofibers
improved element is constant contrary of the unstable curve of foil improved perforated plate.

When the perforated plate is improved by the nanofibrous membrane on each of both
sides, then the sound absorption of higher frequencies falls slightly (see Figure 8). Then, the
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Figure 7. Frequency dependence of the sound absorption coefficient; quad perforated plate of 9/11 (left) and 10/12 (right)
is covered by the nanofibrous membrane of (.2 g/m” on a carrier of 25 g/m” (black) or foil of 7 g/m? (red — dashed) or foil of
40 g/m” (green - dash-dotted). The air gap between the 1-mm thick panel and the wall is 50 mm.
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Figure 8. Frequency dependence of the sound absorption coefficient; quad perforated plate of 8/10 (left) and 10/12 (right)
is covered at the top by the single nanofibrous membrane of 0.2 g/m? on a carrier of 25 g/m?® (black) or it is covered by the
nanofibrous membrane of 0.2 g/m? on a carrier of 25 g/m” (red — dashed) from both sides. The air gap between the 1-mm
thick panel and the wall is 50 mm.
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Figure 9. Frequency dependence of the sound absorption coefficient; quad perforated plate (9/11) covered by the
nanofibrous membrane of 0.2 g/m® on a carrier of 25 g/m”. The air gap between the I-mm thick panel and the wall is
20 mm (black): the same nanofibers-covering perforated plate filled (green - dash-dotted) by the foam (left) or fleece
(right); the same separated plate filled (red — dashed) by the foam (left) or fleece (right); the separated fillings (blue -
dotted) of foam (left) or fleece (right). The thickness of the whole acoustic system is 20 mm in all configurations.

membrane resonators covering the mass of Helmholtz’s resonator obstruct the sound absorp-
tion inside the cavity.

The individual perforated plates in a form of cavity resonators should be filled for sound
absorption of higher frequencies. Figure 9 shows the comparison of acoustic system consisting
of nanofibers-covering quad perforated plate and the same perforated plate without covering
but filled. The filling has been chosen from the standard sound absorbers line. The first is
melamine foam of 9.5 + 1.5 kg/m” and 20-mm thickness (Figure 9 on the left) and the second
polyester fleece of 24 kg/m® 4+ 10% and 20-mm thickness (Figure 9 on the right). From the
comparison, it can be seen that the inferior sound absorption results if the perforated plate is
filled (red — dashed curve) in comparison with nanofibers covering the same perforated plate
without filling (black curve). Then, the resonance capability of nanofibrous membrane more
than compensates a mass of filling. Regarding the applicability of nanofibers-covering perfo-
rated plate, the gap between the panel and the wall can be used for light or audio installation.
If the nanofiber-covering plate is filled (green - dash-dotted curve), then the sound absorption
is slightly better than that of non-filled. However, the benefit of air gap outweighs the nominal
sound absorption growth.

4. Conclusions

The resonance ability of nanofibrous layer has been verified in the last author’s paper. The
membrane has been exposed to plane sinusoidal sound wave and its deflection was picked by
the high-speed digital camera. The resonant peaks of oscillating nanofibrous membrane as
well as homogeneous membrane occur around 70-100, 300-400, and 550-600 Hz depending on
their parameters. The calculated resonant frequency of the perforated plate is around 2-2.5 kHz.
The sound absorption peaks of nanofibers-covering perforated plate are around 500 Hz. From
the comparison of resonant frequencies perforated plate in a form of Helmoltz's resonator,
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separate nanofibrous layer in a form of membrane resonator, and final nanofibers-covering
perforated plate, the major effect of the resonant frequency of the nanofibrous layer together
with a distance of the final plate from the wall can be seen.

The diameter of nanofibers, the basis weight, and the polymer of the nanofibrous membrane as
well as the shape, size, and span of perforations of Helmholtz’s resonator affect the sound
absorption behavior of acoustic element.

The two applied nanofibrous membranes have not almost any effect on sound absorption. The
improvement would be redundant.
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KAPITOLA IV: STRUKTURNI PARAMETRY NANOVLAKENNE
MEMBRANY

IV.1. PLOSNA HMOTNOST NANOVLAKENNE MEMBRANY

Plosna hmotnost membrany je jednim z parametrii, které podle teoretickych vypoctl ovliviiuje akustické
chovani prvku, kdy rezonan¢ni frekvence membrany klesa s jeji stoupajici ploSnou hmotnosti, pfi
neménnych ostatnich proménnych (vztahy 2 a 3 uvedené v kapitole Il). Tato zavislost plati jak pro Cinitele
zvukové pohltivosti (obraz 51), kde kiivka vykazuje jisté peaky, které jsou piisuzovany pravé chovani
akustického systému/materidlu v rezonanci, tak také pro vychylku membrany pii jejim kmitani, ktera je
maximalni pravé v rezonanci membrany (obraz 52). Obé metody pro stanoveni akustického chovani

membranovych systémi jsou popsany v piedchozi kapitole I.
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Obraz 51: fiekvencni zavislost Cinitele zvukové pohltivosti; Nanovrstva o riizné plosné hmotnosti (0,2, 0,4, 1 g.m?) na
nosic¢i (E) laminovana na mrizku o tloustce Imm a velikosti oka 5,3x5,2mm, resp. 4,5x4mm otvoru;, méreno ve

vzdalenosti 50mm od stény. KRIVKY: Gernd - NIE, modré - NO4E, cervend - NO2E, zelend - NOE (nosic bez nano).
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Obraz 52: frekvencni zavislost vychylky membrany; Nanovrstva o rizné plosné hmotnosti (N=3, 7, 15g.m™).

IV.2. POLYMER NANOVLAKENNE MEMBRANY

Nanovlakenna membrana vyrobena z PVA (polyvinylalkohol) pti stejném buzeni kmita s mensi vychylkou

vvvvvv

neZ ta vyrobena z PUR (polyuretan) (obraz 53), ale zvuk pohlcuje vice (obraz 54), tzn. PUR je elasti¢téjsi a

N

priachodu vzduchu pii plsobeni zvukové viny je poddajnéjsi, neklade takovy odpor jako PVA stejné

struktury.
3
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Obraz 53: frekvencni zavislost vychylky membrany; Nanovrstva vyrobend z riizného polymeru (PVA, PUR) o shodné

plosné hmotnosti 9 g.m™.
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Obraz 54: frekvencni zavislost cinitele zvukové pohltivosti; Nanovrstva vyrobena z riznych polymerii (PVA, PUR) 0

shodné plosné hmotnosti 9 g.m2; mérena ve vzdilenosti 50mm od stény.

Nasleduje porovnani akustického chovani nanovlakenné vrstvy s folii. Tenkd membrana ve varianté
nanovldkenné struktury o plo§né hmotnosti 0,2g.m? a homogenni streové folie o plosné hmotnosti 7g.m™
byla laminovdna na miizku o tlouStce Imm a velikosti oka 2,5x3mm, resp. 2Xx2mm otvoru; mefeno ve
vzdalenosti S0mm od stény. Hodnocené plosné hmotnosti nejsou shodné, avsak dle obrazu 55 je zfejmé, ze
nanovlakenna vrstva o nékolikanasobné¢ mensi plosné hmotnosti dokaze pohlcovat zvuk v §irSim

frekven¢nim spektru, nez homogenni folie.
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a(-)
0,6 r
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0 = *//
100 1000 f(Hz)

Obraz 55: frekvencni zavislost cinitele zvukové pohltivosti; miizka o tloustce Imm a velikosti oka 2,5x3mm, resp.
2x2mm otvoru laminovdna s nanovidkennou vrstvou, nebo homogenni strecovou folii; méreno ve vzdalenosti 50mm od

stény. KRIVKY: éernd - strecovd folie o plosné hmotnosti 7g.m™, éervend - nanovrstva o ploiné hmotnosti 0,2g.m™.
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V nasledujici publikaci jsou studovany moznosti zmény struktury nanovlakenné membrany pii zachovani
konstantni hmoty. Parametry nanovldkenné membrany nebyly optimalizovany z hlediska Cinitele zvukové
pohltivosti, ktery byl v publikaci hodnocen pouze z hlediska ovéfeni vlivu zmény struktury na akustické
chovani membrany. Zmeéna struktury nanovlakenné membrany ma na zakladé tohoto experimentu nejasny
vliv a na toto téma bude veden systematicky vyzkum. Vliv zmény struktury pii konstantni hmoté na
rezonan¢ni chovani membrany bude ovéfeno nejen pomoci kiivky Cinitele zvukové pohltivosti, ale také

pomoci méfeni vychylky n€kterou z optickych metod, uvedenych v kapitole 1.
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The thin nanofibrous layer has different properties in the field of sound absorption in comparison with porous fibrous material
which works on a principle of friction of air particles in contact with walls of pores. In case of the thin nanofibrous layer, which
represents a sound absorber here, the energy of sonic waves is absorbed by the principle of membrane resonance. The structure of
the membrane can play an important role in the process of converting the sonic energy to a different energy type. The vibration
system acts differently depending on the presence of smooth fibers in the structure, amount of partly merged fibers, or structure
of polymer foil as extreme. Polyvinyl alcohol (PVA) was used as a polymer because of its good water solubility. It is possible to
influence the structure of nanofibrous layer during the production process thanks to this property of polyvinyl alcohol.

1. Introduction

The porous fibrous materials, usually used for application in
the sound absorption field, absorb sonic waves especially at
higher frequencies. The work of Kalinova and Veverka [1]
is concerned with topic of absorption the sonic waves by
nonwoven materials at lower sound frequencies. The paper
deals with a possibility of combining the effect of porous
fibrous material and the effect of nanofibrous material which
absorbs sound due to the vibration of the membrane. At
the moment the sonic waves are in contact with the surface
of thin nanofibrous membrane, there is the movement of
membrane. The sound energy is converted to kinetic energy
and partly to thermal energy. The nanofibers produced by
electrospinning process have a large specific surface area
[2]. Thanks to the large specific surface of fibers as well
as small pores size, the nanofibrous layers have different
properties in comparison with currently produced porous
fibrous material.

The process parameters of electrospinning are important
to the morphology of nanofibers [2]. The work of De Vrieze
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at al. [3] describes the impact of temperature and relative
humidity (RH) on fiber diameter. The fineness of fibers is
possible to be affected by RH depending on the chemical
nature of the polymer. The collection distance can be used
to control the fibers diameter as well. For example, paper [4]
describes the case of the decreasing diameter of nanofibers
with increasing collection distance by using of PVA solution.
With reference to the article [5], the influence of the tip-
target distance to morphology of fibers is not critical. This
work shows resulting values of average fiber diameter by
application of various electrical potential in electrospinning
process too.

Works [4, 6-8] describe effect of polymer solution
concentration and its influence on nanofiber diameter by
process electrospinning. The average diameter of nanofibers
increases nonlinearly with increasing concentration of the
solution. The interfiber spacing increases along with this [7].
Article [8] describes a correlation between molecular weight,
concentration of solution and average fibers diameter. Type
of polymer solution influences the morphology of electro-
spun fibers. The work [5] deals with an influence of solvent
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Figure 1: Production of nanofibers layer by electrospinning
process.

used for polymer solution to the resultant fibers average
diameters in nanofibers layer. This article shows the results
of nanofiber parameters by using PVA dissolved in acetic
acid and in second case solely aqueous solution of polyvinyl
alcohol. In the first case the values of diameters were two
times smaller in comparison with the aqueous solution.

The structure of thin nanofibrous membrane can vary as
noted above, and therefore the sound absorption properties

differ.

2. Experimental

2.1. Materials. The water solution of polyvinyl alcohol PVA
(M, = 130,000g/mol, degree of hydrolysis 88%) Soviol
R 16 was purchased from the Novacke Chemicke Zavody,
a.s.,, Slovak Republic, and it was used for preparation
of the solution for the experiment. The concentration of
prepared PVA solution was 13 wt%. 40% aqueous solution
of Glyoxal (7.5 wt %) and 85% phosphoric acid were added
as crosslinking agents. The solution containing PVA, distilled
water, glyoxal, and phosphoric acid was vigorously stirred at
room temperature.

2.2. Production of Thin Nanofibrous Membranes. Technology
of electrospinning was used for production of thin nanofi-
brous layers. The method of using a roll to carry out the
polymer solution to collector was described in the patent [9].
Figure 1 indicates the production of electrospun fibers from
the surface of the metal roll. The nanofibers are collected by
support material. The distance between the surface of the
roll and the collector was 10cm. Voltage of 50 kV, relative
humidity of RH 30%, and temperature of 22°C were applied
during the course of electrospinning.

The final layer is crosslinked by hot air at temperature of
140°C for 7 min. The nanolayer (without support material)
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is placed to a supporting frame. The structure and sound
absorption have been evaluated. Then water vapour or liquid
water was applied to these thin membranes. Difference
between thin nanofiber membrane (Figure 2(b)) and thin
polymeric foil (Figure 2(a)) is markedly observable by
macroscopic analysis.

Series of attempts preceded the experiment with using
of water vapour for change of structure of PVA nanofiber
layer. There were used water vapour because the PVA is water
soluble, and this gives possibility to change of membrane
structure. Advantage is that the thin nanofiber layers were
locked in frames (Figure 2) before application of water
vapour. This gives us the opportunity to measure the values
of sound absorption coefficient & [—]| for nanofiber layers
and layers with partly merged fibers when using the same
samples. This leads to minimization of potential changes
of the other parameters of thin membrane (apart from the
structure).

Water vapour was applied to the surface of nanolayer
(for 10 to 120 seconds) in order to change the structure of
membranes containing nanofibers (average diameter 280 +
80nm). One file of samples was located into liquid (water)
for 60 second. The mass area of PVA layer can be changed
depending on the amount of glyoxal in polymer solution
and time of water action. The fall of mass of PVA nanofiber
layer depending on water action time is decreasing with
increasing percent of glyoxal in PVA solution [2]. At this case
higher weight percentage of glyoxal and short time of water
action resulted in merged fibers to polymeric foil without
significant weight loss.

2.3. Characterization. The scanning electron microscope
(SEM) Desktop Phenom with BSE detector working at an
acceleration voltage of 5kV was used for characterization
of morphology of nanofiber layers. The values of fiber
diameters were obtained by image analyzer Lucia G. Calcula-
tion of the volume of surface pores [10] is not introduced
because a cross-section of nanolayer can deform the in-
process and it can distort the information about thickness
of the membrane.

With two-microphone impedance tube Type 4206 with
frequency range to 6.4 kHz, the values of sound absorption
coefficient a [—| were examined. The work [11] deals
with a comparison of this method to another method of
measurement and describes the absorption coefficient a
(value between 0 and 1).

3. Results

The area weight of all tested thin membranes is 17 + 1 g/m?.
Differences between structures of thin membrane are shown
in Figure 3. The amount of merged fibers increased with
increasing time of water vapour action at the nanofiber layer.

Very important is the question of cross-section of
thin membrane in connection with the inner structure of
samples. The sample thickness was too small with prevented
study of cross-section. If the merged fibers are contained in
all membrane thickness, it could not be verified. However,
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Figure 3: Image of surface of PVA nanofiber structures by scanning electron microscope SEM for layers after water vapour action during
time of 60 seconds (b) and 120 seconds (c), without liquid water or water vapour action (a) and structure after action of water in the liquid
condition to nanofiber layer during the time of 60 seconds (d). Magnification = 5000X and scale bar = 20 ym.

method of put samples with frame into two-microphone
impedance tube had to be try at range of samples which
are not included in this experiment. By this way the impact
low thickness of thin membrane and prospective influence
to results were reduced as much as possible. Figure 4
pointed to the fact that the shapes of frequency functions
are analogical for thin polymeric foil as well as for nanofiber
PVA membrane. This result bears witness to the identity of
parameters of both membranes (except the structure) as well
as the prestressing of the membranes in frame.

The frequency range between 1.5kHz and 3kHz is
examined because of the area weight of tested thin mem-
branes (17 + 1 g/m?). Resonant frequency of vibrating thin
membrane is changed due to its area weight.

Structure of thin membrane after water vapour action
contains local area weight irregularity which Figures 3(b)
and 3(c) indicate. The thin membrane absorbs sonic waves
by resonant principle hence the best at resonate frequency.
The mass of thin membrane has influence to the resonate
frequency of material. As the time of water vapour action
to PVA nanofibers layer is increased, the number of local
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FIGURE 4: Sound absorption coefficient a [—| as function of
frequency [Hz] for thin PVA nanofiber membrane (black line—
amax = 0,58) and for thin polymer foil (grey line amax = 0,83).

place with different mass thanks dissolved and merged
fibers should increase too. This effect has probably impact
to resonant frequency of membrane as unit. Each part of
material area resonate at a little bit different frequency
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FIGURe 5: Sound absorption coefficient @ [—] as function of

frequency [Hz| for PVA nanolayer contains various quantities of
merged fibers. The time of water vapour action to nanofibers
layers—30 seconds (grey line), 90 seconds (dashed grey line) and
120 seconds (black line).

because of local place and the irregularity of membrane
(the above mentioned). This effect has impact on frequency
range with good sound absorption which is possible to see in
Figure 5. In case of thin polymer film it is possible to suppose
lower weight irregularity and the sharp pack of function of
frequency (Figure 4).

4. Conclusions

The structure of thin membrane can have influence on
the amount of absorbed acoustic energy. The possibility of
a movement of nanofibers in structure and inner friction
in polymer layer has an impact on the final absorption
properties of the material. Results achieved for confrontation
of polymeric foil and nanofiber membrane differed from the
preceding research [12] probably because of the question of
material rigidity.

With increasing irregularity in area of material surface,
the absorbed frequency range is increased. But there is a limit
when the irregularity goes down because of merged fiber
majority (Figure 3(c)). In this case the absorbed frequency
range comes to a peak again (Figure 5(a)).
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KAPITOLA V: EDUKATIVNI SESTAVA

V.1. SESTAVA PRO STANOVENI REZONANCNICH FREKVENCi TENKYCH
MEMBRAN

Metody pro stanoveni akustickych charakteristik, uvedené v pfedchozi kapitole I., vyZaduji nakladna a na
obsluhu citlivd zafizeni. Nésledujici sestava, slouzici pro stanoveni rezonancnich frekvenci tenkych
membran v ramci vyuky pfedmétu Aplikace nanomaterialt (NTI/ANO), byla proto navrzena s pozadavkem
na jednoduchost obsluhy a atraktivnost experimentu zdbavnou formou. Misto optickych snimaci jemné
vychylky membran, byly pouzity polystyrenové kulicky (pro svou nizkou hmotnost a staly tvar), které pfi
vibraci membrany poskakuji na jejim povrchu a opticky tak znasobuji vychylku membrany tak, ze
rezonan¢ni frekvence mize byt odhadnuta okometricky (obraz 57). Metoda, ktera ma za tikol odhadnout
frekvenci, pii které je vychylka membrany nejvetsi, nema zapottebi presné urcit skutecnou hodnotu

vychylky, proto je odhad frekvence, pti které kulicky doskoci nejvyse, dostatecny.

Cile ulohy

Membrana se pfi piisobeni zvukové viny viditeln€é rozkmitd, cilem je demonstrovat jak ovlivni parametry a
struktura membrany jeji vychylku, resp. jeji rezonancni frekvenci. Experimentator ovladaéem postupné
meéni frekvence zvuku a pozoruje, pti jaké frekvenci se membrana rozkmita, resp. pii které bude kmitat
maximalné. Tato rezonanc¢ni frekvence bude zaznamenana. Sleduje postupné n¢kolik maxim, odpovidajicich
jednotlivym méodam kmiti (obraz 56). Dale posunem pistu lze pozorovat, jestli zména rozméru prostoru
(vnitfek trubice) ovlivni kmitani membrany resp. frekvenci, pii jaké bude kmitat maximalng, s tim, ze
rezonan¢ni frekvence membrany by neméla byt ovlivnéna prostorem. Parametry membrany a prostoru

mohou byt zvoleny nasledovne:

e struktura membrany mize byt: homogenni folie, perforovand folie, nanovlakenna vrstva

e volitelné parametry membrany mohou byt: napnuti resp. vypnuti na ramu (radialni napéti), ohybova
tuhost, plosna hmotnost, tloustka, velikost porQ, resp. primeér vlaken, material, resp. polymer

e volitelna je vystupni strana trubice — oteviend, nebo zaviena

e volitelna je vzdalenost membrany od reproduktoru

e volitelna je vzdalenost membrany k vystupni strané zaviené trubice (feSeno pistem)

e znazornit a kmitny a uzly pro otevienou a uzavienou trubici pro prvni tii mody
e vypocitat rezonancni frekvence oteviené a uzaviené trubice zadanych rozmért

e namgéfit rezonanéni frekvence dané membrany v oteviené a uzaviené trubici
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e porovnat rezonanéni frekvence membrany naméfené v oteviené a uzaviené trubici VS. rezonancni
frekvence prazdné trubice v obou nastavenich

e nastavit (pomoci pistu) takovy rozmér trubice, aby pozice membrany odpovidala uzlu prazdné
trubice (nejprve pro druhy, poté pro tfeti mod), namétit rezonanéni frekvence dané membrany

e nastavit (pomoci pistu) takovy rozmér trubice, aby pozice membrany odpovidala kmitné prazdné
trubice (nejprve pro prvni, poté pro druhy mod), naméfit rezonanéni frekvence dané membrany

e nastavit (pomoci pistu) takovy rozmér trubice, aby pozice membrany neodpovidala uzlu, ani kmitné
prazdné trubice (pro zadny z prvnich tfech médi), naméfit rezonanéni frekvence dané membrany

e analyzovat vysledky

Zadané vztahy

Vypocet rezonanéni frekvence oteviené trubice f, a rezonan¢ni frekvence uzaviené trubice f:

c

fo=@n-1D fo=ny;

kde nje méd 1,2,3,..., ¢ rychlost zvuku ve vzduchu [m.s™], L délka trubice [m].

Obraz 56: zndzornéni kmitani kruhové nanovidkenné membrany pro prvat t1i médy fi, T, fa.

Zadané parametry

c=344mst L=1m
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Seznam pfistroja

e prihledna trubice o priméru vnitini stény 100mm.
e audio signalni generator se zesilovacem (Skolni pomticka)
o autoreproduktor (kruhovy pro kruhovou trubici)

e piipadn¢ osvétleni membran

Obraz 57: zndzornéni principu stanoveni rezonancnich frekvenci tenkych nanovidkennych membrin pomoct

polystyrenovych kulicek.
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V.2. EXPONAT V IQ LANDII LIBEREC

Na zaklad¢ vyukové sestavy pro odhad rezonancnich frekvenci tenkych membran byl navrzen a realizovan
exponat pro 1Q Landii s cilem zabavnou formou pfiblizit problematiku rezonanénich membran §irsi, zejména
mladsi vefejnosti. Nanovladkenna membrana, posypand polystyrenovymi kulickami, se pti pisobeni zvukové
viny viditelné rozkmita. Cim vét§i vychylka membrany, tim vyse kulicky vyskodi (obraz 58). Cilem je
demonstrovat, jak ovlivni parametry a struktura membrany prave jeji vychylku a také frekvenci, pfi které je
kmitani maximalni. Nanovlakenna membrana se, na rozdil od bézné textilie, vyrazné rozkmita, coz vede pfi
jejim dal§im zpracovani do akustickych prvki k vysoké pohltivosti zvuku. Na obrazech 59 a 60 je znazornén
navrh a vizualizace zafizeni, které porovnava akustické chovani membrany dvojiho typu. Ve skute¢ném
modelu byly pouzity 4 rizna nastaveni (obraz 61). Navstévnik stiskne tladitko start, ¢imZ spusti samotny

n_n

exponat (rozsviti se Sti-mistny displej a zapne se generator tonit). Nasledné tlacitky "+" a "-" méni zvukovou
frekvenci rozechvivajici ¢tyfi odlisSné membrany ve Ctyfech transparentnich trubicich. Navstévnik si v§ima
rozdilného chovani membran pfi stejnych vstupnich podminkach. Konstrukce je slozena z vnitini trubice z
PMMA Kkryté vnéjsi trubici (trubka v trubce). Vnitini trubice je servisné demontovatelna na dva dily, mezi
dily se vklada membrana, pii spodnim dné trubice je kruhovy auto-reproduktor napojeny na generator tont.
Fixace membrany je realizovana pomoci dvoudilného polyamidového prstence, ktery zaroven slouzi ke
spojeni obou dilil vnitini trubice. Generator tont je uschovan v prostoru pod stolni deskou, je pfistupny ze

zadni strany exponatu po jeho odsunuti od stény. Kazdd membrana je ptfisvicena shora LED svétlem.
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Obraz 58: detail uchyceni membrany posypané polystyrenovymi kulickami uvniti expondtu.
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TONY, KTERE ROZKMITAJI MEMBRANU

ILUSTRATIVNI TECHNICKY VYKRES
325
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Tlacitka "start”,

"plus”, "minus”
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Navod, osvéta A4

Stol dle
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Obraz 59: ndvrh a nékres expondtu.

1l

Obraz 60: vizualizace expondtu.
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Obraz 61: realizace expondtu umisténého v 1Q Landii Liberec.

Nasleduje ptilozeny technicky nakres zatizeni.
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SOUCASNY A NAVAZUJICI VYZKUM

V soudasnosti probiha optimalizace navrzenych akustickych prvkii v ramci projektu TH02020524; TACR
Epsilon ,,Sirokopasmové prvky prostorové akustiky s nanovlikennou rezonanéni membranou® na kterém
autorka prace spolupracuje se studentem doktorského programu ,,Aplikované védy v inzenyrstvi‘ (NTL, FM)
Ing. Tomasem Ulrichem. Tento dvojclenny tym se dale zabyva metodikou stanoveni rezonan¢niho chovani
nanovlakennych membran, metodou stanoveni a fizeni radialniho napéti kruhové membrany, zkouma vliv
zmény struktury pii konstantni hmot¢ na rezonan¢ni chovani membrany. Radialni napéti kruhové membrany
v [N.m"] ovliviiuje jeji rezonanéni chovéni, stejné jako strukturni parametry materialu, zejména pak plosna
hmotnost. Napnutim membrany na kruhovy ram radialné pusobici silou (délkové napéti) ziskdva membrana
svou tuhost, kde F, [N] je celkova napinaci sila a R [m]polom&r membréany [Skvor, 2001]

_
~ 2nR’

(6)

Rychlost §iteni zvukové piiné viny Cy [m.s™], kterd je zikladem pro stanoveni rezonanéni frekvence tenké
homogenni kruhové membrany dle vztahu (2), je dle vztahu (3) (oba uvedené v kapitole II) také funkci
radialniho napéti. Nastaveni vhodné metodiky pro fizenou hodnotu radialniho napéti kruhové membrany je
proto prioritou. Nasledovat bude dals§i studium vlivu struktury NEhomogenni nanovlakenné membrany.
Prvni v potadi je zvazovano studium homogenni membrany (folie) s experimentalnim fizenim rezonan¢niho
chovani membrany pomoci bodového zavazi (kapka lepidla definované hmotnosti) do riznych definovanych
mist (uzel, kmitna) plochy membrany pro sledovani zmény rezonanéniho chovani vzhledem k a/symetrii
kmitt. Ze série bod bude poté odvozena sitova struktura pfipodobnéna té vlakenné. Porozita nanovlakenné
vrstvy, dana pomérem objemu vzduchu ku objemu vlakenného utvaru [-], bude fizena pomoci vodného
roztoku PVA (polyvinylalkohol) polymeru (ze kterého jsou PVA nanovlakna zvlaknéna), kde pi¥i plisobeni
vlhkosti dochazi k botnani vlaken az do extrémni homogenni struktury (folie). Vhodnym prostiedim, které
udrzuje definované procento relativni vlhkosti ve vzduchu, je mozné ftidit hodnotu porozity ptipravené
vlakenné vrstvy v celém intervalu mezi extrémnimi hodnotami 0 a téméf 1. Rezonan¢ni chovani bude vzdy
vztazeno k definovanému tvaru plochy membrany, popsané v kapitole Il. V dal$i fazi bude studovan vliv
usporadani a parametrd jednotlivych membran ve vice-membranovém prvku na akustické chovani celku a na
kazdou membranu zvlast. Dominantni charakteristikou bude vzdalenost membran ve vztahu k rezonan¢ni
frekvenci kazdé membrany. Vystupem poznatkd by méla byt dalsi experimentalné-edukativni sestava,

zalozena na sestavé a exponatu, popsanych v kapitole V.
Pti zatazeni vice membran za sebe (cca 3 dily) je cilem demonstrovat jak ovlivni jedna membrana tu dalsi

e volitelny je druh membran (parametry, struktura)
e volitelna vzdalenost mezi kazdou membranou

e volitelna vzdalenost okrajové membrany od reproduktoru a k vystupni strané trubice.
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