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Dlouhodoba studie vékové zavislych akustickych
charakteristik reci
Longitudinal Study of Age-related Changes in Acoustic Characteristics
of Speech

Roman Cmejla?, Jarmila Behenska?, Tereza Tykalova?® a Jan Rusz®”

aCVUT v Praze — FEL, Technicka 2, 166 27 Praha 6
PUK v Praze — 1. LF, Katefinské 25, 120 00 Praha 2

In this paper a longitudinal study is presented of age-dependent speech acoustic characteristics from the utterances
of Czech actresses, acquired from movie databases recorded in the years from 1985 to 2014. The age dependence
of phonation is analyzed using the parameters fundamental frequency, jitter, and shimmer. For assessment of
articulation, the formant-based voice area index of vocals and the length of the burst from a palatal stop consonant
is used. For prosody, no characteristics were found that were applicable to the analysis of film archives. The results
of age dependencies described by the phonetic categories are consistent with the assumptions and conclusions
presented in the literature. This pilot project also confirms the possibility of creating valuable studies from

publicly available sources.

1. Uvod

1.1. Vé&kova zavislost lidské reci

Podobné zmény, ke kterym dochézi u lidského téla v di-
sledku starnuti — kdy ubyva svalu a sily, pfibyva télesného
tuku, zpomaluje se pohyb, dochézi k degeneraci tkani —,
ovliviiuji také hlas. Ve staii se hlasivky stavaji tuzsimi
a ten¢imi, coz mize vést k slabsimu a dysnéjsimu hlasu.
Mensi pruznost hlasového Gstroji mtize mit za nasledek re-
dukci hlasového rozsahu a v disledku zmén v respira¢nim
provazet pomalejsi tempo spojené s prodluzovanim slabik
a slov a vétsim poc¢tem nadechovych pauz. Ke snizené hla-
sitosti se maze ptridat hlasovy tremor. Starnutim se hrtan
muzli méni vice nez u zen a tyto zmény nastavaji difive.
Zakladni perioda hlasu starsich muzi méa tendenci s vékem
stoupat, zatimco zdkladni perioda Zenského hlasu ztistava
stejné, pripadné se mirné snizuje. Ztrata sluchu u starsich
lidi miize mit za nésledek hlasitéjsi projev, ktery zpétné
ovliviuje stav hlasivek.

Zmény v feci béhem starnuti a v zavislosti na pohlavi
stale nejsou dostatecné prozkoumany a publikované studie
se rozchazi. Naprosta vétsina studii vékové zavislosti akus-
tickych charakteristik byla hodnocena na tzv. ,pri¢nych*
databazich, u kterych se porovnévaji starsi a mladsi vé-
kové skupiny. Ackoliv takové studie ukazuji obecné trendy,
tak dlouhodobé (podélné) studie, které jsou vSak po-
meérné vzacné, zobrazuji vyvoj akustickych charakteristik
jedince v zavislosti na véku bez vlivu statistického priameé-
rovani a jsou vhodné pro studium intraindividuélnich hla-
sovych zmén v ¢ase. Dlouhodobé studie vSak byvaji ovliv-
nény zménami nahravaciho prostiedi, nahravaciho zafizeni
a kompresi zvuku.

Prijato 1. kistopadu 2016, akceptovano 1. prosince 2016.

Studium zévislosti akustickych charakteristik na véku
prispiva k porozuméni a odliSeni prirozenych systematic-
kych neuromuskuldrnich zmén v disledku starnuti, oproti
pripadnym patologiim vznikajicim vlivem progrese neuro-
degenerativnich onemocnéni (napiiklad vlivem Parkinso-
novy choroby nebo ALS). Pro tyto analyzy feCovych cha-
rakteristik osob s rliznymi nemocemi a poruchami je také
potfebné vytvoreni normativnich dat. Nova poznéni o vé-
kové zavislosti by mohla byt vyuzita v klinické praxi a jsou
rovnéz vyuzitelna pro fecové technologie, jakymi jsou syn-
téza a automatické rozpoznavani reci.

1.2. Dlouhodobé studie

Préace [1] zkoum4 vliv starnuti na hlasech u dvaceti nizo-
zemsky mluvicich novinaid, ktefi cetli stejny text po tfi-
ceti letech. Analyzuje vékovou z&avislost stfedni hodnoty
zékladni frekvence FO a délky neznélych exploziv. Dalsi
dlouhodobé studie [2] se vénuje vékové zavislym zméndm
hlasu u 11 zdravych dobrovolnikt (muzt), ve véku od
50 do 81 let po dobu péti let na prubézich zakladni frek-
vence a jeji frekvencni a amplitudové nestability. Experi-
mentalni dlouhodoba studie [3] sleduje, zda zmény v hlase
zen mohou byt slySitelné a méritelné jiz po péti letech,
a také hleda vhodné veékové zavislé akustické parametry.
Vysledky ukézaly, Zze vékova diference je velmi dobie ur-
Citelnd i méritelna jak ve spontannich promluvach, tak
i u samohldsek s prodlouzenou fonaci (/i/ a /u/), prede-
vsim na zakladé méreni rychlosti promluvy a zakladni frek-
vence a jeji frekvenéni a amplitudové nestability. Studie [4]
se zabyva dlouhodobou akustickou analyzou nahravek ¢tyt
smluvéich ve véku jejich 29 let a poté v 50 letech. Ana-
lyza se zaméfuje na zmény v zakladni frekvenci a ve for-
mantech. Dlouhodob4 studie [5] se vénuje rovnéz analyze
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zékladni frekvence a formanti v samohlaskach u kazdoroc-
nich vanoc¢nich vysilani britské kralovny Alzbéty II. béhem
uplynulych padeséti let. Studie [6] porovnava hodnoty zé-
kladni frekvence ve skupiné 8 Zen s hodnotami stejnych
mluvéich nameétfenych o 25 let pozdéji.

Préce [7] prezentuje dlouhodobou analyzu vékové zavis-
losti zékladni frekvence FO a formantovych frekvenci F1,
F2 a F3 u péti mluvéich (britské kralovny Alzbéty 1., by-
valé britské ministerské predsedkyné Margaret Thatche-
rova, britské herecky, rozhlasového reportéra a novinare
Alistaira Cooka). U britské kralovny a u novinafe byla
provedena analyza promluv z obdobi padesati let, u ostat-
nich z obdobi trvajiciho vice nez 30 let. Velmi zajimavou
praci je podélné studie [8], kterd analyzuje promluvy (za-
kladni frekvenci a pocet slov na jeden nddech) v nedélnich
kazanich amerického pastora nahravané po dobu 50 let
(ve v&ku od jeho 48 az do 98 let). Ve studii [9] byly ana-
lyzovany formanty a zdkladni frekvence od osmi mluv¢ich
(S8esti muzl a dvou Zen) z televizniho dokumentu ,,7 Up“
nataceného po 28 let (po sedmi letech, ve véku 21, 28, 35,
42 a 49 roki).

1.3. Cil prace

Cilem této studie je predevs$im ovéfeni moznosti vyuziti
vefejné dostupnych databéazi pro vyzkum vékové zavis-
losti akustickych charakteristik popisujicich fonaci, artiku-
laci a prozédii a také porovnani vékove zavislych akustic-
kych charakteristik v ¢eskych promluvach s experimenty
na dlouhodobych studiich publikovanych zahrani¢nimi au-
tory.

2. Vybrané vékové zavislé akustické para-
metry

Sledované vybrané akustické parametry jsou pro ucely této
studie rozdéleny do tii fonetickych kategorii: 1) fonace,
2) artikulace a 3) prozddie.

2.1. Fonace

Fonaci se nazyva proces, pfi kterém je vytvafen zvuk.
Predstavuje vydechovy proud z plic, ktery pokracuje jic-
nem a prochézi hlasivkami, které jsou normalné oteviené.
P1i mluvé jsou vSak pomoci svalu hrtanu uzavieny a prou-
dem vzduchu rozechvivany. Parametry, které popisuji fo-
naci, byvaji odvozovany od zakladni frekvence F0O a hod-
noti kmito¢tovou a amplitudovou nestabilitu.

Zakladni frekvence Jednim z nejcastéji sledovanych
parametru zavislych na véku je stfedni hodnota zakladni
frekvence FO. Zmény v FO ovliviiuje kalcifikace chrupavek
hrtanu a u Zen také hormonélni zmény po menopauze ¢i
koufeni. Z vysledku studie [1] vyplyva, ze zékladni frek-
vence FO v muzskych ¢tenych promluvach s pribyvajicim
vékem klesd. V préci [6] popisuji autofi vyznamny pokles

FO pro muZe i pro zeny. V praci [2] byla u kufdkd po-
zorovana nizsi hodnota zakladni frekvence Teci, ktera se
v8ak u muzi zddla byt reverzibilni. Prace [12] popisuje
pro Zeny trend, kdy je zakladni frekvence prakticky kon-
stantni az do menopauzy a poté klesa, zatimco u muziu
je uvadén trvaly pokles FO, po kterém nasleduje zvyseni
FO (pfiblizné od 60 let véku). Vysledky studie [6] také po-
tvrdily klesajici trend hodnoty zékladni frekvence u Zen.
V dlouhodobé studii [7], ve které byly nasbirdny vzorky
promluv od muze a Zeny za padesat let, je dokumento-
vano, ze trend zakladni frekvence v zavislosti na véku ma
u muze tvar pismene ,V“ (po dlouhodobém poklesu nésle-
duje nartist) a u zeny setrvaly pokles. Dalsi ,padesatilet4*
studie [8] potvrzuje trend , V¢ pro muze. Studie [9] uvadi
pokles zéakladni frekvence u muzi béhem 28 let v produk-
tivnim véku jako velmi mirny (pouze o 3 %). U jedné Zeny
byl pokles FO o 8 % a u druhé, silné kuiacky, dokonce
0 23 %. Nedévna pfiéna studie [13] u muzi nepozoruje
vitbec zadny trend (ani ve vysokém véku), avSak u Zen
mezi roky 20 az 50 uvadi velmi vyrazny pokles FO, ktery
je ve vyssim véku uz pouze velmi nepatrny.

7 literatury vidime, Ze v obecném popisu prubéhu ca-
sové zavislosti zakladni frekvence FO neni dosud tuplna
shoda.

Shimmer a jitter U starsich mluvcich byva slysitelny
tfes a zvysSeny chrapot. Uvedené vlastnosti souvisi se zmé-
nou zékladni frekvence F0 a s jeji amplitudovou (shimmer)
a kmito¢tovou (jitter) nestabilitou. Tyto charakteristiky
ukazuji na stabilitu hlasu a maji tendenci se s v€kem zvy-
Sovat [10], [14].

Shimmer mé pomérné silnou korelaci s vékem. [10]
uvadi, ze stfedni hodnota parametru shimmer u starsich
hlasi je 5,43 %, zatimco pro mlad$i mluvéi je 2,21 %.
Hodnoty parametru shimmer se zvysuji s vékem nezavisle
na celkovém zdravi, a mohou proto slouzit jako indikator
starnuti hlasu.

S pribyvajicim vékem je u muzti i u Zen pozorovano
také chvéni hlasivek projevujici se zvySenou hodnotou pa-
rametru jitter, coz potvrzuje fada studif [11]. Jitter nemusi
byt jednoznaénym ukazatelem chronologického véku, ne-
bot byva zavisly na celkovém zdravi, uréitou indikaci star-
nuti vSak mtize poskytovat. [10] uvadi, ze stfedni hodnota
jittru u starsich hlast je 2,06 % a u mladsich je 0,62 %.

2.2. Artikulace

Artikulace neboli tvorba hlasek je tvofena zménou tvaru
a pozice mluvidel béhem prichodu zvuku dutinou hrdelni,
dstni a nosni. Artikulace byva nejcastéji hodnocena na
samohléaskach, které se popisuji a hodnoti v roviné prvnich
dvou formantt. Lze ji vSak také hodnotit napt. na délce
jednotlivych fazi exploziv.

Formantové frekvence Prace [4] a [7], zabyvajici se
vékovou zavislosti ve vztahu k formantim a k zakladni
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frekvenci, ukazaly, Ze zmény souvisejici s vékem v F1 mo-
hou byt kompenzovany fyziologicky vyvolanym poklesem
F0, ¢imz je udrzovana relativné konstantni sluchova vzda-
lenost mezi FO a F1. Studie [9] ukazuje na mirny pokles
prvnich tfech formantt (F1 pokles 8,5 %, F2 pokles 3,7 %,
F3 pokles 2,2 %) béhem 28 let. Prace [13] na pfiéné da-
tabazi nenaléza u muzi statisticky vyznamné zmény for-
mantd. U Zen ano, ale zmény jsou pozorovany jen u né-
kterych samohlasek a spise v mladsim véku.

Délka exploziv Préce [1] analyzuje délku poéatku zné-
losti (VOT — Voice Onset Time), kterd u neznélych explo-
ziv s vékem roste.

2.3. Prozodie

Prozoédie predstavuje vyssi troven jazyka. Popisuje melo-
dii, rytmus a p¥izvuk. Casto se hodnoti z rychlosti pro-
mluvy, ¢i délky trvani a ¢asovych pomért jednotlivych fe-
¢ovych segmenttl.

vék | podet FO  jitter VAI  VOT
22 39 14 5 18 1
23 18 8 2 0 1
24 14 5 2 6 0
25 3 0 1 8 0
26 94 8 11 14 3
27 35 2 6 9 1
28 0 0 0 0 0
29 70 5 11 14 2
30 57 0 11 8 0
31 17 5 2 12 0
32 0 0 0 0 0
33 0 0 0 0 0
34 18 0 2 16 0
35 76 6 6 29 3
36 27 7 4 21 1
37 45 5 5 18 1
38 27 5 2 12 0
39 64 7 4 16 1
40 0 0 0 0 0
41 0 0 0 0 0
12 63 5 8 18 2
43 0 0 0 0 0
44 105 5 12 18 0
45 45 3 2 8 5
46 5 2 2 5 0
47 0 0 0 0 0
48 125 7 33 21 0
49 2 0 1 0 0
50 3 1 1 7 1
51 10 0 6 14 0
celkem | 962 100 139 292 22

Tabulka 1: Poc¢ty vzorkt v databézi pouzitych pro analyzu

Rychlost ¥eéi Re¢ starsich lidi bjva charakterizovana
pomalejsi rychlosti. Ke snizeni rychlosti mtze dochézet
v dtsledku degenerace svali, ¢i imyslného zpomaleni spo-
jeného s presnéjsi artikulaci a zvySenim srozumitelnosti.
Rychlost feci souvisi také s délkou segmentti, ¢i poctem
segmentt za jednotku ¢asu a délkou a frekvenci pauz. Po-
Cet Fedovych jednotek (slabik, hlasek, sub-fonémt apod.)
za CGasovou jednotku klesd s vékem [12] a prodluzuje se
trvani souhldsek, samohlasek a pauz [14, 15, 12]. Nékteré
prace ukazuji vyraznéjsi pokles rychlosti promluvy u muzi
nez u zen. Percepéni testy rozpoznini véku [16] ukazaly,
ze rychlost ¢teni se pouziva jako vyznamnd charakteristika
pro rozliseni mladsich mluvéich od starsich.

3. Dlouhodoba studie akustickych parame-
tra na databazi z filmovych archiva [16]

Pro tucely analyz vékové zavislych akusticko-fonetickych
parametru hlasu a fe¢i byla vytvorena databaze filmo-
vych zdznamu ¢eské herecky (narozena 1963). Ze zdznamu
byly nastfihany jeji promluvy, od slov az po velka souvéti,
a analyzovany v jednotlivych kategoriich.

3.1. Databéaze

Filmové zaznamy z obdobi let 1985-2014 byly ziskany z in-
ternetovych stranek www.hellspy.cz a www.youtube.cz ve
forméatu avi. Pomoci nastroje Any Video Converter byly
nahravky z filmi prevedeny do formatu wav, dale po-
moci softwaru Cool Edit Pro 2.0 bylo extrahovano celkem
962 zdznamu (vét). Pro analyzu byly vybrany promluvy
bez Sumového pozadi a pasaze bez emoci, které byly ana-
lyzovany v prostfedi Praat.

Ve sloupci ,,pocet” v tabulce 1 je uveden pocet vét v da-
tabazi z prislusného kalendainiho roku a v dalsich sloup-
cich je pocet vzorkd, které dale byly pouzity pro vyhod-
noceni jednotlivych akustickych charakteristik.

3.2. Fonace

Zakladni frekvence byla analyzovana z prodlouzenych rea-
lizaci samohlasky /a/ z jednotlivych zdznamu bez rozdilu
pozice samohléasky ve slové. V tabulce 1 (sloupec F0) je
uveden pocet vokalu pouzity pro ziskani primérné hod-
noty zékladniho hlasivkového ténu v jednotlivych letech.
Analyzovany byly pouze vzorky bez velkého ruseni hudeb-
nim pozadim a bez prehnanych emoci. Vysledné hodnoty
F0 byly vypocteny detekénim algoritmem v Praatu a jsou
zobrazeny v obrazku 1.

Déle byly vypocteny parametry frekvencni a amplitu-
dové variability zakladni frekvence, které byly uréeny rov-
néz z prodlouzenych realizaci vokalu /a/ v Praatu. Jit-
ter i shimmer urcéuji kvalitu fonace, ale jsou také hodné
citlivé na kvalitu pouzitych nahravek pro analyzu. Kvili
tomu byly nékteré nahravky vytrazeny a pribéh primér-
nych hodnot obou parametri byl poc¢itan z mensiho poctu
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dat. Na obr. 2 jsou uvedeny vékové zavislosti hodnot lo-
kalnich parametru jitter a shimmer v procentech.
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Obrazek 1: Vékova zavislost stfedni hodnoty zakladni frek-
vence F0
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Obrazek 2: Vékova zavislost shimmeru a jitteru
mohlasky /a/

3.3. Artikulace

V praci byly analyzovany prvni dva formanty z prodlouze-
nych realizaci samohlések /a/, /e/, /i/, /o/, /u/. Pro jed-
notlivé samohlasky byly v Praatu nastaveny jejich typické
rozsahy. Pro detekci /u/ byly hleddny dva formanty do
1000 Hz, pro /i/ byly nastaveny dva formanty do 3000 Hz
a pro /a/ byly nastaveny tii formanty do 3000 Hz. V kaz-
dém roce zaznamu byl pro vypocet priumérné hodnoty po-
uzit rozdilny pocet prodlouzenych realizaci vokalt, viz ta-
bulka 1, sloupec VAL

Z vysledku vyplyva, Zze prvni formant u vsech samohlé-
sek s rostoucim vékem klesa, coz také potvrzuje vétSina

studii zabyvajicich se vékovou zavislosti prvniho formantu.
Zatimco druhy formant F2 s vékem klesa pouze u samohla-
sek /a/, /e/, Jo/, tak u samohlasek /i/, /u/ dochézi s ros-
toucim vékem k jeho nartistu. Pro vyhodnoceni vékové
zévislosti artikulace byl pouZit parametr VAI (vowel ar-
ticulation index) podle vztahu (1)

Fl(a) + Fg(l)
Fi(i) + Fi(u) + Fa(u) + F(a) |

VAI = (1)
Obecné, s méné vyraznou artikulaci hodnota VAI nartsta,
coz odpovida tzv. centralizaci formanti. Z obrazku 3 vi-
dime, Ze s rostoucim vékem hodnota artikula¢niho indexu
rovneéz roste.
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Obrazek 3: Vékova zavislost charakteristiky VAI

Délka znélé exploze byla zkoumana na spojeni samo-
hlaska-exploziva-samohléska (/u-d-e/ nebo /e-d-e/) v da-
tabdzi slov /udélat/ a /nedélat/, nebot tato slova byla na-
lezena u vétsiny rokt. Pro analyzu byla pouzita slova z co
nejklidnéjsich promluv bez emoci a velkého ruseni hud-
bou, okolim. Né&kter4 slova byla fecena diiraznéji (rychleji)
v ramci dané filmové role. Jak je mozné vidét na obrazku
4, doba exploze se s rostoucim vékem zkracuje.

3.4. Prozédie

Z prozodickych vlastnosti fecového signalu byla v této
praci zkouména vékova zavislost rychlosti feci. Jednotkou
tempa byl pocet slabik za sekundu, viz obr. 5. Zmény tr-
vani slabik jsou ovlivnény trvanim samohlaskovych seg-
mentt mnohem vice nez trvanim souhlasek, proto je di-
lezité vybrat véty s podobnym slozenim samohlasek. Ex-
perimentalni data z filmt jsou omezend danou hereckou
roli a nalezeni stejnych vét pro vSechny roky je prakticky
nemozné. Z analyzy rychlosti fec¢i musel byt vyloucen také
éteny projev herecky z jednoho filmu, nebot ¢teni byva
doprovazeno pomalejsi rychlosti.

Filmové zaznamy, vzhledem k nehomogenité vét, nejsou
vhodnym materidlem pro analyzu rychlosti feci, ani pro
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Obrazek 4: Veékova zavislost charakteristiky VOT' znélé
explozivy /d/ v samohlaskovém kontextu
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Obrazek 5: Veékova zavislost rychlosti feci

analyzu podilu pauz v promluvé, nebot neni mozné nalézt
stejné, ¢i alespon podobné véty, na nichz by se daly pa-
rametry zkoumat. Prozodické stranky promluv jsou také
prilis ovlivnény filmovou roli.

4. Diskuse a zavér

Pomérné vyrazny trend poklesu zakladni frekvence hla-
sivkového ténu herecky je pfiblizné 3 Hz/rok a korespon-
duje s trendem Zzeny-kuiacky ve studii [9]. Trend pro Zenu
nekufacku v praci [9] odpovidd mirnégjsimu poklesu F0
britské kralovny (z dostupnych zdroji také nekuiacky)
ze studie [7] a je okolo 1 Hz/rok. Z reSerSe literatury
i z této dlouhodobé studie vyplyva, ze pii tvorbé norma-
tivnich vékovych charakteristik zakladni frekvence bude
nutné uvazovat nejen rozdilnost pohlavi a vétny kontext

analyzovanych vzorkd, ale zfejmé i charakteristiky typu
kuidk /nekuiak.

Publikované trendy pro jitter a shimmer, napt. [10], zis-
kané z priénych databazi, jsou plné v souladu s nasSimi
zavéry z podélné databaze, které vsak byly ziskdny na
pomérné omezeném poctu vzorkd. Potvrzuji nartust frek-
venc¢ni a amplitudové nestability hlasivkového ténu s pfi-
byvajicim vékem.

Vékova zavislost formantovych frekvenci neni v litera-
ture popsana jednoznacné. V této praci byl pouzit para-
metr VAL ktery se ¢asto pouZiva pii hodnoceni artikulace
u dysartrickych pacientti, avSak pro hodnoceni vékové za-
vislosti nebyva pouzivan. Parametr VAI velmi dobfe uka-
zal s vékem rostouci méné vyraznou artikulaci samohlé-
sek. Nartistajici méné vyraznou artikulaci v zavislosti na
veéku potvrzuje také zkracujici se délka exploze u palatal-
niho /d/.

Experimenty v této praci potvrdily moznost vyuziti ve-
fejné dostupnych zdroj pro vyzkum akustickych charak-
teristik popisujicich fonaci a artikulaci. Naopak, experi-
menty ukéazaly také na nevhodnost posuzovani prozodic-
kych charakteristik z filmovych databazi.
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During the last few decades guidelines, requirements, acoustical norms or recommendations for schools were made
by several countries within Europe. Most of the documents focuses on speech intelligibility and on background
noise levels necessary for the sufficient concentration of students during the educational process. We have to keep
in mind that overall acoustical comfort in the teaching environment includes more aspects related to acoustics,
e.g. vocal effort of teachers and health problems connected with it. Previous research has shown that teachers
belong to a large social group with chronic laryngeal fatigue and therefore this topic has become more often
discussed at conferences and acoustic forums. The main research questions have been addressed to issues such as
“how acoustic conditions in classrooms affect the vocal load of teachers”. Typical research methods use monitoring
of the teacher’s vocal load over several days and compare the results with in-field measurements of background
noise, room acoustic parameters and self-reports of teachers and students followed by the investigation of speech
production accommodations due to changes in the acoustic environment. When speaking about vocal effort we
have to keep in mind also other types of acoustic environments, such as restaurants, cafés or student canteens.
This article reviews available information on so called voice — room interaction. The first part of the paper deals
with different teaching environments and discusses how the vocal effort of teachers should be taken into account
in acoustical guidelines.The second part of the paper shows recent outcomes in studying vocal effort in restaurants

and eating facilities.

1. Introduction

Acoustical conditions inside a room always depend on ar-
chitectural solutions, such as the shape and volume of the
room, absorptive and scattering properties of the interior
surfaces, on one hand, and on the function of the room
on the other hand. In schools, the educational process is
influenced by the level of education, age of the students,
and other factors which impact on the acoustic situation,
demands and requirements.

Between 50-80 % of teachers in Europe complain about
voice problems. Studies in North America report that
more than 18 % of teachers missed their lessons at least
once a year due to voice problems and had problems with
teaching because of their voice dysfunction. The vocal ef-
fort of teachers differs according to the taught courses.
Teachers of mathematics, history or languages, etc. are
forced to speak with increased voice almost the whole
working time. On the other hand, teachers of physical edu-
cation use their voices in a different way. They experience
short intense periods when they have to shout. These peri-
ods are interrupted with quiet periods with sufficient time
to rest and recover the voice [1, 2].

Schools can be sorted into different categories, such
as primary, secondary, high schools, universities, univer-
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sities of the third age, special schools etc. In these schools
different teaching methods are applied (traditional ple-
nary teaching, Montessori, etc). The acoustical conditions
therefore vary from case to case and from country to coun-
try. Nevertheless, it is well known that acoustical comfort
in the classroom strongly influences the educational out-
come and most of the studies refer to delay in the learning
process due to decreased speech intelligibility [3-5].

In the past, classroom acoustics have been mainly re-
searched from the point of view of speech intelligibility
and noise levels, so that students could learn in the most
convenient, efficient and comfortable way. In recent years
more and more focus is given to problems of the teachers’
voice. A good vocal quality of teachers is important for
the learning process of pupils, too [6]. Based on several
research studies, which have investigated subjective com-
plaints among teachers, Vilkman [5] reported that most
of the teachers have or had vocal problems during their
lifetime. For many of them the voice problem had an im-
pact on their teaching [7-9]. Teachers also complained that
their performance was strongly influenced by their vocal
capacity [3], and there are also studies which report that
students’ understanding at school is negatively affected by
the teachers’ dysphonic voice [6, 10, 11].
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The overall factors, which negatively affect the vocal
load, are related to the voice use, room acoustics, back-
ground noise, air quality, stress and psychological factors,
and the lack of time for rest and recovery [12-14].

2. Quality of indoor environment
2.1. Reverberation time

Reverberation Time is a well-known and widely used quan-
tity in room acoustics [15]. Most of the literature suggests
an optimal reverberation time in the range of 0.7-0.9 s at
mean frequencies, for an average classroom with volume of
about 200 m?3. Pekkarinnen & Viljanen proposed a rever-
beration time between 0.6-0.9 s and this latter range was
also reported as optimal by MacKenzie & Airey [16, 17]. It
has been also confirmed that values of Speech Transmis-
sion Index (STI) higher than 0.75 can be obtained only
in classrooms (of a typical size) with RT < 0.6 s. Seve-
ral series of intelligibility tests and acoustical measure-
ments in occupied primary classrooms were performed by
Bradley (1986), who proposed optimal RT values in the
range 0.4-0.5 s [18]. A study of Vargov4 et al also reported
the importance of decreasing the unwanted reverberation
time values, as well as keeping few early reflections by
application of an optimal amount of sound absorption [19].
In the study from Pelegrin-Garcia et al, it is shown that
variations of voice levels in spaces with different acoustic
properties are rather associated with the room gain level
or the voice support than with the reverberation times
[20]. Several experiments have confirmed that in the case
of long reverberation times, teachers have the tendency
to raise their voices as well. Hodgson et al showed that
a longer reverberation time increases the activity noise
level and, due to the Lombard effect, teachers are forced
to raise their voices [21].

2.2. Typical speech and noise levels in classroom
and signal to noise ratio

Typical speech levels in primary and secondary school
during classes were measured by many authors [22, 23].
A study by Houtgast showed that the average long-term
speech level in the classrooms was 57 dB(A) and the effect
of traffic noise on speech intelligibility in classrooms was
perceivable when the indoor level exceeded a critical value
of 42 dB [22]. Analysis of spectral components of long-term
speech and noise in the classroom was reported in the work
of Cornelisse et al (1991) and Byrne et al (1994), based on
broad international information. Speech spectra typically
peak at 500 Hz with a 15-20 dB drop at low and high
frequencies [24, 25].

An external and internal noise survey of 142 London pri-
mary schools reported that 86 % of schools were exposed
to noise from traffic [26]. The relationship between voice
increase and background noise level in room is described
in the international standard ISO 9921:2003 Ergonomics-
Assessment of Speech and Communication [27].
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Speech intelligibility depends not only on RT, but also
on signal-to-noise ratio. Too short reverberation times can
logically lead to an over-dampened place, which can influ-
ence the absolute strength of the teachers voice in the
back row. A teachers voice has its limits, and the students
activity level will almost never drop under 40 dB in ave-
rage [23]. However, Nilson & Hammer [28]and Ruhe [29]
refuted this opinion for classrooms not longer than 9 m,
and suggested that students behavior in rooms with more
absorbing materials compensates for lower signal levels at
back rows.

Based on detailed acoustical measurements made in
41 working elementary schools, Sato & Bradley estimated
that the average signal-to-noise ratio of 11 dB appears
during teaching activities, with an average speech level
around 60 dB(A) and noise level of 49 dB(A). Reverbera-
tion time in the occupied classrooms was averagely 0.4 s
(10 % more than in the empty rooms) [30].

3. Teachers voice problems

It is clear that bad acoustic conditions in classrooms
negatively influence quality of speech communication and
increases the vocal effort of teachers. There have been
studies carried out which show that the quality of the
indoor environment affects voice use and possibly leads
to health problems with vocal chords. A few of the pre-
vious studies stated that teachers are the second largest
social group suffering from chronical laryngeal fatigue [31].
Classrooms with bad acoustical properties cause a reduc-
tion in performance of students and make the teacher suf-
fer from fatigue. Previous studies show that the percentage
of time during the working day for which teachers speak
is on average 21 % (13-31 %). This value is compared to
office workers who speak 7 % of their working day [32,
33]. According to Durup et al, this can possibly cause se-
vere voice problems. Results from their experiment showed
that half of the tested subjects used their voices with high
speech levels, although the subjects taught in rooms which
fulfill the newest requirements for acoustical properties of
classrooms [32].

In an experiment of Lyberg-Ahlander et al [34], which
is based on a questionnaire answered by 467 teachers, the
authors showed that there are lots of teachers who suf-
fer from voice problems. The stronger reaction to vocally
loading factors in the teaching environment very often
leads to absenteeism from work. From the performed ex-
periment it is clear that teachers with voice problems pre-
fer longer room decay times while teaching in comparison
with their healthy colleagues. But as the authors reported,
more research is needed in this field.

In 2015 Puglisi et al [35] carried out experiments in
real classrooms and reported that the vocal effort of the
teachers can be classified as “raised” according to the stan-
dard ISO 9921 [27]. This can possibly lead to light or severe
dysphonia [36].
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An important finding about gender behavior in vari-
ous acoustical environments is shown in a study by
Hunter, where several differences between male and fe-
male teachers are shown [37]. In this study 57 teachers
were monitored for 2 weeks. In environments with sound-
absorbing panels a tendency of speakers to decrease the
speech levels was reported. Fatigue problems occurred
mostly for speaking loudly, especially with noise.

4. Influence of noise in restaurants

People in restaurants usually feel good when they are ac-
companied by friends, family or colleagues. Eating, drink-
ing, talking and listening go together and from the acous-
tic point of view we consider people present in the room
not only as listeners (e.g. sound receivers), but also as
potential sound sources (e.g. speakers). All sounds from
restaurant guests, ventilation systems, background mu-
sic etc. are creating soundscape, which impacts on our
feelings, mood, emotions and sometimes can even stimu-
late acoustic memories [38]. Noise in restaurants affects
not only customers, but also employees of the restaurant,
who are exposed to the given soundscape unwillingly and
over longer time periods than customers.

B. Rohrmann studied acoustic conditions in several
eating establishment from the point of view of social-
psychology. He researched the opinions of customers
through private interviews. The number of participants
was 72 including employees and management staff. Besides
the overall acoustic comfort assessment, he also took mea-
surements of noise in several eating establishments and
found out that the opinions of customers are very specific
and a lot affected by music in the background. The mea-
sured values varied between 85 and 100 dB, but for most
of the customers these values were acceptable [39].

Several researchers have investigated acoustic condi-
tions in restaurants through measurements in situ. In Bel-
gium, noise measurements in the student restaurant Alma
in Leuven and in Trapistencafe in Westmalle were taken.
This research was focused on observations of sound pres-
sure level changes in a function in which a number of peo-
ple were present. This publication reports the increase of
sound pressure level by 5 dB in Trappistencafe and 6 dB
in Alma when the number of people has doubled. Faster
increases of sound level in Alma were probably caused by
background music. But some values are higher than ex-
pected, which might be caused by the Lombard effect [40].

Similar experiments were performed by researchers in
Hong Kong (Chinese restaurant, fast food and style of
west restaurant). The results of measurements were within
the range of 67 dB(A) to 89 dB(A). The aim of this re-
search was to create a mathematic model of soundscape
behaviour in a restaurant. The analysis has shown that the
creation of a model is dependent on the density of seated
people. The model was confirmed by measurements which
showed that people increase their voices with the aim of
achieving better speech intelligibility [41].

Also, White investigated the acoustic environment in
a restaurant for gourmet foods in five eating establish-
ments. The sound pressure level of unoccupied restaurants
was within the range of 44-66 dB(A) and it was within the
range of 66-80 dB(A) when 10-94 customers were present
[42]. Christie researched objective possibilities (like the
equivalent sound absorption of a room / equivalent ab-
sorption area of a room, reverberation time, the volume of
aroom, ... ) and possibilities of predicting acoustics which
are acceptable environment in bars, cafes and restaurants.
Her hypothesis states that noise in the sampled establish-
ments is significantly affected by background noise. Ave-
rage background noise level reached 57 dB(A) in bars,
58 dB(A) in cafes and 65 dB(A) in restaurants [43].

Lack of speech intelligibility is one of the reasons why
people start to speak louder, and in doing so, noise levels
in a room increase. Communication and conversation at
the table in restaurants is known for its complexity. On
the one hand, there are high noise levels, which can be
considered as disturbing, but on the other hand, a cer-
tain noise level in the background is needed for providing
speech privacy. High noise levels will support good speech
privacy on the one hand, but they will disturb speech in-
telligibility on the other. Therefore, people will increase
their voice when talking to people at the table in order to
provide sufficient signal to noise ratio, but in doing so they
will contribute to the overall noise in restaurant. In any
case, providing good speech privacy in restaurant is a cum-
bersome task, since people can understand speech also in
noisy environment thanks to the binaural unmasking phe-
nomenon. This ability of the human auditory system is
known as the cocktail-party effect [40].

The development of a method for prediction of speech
intelligibility in noisy environments has been investigated
by number of other authors. One of the most important
references that can be found in the literature is the work
of Lazarus [10, 11]. On the basis of his research, new gene-
ral curves for the determination of speech intelligibility
depending on distance between communicating persons
and the signal interference level have been developed. This
method serves for the description of quality of verbal com-
munication, which includes the performance of a speaker
and reduction of speech intelligibility in the position of
a listener.

Assessment of verbal communication in pizzerias in
Turin, Italy was the aim of research by Astolfi and Filippi.
This research was based on questionnaires. The experi-
ment aimed to assess verbal communication depending on
the amount of sound absorption in a room, seating density,
type of customers and on the influence of the Lombard ef-
fect [44].

Lena and Elaine dealt with comparison of speech intelli-
gibility in four types of spaces (restaurant, cafe, metro,
bus). The study was based on the spontaneous dialogue
of 24 German speakers. The results have shown that the
main influence of the Lombard effect [10] was seen in the
increase of vocal effort. The Lombard effect has influenced
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the fundamental frequency of voices in both genders. The
speed of the verbal communication stayed constant and so
their conclusion was that noisy environment and influence
of the Lombard effect didn’t affect the speed of verbal
communication [45].

Nahid and Hodgson investigated the quality of verbal
communication and speech privacy in eating establish-
ments by means of acoustic simulation (CATT-Acoustic),
predicting the speech privacy and speech transmission in-
dex of existing eating establishments. The simulation took
into account also the impact of the Lombard effect. By
iteration of models and by the adding of barriers, sound
absorption and dividing big places into smaller parts, it
was possible to reach an optimal verbal communication
and speech privacy [46].

Navarro and Pimentel researched interference of verbal
communication with the aim of model creation for the
prediction of noise in places for eating in shopping cen-
ters. The quality of verbal communication was assigned
as poor in 12 eating areas where noise levels fluctuated
between 66 dB and 70 dB. An increase of a speakers vocal
effort did not suffice for achieving acceptable conditions
for verbal communication. The impact of the position of
sound absorption was also investigated, and it has been
concluded that the most effective position for sound ab-
sorption placement in restaurant is the ceiling [47].

Kang compared basic characteristics of speech intelligi-
bility by verbal communication in eating establishments
with a lot of sitting places and with high levels of occu-
pancy. Parametric study (performed in software that uses
the radiosity method) has shown that with the raising of
the amount of sound absorption it is possible to increase
the values of the speech transmission index from 0.2 to 0.4.
Acoustic absorbers can be situated differently in rooms
with regular shapes. The strategic deployment of acoustic
absorbers is needed for spaces with flat and long shapes
[48].

The required size of the sound absorption area can be
derived from values of acoustical capacity. A definition of
acoustical capacity was developed by J. H. Rindel from
his prediction models for average noise level depending on
the number of present people. For estimating the number
of present people, the parameter g (group size) was es-
tablished. It was defined as a ratio of present people and
active (speaking) people. Interestingly, in case of present
people counted as possible sound sources, the noise level
drops by 6 dB with doubling of sound absorption area (at
constant sound source, without the Lombard effect, the
noise level drops by 3 dB by the doubling of the sound
absorption area) [49, 50].

5. Problems of sports teachers

Gymnasiums and sports halls are among such places with
high background noise levels caused by internal sources,
such as pupils playing, etc. Raising ones voice helps in
speech understanding when there is background noise as
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a speech masking sound source. One can also increase the
signal-to-noise ratio by decreasing the distance between
the sound source (teacher) and receiver (student).

There is a difference in acoustical condition in rooms
with long reverberation times (such as sports halls or
gymnasiums where sound absorption is missing). In such
spaces an increasing in speech level wont help under-
standing of speech. The stronger the signal sound is, the
stronger the reflections will be. Therefore, the masking ef-
fect of reverberation remains the same [51].

There are two different acoustical environments for
a physical education teacher to give their lessons: (1) In-
door environment, such as gymnasiums and sport halls
and (2) Outdoor environment, such as football field, ath-
letic stadium, basketball or any court.

The main problem of outdoor facilities for a speaking
teacher is caused by law of sound attenuation in an open
field, i.e. the voice level of teacher is decreased with dis-
tance by 6 dB for doubling the distance from the sound
source (the teachers mouth). In general, talking to a large
group of pupils without amplification outdoors is difficult
in any case. Another problem can be caused if a school or
courtyard is situated in a city center or close to a large
road. In such case there might be a relatively high level of
traffic noise or any other noise.

The background noise from traffic is partially blocked
by building envelope during sport lessons performed in-
doors. However, there is the possibility of noise penetra-
tion because of naturally solved ventilation of such spaces
since it is crucial to ensure an environment with fresh air
for lessons. This means that windows might stay open for
whole lessons; therefore levels of traffic noise will be ac-
ceptable or not-acceptable. Walls of the indoor environ-
ment can also help to support the teachers voice. How-
ever, speech intelligibility might be deteriorated by too
much reverberation.

There is also the influence of the number of chil-
dren/students present at a PE class. The noise from pupils
will be increased because of reflections from interior con-
structions as well as different objects in the sport hall.
This will force teachers to increase their voices also in an
indoor environment [52].
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Fan Noise Propagation in Hard-Wall and Lined Ducts
Sifeni hluku ventilatoru potrubimi s tuhymi a pohltivymi sténami

Tomas Salava

VZLU, Beranovych 130, 199 05 Praha

Acoustic transfer impedance (ATI) is proposed for use in investigating and describing noise propagation in ducts.
A way of hybrid (analytical-numeric) computing ATI transfer functions in acoustically lined rectangular and
cylindrical ducts is outlined, and some examples are shown of the ATI transfer functions computed in the proposed
way. In the conclusion, further development is proposed of the ATI transfer function concept in application on

fan noise in ducts.

1. Introduction

Let us recall first some basic terms that are used in
this article. Acoustic transfer impedance (ATI or Z7T) is
the designation for the complex ratio of sound pressure
p(f, Xo) at frequency f and in a point Xy to the volume
velocity ¢(f, X) (also called volume flow and/or denoted
by @) generated by a sound source in a position X, where
X and X are the position vectors in the used coordinate
system. As a result, we can write

ZT(fa Xa XO) = p(f7X)

Q(fa XO) '

Let us suppose first that the sound source has dimensions
smaller than the respective wave lengths, or that it can
be described or substituted by a bundle of small sound
sources. In the case that X = X, we obtain the basic,
“in place” acoustic impedance Z(f, X) or also the acoustic
load impedance, acting on a sound source. In a similar way,
it is possible to extend the basic conception of acoustic
specific impedance, which is defined as the complex ratio
of sound pressure and particle velocity at a given point in
a sound field.

Both acoustic impedances and acoustic-specific impe-
dances are complex vectors, though using their complex
amplitudes as functions of frequency is mostly sufficient.
Acoustic transfer impedance is proposed for use instead of
the sound pressure transfer function for fans, as fans are
basically, or mostly can be assumed to be, sound sources
with high internal acoustic impedance, and therefore to
behave more as sources of (constant) volume velocity than
sources of sound pressure.

An extensive amount of knowledge about noise gene-
rated by fans and its propagation in ducts has already
been published, and is dealt with in numerous books and
articles. Both fundamental and detailed information about
noise in ducts and ductworks can be found e.g. in one well-
known book [1], or in a comprehensive, freely accessible
and recently updated university text [2], or even in a more
condensed version in [3], to mention at least a few.

References [4-7] are another few examples of papers re-
levant to the topics of this paper, as is the modal con-

(1)

Pfijato 16. dubna 2015, akceptovano 11. listopadu 2015.

cept of sound propagation in ducts [4, 5], or the acoustical
lining of ducts [6], or the hybrid approach to simulating
sound propagation in ducts [7]. In this paper, the concept
of acoustic transfer impedance (ATI) is recommended to
be used for describing noise propagation in ducts. Subse-
quently, a way of hybrid computing of ATT transfer func-
tions in acoustically lined ducts is described.

The proposed way of computing ATI transfer functions
is computationally less demanding than the methods of
computational aeroacoustics or other methods based on
FEM or BEM or similar principles.

The proposed way of using the ATT concept on fans and
ducts is derived from the previous experience of the author
with sources of known and/or constant volume velocity,
and their use for measuring acoustic impedances [8-12],
as well as later with measuring and computing acoustic
load and transfer functions in rectangular rooms [14] and
transient responses in rectangular rooms [15, 16].

The used way of computing acoustic load and trans-
fer impedances in rectangular ducts emerges from the ba-
sic part of the older SW, formerly developed and used
for simulation of acoustic transfer functions in rectangu-
lar rooms at low frequencies [15]. The last version of this
SW can also simulate transient phenomena in rectangular
rooms [16].

The basic parts of the mentioned earlier SW [15] have
been used with only smaller modifications in the program
DUCT_R [30], which is described briefly in the following
section of this paper. Some problems arose with rewrit-
ing the mentioned earlier SW into cylindrical coordinates
in the program DUCT_C, for cylindrical waveguides. Nu-
meric generation of Bessel functions was solved by approxi-
mating the Bessel functions with trigonometric functions,
available in all programming languages [17, 18].

2. Rectangular and cylindrical ducts

Let us first recall at least very briefly the basics of using the
acoustic wave equation concept in application to rectan-
gular and cylindrical ducts, supposing the presence of
rigid, fully reflective walls and zero energy losses at sound
wave propagation and reflection.
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2.1. Rectangular duct

Let us assume a simple rectangular duct situated in Carte-
sian coordinates as shown in Fig. 1.

1
{-—0-—-.-—-—-|

—_— X

"\‘}'

Figure 1: Rectangular duct in Cartesian coordinates

The wave equation for sound in air can be writen e.g.
in its most often used version (explained thoroughly e.g.
in [2, 3])

(2)

First, we need to find a single-frequency solution of the
wave equation (2) with separated variables z, y and z as

3)

By substituting (3) into the wave equation and by sepa-
rating the variables, it is possible to obtain the following
equations for the two transversal wave modes

p= Ae~ i(akz— wt)Y(y)Z(Z)

2
oY — kY =

(4)
a?z )
W‘i‘kZZ—

The basic solution of the above set of second-order equa-
tions (4) can be written e.g. as

-2
_ (ky’ | JRAE =10 ()
2(z] = cos(k., z)

In equation (3) and later on, k is the wave number. In the
case of hard walls, it must be

8_Z
0z

oY
=0 — =0
Y ay
Therefore, also for the two transversal wave numbers ky,,
and k,,, must be
sin(knyLy) =0, sin(ky,.L.) = 0.

As a result, for the transverse angular eigen-frequencies
Wnyne We find the well-known formula

+ (/L)Y (6)

Wnynz = CT0 [(”y/Ly)2

16

and it is possible to introduce a coefficient of dispersion
for transversal wave modes

Ty T 2 n,m 2
nynz — 1-—- < =
o= 1| (8) + (32)

for which the following also holds:

: (7)

(8)

The coefficient of dispersion o, also equals the cosine
of the angle ¢ between the modal wavefronts and the
duct axis. It may be interpreted as well as an indicator
of how a particular wave mode will propagate in the duct.
Each mode propagates axially along the duct at their axial
phase speeds. Hence, the axial speed of transverse modes
will then be

(9)

Qnynz = \/ 1 — (WnynZ/w)Z-

c

1 — (Wom/w)?

The next well-known formula holds for eigen frequencies
of all the particular wave modes in rectangular ducts as
well:

Cmn =

S = G/ (/L) 4 (m/L,)? + (/L.

The resulting sound pressure in the duct is the weighted
sum of the pressure patterns of the particular wave modes,
and the sound pressure distribution in a rectangular duct
can be expressed (e.g.) as

Z Z Anxny nxny(yv ) 1akx,

ny=1nz=1

Doynz (Y, 2) = cos(knyy) cos(kn.2).

(10)

y,ZCC

(11)

Supposing excitation of the sound field in the duct by
a point or very small sources of volume velocity, the coeffi-
cient Apzny will also have to include the excitation weigh-
ting coefficients for the individual wave modes according
to the position of the sound source. Let us just recall that
for the propagation of an acoustic mode in a duct, its coef-
ficient of dispersion a;,, must be real. Otherwise the wave
decays exponentially (evanescent wave).

2.2. Cylindrical duct

Let us suppose a cylindrical duct situated in cylindrical
coordinates e.g. as in Fig. 2.
The Laplace operator in the wave equation for sound
in cylindrical coordinates can be written as [see again e.g.
1 02

2,3]
P 10 (0) 10
dx2  ror \ or r2 062"
Let us again find a harmonic, single-frequency solution of

the wave equation in cylindrical coordinates with sepa-
rated variables as

v? = (12)

p = Ae i@k =wD Q) H(9). (13)
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Figure 2: Cylindrical duct in cylindrical coordinates

By substituting (13) into the wave equation, and separa-
ting variables, we can — similarly as in rectangular coordi-
nates — obtain two equations with separated coordinates

2 2
o¢ 190G, E1-a?) -2 |a=0,
or2 ror r2
025 (14)
277 _
202 +m“H =0,

which are only slightly more complicated than the equa-
tions (4) in rectangular coordinates. The equations for
transversal wave modes can be written as

_ Jm(kr)
G(r) - Ym(IiT) } Ii2 — k2 (1 o QQ) , (15)
H(9) = e im0

where k is the transversal wave number, J,,, and Y,,, Bessel
functions. For more explanations see again e.g. [3, 4].

Bessel functions are mostly not available in the ma-
jority of programming languages; however, trigonomet-
ric approximations are available [17, 18]. The resulting
sound pressure pattern in the cylindrical duct is again the
weighted sum of pressure patterns of the particular wave
modes. Sound pressure distribution in cylindrical ducts
can be described similarly as

oo o0

=3 A @ (r, 0) ek

m=1n=1

Dy (1,0) = I (KinnT) e imb

p(r, 0, x) 16)

If we suppose the excitation of the sound field by a point
source of a known volume velocity, the coefficient A,,,, will
have to include the weighting factors for individual wave
modes according to the shape of the mode and position of
the sound source.

Examples of shapes or nodes of transversal wave modes
in cylindrical ducts are shown in Fig. 3, where k is the wave
number (k = 27 f/cy) and a stands here for the radius
of the duct. The transversal mode with the lowest eigen-
frequency is the first circular one for which ka = 1.8412.
The eigen-frequency of the lowest transversal mode will
therefore be f19 =1.8412-¢o/(wD), where D is the inner
diameter of the duct. Let us recall again that the acous-
tic mode mn propagates in a duct only if its coefficient
of dispersion a,, is real, which also means its frequency

f Z fmn-

0 1 2
(kd)m=0 (kr)m=3,8317  (kado==T, 0156
(ka)n=1,8412  (kay==53314 (ka):=8,

Figure 3: Transversal wave modes in cylindrical ducts

3. Computing transfer functions in ducts

In the previous chapter, we have seen a brief review of
the wave theory basics of sound fields in rectangular and
cylindrical ducts with hard walls and no energy losses. To
obtain transfer functions, formulations (11) and (16) have
to include an excitation of the sound field in the ducts.

In this paper, we recommend for acoustic transfer
impedance (ATI) to be used for describing and investi-
gation fan noise propagation in ducts, rather than sound
pressure transfer functions. The way of computing acous-
tic transfer impedances in rectangular ducts proposed in
this paper is derived from an older SW formerly developed
for simulation of sound fields and sound transfer functions
in rectangular rooms [14, 15]. The last version of this SW
could also simulate transient phenomena in rectangular
rooms [16].

The basic part of the mentioned earlier SW [14, 15] has
been used with only small modifications in the program
DUCT_R, [30], for computing transfer and acoustic load
impedances in rectangular ducts with sound-absorptive
walls. Several problems arose with transcription of the
author’s earlier SW from rectangular to cylindrical coor-
dinates in the program DUCT_C, written for cylindrical
ducts.

The numeric generation of Bessel functions in the pro-
gram DUCT_C is solved using an approximation of Bessel
functions by a trigonometric function [17, 18].

3.1. Rectangular ducts with rigid reflective walls

To obtain transfer impedance from the formulation (11),
it has to be extended to include also a source of excitation
of the sound field in the duct. In the contemporary state
of development of the DUCT programs, an excitation of
the ducts is supposed by a source of constant volume velo-
city having small or negligible dimensions. As a result, the
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relation for acoustic transfer impedance in a rectangular
duct can be expressed e.g. as

ZT(yv %, Z,Y0, 20, k) =
oo

Z Z AV i (Y05 20) P (3, 2) €7 1F

n=1m=1
@i (y, 2) = cos(kny) cos(kmz),

nm(yanO) ( knyo) Cos(kmz())-
(17)

In relations (17), Z7T is the acoustic transfer impedance
from the point yg, 20 (g = 0) to the point z, y, z, and
k=w/co (w=27f,cois the speed of sound). It is assumed
that the sound source is situated in the wall at ¢ = 0, and
all the walls are rigid and reflective. The basic layout of the
supposed rectangular duct and its position in Cartesian
coordinates is shown in Fig. 4. The particular points 1 to
5 are discussed in a later section.

kN

(RN

!

3

Figure 4: Rectangular duct with coordinates

The relations (17) have been derived for all the walls
being rigid and reflective. As has already been mentioned,
some energy losses can be introduced into the basic loss-
free solution in the simplest way by assuming the sound
speed or wave number to be complex, defined e.g. as

co = co (1+in)"1/?
and
k=k(1+in) ",

where 1 is a coefficient of losses or a sound propagation
loss factor. By introducing the complex wave number k
into equations (17), rewritten with complex variables, it is
possible to obtain the simplest solution of the wave equa-
tion with (equally) damped modal resonances. An example
of an ATI transfer function with slightly damped modal
resonances in a rectangular duct computed in this simple
way is shown in Fig. 5.

Shown in Fig. 5 is the sound pressure (module) level
at a point 1 inside of the rectangular duct outlined in
Fig. 4, computed as a function of frequency for the source
of constant volume velocity ¢s placed in a base wall as
marked in Fig. 4 by a red dot. The entered dimensions of
the duct were: cross-section (0.5 x 0.5) m and length 5 m.
The entered sound propagation loss factor was n = 0.01.
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Figure 5: An example of a computed ATI transfer function
in a rectangular duct

As can be seen from Fig. 5, up to about 340 Hz, only
a simple axial wave propagates in the duct from the sound
source, which then is reflected back from the closed hard
and reflective end wall of the duct, and thus creates the
axial standing wave. Beginning at 343 Hz, transversal
waves start to emerge. In this simulation, all wave modes
are damped equally.

The same way of introducing at least some sound propa-
gation losses into the basic lossless relations can also be
used for cylindrical ducts. Let us add that using complex
wave numbers or a complex speed of sound is a highly
frequent practice in describing the acoustic properties of
porous or fibrous materials and sound propagation in
spaces filled with such materials [19].

3.2. Ducts with sound absorptive walls

Walls or sections of ducts with sound-absorptive lining are
very often used for noise damping in air-distributing duct-
works. Terminating sections of ducts with sound absorp-
tive walls is a method also used in standardized measuring
facilities for measuring noise of fans radiated into ducts.

As has already been mentioned, computing ATT trans-
fer functions in ducts is possible in different ways e.g. also
by the now widely available SW using contemporary ad-
vanced numeric methods of computational aeroacoustics
or by other numeric methods based mostly on FEM or
BEM principles. For ducts, such methods are, however,
computationally needlessly too demanding.

The way of computing ATT transfer functions in ducts
with sound-absorbing walls proposed in this paper is de-
rived from an analytical solution. An example of such a so-
lution is equation (17). To get acceptable results for sound
absorptive walls, the boundary task for non-zero boundary
conditions has been solved using numeric iterations based
on the Newton-Raphson iteration scheme [20].

The Newton-Raphson iteration technique proved rela-
tively simple and fast even for transcendental functions.
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An identical method based on the Newton iteration
scheme was used by this author and referred to already
in his previous paper [15]. It has been described in papers
[21, 22], and is used in the DUCT programs. An example
of ATT transfer function in a rectangular duct with sound-
absorptive walls as computed by the program DUCT_R is
shown in Fig. 6.

DUCT_R Sound Pressure Transfer Funcfion

. e i
R “’Wﬁwi' !
PV ) :

o

L [dB]

“

B2

10

0
1 101 201 nm 401 501 601 701 501 a0

Frequency Hz]

Figure 6: An example of ATI transfer function module
computed by program DUCT_R

For the example of the ATT transfer function in Fig. 6,
the figures entered were the duct cross-section dimensions
(0.6%x0.8) m and the duct length 7 m. The source of volume
velocity (107¢ m?/s) was near one corner in the wall at
x = 0. The target point was in the opposite corner at
r=6.9m, y=0.79 m, 2 = 0.59 m. For all the walls, the
sound absorption coefficient entered was a = 0.15. The
wall with the sound source is supposed to be rigid and to
have zero sound absorption.

Transfer Impedance Module [dB]
70

60

50

Level [dB]

100 200 300 400 500 800 700 800 900 1000 1100
Frequency [H3
|—'—F's<rt1 ——Point2 ——Point3 —Foint4 —=Pdnt5

Figure 7: Set of ATI transfer functions in a rectangular
duct as computed by the program DUCT_R

Another example of a set of ATI transfer functions
in a rectangular duct as also computed by the program
DUCT_R is shown in Fig. 7.

In this case, the basic dimensions of the duct were en-
tered as: cross-section (0.8 x 0.5) m and length 3 m. Coef-

ficients of the sound absorption entered were 0,2 for both
the wider walls, 0.3 for the narrower walls and 0.4 for the
terminating wall of the duct.

Again, the sound source was placed in one corner, as
also marked in Fig. 4. The target points 1-5 were on, or
very near to, the terminating wall, as they are marked
(approximately) also in Fig. 7. Plotted in Fig 7 are again
only the (relative) ATT moduli levels in dependence on the
frequency or the sound pressure levels in dB for excitation
by volume velocity 10~¢ m?/s.
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Figure 8: An example of the output of program DUCT_C

In Fig. 8 is an example of a possible output of a DUCT
program (DUCT_C this time) as displayed on a computer
screen. Plotted in this case are the ATI modulus in dB
and the phase angle in degrees. After the computation
is completed, the results of computing can be derived or
copied from the screen and saved for further use.

Shown in Fig. 8 is an ATI transfer function computed for
a cylindrical duct with diameter 0.6 m and length 4 m. The
ATT transfer function has been computed for the location
of the sound source with radius rg = 0.28 m and at the
azimuth angle § = 0°. The target point was set at a dis-
tance of 3 m from the sound source at the duct axis.

Other examples of the outputs of the programs
DUCT_R and DUCT_C are shown in the Appendix.

3.3. Further development

First described in this paper were two versions of the
DUCT programs. A supposition for further development
is to make it possible to simulate excitation of the duct
by a rotating line source of volume velocity, and subse-
quently as well with programmable volume velocity dis-
tribution and also for streaming air in the ducts. In the
contemporary state of development, the DUCT programs
are proved to give highly useable results for the velocities
of the air streaming in ducts up to 15 m/s (as a similar
limit also exists in EN ISO 11691).
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The subsequent research was intended to aim first at
further improving the simulation of the sound field in both
rectangular and cylindrical ducts as derived from some re-
cent papers such as e.g. [23-25] and then to add the simu-
lation of the noise radiation from the open ends of pipes
[26] and also a possible simulation of spinning waveform
modes with flow [27, 28] in both circular and rectangular
ducts. As of now, however, no continuance of the com-
menced development is foreseen.

4. Summary and conclusion

In this paper, acoustic transfer impedance (ATI) is recom-
mended for describing and evaluating noise propagation in
ducts and a method of hybrid computing for ATI transfer
functions in acoustically lined ducts is described.

The proposed method of computing transfer functions
in lined ducts is computationally much less demanding
than the present fully numeric methods of computational
aero-acoustics and/or general acoustics, or other methods
based mostly on FEM or BEM or similar principles.

The proposed way of computing acoustic load and trans-
fer impedances in ducts is derived from the previously de-
veloped and used routines for simulating acoustic load and
transfer functions in rectangular rooms. The basic part of
the mentioned older software has been used in the program
DUCT_R, for rectangular ducts, and also in the similar
program DUCT_C, for cylindrical waveguides.

The way of computing ATT transfer functions in ducts
with sound-absorbing walls proposed in this paper emerges
from the basic analytical solution of the wave equation
with zero boundary conditions, an example of which is
equation (17). To find the solution for sound-absorptive
walls, the boundary task for nonzero boundary conditions
is solved by an algorithm using the Newton-Raphson itera-
tion scheme.

Some examples of ATI transfer functions computed by
the two programs are shown and discussed in chapter 3.
Further information about the use of the two programs
with other examples of ATI transfer function is given in
the Appendix. In the present article, only the two first
versions of the two programs available now as finished exe-
cutable computing programs are described.

In the contemporary state of development, the DUCT
programs are expected to provide highly useable results of
simulation for the air-streaming velocities up to 15 m/s,
which also is a similar limit in EN ISO 11691. Further
development should be targeted first towards making it
possible to simulate excitation of the ducts by rotating
line sources of volume velocity, and only subsequently with
programmable volume velocity distribution and then for
streaming air in the ducts.

Future work should also be aimed at further improv-
ing the simulation of the sound field in both rectangular
and cylindrical ducts based on very recent findings, and in
addition should also target the possible simplified simula-
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tion of spinning modes with flow. As of yet, however, no
continuance of the commenced development is foreseen.
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Appendix

Examples of the input and output screens of programs
DUCT_R and DUCT_C.

dB 1 8 dB = 1 kPa
SOUND PRESSURE
"
PUCT PROPERTIES
18 Altd
Continue or Quit [ CAQ 1 + A r\
ENTER: -28 p - V !
Duct dimensions Lx, Ly, Lz ml : .6,.6,8 3 /\
Source location x y, (1z=0)Im] : .1,.1 — 4 )
Target point location ¥,z m] : .3,.3,2.9 ldy]
Sound absarb. walls ( x=0:Lx, max. 0.5 ) : .05, .65 .
Sound absorb.- walls ( y=0;Ly, max. 6.5 ) : .05,.05 |
Sound absorb.- termin (zh,meS):.ﬂ -~ |
Rel. losses in the air ( max. 10 ) : \
Mox. vatuc of irdoes ( max. 25 W CHAN ) : 20 [ —
Fmin, Fstep, N points ( max N=1000 ) 1 10,1,999 D e R 8
Entered values 0K [ Y/ N 1 R | 'Sﬂm » -
File nane Cor Q If not ) : DTOG
Figure 9: An example of the input screen of program .
DI%CT R with enterg d input Valufs Prog Figure 12: Another example of an output screen of pro-
h gram DUCT_R
DUCY PROPERTIES o P
SOUND PRESSURE
[}
Contimue or Quit [ CA ) L \“
ENTER: '"’ —
Duct dianeter and length DL [ :.89 -2 —1 }
Source location B, Alfa [nl,06rd] : 4.0 / A A A
hl'wt point location R.Alfa,2 [ll [6rd],[n]: .4,6,8.8 3 A
Sound absorb.- walls .0.8): .01 1 Y N
Sound absorb.- temin (z=lz.nx.95) a
I:l losses in the air ~ (max. 10 ) : .1 -48 N
Bax. value of indexes (max. 20 ) M CMMM) : 20 W R (S H
Tain, Fstep, N points ( max N=1600 ) : 10,1,99 - ] { i i LA 11
Terel wlaes 08 [T/ W1 By | T U [
68 i
19 30 108 368 [Hz]1 1k
File nane ( or Q if not ) : D122

Figure 10: An example of the input screen of program

DUCT.C with entered input values Figure 13: An example of an output screen of program

DUCT.C

[dB) 0 dB = 1 kPa
SOUND PRESSURE

1 dB ) @ dB = 1 kPa
SOUND PRESSURE
]
-10 | ’

AL )
e vV 1dg]
40 Raaa
[\___“. n ‘“i I\ | .M ;‘I 1
- EH T HA |
-0 - _180
10 ') 100 % (K

File nane ( or Q if not ) : DLOO1N

File nane Cor Q If not ) : DTIAQ

Figure 11: An example of an output screen of program Figure 14: Another example of an output screen of pro-
DUCT_R gram DUCT_C
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