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Honza, jak byl vzdy jmenovan mezi prateli, byl po ukonceni vysoké skoly zaméstnan ve Stat-
nim vyzkumném tustavu pro stavbu stroji v Béchovicich, kde se vénoval akustice a chvéni
a v této oblasti dosahoval vynikajicich vysledki. Po roce 1990 se timto oborem zabyval
na Ministerstvu zivotniho prostiedi. Jeho zaméfeni na hluk strojnich zarizeni a pozdéji na
dopravni hluk bylo velkym pfinosem pro danou problematiku, at uz z hlediska aplikovaného
vyzkumu a vyvoje, nebo z hlediska vzdélavani ,akustikti-hlukait“ v praxi. Dlouha l1éta byl
lektorem a organizatorem kurzi, kde se svymi prednaskami zapsal do povédomi snad vSech
absolventti. Byl autorem mnoha odbornych ¢lanki a studijnich materiali odbornych kurz,
prelozil do ¢estiny celou fadu norem. Mimo své pracovni povinnosti byl téz velmi aktivni ve
Védeckotechnické spolednosti v sekci hluk prostiedi a pozdéji v Ceské akustické spolecnosti,
kde az do svého odchodu puisobil v radé spolecnosti a podilel se na tvorbé Akustickych listi.
Byl jednim ze zakladatelt akustickych seminaid, kde byl vzdy velmi aktivni af jiz jako po-
fadatel, nebo posluchac¢ ¢i prednasejici. Zvuk zvonecku, ktery ohlasuje zacatek prednasek,
nam ho bude navzdy pfipominat. Pro svoji povahu byl Honza mezi prateli vidy velmi obliben, umél se vyporadat
s problémy a nikdy nikoho nezarmucoval. Bohuzel jiz neni mezi nami a bude celé akustické obci chybét. Honziku,
budeme na Tebe vzdy v dobrém vzpominat.

Byvali spolupracovnici.
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Fenomenologicky model generovani zvuku

ve vroubkovanych trubicich a jeho modalni reseni

Phenomenological Model of Sound Generation in a Corrugated Pipe
and its Modal Solution

Viktor Hruska a Michal Bednarik

Ceské vysoké uceni technické v Praze, Fakulta elektrotechnicka, Technicka 2, 166 27 Praha 6

Phenomenological model of sound generation in a corrugated pipe is established along with its motivation from
the aeroacoustic wave equations. Numerical simulations show very good correspondence with desired nonlinear

system features such as mode-locking and hysteresis.

1. Uvod

Ohebnd vroubkovana hadice (,husi krk“, angl. curruga-
ted pipe nebo rovnéz ,gooseneck) dnes piedstavuje neod-
myslitelnou soucast inzenyrskych instalaci od centimetro-
vych §kal v domécnostech po podvodni vedeni v radu sto-
vek metrii (flexible risers). Jeji hlavni pfednosti je celkova
ohebnost pfi zachovani lokalni pevnosti. Vedlejsi efekt
predstavuji turbulentni struktury v proudéni v blizkosti
vroubkti, které mohou generovat zvuk. Kromé nezadouci
emise hluku mize zvuk diky vazbé na rezonator dosahnout
akustickych tlaki nebezpeénych pro samotnou strukturu
trubice [1].

Misto narocné formulace odvozené z Navierovych-
-Stokesovych rovnic predstavujeme pokrocilejsi verzi feno-
menologického modelu, ktery formuloval Debut a kol. [2].
Ten se opira o popis nelinearniho chovani nestacionarniho
toku v turbulentni mezni vrstvé pomoci van der Polo-
vych rovnic (dale napf. [3, 4]), na rozdil od pfimé simu-
lace (napf. [5]) nebo zjednodusenych akustickych modelt
(napt. [6, 7]). Shrouti starsi literatury viz [1].

V dalsim textu je nejprve shrnuta teorie, véetné mo-
tivace pro fenomenologicky piistup (¢ast Modelové rov-
nice). Nésledujici partie obsahuji vysledky feSeni rovnic
(¢ast Numerické simulace), posouzeni jejich platnosti a ko-
respondenci s experimentalnimi vysledky (Diskuze a Za-
vér).

2. Modelové rovnice

Teoretické vychodisko predstavuje zobecnéni Lighthillovy
akustické analogie pro proudéni v blizkosti pevnych struk-
tur: Curleova analogie. Mé&me v proudéni o rychlostech
v(x,t) nepohyblivé tuhé téleso ohrani¢ené plochou S de-
finovanou pomoci rovnice typu g(x) = 0. Zavedeme Hea-
visideovu funkci H(g) tak, ze H=1 vné plochy S a H=10
uvnit¥. Déle pfedpoklddejme mald Machova ¢isla (nestla-
Citelné proudéni) a vysokd Reynoldsova éisla (maly vliv
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viskozity). Pak pro malé poruchy hustoty v tekutiné plati
vlnové rovnice (zapis v Einsteinové notaci) [8]:

1 62
(%w —VQ) [Heg (p—po)] =

0°(HRy) 0

(rsit) 5] )

kde p;; = (p —po) dij — 0ij je tenzor kompresivniho na-
péti (compressive stress tensor) a p — pg rozdil rovno-
vazného a okamzitého tlaku, o;; je tenzor viskdéznich na-
péti a d;; je Kroneckertv symbol. Clen R;j = povsv; je
amérny Reynoldsovu tenzoru napéti, tedy mife prenosu
hybnosti turbulentnimi fluktuacemi. Znaceni p, pg, cg zna-
mena jako obvykle okamzitou a klidovou hustotu a adia-
batickou rychlost zvuku.

Prvni ¢len na pravé strané v rovnici (1) odpovida
kvadrupdlovym zdrojim, které predstavuji turbulence ve
volném poli, druhy ¢len potom dipdlovému zdroji, ktery
je nasledkem reakce tuhého télesa na nestacionérni hyd-
rodynamické sily v jeho okoli. Dalsi ¢len by ptibyl, pokud
bychom uvazovali vlastni objemovou pulzaci télesa.

Pomoci Greenovy funkce lze ziskat integralni obdobu
rovnice (1) a nasledné by bylo mozné urc¢it akusticky tlak
napiiklad z numerické simulace nestlacitelného proudéni
ve vroubkované hadici. Z energetického hlediska nepfed-
stavuje tento pristup problém; lze ukazat, ze ztrata ki-
netické energie toku kvuli akustickému vyzarovani je pro
potfeby modelovani proudéni zanedbatelné mala. Obtize
v pfimé simulaci vznikaji kvili zpétnovazebnim efekttim.
Potteba uvazovat okrajové podminky a vyskyt odrazeného
zvuku vyznamné komplikuji integralni formulaci. Prou-
déni kolem vroubku se navic typicky kvalitativné pohy-
buje nad kritickym Reynoldsovym ¢islem, a je tedy velmi
citlivé na poruchy ve svém okoli. V dosavadni literature
uz bylo ukazano, ze okamzity charakter proudéni uvnitt
vroubku je do zna¢né miry fizen okamzitym akustickym
tlakem [3]. Zbyvalo by tedy pouze néro¢né modelovani po-
moci Navierovych-Stokesovych rovnic pro stlacitelnou te-
kutinu.
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Obrézek 1: Zjednodusené schéma zpétnovazebni smycky
mezi proudénim a akustickym polem v trubici

7 predchozich odstavci vyplyva, ze vhodny fenomeno-
logicky model (obsahujici potfebné kvalitativni chovani
zdro je) miize byt pro pfedstavu o akustickém chovani sys-
jen pro konkrétni nastaveni.

Predstavu o chovani zdroje ziskdme pomoci Howeova
vzorce pro akusticky vykon generovany tokem v blizkosti
pevnych téles [9]. Plné odvozeni zde nebude reproduko-
vano, ale pro zduraznéni souvislosti s Curleovou analogii
si staci uvédomit, ze

O*Ri; 0? (viv;) =
8xi8xj o poaxiaxj RO
poV - (w xv)+ %VQ (v*) ., (2)
kde w = V x v je vifivost (vir rychlosti). Druhy ¢len

na pravé strané vyzafuje oproti prvnimu zanedbatelné
mélo [10]. Stfedni akusticky vykon (P,.) generovany nebo
disipovany v oblasti Q je:

(Pac) = </Q po (wxv)- V¢ dV> , (3)
kde ¢’ je odchylka rychlostniho potencidlu od stfedni hod-
noty (pro subsonickd proudéni je tedy V¢’ akustickd rych-
lost).

Odtud plyne nékolik dilezitych vlastnosti zdroje. Zvuk
zpétnovazebné pusobi na sviij vlastni zdroj (viz obr. 1).
Akustickd energie muze byt generovana i disipovéana, a je
tedy rozumné predpokladat existenci saturovaného stavu
systému, ve kterém budou obé tendence vyrovnany. Zvuk
je generovan prevazné v oblastech s vysokymi hodnotami
akustické rychlosti, a naopak oblast uzlu akustické rych-
losti by teoreticky méla byt, co do vyzarfovani, pasivni.
Clen po (w x v) je objemové hustota Coriolisovy sily. Od-
tud vyplyva dtlezitost unaseni rotacnich struktur v teku-
tiné.

Této charakteristice je prizptsoben fenomenologicky
model. Budeme uvazovat trubici jako jednorozmérnou (viz
nize). Kazdy vroubek (resp. proudéni v jeho tésné bliz-
kosti) bude predstavovat diskrétni zdroj modelovany jako
van der Poltiv oscildtor s pravou stranou, ktera zajistuje

)
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L

Obrazek 2: Zjednodusené schéma segmentu vroubkované
trubice

vazbu na zvukové pole v trubici (schematicky viz obr. 1).
Pro zdroj na n-tém vroubku plati [2]:

d2Pn+Aw P, 271 dP,
dat2 S\ BU< dt
Op
2p — .4
wg C@x . ()

kde A, B, C a « jsou konstanty popsané nize, wg Strou-
halova (Ghlovd) frekvence a p(z,t) nyni zna¢i akusticky
tlak. Proménnd P, (t) je ekvivalent zdrojového akustic-
kého tlaku, derivace akustického tlaku podle prostorové
proménné dava (s pfislusnou konstantou) odhad lokalni
akustické rychlosti.

Strouhalovu frekvenci zavadime ve tvaru:

wg =21 St% , (5)

kde St je Strouhalovo ¢islo, U charakteristicka rychlost
proudéni v trubici a A charakteristicka délka, ktera byva
definovana jako délka prohlubné mezi dvéma vroubky
zvétSend o polomér kiivosti odtokové hrany vroubku [6].
Predpokladame, ze trubice ma vzhledem ke znéjici vl-
nové délce maly primér, a tedy staci vychazet z jedno-
rozmeérné vlnové rovnice. Jevy v mezni vrstvé jsou jiz po-
psany nelinearnim tlumenim ve van der Polové rovnici,
takze vyjdeme z vlnové rovnice pro viskézni, tepelné vo-
divou tekutinu ve tvaru zahrnujicim jen objemové ztraty

[11]:
~ ¥ — 1
7
(75)
kde u(z,t) je akusticka rychlost, v adiabaticky exponent,
Pr Prandtlovo ¢islo, pg klidova hustota vzduchu, c¢o adia-
batické rychlost zvuku, p (dynamickd) viskozita a V' vis-

kézni ¢islo (korekce dynamické viskozity podle Stokesova
pfedpokladu).

1 0%u
2 or?
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p Pu
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Predpokldddame Sifeni rovinnych vln malych amplitud
(tzn. vztah akustické rychlosti a tlaku je linedrni), pfiddme
budici ¢len, ktery odpovida zdroji tlaku, a upravime:

Pp  Lp  Of  p Op
o2 Oa T 0z po0x20t”

(7)

kde f(z,t) je objemova hustota budici sily a ¢ = V + A’P—frl.
Zdrojovy c¢len tvofi soucet prispévki od van der Polo-
vych oscilatori, jehoz prostorova ¢ast je modelovana po-
moci vzorkovaci vlastnosti Diracovy funkce 6(x): f(z,t) =

Y on Pa(t) 6(x — ). Odtud

>p
Bl

aPr_
(0

7COZP

Efekty unaseni zvukového pole stiedni rychlosti prou-
déni vzduchu U, kterou povazujeme za uniformni, postih-
neme pomoci transformace:

0 D 0 0
— 2 —=— —. (9)
ot Dt Ot Ox
Pro vyssi derivace postupujeme analogicky. Dostavame
vlnovou rovnici ve tvaru:

9%p 9%p 8

g~ gz = b 2 P00 — ) -
0?2 O°p 502 9p ﬁ 93p w03 p
oot U oz T azar Vo (10)

Soustava rovnic (4) a
dalsi apravy.

Predpokldadame, ze vliv utlumu a vyzafovani je nato-
lik maly, abychom mohli akusticky tlak v trubici délky L
popsat jako soucin M ortogonalnich médi:

zqm

S vyuzitim ortogonality (postup viz napf. [12]) dosté-
vame soustavu obycejnych diferencialnich rovnic pro M
modalnich amplitud g¢,, a N van der polovskych tlakovych
zdroja Pp,:

(10) pfedstavuje vychodisko pro

mmnx
Sll’l— .

(1)

) um?n? ,  mmiU?
dm + Cp_ TQm + | w, — T dm =
0
2mmc? MLy,
2 0 ZP” cos T (12)
; P \2 )
P, + Awg (B(}La) —1| P, —l—w%P =
M
C
- % Z M ¢ COS mgz , (13)

m=1

zde teCka znaci derivaci podle Casu. Rovnice pfevedeme
do bezrozmeérného tvaru zavedenim bezrozmérného Casu 7,
bezrozmérné frekvence v, Machova c¢isla M a akustického
Reynoldsova ¢isla Re,:

mmco " 7TC()t
Wy = T=wt = —
m L ) 1 i3 )
M:g, v=2MSt—,
Co A
2 L
Rea:M:CO_7 C = wsUE .
Wi mnv

Vesmeés se jedné o pfimocaré definice bezrozmérnych po-
dobnostnich ¢isel. Komentar k zavedeni parametru & je
uveden nize. Dostavame:

2

. . 2 1_ 2 —
i+ Re, (1-M?)q
2m N mnzT
T;Pncos L", (14)
p 2
P+ A — ) —1|P+2PP=
AV (Bcha) v

M
mmx
— v M¢E Z Mm €08 — ~(15)

m=1

zde teCka znaci derivaci podle bezrozmérného casu 7.

Odtud je zfejmé, ze proudéni ma kromé zdrojovych
vlastnosti v tomto modelu vliv jen jako faktor (1 — MQ)
mirné snizujici vlastni frekvenci trubice. Tento efekt je ale
zanedbatelné maly pro subsonické toky, a navic pro vyssi
hodnoty Machova ¢isla M uz neni mozné pouzit vyse uve-
deny teoreticky zaklad, ktery stoji na predpokladu nestla-
¢itelného proudéni [8, 9].

Zbyva ptiblizit fyzikdlni vyznam konstant A, B, C
a « v rovnici (4). Konstanta A je spojovana s pomérem
tloustky turbulentni mezni vrstvy ku poloméru trubice.
Jeji hodnota by tak méla byt vyrazné mensi nez 1. Va-
zebné konstanta C' by méla byt zavisla na poméru budici
frekvence k vlastni frekvenci vroubku (v pfibliZzeni Helm-
holtzova rezonatoru). Odtud kvili bezrozmérnému cha-
rakteru zavedeni nové konstanty ¢ tak, ze C = wgU¥¢.

Konstanty a a B nemaji jednoznac¢ny fyzikdlni vyznam
a slouzi predevsim jako ponechany stupen volnosti k pro-
loZeni experimentélnich dat. Konstanta B fidi velikost li-
mitniho cyklu van der Polova oscilatoru, koeficient o = 2,
viz [3].

3. Numerické simulace

Za ucelem demonstrace vlastnosti fenomenologického mo-
delu byla pro numerické simulace zvolena trubice délky
L = 2 m s 50 vroubky a 20 uvazovanymi médy rezonance.
Charakteristickd hydrodynamicka délka byla A = 6 mm,

Strouhalovo &islo St = 0,4, rychlost zvuku cp = 340m-s~ 1,
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vazebny koeficient £ = 0,01, tlumeni ¢/Re, = 0,001 a kon-
stanty A = 0,005, B = 0,0001 a o« = 2. Rovnice byly fe-
Seny pomoci klasické Rungovy-Kuttovy metody 4. fadu.
Pocatecni akusticky tlak a jeho ¢asova derivace byly nu-
lové, pocatecni hodnoty P, a jejich derivaci byly voleny
nahodné v O (10_4). Fyzikéalné tato volba odpovida tiché
tekutiné v trubici s vykonové velmi slabymi, nesynchroni-
zovanymi zdroji.

Se systémem byly provedeny dva typy simulaci. Na
obr. 3 je efekt linedrniho narfistu rychlosti (rychlostniho
sweepu). Okamzité frekvence a hladiny akustické rychlosti
v UGsti trubice (SVL) byly ziskdny z vysledného signilu
pomoci Hilbertovy transformace. Zjevna je zejména syn-
chronizace znéjici frekvence s vlastnimi frekvencemi tru-
bice (mode lock-in). Uvedend hladina akustického tlaku
plati uvnitf trubice. K predpovédi jeji hodnoty vné je po-
tfeba vzit v ivahu, ze vyzafovaci impedance je velmi mala,
takze pokles vnitiniho tlaku o 40 dB v1ci $pickové hodnoté
se muze ve skutecnosti projevit jako utichnuti akustického
vyzafovani z trubice.

Druhy typ simulace (viz obr. 4) se zaklddal na rychlost-
nich pulzech v trubici. Byly simulovany dva gaussovské
pulzy o rozdilné polositce. Zde se dobte ukazuje, ze odskok
od rezonanc¢ni frekvence se projevuje poklesem amplitudy
akustického tlaku (viz nejvyssi vrchol, ktery krétce opousti
hodnotu Sestého mdédu). Na asymetrii amplitud i frekvenci

0,05 T T

0,03 | i
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| |
0 2000 4000 6000

120 -
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60 -
30

| |
0 2000 4000 6000
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I
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Obrazek 3: Okamzité hladiny akustické rychlosti v usti
trubice a bezrozmérné frekvence systému pii rychlostnim
sweepu
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Obrazek 4: Okamzité hladiny akustické rychlosti v tsti
trubice a bezrozmérné frekvence systému pfi systému dvou
gaussovskych rychlostnich pulzt

je patrna hystereze v systému: k preskoku z nizsiho médu
na vyssi dochézi pozdéji nez z vyssiho na nizsi, systém je
setrvacny v jednom frekvencnim stavu.

4. Diskuze

V prvni fadé se zminime o limitech tohoto fenomenolo-
gického modelu. Teoretické vychodisko tohoto modelu
predpoklada nizkd Machova éisla (tzn. uvaZzuje v inten-
cich nestlacitelného proudéni). P¥i vyssich rychlostech by
bylo nutné model upravit a rozsifit (napf. uvazovat kom-
pletni Lighthilliv tenzor napéti misto zdrojového c¢lenu
pozistavajiciho z Reynoldsovych napéti [8]). Tento ptfipad
nicméné neni z praktického hlediska ptili§ vyznamny, pro-
toze pfi transportu tekutin potrubim s vroubkovanou sté-
nou zpravidla nedochézi k jeviim transsonického proudéni.

Termoviskézni tlumeni mimo mezni vrstvu mé ve vlnové
rovnici velmi maly vliv a je mozné ukazat, Ze i pfi ampli-
tudach ziskanych v numerickych simulacich by mohlo byt
zanedbatelné [13]. V modelu je ponechdno kvili stabilité,
protoze amplituda buzeného netlumeného systému v rezo-
nanci by jinak rostla nade vSechny meze. Ptislusny koefi-
cient je uméle ponékud zvétsen, aby reflektoval i akustické
ztraty v mezni vrstveé.
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Vliv vroubkd na Sifeni rovinné vlny je v prvnim pii-
blizeni mozné postihnout zavedenim efektivni rychlosti
zvuku ceg s ohledem na komplianci vroubki [7]:

Cof = (16)

vsc() )
kde V; je objem segmentu trubice definovany pomoci jejiho
(nejmensiho) vnitiniho priméru a Vi objem celého seg-
mentu. Pro uvazovanou trubici je ovSem co.g konstantni,
takze jeji zavedeni misto ¢y nemeéni kvalitativni charakter
uvedenych numerickych simulaci.

Fenomenologicky model poskytuje dobrou shodu s ex-
perimentalné zjisténym chovanim modelovaného systému,
kterou je mozné pomoci konstant a a B i kvantitativné
doladit [1, 7, 6]. Dobfe predpovidd znéjici zadkladni frek-
vence a akusticky vykon uvniti trubice, avsak nepostihuje
spektralni vlastnosti jak akustického pole v trubici, tak
vyzareného zvuku. Pivod druhého aspektu je zfejmy: mo-
del neobsahuje vlivy vyzafovaci impedance s tim, Ze jeji
efekt je oproti nelinedrnimu tlumeni v mezni vrstvé maly.
Dalsi odchylku od realného chovani predstavuje nepfiro-
zené tvarované zdrojové spektrum. Van der Poliv osci-
lator poskytuje pro nizké koeficienty nelinedrniho ¢lenu
prakticky sinusovy signal s malymi prispévky lichych har-
monickych. Tento charakter redlnému zdroji odpovida jen
v tom ohledu, ze zakladni frekvence ma nad zbytkem
spektra prevahu co do vykonu. , Lichy“ charakter neni
zdivodnitelny a ve zdrojovém signalu se obecné vyskytuje
relativné silna Sumova pifimés zptuisobena chaotickym cha-
rakterem turbulentniho proudéni v okoli vroubkt. Pomi-
jime toto hledisko s tim, ze v pfipadé akustického vyzkumu
proudéni ve vroubkovanych trubicich, ktery je motivovan
zejména praktickymi konstrukénimi hledisky, neni posle-
chovéa kvalita zvuku rozhodujici.

5. Zavér

Predchozi text shrnul teorii zvuku generovaného vifivym
proudénim v blizkosti prekazek v rozsahu potiebném k vy-
budovéani fenomenologického modelu, jehoz zédkladni ideou
je spojeni akustické vilnové rovnice se samobuzenymi zdroji
van der Polova typu. Vychozi rovnice byly upraveny do
modalni formulace a s ohledem na obecnost a numerické
zpracovani byly prevedeny do bezrozmeérného tvaru.
Numerické simulace ukazaly hlavni kvalitativni znaky
zvuku zndmé z experimentd a analogickych systému
[7, 6, 14], tj. nelinedrni efekt synchronizace budici a re-
zonan¢ni frekvence (mode-locking) a hysterezni chovani.

Podékovani

Vznik toho ¢lanku byl podpoien projektem CVUT
SGS17/130/OHK3/2T/13 a grantem GACR ¢&. 15-23079S.

Reference

[1] B. Rajavel, M. G. Prasad: Acoustics of corrugated
pipes: A review, Applied Mechanics Reviews, 65, 2013.

[2] V. Debut, J. Antunes, M. Moreira: A phenomenolo-
gical model for sound generation in corrugated pipes,
In Proceedings of ISMA, 2007.

[3] M. Popescu, S. T. Johansen, W. Shyy: Flow-induced
acoustics in corrugated pipes, Commun. Comput.
Phys., 10, 2011.

[4] M. L. Facchinetti, E. de Langre, F. Biolley: Vortex
shedding modeling using diffusive van der pol oscilla-
tors, C. R. Mecanique, 330:451-456, 2002.

[5] J. Golliard, N. Gonzélez-Diez, S. Belfroid, G. Nakibo-
glu, A. Hirschberg: U-RANS model for the prediction
of the acoustic sound power generated in a whistling

corrugated pipe, In Volume 4: Fluid-Structure Inter-
action. ASME, July 2013.

[6] G. Nakiboglu, S. Belfroid, J. Willems, A. Hirschberg;:
Whistling behavior of periodic systems: Corrugated
pipes and multiple side branch system, International
Journal of Mechanical Sciences, 52, 2010.

[7] O.Rudenko, G. Nakiboglu, A. Holten, A. Hirschberg:
On whistling of pipes with a corrugated segment: Ex-
periment and theory, Journal of Sound and Vibration,
332, 2013.

[8] M. S. Howe: Theory of Vortex Sound, Cambridge Uni-
versity Press, Cambridge, 2002.

[9] M. S. Howe: The dissipation of sound at an edge,
Journal of Sound and Vibration, 70(3):407—411, June
1980.

[10] D. Lin, A. Powell: The scattering of hydrodynamic
flow into sound by solid bodies — an alternative de-
rivation of Howe’s formula, In Proceedings of ICA,

Seattle, 1998.

[11] D. T. Blackstock: Fundamentals of Physical Acous-

tics, Wiley & Sons, New York, 2000.

[12] T. C. Lieuwen: Unsteady Combustor Physics,
Cambridge University Press, Cambridge, New York,
Melbourne, Madrid, Cape Town, Singapore, Sao

Paulo, Delhi, Mexico City, 2012.

L. Menguy, J. Gilbert: Weakly nonlinear gas oscilla-
tions in air-filled tubes; solutions and experiments,
Acta Acustica united with Acustica, 86(5):798-810,
2000.

[13]

J. W. Coltman: Jet drive mechanisms in edge tones
and organ pipes, Journal of the Acoustical Society of
America, 60(3):725-733, 1976.






Akustické listy, 23(1-4), prosinec 2017, str.9-17

© CsAS

Experimental Estimation of Unknown Parameters

of Equivalent Circuits of Low-cost Electret Microphones

Experimentalni odhad neznamych parametri nahradniho obvodu

low-cost elektretovych mikrofont
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Czech Technical University in Prague, Faculty of Transportation Sciences, Konviktska 20, 110 00 Praha 1,
Czech Republic

Properties of low-cost electret microphones can differ significantly among individual items due to the production
inaccuracies. This paper presents experimental estimates of some parameters of the equivalent circuit of a low-cost
electret microphone which cannot be measured directly, namely the tension of the diaphragm and the equivalent
polarization voltage generated by the electret layer. Analysis of the impact of some equivalent circuit parameter
variations on the sensitivity of the measured samples has been also carried out (particularly of those that can
vary significantly due to the low-cost production). The results show the key role of the equivalent polarization
voltage differences, while the differences of the other parameters such as the air gap thickness and the tension of
the diaphragm have been found to be much less important.

1. Introduction

The electret microphones (introduced by Sessler in 1962
[1]) have become popular for their properties such as small
dimensions, relatively large frequency response, reasonable
sensitivity and low price. Moreover, the absence of a need
for external polarization voltage presents a practical ad-
vantage compared to the classical condenser microphones.
Electret microphones are widely used in a large variety
of applications such as consumer electronics, or more re-
cently in sensor networks for noise monitoring [2] where
the requirement of a high number of sensor nodes raises
the need for low-cost solutions (Category 3 in [3]).

When describing the behavior of the microphone, the
theoretical model should be chosen at the appropriate
level of accuracy. Several models of the condenser micro-
phones can be found in the literature. These models gene-
rally take into account the effects of losses originating in
the viscous and thermal boundary layers and the strong
coupling between the displacement field of the membrane
and the acoustic pressure field in the thin fluid layer bet-
ween the membrane and the fixed electrode, the latter
being perforated [4, 5, 6] or not [7, 8]. Although these
models are very precise, the simple lumped element model
(equivalent circuit) described in several classical textbooks
[11, 10, 9] is supposed for this study to be sufficient to pro-
vide a good estimate of the microphone behavior in the
frequency range up to the frequency of the first resonance
with low computational complexity.

Most of the parameters of such a model can usually be
determined from the directly measured dimensions of the
system and from the material parameters. The accuracy
of the model can then be verified by measurements such
as laser vibrometry [12, 13] and electrostatic excitation

Prijato 8. listopadu 2017, akceptovano 20. prosince 2017.

[13, 14, 15, 16] of the membrane movement. However, two
parameters, the tension of the membrane and the equi-
valent polarization voltage produced by the electret layer,
cannot be measured directly. In this work, the tension of
the membrane has been experimentally determined using
the classical method of electrostatic excitation in vacuo
[15], however, since there is no direct access to the mem-
brane (see section 2), the electrostatic grid has been de-
signed and fabricated specifically for this purpose. The
equivalent polarization voltage has been estimated from
the measured acoustic pressure sensitivities using a signif-
icantly simplified equivalent circuit. Additionally, the ana-
lysis of the impact of the membrane tension, the equivalent
polarization voltage and the air gap thickness on the sen-
sitivity variations among the measured samples has been
performed.

After the introduction, the measured electret micro-
phone is presented in section 2, while the measurements of
the acoustic pressure sensitivities and the membrane ten-
sion are described in section 3. Section 4 contains a discus-
sion of the impact of certain parameters on the sensitivity
variation, and the method to estimate the equivalent po-
larization voltage is presented. After the conclusion, the
lumped element model used for the calculations is intro-
duced in the appendix along with the numerical (FEM)
model against which the lumped element model has been
tested.

2. Description of the measured microphone

All experiments were performed on a low-cost electret mi-
crophone MCA 2500. This microphone consists of a circu-
lar membrane of radius Ry, a circular backplate separated
from the membrane by a thin air gap of thickness ks and
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containing three holes of radius Ry regularly azimuthally
distributed at the distance h from the border of the elec-
trode which are opened into a back cavity of volume V'
(see Fig. 1). The aluminium housing of the microphone
contains a small opening of radius R;, for acoustic access
to a diaphragm. A felt pad covering the input opening
was removed prior to calibration. The main dimensional
parameters of the microphone are shown in Table 1. The
usual value of the density of the membrane material (my-
lar) of py, = 1380 kg/m® has been used in the calculations
hereafter because of the high incertitude of measurement
of the mass and volume of such small samples.

Impedance conversion and signal gain is achieved using
an internal JFET transistor placed in the back cavity. The
measured volume of the transistor is of order 1071°, which
is negligible comparing to the value calculated using the
measured cavity dimensions mR2hg given in Table 1. An
external preamplifier with the gain of 11 containing the
operational amplifier TS971 has been applied on the out-
put of the measured microphone.

Dq
‘ Dm ‘
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~ e
% ‘—\ !7‘ _ v
| | |
I [ [ 1 I } I _
kel
® -
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Figure 1: A cross-section view of the electret microphone
and a top view of the backplate with holes

3. Experiments and results

In this section, the performed experiments will be de-
scribed. Eleven samples of the electret microphone ran-

10

Table 1: Dimensional parameters of the microphone

Parameter Symbol Value

Diaphragm radius Rn=Dn/2 1975-10°m
Diaphragm thickness hm 18-107% m
Air gap thickness hg 29.75-107% m
Air gap radius Ry =Dg/2 1975-107%m
Radius of the hole R4 =Dg/2 0.395-107°m

in the backplate

Cavity radius R.= D)2 2.14-107% m
Opening radius Re, =D, /2 0.735-10% m
Edge distances to hole h 1.12-10% m
Electrode thickness he 0.29-107% m
Opening length la 0.20-107% m
Input cavity thickness he, 313-107° m
Back cavity thickness ha 1.2-10% m
Cavity volume Ve 1.856 - 1078 m?®

domly selected from three groups purchased during two
years (thus most likely from different production series)
were used for the measurement.

3.1. Acoustic pressure sensitivity

The measurement of the frequency-dependent pressure
sensitivity of the microphones will be presented first. The
experimental setup (see Fig. 2) is comprised of the mea-
sured microphone and the reference 1/4” measurement
microphone B&K 4944B, both fitted into a microphone
holder of the microphone stand in the quasi-anechoic
chamber. The 2-way active studio monitor loudspeaker
ESI aktiv 05 is used to generate the exciting acoustic
pressure field. The microphones (both supposed to have
an omnidirectional directivity pattern) are placed approxi-
mately 20 cm from the loudspeaker on its acoustical axis,
the distance between them being approximately 1 mm,
which assures correct measurement of the acoustic pres-
sure at the input of the measured microphone by the refe-
rence microphone in the given frequency range. The signal

preamp
Loudspeaker |
MS! aktiv 05 [>
Measured microphone
MCE-2500
Reference microphone
PC B&K 49448
out
UsB_ 1 g
IN2
Analyzer
B&K Photon+

Figure 2: Measuring setup for the measurement of the sen-
sitivity
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analyser B&K Photon+ driven by the software B&K RT
Pro Photon 7.1 generates the measurement signal (swept
sine between 20 Hz and 21 kHz), records the measured
signals from both the reference microphone providing the
acoustic pressure in Pascals through its known pressure
sensitivity (0.853 mV/Pa) and the measured microphone
with preamplifier (output voltage signal) and calculates
the transfer function between them, which corresponds to
the pressure sensitivity of the measured microphone in
V/Pa. The electric transfer function of the preamplifier
(the same for all microphone samples) has been measured
separately in order to remove its influence from the acous-
tic pressure sensitivity measurements.

The measured pressure sensitivities are depicted in
Fig. 3. Table 2 shows the values of the pressure sensitivi-
ties at the frequency of 1 kHz along with the correspond-
ing values in dB, where the reference is 1 V/Pa. The last
column in Table 2 presents the height of the sensitivity
peak calculated as the difference between the sensitivity
at 1 kHz and at the peak of the sensitivity curve in dB
giving an idea about the damping in the system. It is
clearly visible that the pressure sensitivity values of the
measured microphone samples differ in a relatively wide
range (from 3.8 mV/Pa to 16.4 mV/Pa which represents
the range of 12.7 dB). However, the position of the first
resonance of the whole system, which determinates the mi-
crophone bandwidth, seems to be similar for all measured
samples of the microphone (around 10 kHz). The height
of the sensitivity peak ranges from 5 dB (sample No. 1) to
8.5 dB (sample No. 6), but ten of eleven samples present
a value not exceeding 6.8 dB, which shows only a relatively
small difference of the damping between the samples.

-25

|o| [dB re 1V/Pa]

60 ‘ ‘ ‘
102 108 10%
f[Hz]

Figure 3: Measured frequency responses of the micro-
phones in free-field

3.2. Tension of the membrane

Table 2: The measured pressure sensitivities and heights
of the resonance peaks

No. o1xuz(dB) mV/Pa A (dB)
1 —35.6 16.4 5.0
2 -39.0 11.1 6.8
3 —40.9 8.9 5.8
4 —41.4 8.4 5.3
5 —40.3 9.5 6.4
6 —41.9 7.9 8.5
7 -39.0 11.2 5.8
8 —40.2 9.7 5.8
9 —45.1 5.5 5.8
10 —48.3 3.8 6.8
11 —39.6 10.3 5.8

however, it can be calculated from the measured frequency
of the first mode of the membrane. In order to eliminate
the impact of all acoustical elements except the membrane,
the measurement of the resonance frequency has to be
performed in a vacuum chamber. The well-known method
using the electrostatic grid to excite the motion of the
membrane is applied in the present study.

Since the eigenfrequencies f, (n = 1,2,...) of the
membrane modes in vacuo are given by the equation
Jo2m fn/\/T/ms) = 0 ]9, 10], ms = pmhm being the sur-
face density of the membrane, Jo(z) being the 0-th order
Bessel function of the first kind, the tension T" of the mem-
brane can be calculated from the measured first eigenfre-
quency fres = f1 as follows

2 res m 2
T—m. (M) ,
J1

where j; =~ 2.4048 is the first solution of the equation
Jo(jn) =0.

Unlike the classical condenser microphones, the electret
microphone considered here has no direct access to the
membrane, hence the classical electrostatic grid [13, 14]
cannot be used. For this reason, a special electrostatic grid
has been fabricated. The classical printed circuit board
with a copper-plated via hole was milled from one side
around the via hole in order to form a small cylindrical tip
with the via hole inside, the radius of the tip being slightly
smaller than the radius of the microphone’s input opening.
The tip has been put into the microphone’s input opening
in such a manner that the copper surface on the tip is suf-
ficiently close to the membrane and electrically connected
to the outer side of the printed circuit board, so that the
electrostatic excitation of the membrane can be performed
(see Fig. 4). The rest of the Figure 4 shows the classical
measurement setup used for the electrostatic calibration
[13], except for the chamber where the microphone with
its preamplifier and the electrostatic grid is placed in this
case. Concerning the static pressure in the vacuum cham-
ber, the lower pressure limit of the vacuum system used

(1)

The tension of the membrane is an important parameter of here is slightly below 1 Pa. The variations of the first eigen-

the equivalent circuit which cannot be measured directly;

frequency of the membrane for the static pressures below

11
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1 Pa are assumed to be negligible. The polarization vol-
tage applied to the grid is equal to Ug = 100 V. Similarly
to the measurement of the acoustic pressure sensitivity,
the swept sine is used as the exciting signal, however here,
only the frequency dependent voltage level at the output
of the microphone preamplifier is traced by the analyser.

vacuum
chamber ) cooper
via hole/
— / printed circuit board
—1 y
F membrane
U
G i ‘\/\‘inPUtOpening
1uF275V microphone

.||—

o
preamp
PC ouT
5V
USB IN %

Analyzer
B&K Photon+

Figure 4: Measurement setup for the measurement in the
vacuum

The results of the measurements are shown in Fig. 5.
The maxima of the microphone output levels correspond
to the first eigenfrequencies of the membranes. Table 3
summarizes the static pressures Py achieved during the
measurements, the values of the measured eigenfrequen-
cies fres and the membrane tensions T for all microphone
samples. The measured eigenfrequencies of the membranes
range from 11.595 kHz to 12.364 kHz, which leads to
the tensions of the membranes ranging from 88.9 N/m
to 101.1 N/m.

Table 3: The measured resonance frequencies and tensions

No. Py (Pa) fres (kHz) T (N/m)
1 0.62 11.946 94.4
2 0.59 12.364 101.1
3 0.60 11.879 93.3
4 0.64 11.681 90.2
5 0.46 11.813 92.3
6 0.60 11.665 90.0
7 0.28 11.662 89.9
8 0.47 12.154 97.7
9 0.62 11.737 91.1
10 0.59 11.595 88.9
11 0.60 12.222 98.7

4. Analysis of the results and discussion

In this section, the results of the measurements will be
analysed in order to i) find the parameter of the equiva-
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Figure 5: The first resonance frequency peaks in the va-
cuum

lent circuit describing the huge variation of the acoustic
pressure sensitivities among the samples of the electret
microphones and ii) estimate the unknown equivalent po-
larization voltage Uy which cannot be measured directly.

It should first be noted that the parameters of the air
(see Tab. 7 in the Appendix) are supposed to be constant
and do not influence the variation of the acoustic pressure
sensitivities. Beyond these parameters, the variation of all
geometrical parameters given in Table 1, membrane den-
sity pm, membrane tension 7" and equivalent polarization
voltage Uy can theoretically influence the acoustic pressure
sensitivity of the microphone. The effect of the variation
of the membrane tension T is analysed in the subsection
4.1, which contains the influence of the others parameters
of the membrane, namely its thickness hy,, radius Ry, and
density pp, related with the membrane tension (see eq. 1).
Concerning the dimensions of the air-filled parts of the mi-
crophone, only the airgap thickness hg is supposed to be
sufficiently small to vary significantly due to the produc-
tion inaccuracies. The influence of the airgap thickness h,
on the acoustic pressure sensitivity is analysed in the sub-
section 4.2. The subsection 4.3 presents a method to obtain
a rough estimate of the equivalent polarization voltage Uy.

In order to compare the results of the model of the mi-
crophone for varying parameters 7' and hg while one pa-
rameter of the model — the polarization voltage Uy — is not
known, the adimensional sensitivity [8]

Pinc
Uy’

(2)

O adi *7£*O'
adim -
hg

is used in the subsections 4.1 and 4.2, the reference inci-
dent pressure being 1 Pa.
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4.1. The influence of the membrane tension on the
acoustic pressure sensitivity

The measured membrane tensions 71" present certain vari-
ations among the measured microphone samples (see sec-
tion 3.2) resulting in the variation of the pressure sen-
sitivities of the microphones. The adimensional sensitivi-
ties calculated using the slumped-element model (see Ap-
pendix) with the measured membrane tensions used as
model inputs are calculated here, the other parameters of
the model being fixed according to Tables 1 and 7. Table
4 presents the adimensional sensitivities at 1 kHz for the
maximal and minimal membrane tension, showing that
the variation of the measured tensions (from 88.9 N/m
to 101.1 N/m) cannot cause such a huge variation of
acoustic pressure sensitivities measured in the section 3.1
(12.7 dB), the modelled sensitivities resulting here to the
range of 1.3 dB.

Table 4: Dependence of the adimensional sensitivity on the
membrane tension calculated from microphone model

T (N/m) oadim (1 kHz) (dB)
101.1 —79.2
88.9 —78.5

4.2. The influence of the the air gap thickness on
the acoustic pressure sensitivity

Concerning the impact of the airgap thickness h, vari-
ation on the frequency-dependent acoustic pressure sen-
sitivity, it should be pointed out that there are two main
areas of the sensitivity curve influenced by this parameter:
i) the height of the sensitivity peak in the higher frequency
range given by the damping in the system and ii) the flat
part in the lower and middle frequency range. Regard-
ing the model, the real part of the airgap impedance (see
eq. A.2 in the Appendix), which models the damping in
the system, contains hg in the denominator, which makes
the variation of this geometrical parameter relatively im-
portant. However, equation (A.5) shows only 1/h, de-
pendence of the acoustic pressure sensitivity for constant
mean displacement of the membrane in the lower and mid-
dle frequency range. As presented in Table 5, the change
of hg from 30 pm to 35 pum (the other parameters being
given in the Tables 1 and 7, the membrane tension being
T = 100 N/m) causes the change in the height of the sen-
sitivity peak which is similar to the range of the measured
variation, while the adimensional sensitivity at 1 kHz de-
creases only by 1.3 dB. This shows that the measured vari-
ation of the acoustic pressure sensitivity of 12.7 dB, while
the measured height of the sensitivity ranges from 5 dB
to 8.5 dB, cannot be caused by the variation in the airgap
thickness.

Since the impact of the membrane tension and the air-
gap thickness on the acoustic pressure sensitivity given by
the model is relatively low, proceeding by elimination, it

Table 5: Dependence of the adimensional sensitivity and
the height of the sensitivity peak on the gap thickness
calculated from microphone model

he (m) AdB (dB) Oadim(1 kHz) (dB)
30-10°° 4.6 —79.2
35-.10° 8.2 —80.5

was concluded that the parameter responsible for the vari-
ation of the measured acoustic pressure sensitivity is the
equivalent polarization voltage Up.

4.3. Estimation of the equivalent polarization volt-
age

The polarization voltage applied between the membrane
and the backplate in the classical condenser microphones is
replaced by the electret layer, providing the electric charge
for the electret microphone. The parameter of the equiva-
lent circuit, here called Uy, corresponds to the equivalent
polarization voltage that would cause the same behavior
of the electret microphone if there were no electret layer.
This parameter cannot be measured directly, yet a rough
estimate of Uy can be obtained from the significantly re-
duced equivalent circuit at low frequencies.

|Z,,,| INs/m]

107

= membrane & volume
membrane & equivalent dissipative volume
....... gap

1 1 1

1074
10° 102 102 104 10°
f [Hz]

Figure 6: Mechanical impedances of parts of the complete
equivalent circuit

Figure 6 shows a comparison of absolute values of me-
chanical impedance in some parts of the complete equi-
valent circuit (from Fig. 9). It is clearly visible that the
impedance of the airgap and the holes in the backplate is
much lower in terms of absolute value than the impedance
of the membrane and the back cavity at low frequencies
(more than 100 times at 100 Hz) and can be neglected
in order to form a low-frequency equivalent circuit. Fur-
thermore, when omitting the mass of the membrane, the
change of the value of the impedance at low frequencies is
negligible, thus the significantly reduced equivalent circuit

13
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containing only the quasi-static compliance of the mem-
brane and the mechanical compliance of the backing cavity
(Fig. 7) can be used at very low frequencies. Note, that the
effects of the thermal losses in the backing cavity cannot
be neglected at very low frequencies. In order to improve
the model behavior in this frequency range by taking into
account these effects, the volume of the cavity V. in the
usual adiabatic approximation of the cavity compliance
(see eq. (A.4)) is replaced here by the complex equivalent

volume [10]
[oh
L+ (1 =)y = 1)Set—7

Vo = Vi AL
cpl c %\/5

3)

where S¢ = 27 Ry, + (Rm + ha) is the surface of the cavity,
In = An/(po ¢ Cp) is the characteristic thermal length, the
other parameters of the fluid being given in the Table 7.
In using the relations for the velocity of the membrane
vm = jwé and for the input mechanical impedance of the
microphone Ziy = PincSm/Vm, the acoustic pressure sensi-
tivity (eq. (A.5)) can be expressed as
Sm

g UijZinhg . (4)
Since the input impedance at low frequencies is
given by the equivalent circuit from the Figure 7 as
Zin = 1/(jw(Csx + Cv;,)), the rough estimate of the equi-
valent polarization voltage can be calculated from the
value of the measured acoustic pressure sensitivity omeas
(see subsection 3.1) at low frequency (here 100 Hz) as fol-

lows

U — hg Omeas(100 Hz)
O Sm(Ce + O |

()

The calculated estimates of the equivalent polarization
voltages of all measured samples of the electret micro-
phone are shown in Table 6. Figure 8 depicts the com-
parison between the measured and the calculated acoustic
pressure sensitivity of three microphone samples, one for
the lowest and one for the highest sensitivity and one for
the middle one. A good agreement between the theoreti-
cal results obtained from the full equivalent circuit (see
Appendix) with the estimated parameters and the mea-
sured sensitivity curves can be observed. The slight shift
in the resonance frequency can be caused by the fact that

O_

Oo—-

Figure 7: The simplified low-frequency equivalent circuit
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Table 6: The estimated equivalent polarization voltages

No. Uo (V) No. Uo (V)
1 147.7 7 100.3
2 100.9 8 84.1
3 78.1 9 48.7
4 72.9 10 34.2
5 85.2 11 92.5
6 70.0

the density of the membrane has not been measured (the
usual value has been used — see section 2 for explication).
The damping of the system (according to the height of
the resonance peak) seems to be predicted correctly for
the sample No. 1 and slightly overestimated for the other
two samples shown in Figure 8, just as in the case of the
comparison of the lumped element model with the FEM
results (see the end of Appendix).
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Figure 8: The measured and the calculated acoustic pres-
sure sensitivities of three microphone samples

5. Conclusion

Two parameters of the equivalent circuit of the low-cost
electret microphone which cannot be determined from the
microphone dimensions and material constants or mea-
sured directly, the membrane tension and the equivalent
polarization voltage, have been estimated. The impact
of the these two parameters on the sensitivity variation
among the measured samples has been analysed. The re-
sults show that the sensitivity variation strongly depends
upon the variation of the equivalent polarization voltage
while the effect of the air gap thickness and the tension of
the diaphragm is found to be much less important. A good
agreement between the measured frequency responses of
the measured microphones and the theoretical sensitivity
curves calculated using the equivalent circuit with the es-
timated parameters has been observed.
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Appendix — The equivalent circuit of the
microphone

The classical lumped-element model [9, 10, 11] of the mi-
crophone (with some particularities described in this sec-
tion) is considered in this section. The equivalent circuit
shown in Figure 9 consists of the acoustic, mechanic and
electric parts, which are presented hereafter. Note that
the input opening and the input cavity are omitted in the
equivalent circuit, because the effect of this system is sup-
posed to be negligible in the frequency range of interest
(small dimensions lead to the resonant frequency above
the first eigenfrequency of the membrane).

The link between the acoustic and mechanical domain
is modelled by the mechano-acoustic transformer with the
ratio 1 : Sy, at the input of the model, S, = TR2 repre-
senting the diaphragm area, pin. is the incident acoustic
pressure. The second transformer represents the coupling
between the electric and mechanical domain with the ra-
tio 1 : kp, where ky, = CoUp/hg is the transducer factor,
Co = €0Sm/hg being the static capacitance of the micro-
phone (the effect of the holes in the back electrode on the
microphone static capacitance is neglected because of their
small dimensions, along with the edge effect of the electro-
static field near the holes). Note that since the transducer
is supposed to operate with constant charge, the nega-
tive compliance —c, = —Co/k} (which should be theore-
tically present in the equivalent circuit) can be neglected
[9]. The mechanical domain between the two transformers
mentioned above consists of the components representing
the membrane and the air-filled acoustic elements behind
the membrane (transformed to the mechanical domain).
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Figure 9: Complete equivalent circuit of the microphone

The membrane behavior is described by the components

4
cl1 = —/—
LT
2 A1l
my = Zm S, (A1)
4
0200 = C4c>o — C1,

where the mechanical compliance ¢; and the mass m; de-
termine the first membrane eigenfrequency (see section 3.2
for the meaning of ji), Coo = 1/87T is the quasistatic
compliance of the membrane and Cs., provides a correc-
tion of the low-frequency behavior.

The mechanical impedance of the air gap between the
membrane and the backplate with holes of radius R4 can
be calculated as follows [9, 17]

4
7 N <6u7rX0ﬂ +iw
hi

pomXgp > , (A.2)

2hg
where N is the number of holes in the backplate, herein

N =3, Xo = /Sm/(N7) is an equivalent circular region
collecting the air flow from each hole and

X 2 1R:
ﬂzln—of§+&*—R—i.
Rq 4 Xo 2X;
The holes are modelled by the mechanical impedance
52 She:u 4p0he
Zg =—2>
TN | FRT T eRz T

(A.3)
2jwL (0-26164 — 0.353 a + 0.0809 ")
0

where the first two terms in the bracket represent the re-
sistance and the mass of the holes [9] and the third term
with a« = Rq/ Xy is the added mass modelling the influence
of the sharp edges of the holes [18]. Note that the section
of the holes in the backplate Sy, = 71'1%(25l is supposed to be
much smaller than the surface of the membrane Sy,.

The mechanical compliance of the back cavity is given
by the classical expression

Ve
Oy, = —< .
Vin poc? Sz,

(A.4)

where the cavity volume V. can be replaced by the complex
equivalent volume (see eq. (3) in section 4.3).

The pressure sensitivity of the microphone, defined as
the ratio of the output voltage and the incident pressure
Pinc can be expressed using the classical formula
€

g = *UO
pinchg7

(A.5)

where £ is the mean value of the membrane displacement
over the back electrode surface. The pressure sensitivity
derived from the equivalent circuit is usually presented in
the following form [9]

kb Sm

= —, A.6
k% + jWCOZtotal ( )

g
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where Ziota1 is the mechanical impedance given by the
combination of all the components in the mechanical do-
main of the equivalent circuit. The term &} is negligible
compared to the other terms in the denominator and can
be omitted, which is equivalent to neglecting the negative
compliance mentioned above [9].

The lumped-element model described above has been
verified by the numerical FEM model using the software
Comsol Multiphysics, version 5.2. Although this software
optionally contains a module that, enables to take into
account the effects of the viscous and thermal boundary
layers through a formulation simultaneously calculating
the acoustic particle velocity, the temperature variation
and the acoustic pressure [19, 20], the alternative formula-
tion calculating only the particle velocity and the tempera-
ture variation [21] (thus reducing the number of degrees
of freedom) has been used here.

The comparison between the results obtained from the
equivalent circuit and from the numerical model for the
parameters of air given in Table 7, the dimensions of the
microphone given in Table 1 and for 7' = 100 N/m and
Up = 100 V is shown in Figure 10. A very good agree-
ment can be observed in the frequency range of interest
(up to the frequency of the first resonance), the damping
of the system being slightly overestimated by the lumped-
element model. Since the boundary layers regions have
to be meshed correctly in the FEM model, the appropri-
ate 3D mesh leaded to 989 356 degrees of freedom (even
though the meshed geometry contained only 1/6 of the mi-
crophone, the rest being symmetric), the whole calculation
took 8 hours and 39.5 minutes (approximately 12 minutes
per one frequency point) on the eight-core Intel Xeon pro-
cessor at 2.4 GHz and 84 GB of RAM has been used.
This shows clearly the advantage of the equivalent circuit
method, where the result is obtained immediately with
reasonable precision and much lower computational costs.

Table 7: Parameters of the air

Parameter Symbol Value/Unit
Adiabatic sound speed c 3459 m-s*
Air density Po 1.18 kg-m™?
Shear dynamic viscosity I 1.83-1075 Pa-s
Permittivity €0 8.8542-1072 F.m™!
Thermal conductivity An 24.4-1073% W/(m - K)

Specific heat coefficient Cp 1010 J/(kg- K)
at constant pressure

per unit of mass

Ratio of specific heats ~y 14
Static pressure Po 101.325 Pa
Static temperature To 293.15 K
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The Arrangement of Noiseless Sound and Vibration
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The high-speed camera recordings require the use of intense illumination. When the vibration of a sound source
element and sound needs to be recorded simultaneously with a high-speed camera and a microphone, the audio
recording is affected by the noise of the cooling fans of the used devices e.g. powerful lamps. Noiseless recording
conditions, however, are essential in the usual sound and vibration causality studies. The paper presents a pos-
sibility of noise elimination with the fans-off device used in the research of the causal relation between violin
string vibration and tone sound. The high-speed camera is operating at 60 kfps which needs the illumination with
high-power 1 kW spotlight. The device switches all cooling fans off for the necessary time periods prior to the mea-
surement and thus ensures the noiseless operation of the apparatus during the audio/video recording. After the
recording, the device automatically switches the fans on to ensure the proper equipment cooling. The device pro-
vides the audio/video triggering and synchronization as well. An example of the result is presented; for more about
discovered causality see in Full Paper link at: http://viennatalk2015.mdw.ac.at/?page_id=13002&pap=36.

1. Applicability

The presented fans-off device application in the sound and
vibration measurements serves as an example of a con-
trolled measuring arrangement. The described hardware
and software solution is applicable not only in the case of
a noiseless sound and vibration high-speed camera record-
ing but also in various situations where a sequence of con-
trol steps with appropriately adjusted timing is required.
Hence the proposed device can be used for the on/off tim-
ing of electric actuators, sensors and other devices, for the
generation of excitation or synchronization signals, etc.

2. Introduction

In the research of mechanical vibration, it is often neces-
sary to perform acoustic measurements or to record acous-
tical signals produced by the objects under examination.
The measurement hardware itself is often a source of un-
wanted sound or noise interfering with the acoustic signal
to be measured or recorded. The most common sources
of the noise are cooling systems of recording or measur-
ing devices (computers, high-speed cameras, disk arrays,
etc.), light sources (high-power lamps, lasers, etc.), and
other devices.

Fan noise decreases the signal-to-noise ratio, degrades
the recording quality and can even make the recording or
measurement of quiet sounds impossible. The noise can re-
duce the precision or render impossible the objective sound
analysis as well as the subjective listening tests.

18

Noise elimination by means of absorbing acoustic panels
may not be sufficient, since the panel placement can have
a negative impact on the implementation of experiments
or on the frequency characteristics of microphones, trans-
ducers and other sensing elements [1, 2].

Signal filtering or the use of noise reduction algorithms
usually significantly affects the useful signal components
resulting in the bias of the results or even their complete
degradation. When a high number of frames per second is
used in high-speed camera recordings, a high-power lamp
is necessary, but the recording time is relatively short due
to the GB size of video records. It is possible to switch off
the device fans for this short time and then to obtain the
noiseless sound recording condition.

3. Noise elimination solution

The proposed Fans-off device provides very efficient short-
time noise cancellation both for one-time as well as re-
peated noiseless sound recordings or measurements. The
device turns off all noise-producing cooling fans for the
time span necessary to perform the measurements (usually
in the time spans of up to tens of seconds) and generates
the required start and stop triggering signals e.g. for the
camera. It provides the synchronization of all turn-off se-
quence steps with the measurement to ensure the shortest
possible operation without active cooling and to safeguard
a sufficiently long break before the next measurement to
avoid exceeding the permissible operating temperature of
all individual components of the measurement system.

Prijato 4. listopadu 2016, akceptovano 18. fijna 2017.
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The operator can adjust the timing and other parame-
ters of the proper fans-off sequence according to experi-
mentally measured values for the incorporated equipment
with respect to the individual fans’ deceleration times. The
optimized fans-off sequence minimizes its operation time
without the active cooling and together with the sufficient
fans-on time lags between consecutive measurement steps
ensure the sufficient cooling of all devices in the measure-
ment set-up.

For the device design, a microcontroller-based solution
was chosen because the selected microcontroller (MCU)
provides all building blocks required for the purpose, and
MCUs allow rapid and easy development of various em-
bedded systems, simple specialised controllers, etc.

The heart of the Fans-off device is the microcontroller
from the Atmel AVR family (ATtiny2313, [3]). This elec-
tronic device contains a central processor unit, memories
and all other blocks of a self-contained microcomputer on
a chip. The MCU chip is equipped with various commu-
nication interfaces, ports, timers, analogue comparator,
A/D converter and other peripherals which allow easy
links to the controlled system. Available development tools
enable efficient software build-up. An In-system program-
ming (ISP) port serves for fast software debugging and
updating.

In the presented case, the AVR MCU serves for the tim-
ing and the generation of all signals during the sequences
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Figure 1: The Fans-off device schematics

of fans switching off and on. The Fans-off device electronic
circuit schematic diagram is in Fig. 1.

The fans are switched off using relays with a break con-
tact embedded in the controlled devices (the camera and
the light source). The relays are connected to the Fans-
off device by means of connectors. Without the connected
Fans-off device, the relays do not affect the fans function
and devices can be used independently in the usual man-
ner.

The measurement sequence is initiated by the Start syn-
chronization impulse in the form of the TTL signal fed to
the Trigger Input connected with the INT0 MCU pin. Al-
ternatively, an electrical switch can be used. Consequently,
the controlled devices are switched off by means of the
MOSFET transistors driven by MCU outputs PB2 and
PB3. The output state is indicated by LEDs. When both
devices are finally in the noiseless state, the Record Start
signal on the MCU pin PB4 is generated and leads to
the corresponding output connector and the LED indica-
tor. The Record Start signal can be used for the quiet
state indication in the case of manual operation or for the
automated recording control. The audio level signal syn-
chronous with the Record Start is passed to the synchro-
nization output connector (Sync Out) as well. The Sync
Out signal can be recorded on the dedicated audio track
and subsequently used e.g. for the audio/video synchro-
nization.

The presented version of the Fans-off device serves for
the short-time switch-off of the cooling fans of the two in-
struments — the high-speed camera and the halogen light
source. The number of the controlled devices can be easily
extended, and the time sequence can be freely modified.
More signal outputs for the audio/video recording and
measurement device control and synchronization as well
as additional trigger inputs can be added. The Fans-off
device can be altered by the temperature sensors placed
in the sensitive devices to monitor their actual tempera-
ture and avoid overheating.

4. The Fans-off Device experiment example

The necessity of the Fans-off device utilization is demon-
strated here in a short overview of a violin research expe-
riment (for more about experiment results and discovered
causality see in full paper links [4, 6]).

The goal of the presented experiment example was to
study different types of string movements (registered with
a high-speed camera) in relation to listeners’ aural per-
ceptions while listening to the sound radiated from the
violin (recorded with a microphone and audio recording
equipment).

Generally, the high-speed camera recordings with short
exposure times at high fps rates require a light source
of high intensity. High-power lamps in general use are
equipped with fans for active cooling. An additional cool-
ing fan is usually embedded in the high-speed cameras
as well. When running, the all fans produce a substantial
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Figure 2: The recording of string movements and sounds

noise interfering with the sounds being recorded (for the
noise spectrum example see Fig. 4).

In the presented experiment, the violin fixed in a frame
holder was played with various bow speeds and bow pres-
sures on a string to obtain various types of string vibra-
tions.

The string movements were recorded using the high-
speed camera Phantom SpeedSense 9060 (see Fig. 2). The
camera video sensor chip and the electronics are cooled
by the fan to reduce the sensor chip noise and to stabilize
the camera parameters. The camera fan is covered with
a perforated metal shield (the black rectangle at the left
side of camera in Fig. 2).

The camera was located perpendicular to the violin top
plate near the strings. The corresponding sounds were
recorded using a dummy head (Neumann KU100) located
in a similar way as the camera.

Figure 3: One recorded video frame

The measurement of the bowed string rapid move-
ment required the video recording at a shutter speed of
60 kfps (for the sample of one video frame see Fig. 3).

20

For the proper exposition at such a short shutter time
the scene was illuminated by a powerful 1 kW halogen
lamp equipped with a cooling fan. At the shutter speed of
60 kfps the maximum continuous recording time was limi-
ted by the camera internal memory size to approximately
1.5 s.

In the experiment, an absorbing panel was placed
between the lamp stand and the camera mount (see
Fig. 2). The panel kept the camera lens away from the
direct lamp light and eliminated the first reflections of the
sound waves, but the fan noises at the microphone position
were not substantially affected.

To reach the goal of the presented experiment, the
sounds of recorded violin tones are presented to listeners in
psychoacoustical listening tests. The listeners are focused
on the perception of different types of sound quality caused
by certain string movements, but the perception of the
recorded sound would be disturbed by the fans noise since
the amplitude of prominent spectral components reached
the SPL 50 dB and the SPL of the violin tones under
examination was in the rage 60-80 dB (see Fig. 4). Due
to the random character of the investigated violin sound
components, neither the filtration nor the computational
noise suppression techniques could be applied to suppress
the interfering fan noises.

Figure 4: The violin tone and the fan noise spectra

To eliminate the fan noises from the sound record-
ings, the Fans-off device was applied. The device was pro-
grammed to switch on the sound recording after both the
camera and the lamp fans stopped rotating (see the tim-
ing diagram with the corresponding fan noise levels time
spans in Fig. 5).

The spin-off time of the lamp fan (Fan 1) was approxi-
mately 5 s. The spin-off time of the camera fan (Fan 2)
was about 2.5 s. The recording time was 1.5 s.

The temperature build-up caused by shutting down the
cooling fans was measured before the experiment.

The lamp surface temperature in the steady state was
53°C. When the fan was switched off, the temperature
started to rise with the rate of 3°C per minute.

The camera internal temperature in the steady state
reported by the control software was 55 °C. The tempera-
ture increase caused by the shutting down the fan for two
minutes was 2 °C.
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Figure 5: The signal sequence

The temperature measurements proved that the shut-
down of both fans for up to one minute did not sub-
stantially change the equipment temperature. The about
15-minute-long camera memory readout and the storage
of data to the external hard drive after each recording
provides sufficient cooling time before the next recording
session. Nevertheless, in the case of a 1.5 s recording time,
a much shorter cooling time would be ample.

In the experiment example, the results of listening tests
with the obtained noiseless recordings were correlated with
suitable attributes describing the temporal courses of the
string movements. Two examples of the acquired wave-
forms of string movement tracked near the bridge see in
the Fig. 7 (the zoomed detail of the camera view used for
movement tracking see in Fig. 6; for more about track-
ing and tracking software used see in [5]). For the detailed
descriptions of the entire experiment and other type of
waveforms see [4].

Figure 6: The detail of the string at the analyzed location
(one video frame with the string near the bridge)

The presented experiment example results revealed
a possible multi-dimensionality of perceived roughness
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Figure 7: Two examples of temporal courses of the string
movement near the violin bridge. Top: The tone with
a large extent of the “cracked” percept. Bottom: The tone
with a large extent of the “buzzing” percept

(more about correlations and results in [6]) which can be
summarized in two basic findings: 1) the first dimension
of perceived roughness (described by listeners with words
globally represented by the term “cracked”) is related to
the irregular time changes of string movement amplitude
(for the waveform irregularities see Fig. 7 top) and 2) the
second dimension (described by the term “buzzing”) is re-
lated to a very regular movement waveform (for the regular
waveform, see Fig 7 bottom).

Without the use of the Fans-off device the high-quality
audio recordings required for the unbiased listening tests
results would not be achievable.

5. Conclusion

The results of the presented violin tone roughness experi-
ment example would not have been obtained without the
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use of the presented Fans-off device. The background noise
level caused by the cooling fans was too high and it would
have negatively affected the quality of the recorded audio
samples used in the listening tests.

The Fans-off device has an essential importance in back-
ground noise elimination in the measurements and ex-
periments utilizing a high-speed camera in combination
with the requirement of simultaneous high-quality sound
recordings.

The Fans-off device can also be helpful in the situations
when the independent video and audio recordings need
to be synchronized and the camera does not produce the
required synchronization signal.

The presented microcontroller-based solution can be
used for the timing of any electronically controlled unit,
instrument or device during various measurements or ex-
periments as well.
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