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Abstract: The paper is devoted to the acoustic analysis of a historical bell made in 1772. The
paper presents basic measurements of the acoustic-vibrational characteristics of a small bell
with subsequent analysis of selected parameters. Methods of analysis in the time, frequen-
cy and time-frequency domains were selected for the analysis. The conclusion presents an
evaluation of the measurement method and evaluation. It also includes recommendations for
further types of measurements and investigations.

Anotace: Pfispevek je vénovan akustickeé analyze historického zvonu vyrobeného v roce 1772.
V prispévku je prezentovano zakladni méreni akusticko-vibrac¢nich charakteristik malého zvo-
nu s naslednou analyzou vybranych parametrd. K analyze byly vybrany metody analyzy v ¢a-
sové, frekvencni a Casove-frekvencni oblasti. Zavér uvadi zhodnoceni metody méfeni a hod-

noceni. Jeho soucasti je také doporuceni pro dalsi typy méreni a zkoumani.

1. Introduction to the issue

Bell ringing was already used in ancient China
and Mesopotamia. Bronze bells were used for
centuries due to their high sound quality and
resistance to corrosion. These bells became
widespread in Europe from the 4th century
thanks to the Christian church [1]. Bells an-
nounced mass, deaths, prayer times or dan-
ger (e.g. fire, war). They also found use in civic
life and the secular sphere, e.g. city bells, sig-
nalling devices, school bells, etc.

The basic material is a traditional bronze alloy
(approx. 78% copper and 22% tin) or so-called
bell material. The optimally designed profile
of the bell allows for the creation of a rich tone
(composed of a fundamental tone and high-
er harmonics). Bells are produced using the
classic process — casting.

Each bell is tuned to a specific, so-called fun-
damental tone. The sound of a bell, which is
perceived externally as one powerful tone,
consists of awhole series of overtones aris-
ing in different parts of the bell. Their num-
ber depends on the size of the bell. The most
important are the lower octave, the first, the

1. Uvod do problematiky

Zvoneéni zvonem se pouzivalo uz ve starovekeé
Ciné a Mezopotamii. Po staleti se pouzivaly
bronzové zvony kvUli jejich vysoké kvalité zvu-
ku a odolnosti proti korozi. Tyto zvony se ve vet-
Sim meéfitku rozsifily od 4. stoleti také v Evro-
pé diky kfestanské cirkvi [1]. Zvony ohladoval
msi, Umrti, ¢as modlitby nebo nebezpeci (napf.
pozar, valku). Nasly i vyuziti v obCanském zivo-
té a svetské sférfe, napf. méstské zvony, signal-
ni zarizeni, Skolni zvonky apod.

Zakladnim materialem je tradi¢ni bronzova
slitina (cca 78 % méd' a 22 % cin) nebo-li tzv.
zvonovina. Optimalné navrzeny profil zvonu
umoznuje vytvoreni bohatého ténu (slozené-
ho ze zdakladniho tonu a vyssich harmonic-
kych). Zvony se vyrabéji klasickym postupem
— odlévanim.

Kazdy zvon je naladén na urcity, tzv. zaklad-
ni ton. Hlas zvonu, ktery je vné vniman, jako
jeden mohutny tén se sklada z celé rfady ali-
kvotnich ténd, vznikajicich v riznych ¢astech
zvonu. Jejich pocCet je zavisly na velikosti zvo-
nu. Nejdulezitéjsi jsou spodni oktdva, prima,
tercie, kvinta a horni oktava, nazyvané prin-
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third, the fifth and the upper octave, called the
principal series. Their value was historically
determined during the bell's approval and is
still determined today in the relevant places
of the bell by special metal tuning forks. The
sound of abell is determined by its size and
construction, the type of rib and the material of
the bell. The quality of its sound is influenced
by a whole series of factors, such as the heart,
its suspension, the swing of the bell, the num-
ber and intensity of blows, the dimensions and
weight of the head, the correct way of ringing,
the location of the bell, the construction of
the bell stand, the shape of the bell chamber
and others. The reference value for determin-
ing the level of tones is the first. The lower oc-
tave is approximately half the frequency of the
prime The upper octave is twice the frequency
of the prime The third is in the ratio 6 : 5 to the
fundamental frequency The fifth is in the ratio
3: 2 to the fundamental frequency The impact
tone, which is produced by the heartbeat, lasts
only very briefly [2]. Aringing bell is physically
a pendulum, the dynamic effects of which de-
pend on:

« The mass and shape of the bell and the
mass and shape of the head

» The overall distribution of mass

» The position of the bell's centre of gravity

» The distance of the bell’s centre of gravity
from the axis of rotation

» The angle of oscillation

The heart of the bellis a pendulum that rings the
bell by striking the inside of its rim. The heart and
the bell form two interconnected and mutual-
ly influencing pendulums. A properly designed
heart must strike the widest part of the rim at
the top dead centre of the bell, just before its re-
turn movement, with its fist, and must maintain
the correct ringing rhythm. The heart must be
forged using the traditional blacksmithing pro-
cess from soft steel —its hardness must be less
than 130HB — so that the heart wears out more
than the bell (the bell material has 180 HB). De-
signing and being able to make the heart and
hanging it in the bell so that it fulfils its function
correctly and canring the bell optimally is an art
inherited from generations of bell makers.

Bells can be analysed both through measure-
ment, i.e. experiment, and numerical simula-
tion. The acoustic or vibrational response to
the ringing of the bell is often measured as
part of the experiment.

cipdlova fada. Jejich hodnota se pfi kolauda-
ci zvonu historicky urCovala a dodnes urcuje
v pfislusnych mistech zvonu specialnimi ko-
vovymi ladiCkami. Zvuk zvonu je urcen jeho
velikosti a konstrukci, typem Zebra a materi-
alem zvonu. Kvalitu jeho hlasu ovliviiuje celd
fada faktor(, jako srdce, jeho zavéseni, vy-
kyv zvonu, poCet a intenzita uderl, rozméry
a hmotnost hlavy, spravny zpUsob zvonéni,
umisténi zvonu, konstrukce zvonova stolice,
tvar zvonoveé komory a dalsi. Referenéni hod-
notou pro stanoveni drovné ténd je prima.
Spodni oktdva ma priblizné polovi¢ni hod-
notu frekvence primy. Horni oktava ma hod-
notu dvojnasobku primy. Tercie je v pomeéru
6 : 5 k zakladni frekvenci. Kvinta je v poméru
3:2 k zakladni frekvenci. Narazovy ton, ktery
vznika pfi Uderu srdce, trva jen velmi kratce
[2]. Zvonici zvon je fyzikalné kyvadlem, jehoz
dynamické ucinky jsou zavislé na:

e hmotnosti a tvaru zvonu a hmotnosti
a tvaru hlavy
celkovém rozdeéleni hmoty

L]
« vzdalenosti teézisté zvonu od osy otaceni
e Uhluvykyvu

Srdce zvonu je kyvadlo, které rozezniva zvon
uderem do vnitfni strany jeho vénce. Srdce
a zvon tvofi dvé propojend a vzdjemneé se
ovliviujici kyvadla. Spravné navrzené srdce
musi udefit svoji pésti do nejsirsi ¢asti vénce
v horni Uvrati zvonu, tésné pfed jeho zpétnym
pohybem a musi drzet spravny rytmus zvoné-
ni. Srdce musi byt vykovano tradi¢nim kovar-
skym postupem z méekké oceli — jeho tvrdost
musi byt mensi nez 130HB — tak aby se opo-
tfebovavalo srdce vic, nez zvon (zvonovina ma
180 HB). Navrhnout a umeét vyrobit srdce a za-
vésit jej do zvonu tak, aby plnilo spravné svou
funkci a dokdazalo zvon optimalné rozeznit je
umeénim, dédénym generacemi zvonaru.

Zvony je mozné analyzovat jak prostfednic-
tvim meéreni, tedy experimentu, tak nume-
rickou simulaci. V ramci experimentu se ¢asto
meri akustickd nebo vibracni odezva na buze-
ni zvonu.

Velmi specifickym typem zvonu je tzv.
umiracek” [3]. Jde o tradi¢ni oznaceni pro
zvukovy signal, kterym se ohlasuje umr-
ti osoby. Tento zvon, pfipadné zvonéni, ma
v evropské (zejména kiestanské) kulture hlu-
bokou symboliku a funkci. Oznamuje smrt
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Avery specific type of bell is the so-called
“death bell” [3]. It is a traditional designation
for a sound signal that announces the death
of a person. This bell, or rather the ringing, has
a deep symbolism and function in European
(especially Christian) culture. It announces
the death of a person, traditionally a resident
of a parish or village. It alerts those around it
to the time of death and reminds them of the
finiteness of human life. It is a symbol of re-
spect, farewell and spiritual accompaniment
of the deceased. In the past, it also served as
a call to prayer for the soul of the deceased.
It is typically asmall to medium-sized bell,
often placed separately from other types of
bells in a vestibule, tower or chapel [4]. Bells
of this type have a deeper and quieter tone
than large ceremonial bells. It is tuned low,
sometimes with a disharmonious character
that evokes sadness. It is often marked or
dedicated, or bears an inscription associated
with death or prayer.

These types of bells are rung manually or me-
chanically, usually without rocking, just by the
swaying of the heart.

2. Description of the measured bell

The bell in question (Fig. 1) comes from an
unknown place in the border region, after the
Second World War it ended up in the ceme-
tery bell tower in Slapanice near Brno. In the
past, it was probably precisely crafted, but
inappropriately modified from acampano-
logical point of view after the destruction of
the bell crown. It is a Baroque death knell bell
from 1772 by the Znojmo bellmaker J. G. Sche-
ichel, who came from a well-known Viennese
bell-making family. His bells have been pre-
served in the Louka monastery near Znojmo,
in the monastery in Klasterni Hradisko, in the
castle chapel in Bitov, in a number of church-
es in the Znojmo region, but also in Slavon-
ice and Polna. His last dated work dates from
1790. Scheichel’s bells are characterized by
a beautiful sound and precise workmanship,
and are ranked among the most beautiful Ba-
rogue bells in our country.

Clovéka, tradicné obyvatele farnosti nebo
obce. Upozornuje okoli na ¢as umrti a pripo-
mina konecnost lidského zivota. Je symbo-
lem Ucty, rozlouceni a duchovniho doprova-
zeni zemrelého. V minulosti slouzil také jako
vy-zva k modlitbé za dusi zesnulého. Jde ty-
picky o maly az stfedni zvon, ¢asto umistény
oddélené od jinych typUl zvon( v predsini, vézZi
nebo kapli [4]. Zvony tohoto typu maji hlubsi
a tissi ton nez velké slavnostni zvony. Byva
ladén nizko, nékdy s disharmonickym cha-
rakterem, ktery evokuje smutek. Casto byva
oznaceny nebo dedikovany neboli nese napis
spojeny se smrti nebo modlitbou.

U téchto typUl zvonu se zvoni ru¢né nebo me-
chanicky, zpravidla bez kolébani, pouze roz-
Kyvem srdce.

2. Popis méreného zvonu

Predmétny zvon (Obr. 1) pochdzi z neznamé-
ho mista v pohranici, po druhé svetove valce
se dostal do hrbitovni zvonice ve Slapanicich
u Brna. V minulosti byl zfejmé po destrukci
zvonoveé koruny femesling precizné, ale z kam-
panologického hlediska nevhodné upraven.
Jednad se o barokni zvon umiracek z roku 1772
od znojemského zvonare J. G. Scheichela po-
chazejiciho ze zndmé videnské zvonafska ro-
diny. Jeho zvony se zachovaly v klastefe Lou-
ka u Znojma, v klastefe v Klasternim Hradisku,
v hradni kapli na Bitové, v fadé kosteld na Zno-
jemsku ale i ve Slavonicich a Polné. Posledni
jeho datovana prace pochazi z r. 1790. Schei-
chelovy zvony se vyznacuji krasnym zvukem
a preciznim provedenim, a jsou fazeny mezi
nejhezCi barokni zvony u nas.
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Fig. 1 View of the measured bell

3. Description of measurement methods
and evaluation of selected parameters

The measurement of dynamic-acoustic pa-
rameters was carried out in the test hall of the
Faculty of Civil Engineering, Brno University of
Technology. The measured bell was hung on
a crane hook (Fig. 2). Arubber pad was placed
onthe floor under the bell. For the experimen-
tal investigation of the dynamic properties of
the bell, a method based on measuring the
response to mechanical shock was used [5].
It should be noted that the mechanical shock
was excited both by the heart of the bell and
by aspecial hammer, which has a built-in
force sensor, on the lower edge of the bell.
In both cases, the acoustic and vibration re-
sponse were measured. Since the measure-
ment results were used to calibrate the math-
ematical model and simulate the dynamic re-
sponse of the bell, the response to mechani-
cal shock was measured with 5 microphones
and two accelerometers. The microphones
were mounted in the following positions:

* Mic1—-30cm from the bottom edge of the
bell, in the direction of excitation

* Mic2—-100cm from the bottom edge of the
bell, in the direction of excitation

* Mic3—-30cm from the bottom edge of the
bell, perpendicular to the direction of ex-
citation

* Mic4—-100cm from the bottom edge of the

Obr. 1 Pohled na méteny zvon

3. Popis metod méreni a hodnoceni vy-
branych parametri

Méreni dynamicko-akustickych parametr(
probéhlo ve zkuSebni hale fakulty stavebni
VUT v Brné. Méreny zvon byl zavésen na haku
jefabu (Obr. 2). Na podlaze pod zvonem byla
umisténa pryzova podlozka. Pro experimen-
talni vySetfovani dynamickych vlastnosti zvo-
nu byla pouzita metoda zalozena na méreni
odezvy na mechanicky raz [5]. Podotknéme,
ze mechanicky raz byl vybuzen jak srdcem
zvonu, tak i specialnim kladivkem, které ma
v sobé zakomponovany snimac sily, na spod-
ni okraj zvonu. V obou pfipadech byla mére-
na akustickd a vibrac¢ni odezva. Vzhledem
k tomu, ze vysledky méfeni byly pouzity ke
kalibraci matematického modelu a simulace
dynamické odezvy zvonu, odezva na mecha-
nicky raz byla méfena 5 mikrofony a dvéma
akcelerometry. Mikrofony byly uchyceny v po-
lohach:

e Micl — 30cm od spodni hrany zvonu, ve
sméru buzeni

e Mic2 — 100 cm od spodni hrany zvonu, ve
sméru buzeni

« Mic3 —30cm od spodni hrany zvonu, kol-
mo na smeér buzeni

« Mic4—-100cm od spodni hrany zvonu, kol-
mo na smeér buzeni

« Mich —nazemi proti zvonu ve vysce 0.6 m
pod spodni hranou zvonu
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bell, perpendicular to the direction of exci-
tation

» Mich — on the ground opposite the bell at
a height of 0.6m below the bottom edge of
the bell

The accelerometers were mounted as follows.
Accelerometer Accl was mounted in a plane
perpendicular to the direction of excitation, at
the bottom of the wreath, accelerometer Acc2
ina plane perpendicular to the direction of ex-
citation, in the middle of the bell between the
decoration and the head of the Virgin Mary.
The Pulse measuring center and BK Connect
measuring software from Bruel&Kjaer were
used for the measurements. For further anal-
yses, an acoustic camera was also used (Fig.
3). FlexPro software was used to analyze the
measured data.

Akcelerometry bylo uchyceny takto. Akcelero-
metr Acc1 byl uchycen v roving kolmé na smer
buzeni, dole na spodni hrané vénce, akcele-
rometr Acc2 pak v roviné kolmé na smér bu-
zeni, uprostred zvonu mezi zdobenim a hla-
vou panny Marie. K méreni byla vyuzita mefici
ustfedna Pulse a méfici software BK Connect
od spolecnosti Bruel&Kjaer. Z divodu dalsich
analyz byla pouzita i akustickd kamera (Obr.
3). K analyze naméfenych dat byl pouzit soft-
ware FlexPro.

Fig. 2 View of the measurement site

It should be noted that for the presenta-

tion in this paper, measured signals from all

Obr. 2 Pohled na misto méfeni

Podotknéme, ze pro prezentaci v tomto pfi-
speévku byly pouzity nameéfené signaly ze
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five microphones when the bell was excited
by a heartbeat were used. For the needs of
a more detailed analysis of vibration phenom-
ena, signals obtained from accelerometers
when excited by a modal hammer were used.
In this case, frequency transfer functions
were calculated from the response signals for
the purpose of normalization to the excitation
signal. These were recalculated by inverse
Fourier transformation into the time plane. In
this way, normalized time courses of acoustic
pressure and acceleration of oscillation were
obtained.

B % |

Arrey Measurement  Distance [mf:| 1000 | Beassfoeming | inteniity
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Fig. 3 Analysis within the acoustic camera

4. Evaluation of measured data

To evaluate the measured data from the mi-
crophones, an analysis of the measured data
in the time and frequency domain was used.
This analysis includes a picture including
the time responses of the acoustic pressure
measured on all five microphones and their
frequency spectra (Fig. 4). A Fourier transform
was designed for the analysis in the frequen-
cy plane. By comparing the time courses, it
can be seen that higher acoustic pressure
values were achieved on the closer micro-
phones compared to the microphones locat-

vSech péti mikrofonl pfi buzeni zvonu ra-
zem srdce. Pro potfeby podrobnéjsi analyzy
vibraénich jevl byly pouzity signaly ziskané
z akcelerometrd pfi buzeni modalnim kladiv-
kem. V tomto pfipadé byly z odezvovych sig-
nald vypocteny frekvencni prenosové funkce
z dlvodu normalizace na budici signal. Tyto
byly zpétné prepocteny inverzni Fourierovou
transformaci do ¢asové roviny. Takto byl zis-
kdny normované ¢asové prabeéhy akustického
tlaku i zrychleni kmitani.

Ez
-

Obr. 3 Analyza v ramci akustické kamery

4. Hodnoceni naméienych dat

K hodnoceninamérenych dat zmikrofond byla
pouzita analyza v Casoveé a frekvencéni oblasti.
Soucasti této analyzy je obrazek zahrnujici
Casové odezvy akustického tlaku nameérené
na vsech péti mikrofonech a jejich frekvencni
spektra (Obr. 4). Pro analyzu ve frekvencni ro-
viné byla navrzena Fourierova transformace.
Porovnanim lze zjistit z ¢asovych pribéhu, ze
na blizsich mikrofonech bylo dosazeno vys-
Sich hodnot akustického tlaku oproti mikrofo-
ndm umlstenym ve vzdaleneJS| poloze. Utlum
je zpocatku vyrazny, pak nasleduje pozvolné
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ed in a more distant position. The attenuation
is initially significant, then a gradual decay
follows. From the comparison of the frequen-
cy spectra calculated, it can be stated that for
microphones Mic1to Mic4 they are essentially
comparable. The key frequency components
occur here at frequencies of 685 Hz, 1145 Hz,
1620 Hz, 2780 Hz, 3310 Hz and 3630 Hz. For
the microphone placed at the bottom of the
bell, the frequency spectrum is slightly differ-
ent, especially in terms of the height of the in-
dividual frequency components.

To evaluate the data from the accelerome-
ters, data analysis in the time, frequency and
time-frequency domains was used. For the
analysis in the frequency plane, the Fourier
transform was again used.

For the analysis in the time-frequency plane,
a procedure based on the application of the
short-term Fourier transform was used. For
the time-frequency analysis, images were
created that consist of three graphs (Fig. 5).
The upper graph shows the time course of the
instantaneous value of the vibration accelera-
tion from the Acc2 sensor. In particular, glob-
al extremes and attenuation within the entire
signal with time are visible. The left graph
shows the amplitude spectrum of the vibra-
tion response depending on the frequency
calculated by direct application of the Fourier
transform to the measured signal. Significant
frequency components contained in the en-
tire measured signal are visible here.

The middle graph shows a 3D display of the
time-frequency course of the acceleration
amplitude spectrum. The dependence of the
amplitude spectrum atindividual time and fre-
guency moments is shown here, i.e. the time
and frequency course are combined. In sim-
ple terms, it can be said that time-frequency
graphs provide information about how long
a given frequency component occurs in the
measured signal. The values of the acoustic
pressure in the decibel scale are shown in
different colours in the middle graphs. Note
that the maximum value is black, the lowest
is white.

From the upper graph of Fig. 5 it is clear that
the maximum acceleration value is almost
1600 m-s?. The expected signal attenuation
from these values to values two orders of
magnitude lower is around 0.5 sin time.

doznivani. Ze srovnani frekvencnich spekter
vypoctenych Ize konstatovat, ze pro mikrofo-
ny Mic1 az Mic4 jsou v podstaté srovnatelné.
Vyskytuji se zde klicové frekvencni slozky na
frekvencich 685 Hz, 1145 Hz, 1620 Hz, 2780 Hz,
3310 Hz a 3630 Hz. U mikrofonu umisténém
ze spodni ¢asti zvonu je frekvencni spektrum
mirné odlisné, zejména z hlediska vyse hod-
not jednotlivych frekvencnich slozek.

K hodnoceni dat z akcelerometrd byla pouzi-
ta analyza dat v Casové, frekvencni a Casove
frekvencéni oblasti. Pro analyzu ve frekvencni
roviné byla opét pouzita Fourierova transfor-
mace.

Pro analyzuv ¢asové frekvencniroviné byl po-
uzit postup zalozeny na aplikaci kratkodobé
Fourierovy transformace. K ¢asove frekvenc-
ni analyze byly vytvoreny obrazky, které jsou
tvoreny trojici graft (Obr. 5). V hornim grafu
je zobrazen ¢asovy prubéh okamzité hodno-
ty zrychleni kmitani ze sensoru Acc2. V ném
jsou patrné zejména globalni extrémy a Utlum
vramcicelého signalu s casem. V levém grafu
je zobrazeno amplitudové spektrum vibracni
odezvy v zavislosti na frekvenci vypocitané
pfimou aplikaci Fourierovy transformace na
namerfeny signal. Zde jsou patrny vyznacné
frekvencéni slozky obsazené v celém namere-
ném signale.

V prostiednim grafu je 3D zobrazeni Casové
frekvencniho pribéhu amplitudového spekt-
ra zrychleni. Je zde zobrazena zavislost am-
plitudového spektra v jednotlivych ¢asovych
a frekvencnich okamzicich, tj. spojuje se Ca-
sovy a frekvenéni prlbéh. Zjednodusené je
mozné fici, ze Casove frekvencni grafy po-
skytuji informaci o tom, jak dlouho se dana
frekvenéni slozka vyskytuje v namefeném
signale. Hodnoty akustického tlaku v decibe-
lové stupnici jsou znazorneény u prostfednich
graf( odliSnymi barvami. Poznamenejme, ze
maximalni hodnota je barvy cerné, nejnizsi je
pak barvy bilé.

Z horniho grafu obr. 5 je patrné, ze ma-
ximalni  hodnota  zrychleni je témeéf
1600 m-s2. Predpokladany utlum signalu
z téchto hodnot na hodnoty o dva rady nizsi
je v Case kolem 0.5 s. V levém grafu Obr. 5 je
zobrazeno amplitudové spektrum akustické
odezvy vypocitané pfimou aplikaci Fourierovy
transformace na signal nameéreny na snimaci
zrychleni. Ve frekvenénim spektru se vysky-
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The left graph of Fig. 5 shows the amplitude
spectrum of the acoustic response calculated
by directly applying the Fourier transform to
the signal measured on the acceleration sen-
sor. Similar key frequency components occur
in the frequency spectrum, i.e. components at
frequencies of 685 Hz, 1145 Hz, 1620 Hz, 2780
Hz, 3310 Hz and 3630 Hz.

Note that the following table Tab. 1 shows
a comparison of the accuracy of tones. The
comparison of the accuracy of tones in bells
mainly concerns the overtones, which are
the tones produced by the sound of the bell,
which are integer multiples of the fundamen-
tal tone. Accuracy is important for the harmo-
nious and beautiful sounds of bells. Table Tab.
2 then shows an example of an ideal bell.

tuji podobné klicové frekvencni slozky, tedy
slozky na frekvencich 685 Hz, 1145 Hz, 1620
Hz, 2780 Hz, 3310 Hz a 3630 Hz.

Podotknéme, ze nasledujici tabulka Tab. 1
ukazuje srovnani presnosti tonl. Srovnavani
presnosti tond u zvonu se tyka hlavné alikvot-
nich ténd, coz jsou tény vznikajici pfi zvuku
zvonu, které jsou celistvymi nasobky zaklad-
niho tonu. Piesnost je dllezitd pro harmonic-
ké a krdsné zvuky zvonu. Tabulka Tab. 2 pak
ukazuje pfiklad idedlniho zvonu.

Freequency (Hz) | Closest tone| Octave Accuracy in cents Ratio 685 Hz Theoretical tone
Frekvence (Hz) | Nejblizsiton| Oktava | Presnost (v centech) | Pomér k 685 Hz Teoreticky ton
685 Hz F5 5 +14 cents/cent(l 1,00x Strike tone / Prime
1145 Hz C6 6 -b cents/centl 1,67x Tierce (mal tercie = 1.6)
1620 Hz EG 6 -13 cents/cent( 2,36% ~ kvinta plus tercie
Between two octaves
2780 Hz AH7/Bb7 7 -12 cents/centd 4,06
mezi dvéma oktavami (=4x)
Aproximate duodecima
3310 Hz D8 8 -13 cents/centd 4,83x
priblizné duodecima
Very high aliguot
3630 Hz Eb8 8 ~4 cents/centy 5,30x
velmi vysoky alikvot

Tab. 1 Tone Accuracy

Tab. 1 Pfesnost tonii
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Partial tone Ratio Calculation
Note / Poznamka
Diléi ton Pomér | Vypocet (Hz)
Hum tone 0.5x 343 Hz Deep bass / hluboky bas
Strike tone 1x 685 Hz Main perceived tone / hlavni vnimany ton
Tierce 12 822 Hz Minor third (typical of funeralvbfalls)/ mala tercie (typicka pro
smutecni zvony)
Quint 1.5x 1028 Hz Fift / kvinta
Nominal 2x 1370 Hz Often the strongest frequency / Casto nejsilngjsi frekvence
Superquint 3x 2055 Hz Ringing brightness / zvonivy jas
Octave nominal bx 2740 Hz Trebl / vySky

Tab. 2 Ideal Bell

Note that Cent is a unit for very precise mea-
surement of the difference between two mu-
sical tones — specifically, it is the logarithmic
division of one semitone (semitone) in equal
tempered tuning. 1 semitone is 100 cents, an
octave has 12 semitones, i.e. 1200 cents [2].

fref) (0
fmer ’

where fref is the reference value of the tone
and f__is the measured value. The human
ear can distinguish differences as small as 6
cents.

cents = 1200 x log2<

Similar conclusions can be drawn from the
middle graph in Fig. 5. This graph shows the
time-frequency spectrum calculated by ap-
plying the short-term Fourier transform to the
measured signal. In contrast to the amplitude
spectrum in the left graph, there is informa-
tion here about the temporal occurrence of
individual frequency components in time.
Note that the longest-occurring component
is the frequency 685 Hz. The others are atten-
uated much earlier.

Tab. 2 Idedlni zvon

Poznamenejme, ze Cent je jednotka pro velmi
pfesné méfeni rozdilu mezi dvéma hudebni-
mi tony — konkrétné jde o logaritmické déle-
ni jednoho pualtéonu (semitdnu) v rovhomeérné
temperovaném ladéni. 1 pUlton je 100 centd,
oktadva ma 12 plltond tj. 1200 centd [2].

fref) (1
fmer ’

kde f__je referencni hodnota tonu a f_ je
zméfena hodnota. Lidské ucho dokéze rozfidit
rozdily uz od 6 centU.

cents = 1200 X log2<

Podobné zavéry Ize konstatovat i u prostred-
niho grafu Obr. 5. Tento graf ukazuje Casové
frekvencéni spektrum vypoctena aplikaci krat-
kodobé Fourierovy transformace na mereny
signal. Oproti amplitudovému spektru v levém
grafu je zde informace ohledné ¢asového vy-
skytu jednotlivych frekvencnich komponent
v Case. Podotknéme, ze nejdéle se vyskytu-
jici slozkou je frekvence 685 Hz. Ostatni jsou
utlumeny mnohem dfive.
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5. Conclusion

The bell from 1772 by the Znojmo bell-maker
Johann Georg Scheichel, located in Slapanice
near Brno, is a typical example of high-quality
Barogue bell-making. It was cast from tradi-
tional bell material (an alloy of copper and tin),
which gives it not only exceptional durability
but also a characteristic, rich sound. Acoustic
analysis shows that the main perceived tone
(strike tone) of the bell is around 685 Hz, and
its spectrum contains several distinct over-
tone frequencies. Some of them correspond
to the expected harmonic ratios (e.g. tierce
and quint), others are slightly shifted, which is
guite common and natural for historical bells.
The higher frequencies around 3310 Hz and
3630 Hz do not correspond exactly to har-
monic intervals, but contribute to the ringing,
clarity and unigue timbre of the tone that Ba-
rogue bells often have. Overall, it can be said
that this bell is not only avaluable cultural
monument, but also an acoustically interest-
ing musical instrument, which still bears the
sound imprint of the time and craftsmanship
of its creator.

Based on the measurements and analyses
performed, it can be stated that the men-
tioned methodology is very well applicable for
the analysis of acoustic and dynamic param-
eters of bells of various types. The method-
ology is applicable both for laboratory mea-
surements and for measurements in bell tow-
ers. It provides the possibility of comparing
measured parameters both in the time and
frequency domain and in the time-frequency
domain. The measured and calculated quan-
tities are characterized by sufficient accuracy
and informative ability.

The application of short-term Fourier trans-
form, which provides sufficiently accurate
localization of frequency components con-
tained in the measured signals, also signifi-
cantly contributed to this.

5. Zavér

Zvon z roku 1772 od znojemského zvona-
fe Johanna Georga Scheichela, umistény ve
Slapanicich u Brna, pfedstavuje typicky pfi-
klad kvalitniho barokniho zvonarstvi. Byl odlit
z tradi¢ni zvonoviny (slitiny médi a cinu), coz
mu doddava nejen vyjimecnou trvanlivost, ale
také charakteristicky, bohaty zvukovy pro-
jev. Akusticka analyza ukazuje, ze hlavni vni-
many ton (strike tone) zvonu je kolem 685
Hz, a jeho spektrum obsahuje nékolik vyraz-
nych alikvotnich frekvenci. Nékteré z nich
odpovidaji ocekavanym harmonickym po-
meérim (napf. tierce a quint), jiné jsou mirné
posunuty, cozZ je u historickych zvonUl zcela
bézné a prirozené. Vyssi frekvence kolem
3310 Hz a 3630 Hz neodpovidaji pfesné har-
monickym intervallm, ale pfispivaji ke zvoni-
vosti, jasnosti a unikatnimu zabarveni tonu,
jaké barokni zvony casto maji. Celkoveé Ize fici,
Ze tento zvon je nejen cennou kulturni pa-
matkou, ale i akusticky zajimavym hudebnim
nastrojem, ktery dodnes nese zvukovy otisk
doby a femesiného umeéni svého tvdrce.

Na zakladé provedenym meéfeni a analyz je
mozné konstatovat, ze uvedena metodika je
velmi dobfe pouzitelna pro analyzu akustic-
kych a dynamickych parametrld zvon( rdz-
ného typu. Metodika je pouzitelna jak pro
laboratorni méfeni, tak pro méreni ve zvo-
nicich. Poskytuje moznost srovnani meéfe-
nych parametr jak v ¢asové a frekvencni,
tak v Casové frekvencni oblasti. Nameérené
i vypocCitané veliciny se vyznacuji dostatec-
nou pfesnosti a vypovidajici schopnosti.

K tomu vyznamne také pfispéla aplikace krat-
kodobé Fourierovy transformace, ktera po-
skytuje dostatecneé pfesnou lokalizaci frek-
vencnich komponent obsazenych v méfenych
signalech.
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AKkustickd odezva zvonu na buzeni srdcem / The acoustic response of the bell to tongue stimulation
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Fig. 4 Outputs from measurement of acoustic re-
sponse to tongue shock

The methodology used is also suitable for
calibrating mathematical and simulation
models of bells. The authors recommend
continuing the work that has been start-
ed, both in laboratory conditions and in-situ
conditions, in bell towers, etc. The authors
also recommend a higher level of integration
of measurements using an acoustic cam-
era. It will also be very interesting to com-
pile and use ameasurement methodology
in the form of experimental modal analy-
sis. This could fully replace classical pro-
cedures, or possibly supplement numerical
simulation. The only drawback of this meth-
od is the relatively longer measurement time.
In conclusion, we would like to note that the
publication of the results of the experimental
modal analysis of the bell in question will be
presented in another contribution.
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Obr. 4 Vystupy z méteni akustické odezvy na riz
srdcem

Pouzita metodika je vhodna také pro kalibraci
matematickych a simulacnich model’ zvond.
Autofi doporucuji v zapocCatych pracich po-
kracovat, a to jak v laboratornich podminkach,
tak v podminkach in-situ, ve zvonicich apod.
Rovnéz autofi doporucuji vyssi miru zaclenéni
meéreni pomoci akustické kamery. Velmi zaji-
maveé bude také sestaveni a pouziti metodiky
meérfeni formou experimentdlni modalni ana-
lyzy. Tato by mohla pIné nahradit klasické po-
stupy, pfipadné doplnit numerickou simulaci.
Jedinym nedostatkem této metody je pomeér-
ne delsi doba méfeni. Zavérem podotknéme,
ze zvefejnéni vysledkl z experimentaini mo-
dalni analyzy pfedmétného zvonu bude uve-
deno v nékterém dalSim pfispévku.
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Vibraéni odezva zvonu na buzeni modalnim kladivkem
Vibrational response of a bell to excitation by a modal hammer
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Fig. 5 Time-frequency analysis of the signal from Obr. 5 Casové frekvenéni analyza signdlu z akce-
the accelerometer Acc2 lerometru Acc2
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