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Abstract: The article applies a methodology for determining the acoustic power of air-borne
sound whichis generated by the vibration of machinery components or the machine itself. The
calculation of the acoustic power level is realized by measuring the vibration acceleration and
integrating it to the vibration velocity of the rigid surface of the machinery or its component.
The methodology is verified when determining the acoustic power level of operated spinning
headstocks on a test facility. Undesirable noise emissions of spinning headstock bearings,
as well as their operating condition, can be monitored by measuring kinematic parameters,
measuring vibration acceleration and its subsequent integration. The vibration velocity was
used to determine the A-weighted level and Z-weighted level of the acoustic power and at the
same time to evaluate the operating condition of the two selected spinning units. The arti-
cle also evaluates the importance of the correct choice of the measuring point of the analyz-
ed spinning headstock on the test equipment when determining the level of acoustic power,
which has a decisive influence on the uncertainty of the measurement.
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1. INTRODUCTION

The article applies a procedure for determin-
ing the acoustic power of air-borne sound
which is generated by the vibration of the
components of the test equipment of spinning
headstock [7]. The primary source of acoustic
waves is the mechanical vibration of arigid
structure. Acoustic vibration is a continuation
of mechanical vibrationin a fluid environment.
The vibration of machinery components is
caused by its dynamic imperfection which
depends on the quality of production of ma-
chine components, their assembly, balancing
of rotating components and maintenance of
operating condition, vibro-isolation mounting
and technological process [6]. The vibration
of the components is dominant in most ma-
chines and thus, the emitted acoustic power
of the machine is dominant, and in many cas-
es the possible aerodynamic noise does not
significantly contribute to the overall level of
acoustic power.

1. UvoD

V Clanku sa aplikuje postup na stanovenie
akustického vykonu zvuku prendsaného
vzduchom, ktory je generovany kmitanim
komponentov skusobného zariadenia spria-
dacich vretennikov [7]. Primarnym zdrojom
akustického vinenia je mechanické kmitanie
tuhej konstrukcie. Akustické kmitanie je po-
kracovanie mechanického kmitania v teku-
tom prostredi. Kmitanie komponentov stroj-
ného zariadenia je sposobene jeho dyna-
mickou nedokonalostou, ktord je zavislad od
kvality vyroby komponentov stroja, ich mon-
taze, vyvazenia rotujucich komponentov, od
udrziavania prevadzkového stavu, vibro-izo-
lacného ulozenia a technologického procesu
[6]. Kmitanie komponentov je u vacsiny stro-
jov dominujuce a teda aj emitovany akustic-
ky vykon stroja bude dominujuci a v mno-
hych pripadoch mozny aerodynamicky hluk
vyznamne neprispieva k celkovej hladine
akustického vykonu.
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Determining the airborne noise emissions of
a machine or its component by measuring the
vibration of the machine’s outer surface (part
of the machine), may be important in numer-
ous cases, e.g. when unwanted background
noise (e.g. noise from other machines or
sound reflected by room boundaries) has high
levels compared to the noise directly emit-
ted by the machine under test. It also plays
a crucial role when the noise emitted by the
vibration of the machine structure needs to
be separated from the noise of aerodynamic
origin, or when the noise emitted by the vibra-
tion of the machine structure has high levels
compared to the aerodynamic component.
Thus, the overall noise emission is primari-
ly influenced by the vibration of the machine
structure. This vibration measurement meth-
od can be used especially in cases where ac-
curate direct measurements of airborne noise
and determination of acoustic power, e.g. as
stated in the set of standards ISO 3746 [9] and
ISO 9614 [8], is not possible due to high back-
ground noise or other parasitic environmental
disturbances. Another reason for using the
vibration method is also when a distinction is
required between the total radiated acoustic
power of the machine and the acoustic pow-
er generated by the vibration of some struc-
tural component of this machine, for example
the spinning unit. Spinning machinery con-
tains tenths of spinning units, whose acoustic
power, by measuring the velocity (accelera-
tion) of vibration, may be determined for each
spinning unit (Fig. 1). The calculated acoustic
power (level) can be a source of determining
the operating state of the spinning unit.

=

Fig. I: The spindle of a spinning machine placed
in a bearing and the headstocks testing device

In order to calculate the airborne sound pow-
er, in principle, data on the radiation factor is
required, which allows the determination of
the upper limit of the radiation A-weighted
sound power level. For typical machines, this
upper limit may exceed the actual A-weighted
sound power level determined by sound in-

Stanovenie emisii hluku stroja alebo jeho
komponentu prenasanych vzduchom, me-
ranim kmitania vonkaJS|eho povrchu stro-
ja (Casti stroja), mdze byt doélezité v pripa-
doch neZiaduceho hluku pozadia (napr. hluk
z inych strojov alebo zvuk odrazany ohrani-
¢enim miestnosti) ma vysoké hladiny v po-
rovnani s hlukom, ktory priamo vyéaruje sku-
sany stroj, alebo, ked' hluk vyzarovany kmita-
nim konstrukcie stroja je potrebné oddelit od
hluku aerodynamického pdvodu, alebo, ked'
hluk vyzarovany kmitanim konstrukcie stroja
ma vysoké hladiny v porovnani s aerodyna-
mickou zlozkou, takze celkové vyZzarovanie
hluku je ovplyvnené predovsetkym kmita-
nim konstrukcie stroja. Tuto metédu merania
kmitania mozno pouzit najmé v pripadoch,
ked' presné priame merania hluku prendsa-
ného vzduchom a stanovenie akustického
vykonu, napr. ako sa uvadza v subore noriem
ISO 3746 [9]a S0 9614 [8], nie je mozné z db-
vodu vysokého hluku pozadia alebo inych
parazitnych rusivych vplyvov prostredia; ale-
bo, ak sa vyZaduje rozliSenie medzi celkovym
vyzarovanym akustickym vykonom stroja
a akustickym vykonom generovanym kmi-
tanim niektorého komponentu konstrukcie
tohto stroja, teda napriklad spriadacej jed-
notky. Spriadacie strojné zariadenie obsa-
huje desiatky spriadacich jednotiek, ktorych
akusticky vykon meranim rychlostl (zrychle—
nia) kmitania, je mozné urcit pre kazdu spria-
daC|UJednotku (Obr . Vypoutany akustlcky
vykon (hladina) mo6ze byt zdrojom urcenia
prevadzkového stavu spriadacej jednotky.

Obr. 1: Vretennik spriadacieho stroja ulozeny
v lozisku a skusobné zariadenie vretennikov

Na vypoéet vzduchom Sireného akustického
vykonu su v zasade potrebne udaje o faktore
vyzarovama ktory umoznuje uréit hornd hra-
nicu vyzarovania hladmy A akustického vyko-
nu. Pre typlcke stroje mbze tato horna hrani-
ca prekrocit skuto¢nu hladinu A akustického
vykonu stanovenu vyzarovanim akustickej
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tensity emission according to ISO 9614 [8] by
up to 10 dB. A-weighted sound power level can
be used to compare the sound power level of
noise corresponding to vibrating machines of
the same group with a similar construction.

Airborne acoustic power is determined on the
assumption that this quantity is proportional
to the root mean square value (rms value) of
the normal component of the vibration veloci-
ty averaged over the area of the vibrating out-
er surface of the machine and is directly pro-
portional to the area of the vibrating surface.

2. OBJECTIVE OF MEASUREMENT OF VI-
BRATION ACCELERATION AND MEAS-
UREMENT TECHNIQUE

2.1.  Objective of Measurement

The aim of the experimental tests carried out on

the test equipment for determining the lifetime

of spinning headstocks and performed directly
on the bearing rotor unit (see Fig. 1) was to iden-
tify the dynamic load (vibration and noise) and,
based on the parameters of the vibration, to de-
termine the differences in the noise emissions
of the selected spinning units. This also served
to verify their objectivity both in terms of repeat-
ability and reproducibility of measurements in
determining the upper limit of A-weighting lev-
el of the acoustic power of noise emitted by the
spinning units. The aim of the measurement of
vibration acceleration was to analyze the mag-
nitude of kinematic quantities (acceleration and
velocity) acting on the outer ring of the bearing,
orits mounting in the mechanical system. Vibra-
tion quantities are not affected by surrounding
vibration as in the case of audio signal sensing,
which is more or less affected by residual noise

(background noise) [2, 3, 4]. The methodologies

therefore used aclear relations between me-

chanical and acoustic vibration.

2.2. Measurement Technique

A modern measuring technique from the re-

nowned Bruel & Kjaer (B&K) company was

used to measure mechanical vibration, name-

ly the 12-channel B&KPULSE 3053-B-120

measuring card; accelerometers B&K 4518

with a usable frequency range from 1Hz to

intenzity podla ISO 9614 [8] az o 10 dB. Hladi-
na A akustického vykonu sa mdze pouzit na
porovnanie hladiny akustického vykonu hluku
zodpovedajuceho kmitajucim strojom rovnakej
skupiny s podobnou konstrukciou.

Vzduchom prenasany akusticky vykon sa ur-
Cuje za predpokladu, ze tato veliina je Umer-
na strednej kvadratickej hodnote (efektivnej
hodnote) normalovej zlozky rychlosti kmitania
spriemerovanej na ploche kmitajuceho vonkaj-
Sieho povrchu stroja a je priamo Umerna plo-
che kmitajuceho povrchu.

2. CIEL MERANI ZRYCHLENIA KMITANIA
A MERACIA TECHNIKA
2.1.  Ciel'merani
Ciel experimentalnych skusok na skusob-
nom zariadeni stanovenia Zivotnosti spria-
dacich vretennikov a priamo na rotorovej
jednotke loziska (pozri Obr. 1) je identifiko-
vat dynamické zatazenie (kmitanie a hluk)
a na zaklade parametrov kmitania stanovit
rozdiely vo vyzarovani emisii hluku vybra-
nych spriadacich jednotiek a su¢asne overit
ich objektivnost tak z hl'adiska opakovatel-
nosti, ako aj reprodukovatelnosti merani pri
ur¢ovani hornej hranice hladiny A akustic-
kého vykonu hluku emitovaného spriadaci-
mi jednotkami. Ciel merania zrychlenia kmi-
tania je analyzovat velkost kinematickych
veli¢in (zrychlenia a rychlosti) pésobiacich
na vonkajsi kruzok loziska, resp. jeho ulo-
zenie v mechanickej sustave. Veliciny kmi-
tania nie sU ovplyvnené okolitym kmitanim
tak, ako pri snimani zvukového signalu,
ktory je viac alebo menej ovplyvneny rezi-
dualnym hlukom (hlukom pozadia) [2, 3, 4].
V metodikach sa teda vyuziva jednoznacna
suvislost medzi mechanickym a akustickym
kmitanim.
2.2. Meraciatechnika
Pri merani mechanického kmitania sa pouzi-
la moderna meracia technika od renomova-
nej firmy Bruel & Kjaer (B&K), a to 12 kanalova
meracia karta B&K PULSE 3053-B-120; akce-
lerometre B&K 4518 s vyuzitelnym frekvenc-
nym rozsahom od 1 Hz do 20 kHz o hmotnosti
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20 kHz weighing 1.5 g; integrating acceleration
measurement vibrometer with vibration veloc-
ity output, which is a quantitative and quali-
tative indicator of the dynamics of machinery
with rotating and reciprocating masses, as well
as the impact loads in accordance with the ISO
20816 and ISO 2954 set standards; a sound
analyzer with 2250 B&K ausable frequency
range up to 25600 Hz for control recording
of measured signals, including residual noise;
a B&K 8207 impact hammer with a maximum
impact force of 35584 N to excite the Eigen
frequencies of the Eigenvibration modes of the
structure when verifying the measuring chain
and the influence of the surrounding vibration
on the headstock bearing and other comple-
mentary technique supporting the measure-
ment. PULSE Reflex software was used for sig-
nal processing. Verification of the measuring
chain was performed using modal analysis and
its response at the measuring point [2].

3. DETERMINATION OF ACOUSTIC POWER
LEVEL BY MEASUREMENT VIBRATION

The method is only applicable to noise emit-
ted by vibrating surfaces of rigid structures
and not to noise generated by the aerodynam-
ic principle. However, it may also be used in
cases where accurate direct measurements
of airborne noise are not possible due to high
background noise or other parasitic environ-
mental disturbances, or if a distinction is re-
quired between the total radiated acoustic
power of the test equipment and the acous-
tic power generated by the vibration of some
component of that equipment. The procedure
for determining the level A of the acoustic
power presented in this article can be gener-
alized for different types of machines as well
as spinning units, respecting a representative
statistical selection of the examined type of
headstock and its bearing.

3.1 Calculation of acoustic power
Theair-borneacoustic powerwith A-weighting
radiated by the machine or its component,
caused only by the vibration of the structure
of its outer surface S, for Pathe radiation
factorep = 1lis determined from the equation
[7]

1,5 g; integrujuci vibrometer merania zrych-
lenia s vystupom rychlosti kmitania, ktoré je
kvantitativnym aj kvalitativnym ukazovatelom
dynamiky strojovych zariadeni s otacajucimi
a vratnymi hmotami, ako aj rdzového zata-
zenia v zhode s normami suboru I1SO 20816
a ISO 2954; zvukovy analyzator s 2250
B&K vyuzitelnym frekvencnym rozsahom do
25 600 Hz pre kontrolny zdznam meranych
signalov vratane rezidualneho hluku; razo-
vé kladivko B&K 8207 s maximalnou razovou
silou 35 584 N na vybudenie vlastnych frek-
vencii vlastnych tvarov kmitania konstrukcie
pri overovani meracieho retazca a vplyvu oko-
litého kmitania na lozisko vretennika a ina do-
plhujuca technika podporujuica meranie. Na
spracovanie signalov sa pouzil softvér PULSE
Reflex. Overenie meracieho retazca sa vyko-
nalo pomocou modalnej analyzy a jej ozvy
v meracom bode [2].

3. STANOVENIA HLADINY AKUSTICKEHO
VYKONU MERANIM KMITANIA

Metdda je pouzitel'na len pre hluk, ktory je
emitovany kmitajucimi povrchmi tuhych
konstrukcii a nie pre hluk generovany aero-
dynamickym principom a v pripadoch, ked'
presné priame merania hluku prenasaného
vzduchom nie je mozné z dévodu vysokého
hluku pozadia alebo inych parazitnych rusi-
vych vplyvov prostredia; alebo, ak sa vyza-
duje rozlisSenie medzi celkovym vyZarovanym
akustickym vykonom skusSobného zariadenia
a akustickym vykonom generovanym kmita-
nim niektorého komponentu tohto zariadenia.
Postup stanovenia hladiny A akustického vy-
konu uvedeny v tomto ¢lanku je mozné zovse-
obecnit pre rézne druhy strojov ako aj spria-
dacich jednotiek respektujuc reprezentativny
Statisticky vyber skimaného typu vretennika
a jeho loziska.

3.1.  Vypocet akustického vykonu
Vzduchom prenésany akusticky vykon Pa
s vazenim A vyzarovany strojom alebo jeho
komponentom, sp6sobeny iba kmitanim kon-
Strukcie jeho vonkajsieho povrchu S, pre fak-
tor vyzarovania&p = 1sa urci z rovnice [7]
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Q)

For the A-weighted radiation factor and for,
Zc: which is the normalized characteristic
acoustic impedance Z., = 411N s/m3. This
impedance is used in accordance with the
basic international standards for which ISO
3740 [10] provides instructions for use and
corresponds to meteorological conditions
for atmospheric temperature t, = 23 °C and
barometric pressure p, =1013 hPa. These
assumptions provide an upper limit on the
A-weighted airborne sound power

Pamax = Zc,nVAZ\ (2)

Forming the basis for the method which
requires that only the values of v and s, i.e.
the values of the effective velocity and the
size of the radiation surface, be determined.

The v value is obtained from measurements
of the A-weighted rmsvalue of the component
of the vibration velocity perpendicular to the
external surface of the machine orcomponent
and for a sufficient number of measurement
points distributed over its corresponding
external surface. The arrangement and
number of measuring points__ can be
considered sufficient if the value v remains
stable within the accuracy of the method
for the increasing number and changed
arrangement of the measuring points.

It is convenient to divide the surface area
of the machine, so that it is possible to
classify the acoustic power radiated from
the various components of the machine.
The consequence of this division is that
each surface of the machine emits sound
independently.

It should be borne in mind that the spatial
change of the vibration velocity depends
on the number of simultaneously excited
resonance modes in the monitored frequency
band, the degree of non-uniformity of the
structure (e.g. stiffness and change of inertia)
and the spatial distribution of the excitation
forces. A major problem arises when very few
Eigen frequencies of the Eigen modes are
excited within a significant frequency band,
which is the low-frequency region. However,
these frequencies have a negligible effect on
the A-weighted level.

PA = ZCU;; (1)

Pre faktor vyzarovania s vazenim A a pre Z.
¢o je normalizovana charakteristicka akus-
tickd impedancia Z¢, = 411 N s/m3. Tato im-
pedancia sa pouziva v sulade so zakladnymi
medzinarodnymi normami, pre ktoré ISO 3740
[10] poskytuje navod na pouzitie a zodpoveda
meteorologickym podmienkam pre atmosfé-
ricku teplotu ty = 23 °C a barometricky tlak
pp = 1013 hPa. Tieto predpoklady poskytuju
hornu hranicu A-vazeného akustického vyko-
nu prenasaného vzduchom

PA,max = Zc,nvzzx (2)

tvoriaci zaklad pre metddu, ktora vyzaduje,
aby sa zistili len hodnoty v a S, teda hodnoty
efektivnej rychlosti a velkosti plochy vyzaro-
vania.

Hodnota VA sa ziska z merani A-vazenej
efektivnej hodnoty zlozky rychlosti kmitania
kolmej na vonkajsi povrch stroja alebo kom-
ponentu a pre dostato¢ny pocCet meracich
miest rozmiestnenych po jeho zodpovedaju-
com vonkajsom povrchu. Usporiadanie a po-
¢et meracich miest mozno brat do Uvahy za
dostato¢ny, ak hodnota vi zostane stabilna
v ramci presnosti metddy pre rastlci pocet
a zmenené usporiadanie meracich miest.

Je vhodné rozdelit povrch plochy stroja tak,
aby bolo mozné klasifikovat akusticky vykon
vyzarovany z roznych komponentov stroja.
Ddsledkom tohto rozdelenia je, ze kazdy po-
vrch stroja vyzaruje zvuk nezavisle.

Treba mat na zreteli, ze priestorovd zmena
rychlosti kmitania zavisi od poctu sucasne
vybudenych rezonanénych tvarov v sledo-
vanom frekvencnom pdsme, stupna nerov-
nomernosti kon$trukcie (napr. tuhost a zme-
na zotrvacnosti) a priestorového rozlozenia
budiacich sil. Velky problém nastava, ked' je
v ramci vyznamného frekvenéného pasma
vybudenych len vel'mi malo vlastnych frek-
vencii vlastnych tvarov, ¢o je oblast nizkych
frekvencii. Tieto frekvencie vSak maju zane-
dbatel'ny vplyv na hladinu A.

Plochu prislusného vonkajsieho povrchu stro-
ja s, mozno l'ahko vypoditat, ak je tvar vonkaj-
Sieho povrchu stroja jednoduchy (napr. valco-
vy, gulovy alebo zlozeny z plochych plechov).

Isty problém je vyzarovanie zo spojenych kon-
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The area of the relevant outer surface of the
machine, §, can be easily calculated if the
shape of the outer surface of the machine
is simple (e.g. cylindrical, spherical or
composed of flat sheets). A certain problem
is radiation from connected structures such
as pipes, flanges and supports, radiation
from the supporting structure (frame), the
surface of ribs, perforated surfaces and
support structures. It is recommended
that the machine surface S, be defined for
specific types of machinery. In the case under
investigation, the surface of the outer ring is
a cylindrical surface (see Fig.1).

3. 2. Determination of the vibration velocity
on avibrating measuring surface

To alarge extent, the accuracy of the meas-
urement results depends on the number and
distribution of measurement points and on the
distribution of the vibration velocity on the vi-
brating measuring surface. If the machine has
uniformly repeating structures and if there are
geometric symmetries and symmetries of the
excitation forces, then provided that preliminary
investigations have shown that all structural el-
ements are equivalent with respect to the mean
value of A-weight in level of the vibration veloc-
ity, measurements may be made on one such
structure. For evenly distributed measuring
points, the vibrating measuring surface of the
area S, is divided intoN parts, each of which has
an areaS/N. One measuring point must be locat-
ed in the center of each sub-area. For unequal
distributed measuring points, when elements
of the vibrating measuring surface vibrate more
intensely than others, the measuring points
can be more densely distributed on those parts
that vibrate with higher intensity. In this case,
each measurement point i represents one par-
tial area of the surface, Si. A-weighted levels of
the vibration velocity (machine surface, com-
ponent) due to the ambient vibration velocity
levels averaged from the measurement points
on the measuring surface, must be at least 3 dB
below the average value of the vibration veloci-
ty level of the tested noise source during oper-
ational measurements in the presence of this
ambient vibration velocity.

Strukcii, ako su rury, priruby a podpery, vyza-
rovanie z nosnej konstrukcie (rdmu), povrchu
rebier, perforovanych povrchov a podpornych
konstrukcii. Odporuca sa, aby sa povrch stroja
S, definoval pre konkrétne druhy strojnych za-
riadeni. V skimanom pripade je povrch von-
kajSieho kruzku valcova plocha (pozri obr. 1).

3. 2. Stanovenie rychlosti kmitania na kmita-
jucej meracej ploche

Vo velkej miere presnost vysledkov merania
zavisi od poctu a rozmiestnenia meracich
miest a od rozlozenia rychlosti kmitania na
kmitajucej meracej ploche. Ak ma stroj rov-
nomerne sa opakujuce konstrukcie a ak exis-
tuju geometrické symetrie a symetrie budia-
cich sil, potom za predpokladu, ak predbezné
skumania preukazali, ze vSetky konstrukéné
prvky su ekvivalentné vzhl'adom na strednu
hodnotu hladiny A rychlosti kmitania, mozno
vykonat merania na jednej takejto kongtrukcii.
Pre rovnomerne rozlozené meracie miesta sa
kmitajuci meraci povrch plochy S, rozdeli na
N Casti, pricom kazda ma plochu S/N . Jedno
meracie miesto musi byt umiestnené v strede
kazdej Ciastkovej plochy. Pre nerovhomerne
rozloZzené meracie miesta, ked' prvky kmitaju-
ceho meracieho povrchu kmitaju intenzivnej-
Sie ako iné, meracie miesta sa mézu rozmiest-
nit hustejSie na tych Castiach, ktoré kmitaju
s vySSou intenzitou. V tomto pripade kazdé
meracie miestoipredstavuje jednu Ciastkovu
plochu povrchuS; Hladiny A rychlosti kmitania
(povrchu stroja, komponentu) kvoli hladindm
rychlosti vedlajsieho kmitania spriemerova-
nych z meracich miest na meracom povrchu,
musia byt pocas prevadzkovych merani v pri-
tomnost tejto rychlosti vedlajSieho kmitania,
minimalne 3 dB pod strednou hodnotou hla-
diny rychlosti kmitania skisaného zdroja hlu-
ku.
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Fig. 2: Silent block of the spinning headstock (1)
with an accelerometer (2) and thermocouple (3),
with a fixing screw (4) with connected wires (5),
(6) in the service hole (7) of the spinning unit [1]

Only one measuring point was proposed for
the examined spinning headstock, as it was
a small cylindrical surface § = 3 348 mm? be-
tween two silent blocks (Fig. 2) and the trans-
mission of secondary vibration was eliminat-
ed by two silent blocks (vibroisolators).

3. 3. Determination of the measuring point

It is very important to correctly determine the
measurement points, which must be as close as
possible to the observed source of vibration.
The goal of the one-time measurements was
the verification of the influence of the chosen
measurement location on the actual dynamic
load of the spinning unit and the verification of
the proposed measurement methodology for
vibrodiagnostics of the bearing headstocks, as
well as the analysis of the operating condition of
the bearings near the planned end of their life-
time. Sensing elements, also called headstock
diagnostic sensor [1], of vibrations and temper-
ature should be attached as close as possible to
the bearing, which has not been done so far.
However, the wavelength of the excited fre-
guency should also be taken into account in re-
lation to the maximum amplitude of the gener-
ated vibration. Otherwise, asmaller or larger
distortion of the useful signal occurs (see Tab. 1).
Three different measuring points of the vibra-
tion acceleration were chosen, the point directly
located on the bearing, frame and support
frame of the aggregate drive (Fig. 3). Such a dis-
tribution of measuring points enables the as-
sessment of the quality of vibration isolation, i.e.
the transmission loss from the source of vibra-
tion (headstock) to the surrounding structures,
i.e. the mounting of the headstock in the sup-
port frame of the drive unit, but also vice versa,

Obr. 2. Silentblok spriadacieho vretennika (1)
s akcelerometrom (2) a termoclankom (3), s fixac-
nou skrutkou (4) s napojenymi vodicmi (5), (6)
v servisnom otvore (7) spriadacej jednotky [I]

Pre skumany spriadaci vretennik sa navrhlo
len jedno meracie miesto, ked'ze ide o mald
valcovu plochu § = 3 348 mm2 medzi dvoma
silentblokmi (obr. 2) a prenos vedlajsieho kmi-
tania sa eliminuje dvomi silentblokmi (vibroi-
zolatormi).

3.3. Stanovenie meracieho miesta

Je velmi délezité sprévne stanovit meracie
miesta, ktoré musia byt ¢o najblizsie k sledo-
vanému zdroju kmitania. Obsahom predmetu
jednorazovych merani bolo overenie vplyvu
zvoleného meracieho miesta na skuto¢né dy-
namické zatazenie spriadacej jednotky a ove-
renie navrhovanej metodiky merania pri vibro-
diagnostike loziskovych vretien, ako aj analyze
prevadzkového stavu lozisk v blizkosti plano-
vaného konca ich zivotnosti. Snimacie prvky,
tieZz nazyvané diagnosticky senzor vretennika
[1], kmitania a teploty je Ziaduce pripevnit ¢o
najblizsie k lozisku, Co sa dosial' nerealizovalo.
Treba mat v8ak na zreteli aj vinovu dizku vy-
budenej frekvencie vzhlladom na maximalnu
amplitidu generovaného kmitania. V opac-
nom pripade dochadza k mensiemu alebo
vacsiemu skresleniu uzito¢ného signalu (po-
zri Tab. 1). Zvolili sa tri r6zne meracie miesta
zrychlenia kmitania, a to priamo na lozisku, fré-
me a nosnom rame pohonu agregatu (Obr. 3).
Takéto rozlozenie meracich miest umoznuje
posudenie kvality vibroizolacie, teda prenoso-
vého utlmu od zdroja kmitania (vretennika) do
okolitych konstrukcii, ¢ize ulozenia vretennika
do nosného ramu pohonného agregatu, ale aj
opacne, teda vplyv okolitého kmitania na lozis-
ko spriadacieho vretennika.
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i.e. the effect of ambient vibration on the bear-
ing of the spinning headstock.

Fig. 3: Different measurement locations of the ac-
celerometers of the analyzed bearing using a grub
screw resting directly on the outer ring of the head-
stock bearing (left), on the frame using a grub screw
(center), fixing with a magnet on the support frame
of the drive unit under the analyzed bearing (right)

The dynamic load (vibration) of the spinning
headstock bearings was measured in two op-
erating modes, according to the manufacturer’s
requirements whose goal was to determine the
change in the dynamic load of the headstock
bearing of the spinning machine with a change
in the rotational frequency. Different operating
modes allow you to compare the measurement
results with the maximum permissible dynamic
load of the spinning headstock bearing. The first
experimental mode was at a set rotational fre-
qguency of 50 000 r/min, while the real rotation-
al frequency due to slippage was 49 080 r/min,
which corresponds to afrequency of 818 Hz.
The second operating mode was at the set rota-
tional frequency of 100 000 r/min, while the real
rotational frequency was 98160 r/min, which
corresponds to a frequency of 1636 Hz. The ef-
fective values of the vibration acceleration for
the selected frequency range of the spinning
headstock for the three selected measurement
locations and the two operating modes of the
rotational frequency are shown in Tab. 1and the
corresponding frequency distribution of the vi-
bration of the spinning unit in Fig. 4.

Obr. 3: Rozne meracie miesta akcelerometrov
analyzovaného loZiska, ato pomocou zdvrtnej
skrutky opierajiicej sa priamo o vonkajsi kriizok
loZiska vretennika (vlavo), na fréme pomocou
zdvrtnej skrutky (v strede), pripevnenie pomocou
magnetu na nosnom rdame pohonného agregdtu
pod analyzovanym loZiskom (vpravo)

Dynamické namahanie (kmitanie) lozisk
spriadacieho vretennika sa podla poziada-
viek vyrobcu meralo pri dvoch prevadzko-
vych skusSobnych rezimoch, ktorych ciel' bol
zistit zmenu dynamického zatazenie loziska
vretennika spriadacieho stroja so zmenou
frekvencie otacania. R6zne prevadzkové re-
Zimy umoznuju porovnat vysledky merania
s maximalne pripustnym dynamickym zata-
zenim loziska spriadacieho vretennika. Prvy
skusobny rezim bol pri nastavenej frekvencii
otacania 50 000 r/min, priCom redlna frekven-
cia otacania v dosledku sklzu bola 49 080 r/
min, ¢o zodpoveda frekvencii 818 Hz. Druhy
prevadzkovy rezim bol pri nastavenej frek-
vencii otacania 100 000 r/min pricom redlna
frekvencia ota¢ania bola 98 160 r/min, ¢o zod-
poveda frekvencii 1636 Hz. Efektivhe hodno-
ty zrychlenia kmitania pre zvoleny frekvencny
rozsah spriadacieho vretennika pre tri vytipo-
vané meracie miesta a dva prevadzkové rezi-
my frekvencie otacania sa uvadzaju v Tab. 1
a zodpovedajuce frekvencné rozlozenie kmi-
tania spriadacej jednotky na Obr. 4

50 000 r/min 100 000 r/min
Acceleration/ Zrychlenie | Frequency range/ Frekvenény rozsah, Hz Frequency range/ Frekvencny rozsah, Hz
m/s? 12-12 800 1375-2193 818 12-12 800 2 696-4 332 1636
Bearing/ LozZisko 71,159 8,031 3305 141,251 84,416 23,156
Frame/ Fréma 1975 0,486 0,685 4,468 191 1,259
Support frame/ Ram 3,889 0,518 0,312 5951 3,243 0,233

Tab. 1: Effective acceleration values in three
measurement locations

Tab. 1: Efektivne hodnoty zrychlenia v troch
meracich miestach
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From the effective values of the acceleration,
a significant transmission damping on the si-
lent blocks of the spinning headstock is evi-
dent. From the performed vibrodiagnosis of
the operating state of the selected bearing of
the spinning unit, it is clear that the optimal
measuring point directly on the bearing of this
spinning unit. This is also confirmed by the fre-
guency spectra of the diagnosed headstock
bearing in Fig. 4 for both operating modes and
three selected measurement locations.
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Z efektivnych hodndét zrychlenia je zrejmy
vyrazny prenosovy uUtim na silentblokoch
spriadacieho vretennika. Z vykonanej vibro-
diagnostiky prevadzkového stavu vybraného
loziska spriadacej jednotky je zrejmé, ze op-
timalne meracie miesto je priamo na loZis-
ku tejto spriadacej jednotky. Potvrdzuju to aj
frekvencné spektra diagnostikovaného lozis-
ka vretennika na Obr. 4 pri obidvoch prevadz-
kovych rezimoch a troch vytipovanych mera-
cich miestach.

e Fritrine: — Supporiing fame

12He - 12R00H:
Deks | 1113251 mis
Dela | 4468 m/sf

4k

Fig. 4: Frequency spectrum of the diagnosed bear-
ing at a rotational frequency of 100 000 r/min

In addition to the frequency range for vibro-
diagnosis of the spinning unit as awhole, i.e.
from 12 Hz to 12 800 Hz, a narrow frequency
range defined by the characteristic frequency
of damage to the outer ring of the bearing with
a bandwidth of the value of the rotational fre-
guency was selected. The goal was to specify
in more detail the value of the degree of bear-
ing damage and its use in monitoring the oper-
ating condition of hybrid high-frequency spin-
ning headstocks using trend characteristics.

The uncertainties associated with acoustic
power levels determined in accordance with
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Obr. 4: Frekvencné spektrum diagnostikovaného
lozZiska pri frekvencii otdcania 100 000 r/min.

Okrem frekvencného rozsahu pre vibrodiag-
nostiku spriadacej jednotky ako celku Cize od
12 Hz do 12 800 Hz sa vybral Uzky frekvencny
rozsah definovany charakteristickou frekven-
ciou poskodenia vonkajsieho kruzku loziska
so Sirkou pasma o hodnote frekvencie otaca-
nia. Ciel'je blizéie $pecifikovat hodnotu stupna
poskodenia loziska a jej vyuzitie pri sledovani
prevadzkového stavu hybridnych vysokofrek-
vencnych spriadacich vretennikov pomocou
trendovych charakteristik.

Neistoty spojené s hladinami akustického
vykonu stanovenymi v sulade s nameranymi

K
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measured or calculated values of vibration ve-
locity were preferably evaluated in accordance
with ISO/IEC Guide 98-3 and other documents
[5]. The uncertainty generally depends on each
of the input quantitiesand inthe analyzed case,
it was the sensing of the vibration acceleration
or velocity, whose correct value depended on
the choice of the measuring location, which
was also confirmed by our results in Tab. 1and
Fig. 4.

4. FREQUENCY ANALYSIS AND
CALCULATION OF ACOUSTIC POWER
LEVELS BY MEASURING VIBRATION

4.1. Frequency analysis of the generated vi-

bration of the spinning headstock

Machines and machinery, and therefore also
bearings, work under constant and/or varia-
ble dynamic loads, which have an impact on
the generation of vibration and noise parame-
ter levels. For the test equipment of the given
bearing type, the bearing loads and their rota-
tional frequency were constant.

From the frequency distribution of vibration ac-
celeration, expressed in decibels, Fig. 3 to see
significant amplitudes in the frequency inter-
val from 400 Hz to 6 500 Hz, where the human
hearing organ is the most sensitive. It should
be emphasized that this interval changes for
each type of a bearing. This frequency interval
with an equivalent level of vibration acceleration
in this interval for a compliant bearing but with
an already limited operation in conjunction with
the time course of vibration acceleration are
verified criteria for the limit value of the bearing
quality of the given type [2, 3, 4]. It should be
emphasized that the measurements were taken
when the headstocks had already been in oper-
ationfor4 500 h, i.e. already past half of their ex-
pected lifetime. The frequency of rotation of the
drive electric motor (36 Hz) is also significant,
which significantly decreases (by 36.6 dB) with
the application of A-weighting (see Fig. 6).

alebo vypocitanymi hodnotami rychlosti
kmitania sa prednostne vyhodnocuju v sula-
de s pokynom ISO/IEC Guide 98-3 a aj inych
dokumentov [5]. Neistota, vo vSeobecnosti,
zavisi od kazdej zo vstupnych veli¢in a v ana-
lyzovanom pripade je to snimanie zrychlenia
kmitania alebo rychlosti, ktorého spravna
hodnota zavisi od vol'by meracieho miesta, ¢o
potvrdzuje aj Tab. 1 a Obr. 4.

4. FREKVENCNA ANALYZA A VYPOCET
HLADIN AKUSTICKEHO VYKONU MERA-
NiM KMITANIA

4. Frekvencna analyza generovaného kmita-
nia spriadacieho vretennika

Stroje a strojné zariadenia a teda aj loziska
pracuju prikonstantnom a/alebo premenlivom
dynamickom zatazeni, ktoré ma vplyv na prie-
beh generovania hladin parametrov kmitania
a hluku. Pre skusobné zariadenie daného
typu lozisk, zatazenia lozisk a ich frekvencia
otacania boli konstantné.

Z frekvencného rozlozenia zrychlenia kmi-
tania, vyjadreného v decibeloch, je na Obr. 3
vidiet vyrazné amplitudy vo frekvené¢nom in-
tervale od 400 Hz do 6 500 Hz, kde je slucho-
vy organ ¢loveka najcitlivejsi. Treba zdéraznit,
ze pre kazdy typ loziska sa bude tento inter-
val menit. Tento frekvenény interval s ekviva-
lentnou hladinou zrychlenia kmitania v tomto
intervale pre vyhovujuce lozisko ale s uz ob-
medzenou prevadzkou v sucinnosti s ¢aso-
vym priebehom zrychlenia kmitania su ove-
rené kritéria pre hrani¢nu hodnotu kvalit
loZiska daného typu [2, 3, 4]. Treba zd6raznit,
Zze merania sa vykonali, ked' vretenniky boli
uz 4 500 h v prevadzke, teda uz za polovicou
ich predpokladanej zivotnosti. Vyrazna je aj
frekvencia otacania hnacieho elektromoto-
ra (36 Hz), ktora aplikaciou A vazenia vyrazne
poklesne (o 36,6 dB) (pozri Obr. 6)
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Fig. 5: Frequency spectra of noise Z-weighted lev-
el, acceleration and velocity of two bearings of
spinning headstocks with different dynamic emis-
sion; the spectrum shown in red (black and white
darker) represents a heavily damaged bearing
and in green (black and white brighter) a compli-
ant bearing with already limited operation

From the frequency spectra when using the
Z-weighting, one can see a significant ampli-
tude of the spindle rotational frequency and
its synchronous components in the noise
measurement and especially in the kinematic
parameters of the vibration acceleration and
the integration of the calculated vibration ve-
locity. To determine the A-weighted level of the
acoustic power, the desired vibration velocity
is representative of the magnitude of the vibra-
tion, and from the point of view of the rotating
components” dynamic load, it is the accelera-
tion of the vibration. The presented frequency
spectra were indispensable for diagnosing the
degree of damage to individual components of
the bearing, as well as the degree of quality of
balance of the spinning headstock.
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Obr. 5: Frekvencné spektrda hladiny Z hluku,
zrychlenia a rychlosti dvoch lozisk spriadacich
vretennikov s roznou dynamickou emisiou; spek-
trum zobrazené Cervenou farbou (¢.b. tmavsie)
reprezentuje silne poskodené loZisko a zelenou
farbou (¢.b. bledsie) vyhovujiice loZisko s uz ob-
medzenou previdzkou

Z frekvencnych spektier pri pouziti filtra Z je
vidiet vyraznu amplltudu frekvencie otaca-
nia vretennikov a jej synchronne zlozky pri
merani hluku a najma pri kinematickych pa-
rametroch zrychlenia kmitania a integraciou
vypoél'tanej rychlosti kmitania. Na stanove-
nie hladiny A akustického vykonu je ziaduca
rychlost kmitania reprezentujica mohutnost
kmitania a z hladiska dynamického namaha-
nia rotujucich komponentov je to zrychlenie
kmitania. Prezentované frekvencné spektra
sU nepostradatelné k diagndze stupna po-
skodenia jednotlivych komponentov loziska,
ako aj stupna kvality vyvazenia spriadacieho
vretennika.
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For comparison in Fig. 6, the noise and vibra-
tion frequency spectra using A-weighting are
two spinning units that were identified as op-
erationally unsatisfactory and operationally
constrained compliant [6]. This was also con-
firmed by the effective values of the vibration
velocity, where the difference in the effective
velocity was approximately twofold. From the
values of the effective velocity, the A-weight-
ed level of the acoustic power is calculated
using equations (1) or (2) and equation (3)

Lwa = 101g22

Py

(3)
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Pre porovnanie na obrazku 6 su frekvenc-
né spektra hluku a kmitania s pouzitim filtra
A dve spriadacie jednotky, ktoré boli identifi-
kované ako prevadzkovo nevyhovujuca a vy-
hovujuca s prevadzkovym obmedzenim [6].
Potvrdzuju to aj efektivne hodnoty rychlosti
kmitania, kde rozdiel efektivnych rychlosti je
priblizne dvojnasobny. Z hodndét efektivnych
rychlosti sa vypocita hladina A akustického
vykonu s pouzitim vztahov (1) resp. (2) a vzta-
hu (3)
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Fig. 6: A-weighted frequency spectra of noise,
acceleration and velocity of two spinning head-
stocks bearings with different dynamic emission;
the spectrum shown in red (black and white dark-
er) represents a heavily damaged bearing and in
green (black and white brighter) a satisfactory
bearing already with limited operation
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Obrazok 6. Frekvencné spektrd hladiny A hluku,
zrychlenia a rychlosti s vaZenim A dvoch loZisk
spriadacich vretennikov s réznou dynamick-
ou emisiou; spektrum zobrazené Cervenou far-
bou (¢.b. tmavsie) reprezentuje silne poskodené
loZisko a zelenou farbou (¢.b. bledsie) vyhovujiice
loZisko uz s obmedzenou previdzkou
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The calculated A-weighted level of the acous-
tic power of the still operationally satisfacto-
ry spinning unit is 74.3 dB and that of the no
longer satisfactory unit is 79.4 dB, i.e. more
than 5 dB higher. The same is true for the ac-
tual energetic noise emission (Z-weighting),
namely 79.6 dB versus 88.1dB, i.e. by approx-
imately 9 dB. A more significant difference is
in dynamic load, which affects the lifetime
of the components of machinery with head-
stocks. It should be remembered that the
noise A-weighted level in the diffusion field in
the test room reached a value of 94.5 dB and
30 headstocks were tested at the same time.

4.2. Calculation of the A-weighted acoustic
power level of the headstock

Determination of the mean value of the A-we-
ighted vibration velocity level on the vibrating
measuring surface Lya; in measuring points,
i =1..N,for several measuring points, is gi-
ven by the relation:

Lyai = Lypi — K1ai — Kmai (4)
where

Ly is the uncorrected measured
A-weighted vibration velocity level;

Kiai  correction for A-weighted le-
vels of ambient vibration velocity, in decibels;

Kmai correction for the mass of the
vibration  sensor, in  decibels.

In the investigated case, only one sensor was
used, the mass of which was less than 1/10
of the mass of the spinning headstock, and
A-weighted level of the ambient vibration
velocity due to vibroisolation (silent blocks)
reducing vibrations from the nearby environ-
ment was negligible, which also confirmed
the excitation of the Eigen frequencies of the
Eigen modes of the surrounding structure by
the modal hammer. Thus, in the investigated
case, the corrections are zero and the num-
ber of measurement points t is equal to 1. For
a sensor mass greater than 1/10 of the mass
of the analyzed component, the correction
can be determined by modal analysis using
sensors of different mass. The measured ac-
celeration differences above 1/10 of the mass
characterize the correction for the mass of
the sensor. The sensor mass correction can

Vypocitana hladina A akustického vykonu
este prevadzkovo vyhovujlcej spriadacej jed-
notky je 74,3 dB a uz nevyhovujucej jednotky
je 79,4 dB, teda o vySe 5 dB vyssSia. Podobne je
to aj pri skuto¢nom energetickom vyzarovani
hluku (filter Z), ato 79,6 dB verzus 88,1 dB teda
priblizne o0 9 dB. Vyraznejsi rozdiel je v dyna-
mickom namahani, ktoré ovplyviuje zivotnost
komponentov strojného zariadenia s vreten-
nikmi. Treba pripomenut, Zze hladina A hluku
v difuznom poli v skuSobnej miestnosti dosa-
hovala hodnotu 94,5 dB a sucasne sa skusalo
30 vretennikov.

4.2. Vypocet hladiny A akustického vykonu
vretennika

Stanovenie strednej hodnoty hladiny A rych-
losti kmitania na kmitajucej meracej ploche
Lya; v meracich miestach i =1...N, je pre
viacej meracich miest dané vztahom:

Lyai = Lyai — K1ai — Kmai (4)
kde

Lyai je nekorigovana namerana hla-
dina A rychlosti  kmitanig;

K1ai korekcia pre hladiny A rychlosti
vedlajsieho kmitania, v  decibeloch;

Kmai korekcia na hmotnost senzora

kmitania, Vv decibeloch.

V skimanom pripade sa pouzil len jeden sen-
zor, ktorého hmotnost bola vyrazne mensia
ako 1/10 hmotnosti spriadacieho vretenni-
ka a hladina A rychlosti vedlajSieho kmitania
vzhladom vibroizolaciu (silentbloky) redu-
kujuce kmitanie z blizkeho okolia bola zane-
dbatelnd, ¢o potvrdilo aj vybudenie vliastnych
frekvencii vlastnych tvarov okolitej konstruk-
cie modalnym kladivkom. Teda v skimanom
pripade su korekcie nulové a pocet meracich
miest i sa rovna 1. Pre hmotnost senzora va¢-
Siu ako 1/10 hmotnosti analyzovaného kom-
ponentu mozno korekciu stanovit pomocou
modalnej analyzy s vyuzitim senzorov roz-
nej hmotnosti. Namerané rozdiely zrychlenia
nad 1/10 hmotnosti charakterizuju korekciu
na hmotnost senzora. Korekciu na hmotnost
senzora je mozné stanovit experimentalnou
metddou s pouzitim senzorov vacsej hmot-
nosti ako 1/10 spriadacieho vretennika.
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be determined experimentally using sensors
heavier than 1/10 of the spinning headstock.

When using N sensors to_sense the vibration
velocity, the mean value, Lya, as an arithmetic
mean on the vibrating measuring surface S, is
calculated from the equation:

Loa=101g(zZX, 10010a) )

The calculation of the upper limit of the
A-weighted level of the acoustic power
Lwa max of the air-borne sound caused by the
sound radiation generated by the vibration of
the structure is calculated from the values of
the levels Lya as follows

Lamax = Loa + 101g + 101g4—11 (6)

where So = 1 m? and reference acoustic imped-
ance Zco = 400 N s/m?.

In the investigated case, the upper limit of
A-weighted level of the acoustic power of the
compliant headstock with limited operation
is Lwamax = 70,5dB and the non-compliant
Lwamax = 75,5dB. However, more measure-
ments are required to determine the upper limit
of A-weghted level of the acoustic power, which
is also one of the goals of the research project.
It should be remembered that these calculated
values correspond to the headstocks after half
their lifetime, i.e. they have already been tested
for 4 500 h.

5. CONCLUSION

The article presents a general methodology
for determining the acoustic power level from
measurements of the vibration velocity of the
machinery surface or only its component. The
methodology was verified when determining
the A-weighted level and Z-weighted level
of the acoustic power of the tested spinning
headstocks on the test equipment. Undesira-
ble noise emissions of bearings can be moni-
tored through the measurement of kinematic
parameters, by measuring the acceleration of
the vibration and its subsequent integration.
The vibration velocity was used to determine
the Z-weighted level and A-weighted level of
the acoustic power and at the same time to
evaluate the operating condition of the se-
lected two spinning headstocks. The meth-
odology will primarily be used to determine

Pri pouziti N senzorov k snimaniu rychlosti
kmitania, stredna hodnota Ly, ako aritmetic-
ky priemer na kmitajucom meracom povrchu
S, sa vypocita z rovnice:

- 1 ,
Loa = 101 (XN, 10000)

Vypocet hornej hranice hladiny A akustické-
ho vykonu Lwamax zvuku &freného vzduchom
spbsobeného vyzarovanim zvuku genero-
vaného kmitanim konstrukcie sa vypocita
z hodnét hladin Ly, takto

Lyamax = Lva + 10lg +10 1gﬂ

Zco (6)

kde S0 = 1 m2 a referenén4 akusticka impe-
dancia Z¢o = 400 N s/m°.

V skumanom pripade je horna hranica hla-
diny A akustického vykonu vyhovujuce-
ho vretennika s obmedzenou prevadz-
kou Lwamax = 70,5 dB a nevyhovujluceho
Lwamax = 75,5 dB. K stanoveniu hornej hra-
nice hladiny A akustického vykonu sa vsak
vyzaduje vykonat viac merani ¢o je aj jeden
z cielov vyskumného projektu.

5. ZAVER

Clanok uvadza vieobecnu metodiku stano-
venia hladiny akustického vykonu z merani
rychlosti kmitania povrchu strojného zaria-
denia alebo len jeho komponentu. Metodika
sa overuje pri stanoveni hladiny A a hladiny
Z akustického vykonu skusanych spriadacich
vretennikov na skusobnom zariadeni. Ne-
Ziaduce hlukové emisie lozisk mozno sledo-
vat prostrednictvom merania kinematickych
parametrov, a to meranim zrychlenia kmita-
nia a jeho néaslednou integraciou. Rychlost
kmitania sa vyuzila pre stanovenie hladiny
Z a hladiny A akustického vykonu a sucasne
aj k zhodnoteniu prevadzkového stavu vybra-
nych dvoch spriadacich vretennikov. Metodika
sa predovsetkym vyuzije pri stanoveni gene-
rovania intenzity hluku jednotlivych kompo-
nentov strojného zariadenia, ako su vretenni-
ky spriadacich strojov, na zaklade ktorého sa
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the noise intensity generation of individual
components of machinery, such as the head-
stocks of spinning machines, on the basis of
which the trend characteristics of the lifetime
of individual components, as well as their de-
gree of damage, can be determined.

The mentioned methodology can be applied es-
pecially where there is a high level of background
noise or, the noise of the machine has high levels
compared to the aerodynamic component, so
that the overall noise emission is primarily influ-
enced by the vibration of the machine structure.
Our experiment proved that this vibration meth-
od may be used especially in cases where itis not
possible to use accurate direct measurements of
airborne noise or, if a distinction is required be-
tween the total radiated acoustic power of the
machine and the acoustic power generated by
the vibration of a certain structural component of
this machine, such as the spinning unit.
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