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Characterization of the Vibrations and Structural Noise 
of a Suction Unit's Cover

Jurij Ž u m e r1, A ndrej B iček2, M iha  B o lteža r1’*
1 F acu lty  fo r M echan ica l E ngineering , U n iversity  o f  L jub ljana, S lovenia  

2D om el d .d ., Ž elezn ik i, S lovenia

In this paper we report on a study o f  the vibrations o f  a suction unit's cover and the relation with 
the generated structural noise. The existing cover o f  the suction unit was designed, taking into account 
only the geometrical requirements. Two different methods were used fo r  characterization o f  the vibration 
and structural noise o f  the cover: numerical modal analysis made with the FEM  (Finite Element Method) 
and experimental modal analysis made during the operation o f  the suction unit. The results o f  the 
experimental modal analysis o f  the cover ’s vibrations visually confirmed the results o f  a numerical modal 
analysis up to the F ' BPF (Blade Passing Frequency) and characterized the main exciting sources with 
the prevailing aerodynamic excitation. The vibration modal analysis tries to f in d  a relation with the 
cover’s structural noise using an experimental local noise modal analysis. A different method o f  
measurement o f  local structural noise is introduced.
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0 IN T R O D U C T IO N

N ow adays, every  househo ld  dev ice  tends 
to be user friend ly  and  is d es igned  n o t to  have  a 
negative effec t on  hum an  health . F low ever, the 
vibrations and  no ise  caused  b y  ro tational 
m achines are  p articu la rly  p rob lem atic  in this 
respect. T he suction  u n its  p ro d u ced  b y  D om el 
Ltd., Ž elezn ik i, S lovenia , have  a varie ty  o f  
vibration sources that tend  to  p roduce  noise . In 
this paper w e focus on  the co v er o f  a suction  un it 
that w as on ly  des igned  in  te rm s o f  its fitting  
together w ith  the o ther parts o f  the unit. 
Consequently , the co v e r’s geom etry  is m atched  to  
the shape o f  suction  u n it’s h ousing  and  b low er. 
As a resu lt there  are  n o ticeab le  v ib ra tions o f  the 
cover during the suc tion  u n it’s opera tion , and  
because the cover is the  o u te rm ost p a rt o f  the un it 
we can also expec t an  increased  level o f  no ise  
generated by  th e  co v e r’s v ib ra tions, genera lly  
referred to as the struc tu ra l noise.

A ny analy tica l ana lysis o f  th e  co v e r’s 
vibrations is com p lica ted  b y  the com plex  
structure o f  the cover and  the  ana ly tica lly  
unknow n sources o f  the v ib rations. In general, 
there is no t a  lo t o f  p u b lic ly  ava ilab le  analy tica l 
research on the structu ra l no ise  assoc ia ted  w ith  
suction units. A n  ex perim en ta l-based  approach  
was m ade to  characterize  the no ise  o f  a suction

unit, and  it w as found  tha t ae rodynam ic sources 
p revail [1], desp ite  ev idence that the structural 
n o ise  is m ain ly  caused  b y  the elec trom o to r [2]. 
T he no ise  caused  b y  the v ib ra tion  o f  the cover is 
p robab ly  re la ted  to  the aerodynam ic conditions [3], 
T he first part o f  this pap e r p resen ts tw o d ifferen t 
steps in  the analysis o f  the p roblem : a num erical 
and  experim en ta l analysis o f  the v ib rations o f  the 
suction  u n it’s cover to characterize  the m ain  
sources o f  the v ib rations, fo llow ing  the basic 
m ethod  steps as in [4]; and, fo r com parison , an 
eva lua tion  o f  the experim en tal m odes w ith  the 
num erical results.

F a r  m ore com plica ted  than  the ana ly tica lly  
d efined  v ib ra tions o f  the co v er is the analy tica l 
com putation  o f  the structural no ise  generated  by 
the v ib rations o f  the cover. T he sound-p ressu re 
level (SP L ) is the sum  o f  the d ifferen t sound 
sources w ith  a m ajo r o r m ino r effect. O u r aim  in 
the second  p a rt o f  th is p ape r w as to  com pare the 
m odes o f  the co v e r’s v ib ra tions and  the sound  
fluc tuations d irec tly  above the co v e r’s su rface to 
find  a  connection  betw een  th e  m odes o f  the 
v ib ra tion  and the m odes o f  the structu ra l sound. 
T o ob ta in  the m odes o f  the sound  fluc tuations w e 
in troduce  a m ethod  o f  m easu ring  the fluctuations 
occu rring  d irec tly  above th e  su rface  o f  the cover.

B ecause o f  the com plex ity  o f  the structural 
no ise  at the co v e r’s surface, in th is p ap e r w e have
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tried  to in troduce a  sim ple w ay  to  und erstan d  the 
v ib rations and the genera ted  no ise  u n d er arb itra ry  
opera ting  conditions.

A s w e m en tioned  above, w e u sed  tw o 
steps to  characterise  the v ib ra tion  o f  the cover. 
F irstly , a num erical m odal analysis w as m ade 
w ith  the F E M  w here w e u sed  som e sim ila r steps 
as in  [5] and  [6]; and  secondly , an  experim en tal 
m odal analysis w as m ade during  the opera tion  o f  
the suction  unit. T hese p rocedu res are 
independent, bu t the resu lts are im portan t for 
com paring  and  evaluating  the m odes.

1 F E M  M O D A L  A N A L Y SIS  O F TH E  
SU C T IO N  U N IT

T he aim  o f  the F E M  m odal analysis w as to 
find  the m odes in  the frequency  range o f  the 
p reva iling  excita tion . W e expected  th a t during  
opera tion  the co v e r’s m odes w ou ld  fo llow  the 
co v e r’s ow n  m odal shapes. H ow ever, i f  th is w ere 
true w e cou ld  on ly  p red ic t the b ehav iou r w ith  a  
num erical analysis. In fac t all the  co v e r’s 
v ib rations are exc ited  by  d iffe ren t m echan ism s 
during  the u n it’s opera tion , w h ich  w e w ill 
describe in  Section  2. In  a  num erica l sim ulation  
w e canno t consider the detailed  exc ita tion  
m echan ism s o f  th e  v ib ra tions b ecause  w e do no t 
know  th e ir  m agn itude  and  the phase  angle 
be tw een  them . W e can  on ly  p red ic t the p laces 
w here  the exc ited  v ib rations are tran sm itted  to  the 
cover.

T o m ake th e  num erical analysis as 
accurate  as p o ssib le  w e inc luded  all th e  u n it’s
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Fig. 1. Mode at frequency / =  2284 Hz

sta tic  parts: the housing , the e lec tric -m o to r’s 
sta tor, the vaned  d iffu ser and  th e  cover. By 
inc lud ing  all these  parts  w e ex tended  the tim e o f 
the com puta tion , b u t w e  ensu red  a better 
d ependency  o f  the  co v er on the o ther elem ents
[7]. W e ach ieved  th is  w ith  the co rrec t contact 
cond itions betw een  the parts, b ecause  th is can 
also  con tribu te  very  im portan tly  to  ob ta in ing  the 
co rrec t resu lts  [8]. Inc lud ing  all the p arts  also 
m akes it easie r to  define  th e  b o undary  conditions. 
W ith  resp ec t to th is  th e  suc tion  u n it w as free-free 
supported  in  o rder to  be  com patib le  w ith  the 
experim en ta l analysis.

T he resu lts  o f  the  num erical analysis are 
show n in Fig. 1 fo r th e  m ode a t an  eigen 
frequency  o f  /= 2 2 8 4  H z, and  in  F ig . 2 fo r the 
m ode a t an  e igen  frequency  o f /= 6 5 3 3  H z. These 
m odes are in teresting , because  they  are  the 
n ea rest m odes to  the  frequenc ies w here the 
exc ita tions o f  the cover occur, w h ich  w ill be 
exp la ined  la ter in  Section  2.2 .1 . F urtherm ore , we 
w ill com pare  the num erica l m odes w ith  the 
experim en ta l m odes nea r these  frequencies.

2  E X P E R IM E N T A L  M O D A L  A N A L Y S IS  OF 
T H E  C O V E R ’S V IB R A T IO N S  A N D  TH E 

L O C A L  N O IS E

T he experim en ta l m odal ana lysis o f  th e  co v er’s 
v ib ra tions and  the local no ise  had  tw o m ain  goals: 
firstly, to  find the sources o f  the vibration excitation 
and the m odes at the excitation frequencies

F ig . 2. Mode at frequency f =  6533 Hz



in order to v a lida te  the num erical resu lts  and 
secondly, to  ob ta in  m odes o f  the p ressu re 
fluctuations d irec tly  above the co v e r’s surface in 
order to  com pare th em  w ith  the v ib ra tio n ’s m odes

2 1 Method for Measuring the Vibrations and 
the Local Noise

T he m easu rem en ts o f  the v ib ra tions and 
the local no ise  w ere m ade in  D o m el’s labora to ry  
for v ibrations and  acoustics in  an  anechoic 
cham ber u sing  the sam e opera ting  cond itions for 
m easurem ents o f  the v ib rations and  the local 
noise. T he perfo rm ance o f  the suction  un its  w ith  a 
vaned d iffuser depends on the characteristics o f  
the elec tric-m otor, the b low er, th e  v aned  d iffuser 
and the back -flow  channels, and  the w ork ing  
conditions, like the vo ltage  supply , the orifice , 
etc. T here is the b es t e ffic iency  for the suction  
unit at the design po in t o f  operation , w h ile  at off- 
design opera tion  effic iency  is reduced .

O ur experim en ts w ere  run  a t a  vo ltage 
supply o f  220V  w ith o u t u sing  the additional 
orifice to m ake in le t c ro ss-sec tion  sm aller, so 
these m easurem en ts d iffe r from  th e  u sua l one. 
The ro tational speed  f R under th e  described  
conditions w as 43200  m in"1. W e m ust be  aw are 
that th is is no t the design  po in t o f  opera tion , bu t 
w e assum ed the arb itra ry  opera ting  conditions. 
This m eans tha t w e are in te rested  on ly  in the 
source o f  the v ib ra tions and  th e ir  in fluence on  the 
structural no ise ; w e  are  no t in te rested  in  the ir 
m agnitude u n d er d iffe ren t opera ting  conditions.

W e used  the fo llow ing  equ ipm en t to 
m easure the v ibrations: a laser v ib rom eter 
(Poly tec C L V  700), a laser am plifier (Polytec 
C L V  1000), an  acce le rom eter (B & K  4517-002), a 
signal analyzer (B & K  PU L S E  T ype 3560-C ) and 
a  softw are env ironm ent (B & K  L abshop  9.0).

Fig. 3 p resen ts the env ironm ent in w hich 
the v ib rations w ere m easured . T he suction  unit 
lies on a m assive  m etal b lock  w ith  foam  to 
sim ulate  the free support; th is  is a lso  im portan t 
du ring  the num erical analysis in the prev ious 
section . I f  w e w an t to  m ake an experim ental 
m odal analysis o f  the v ib rations and la ter 
com pare it w ith  the sound  analysis w e m ust get 
the rig h t re la tions betw een  the m agn itude and the 
phase ang les fo r the d iffe ren t m easurem en t 
points. W e can do th is by  in troducing  a 
frequency-response  function  (FR F). H ow ever, w e 
m ust firs t choose a reference po in t on the upper 
surface o f  the cover. W e can then ca lcu late  the 
FR F betw een  the m easu red  po in t and the 
reference  po in t [9], A n acce le rom eter w as used  to 
m easure the acce le ra tion  o f  the reference point, 
and  a laser w as u sed  to m easure the velocity  o f  
the m easured  point. W ith  the d iffe ren tia tion  o f  the 
la se r’s velocity  signal to g e t the acce le ra tion  o f  
the m easured  po in t, w e could  finally  ca lcu late 
FR F using  L abshop  softw are.

A no ther im portan t step  is the selec tion  o f  
the m easured  points. T he reso lvab ility  o f  the 
co v e r’s m odes depends on the frequency  range. 
F rom  the FEM  m odal analysis w e can see that the 
m ode in  Fig. 1 has a  sim ple shape, b u t as the 
eigen  frequency  increases the  m ode is no longer 
sim ple (see Fig. 2).

F ig. 3. Measurement o f  the vibrations Fig. 4. Measurement o f  noise directly at the cover ’s 
surface



R egard ing  the num erical resu lts in Section  
1, w e configured  the coarse  m esh  (F ig. 5 and  6) 
w ith  5 m easured  po in ts in  each radial d irec tion  (4 
w ere located  in ax ial d irec tion  and 1 in rad ia l 
d irec tion  o f  the suction  un it), w ith  an equ id istan t 
partition  o f  12 parts in a c ircu lar d irec tion  around  
the co v er’s c ircum ference.

W ith  th is k ind o f  m esh  w e can  cover the 
m odal lines only at firs t few  eigen  frequencies.

T o sa tisfy  the m odes at h ighe r eigen  frequencies 
w e had  to  configu re a d enser m esh  (Fig. 5 and  7) 
w ith  10 po in ts in  the each  rad ia l d irec tion  (7 w ere 
located  in ax ial d irec tion  and  3 in rad ia l direction 
o f  the suction  un it) and  6 parts in the circular 
d irec tion , w ith  an  equ id istan t ang le  02 = 10° 
w ith in  the range <£>=130-180° from  the starting 
ang le  (see Fig. 5).

reference

arbitrary point 
with mark 1.3

Fig. 5. Scheme o f  measured points on the cover ’s upper surface



W ith a  denser m esh  w e w ere  ab le to 
im p r o v e  the reso lu tion  o f  the m odes.

F or the no ise  m easu rem en t on a local area 
we used tw o condenser m icrophones w ith  an 
am plifier (E M K A Y  M D 4530A SZ -1 w ith  constan t 
sensitivity  to  10 kH z), a  signal ana lyzer and  the 
Labshop softw are.

Fig. 4  p resen ts a no ise  m easu rem en t o f  the 
environm ent d irec tly  above the co v e r’s surface in 
the d istance o f  2-3 m m . T he sm all size o f  the 
m icrophones (<54.5x3 m m ) m eans tha t they  can 
be positioned  above the sam e po in ts tha t w e 
defined during the v ib ra tion  m easurem en t; th is  is 
the reason for u sing  our idea abou t com paring  the 
vibration and  the sound m odes.

H ow ever, in the near sound  fie ld  the 
m easurem ent could  be uncerta in  [10]. T he noise 
directly above the co v e r’s surface can be a 
com bination  o f  d iffe ren t sources. In general, 
how ever, w e can  suppose th a t it is a  com bination  
o f  the noise transm itted  th rough  the co v e r’s thin 
wall and the no ise  genera ted  b y  the th in  w a ll’s 
vibrations. The response o f  the  linear dynam ic 
m odel is expected  to have  the sam e frequenc ies as 
the excitation. W e expec t the sam e to  happen  
with the sound fie ld  n ea r the co v e r’s surface on a 
small area, w h ich  the m easu red  p o in t certa in ly  is. 
Despite the fact tha t w e are  in a nea r sound  field 
we can expect p ressu re  fluctuations. T o m in im ize, 
in particu lar, the  e ffec t from  a nearby  p o in t w e 
isolate all a round  the m icrophone, w h ich  is 
situated a  few  m illim etres above the co v e r’s 
surface, w ith  h igh ly  abso rben t foam  (the type 
used in anechoic cham bers) in  o rder to  ob ta in  the 
prevailing p ressu re  fluc tuation  in  th e  norm al 
direction (see F igure  4). W e use  tw o  iso lated  
m icrophones a t the sam e tim e: one fo r the 
reference po in t, w h ich  is the sam e as a t the 
vibration m easurem en ts; and one for the 
m easured point.

T he suction  un it w as supported  in the 
anechoic cham ber in  th e  sam e p o sitio n  as during 
the v ib ration  m easurem en t, and  during  bo th  
m easurem ents w e  d id  n o t change any  p aram ete r 
o f  the u n it’s opera tion  to  en su re  th e  sam e 
conditions for every  m easu rem en t po in t. The 
signal during the no ise  m easu rem en t w as 
processed in the sam e w ay  as for the v ib ra tion  
m easurem ent. T he goal w as to  ca lcu la te  the FR F 
betw een every  m easu red  and  re ference  point.

F inally , w e u sed  num erous FR Fs o f  the 
v ibration  and  the sound-p ressu re field  for 
p resen ting  m odes, u sing  the LMS  softw are.

2.2 Results of the Experimental Modal 
Analysis

2.2.1 Characterization o f  the Vibration

W e can determ ine the m ain  sources o f  
v ib rations from  an am plitude au to-spectrum . W e 
w ill show  the rep resen ta tive  v ibration  am plitude 
au to -spectrum  (Fig. 8) on the cover surface w ith  
the arb itrary  chosen  po in t 1.3 (m arked  in Fig. 5). 
T he spectrum  clearly  show s the d iscre te  sources 
o f  the v ib rations a t characteristic  frequencies. T he 
position  o f  the d isc re te  frequencies in  the 
spectrum  depends on the opera ting  conditions 
described  and  exp la ined  in  the firs t parag raph  o f  
S ubsection  2.1. O n the basis o f  th is w e are 
in te rested  in  w here and  w hy  these  sources appear.

T he first in teresting  frequency  range 
ex tends up to  I kH z, w here  the ro tational 
frequency  f R o f  the ex isting  suction  units can  be 
found. A  d istinct frequency  can be found  exactly  
at the ro tational frequency  f R. T he forced  
v ib ra tions are caused  by  the unbalanced  ro tor, and 
they  are tran sm itted  firs tly  to  the cover o ver the 
housing  and  the vaned  d iffu ser th rough  the 
bearings, and second ly  a t the b lo w er’s in let edge 
at the con tac t w ith  the co v e r’s w asher. T he 
m agn itude o f  the exc ita tion  also  depends on the 
quality  and the w earing  ou t o f  the bearings, the 
con tac ts, etc. T he fo rced  excita tion  at the 
ro ta tional frequency  can be  described  as a 
m echan ica l excita tion .

O ther d iscre te  frequenc ies o f  in te rest are in 
ran g e  above 1 kH z. W e can  see in the  am plitude 
au to -spectrum  in Fig. 8 th a t w e have th ree 
sign ifican t peaks, equ id istan t w ith  respect to  the 
ro tational frequency  f R up  to 20 kH z. T h is is a 
consequence o f  the b lade  passing  frequency  
(B P F) effec t tha t happens w hen  the ro to r b lade 
passes the d iffu ser vane  [3]. A  pass resu lts  in air- 
p ressu re  fluctuations. T he d iscre te  frequencies f  
can  be  ca lcu la ted  as:

f t = n - z - f R n =  1,2,... (1)

In one tu rn  o f  the ro to r th is effec t repeats z 
tim es, w here  z  rep resen ts the nu m b er o f  ro to r 
b lades. T here is an  in fluence o f  firs t few  h igher 
B PF harm onics; in  F ig. 8, fo r exam ple , w e can 
see the B PF  effec t at frequenc ies o f  6480, 12960 
and  19440 H z fo r a m easu red  un it th a t has 9 ro to r



blades. T he B PF effec t is an  aerodynam ic 
excita tion  o f  the co v e r’s v ibration . T he p ressu re  
fluctuations are transm itted  d irec tly  to  th e  th in  
w all o f  the cover, and  these  are  th e  p reva iling  
excita tions.

W e can  also describe tw o excita tion  
m echanism s tha t are  sim ilar to  the B P F  effec t fo r 
a  determ ination  o f  the d iscre te  frequencies.

T he firs t excita tion  has an  aerodynam ic 
orig in  w hen  the air flow  ex its the d iffuser th rough  
back-flow  channels in the space o f  the ro ta ted  
rotor. T he excited  v ib ra tion  depends on  the 
num ber o f  vanes o f  the b ack -flow  channels, 
w h ich  in ou r case is 12. A lso  u sing  Eq. (1), w e 
can explain  the 12th harm onic p eak  at 8640 H z.

T he second  excita tion  has its source in the 
con tac t betw een  the e lec tric -m o to r’s b rushes and 
the co llec to r’s lam ellas. T his typ ical m echan ica l 
excita tion , described  in [11], is tran sm itted  to  the 
cover over the vaned  diffuser. U sing  Eq. (1) and 
considering  the co llec to r’s 22 lam ellas w e get the 
22nd harm onic peak  at 15840 H z. B o th  these 
excita tion  effec ts have a  sign ifican t firs t 
harm onic, w h ile  the h ighe r harm onics are  no t 
sign ifican t o r are above 20  kH z.

C onsidering  the defined  v ib ration  sources 
on the co v e r’s surface w e can focus on  the 
aerodynam ic exc ita tion , espec ially  the B PF

effect, w h ich  rad ia tes a p ressu re  fluctuation  
d irec tly  on to  th e  co v e r’s inner surface. The 
m agn itudes o f  the aerodynam ic  sources depend 
on the v ic in ity  o f  the design  po in t o f  operation. 
B ecause  th e  experim en t w as run a t off-design 
po in t o f  opera tion , the B P F  effec t excita tion  was 
m ore em phatic.

2.2.2 Comparison and Findings o f  the FEM  and 
Experimental Modes o f  the Cover ’s Vibrations

T he final step  in  th e  v ib ra tio n ’s signal 
p rocessing  w as to  define  the F R F s betw een  the 
m easu red  p o in ts  and  the  reference  po in t to obtain 
th e  experim en ta l m odes at the characteristic  
frequenc ies described  in  Section  2.2.1 so as to 
com pare th em  w ith  those  tha t w ere  num erically  
d efined  in  S ection  1. W hen  w e m ake com parison, 
w e have  to  assum e, th a t the experim ental 
v ib ra tion  m ode a t th e  se lec ted  frequency  will 
fo llow  to  the  num erica l v ib ra tion  m ode a t the 
frequency , w h ich  is th e  n ea rest to  the selected 
frequency .

W e researched  the frequency  range up to 
10 kH z. T he reasons fo r th is  ac tion  are, in 
particu la r, the un re liab ility  o f  m easurem ents

Ah
cn

frequency [Hz]
Fig. 8. Vibration and sound-pressure level spectrum fo r  an arbitrary chosen point 1.3



above 10 kH z and  a  lot o f  d istinc tive  or 
indistinctive m odes close to  each o ther at h igher 
frequencies. W e should , in fact, m easure  a very  
dense m esh  on the co v e r’s en tire  surface, b u t this 
is a very  tim e-consum ing  task , and  w hy  it is 
better to  m ake a com parison  at the first few  
excitation frequencies. ___

T he firs t com parison  o f  the m odes w as 
m ade at the ro ta tional frequency  /« = 7 2 0  H z. The 
experim ental m ode is p resen ted  in  F ig. 9. W e can 
com pare th is w ith  the n ea rest num erical m ode, 
w hich is su rp rising ly  a t frequency  2284 H z, 
presented in  Fig. 1. T he resu lt is v isual
accordance.

T he m odes becom e m ore com plex  w ith  
frequencies h ighe r than  the ro ta tional frequency  
f  O ne part o f  th e  experim en ta l m ode is 
represented  in  Fig. 10 fo r the B PF  (a t 6480  H z). 
Its orien tation  can be  seen  from  Figs. 5 and  7. The 
experim ental m ode in  F ig . 10 shou ld  be  com pared  
with the num erical m ode a t the n earest frequency  
6533 H z, show n in F ig. 2. T here is acco rdance  in 
the m ode, espec ia lly  on  the c o v e r’s u p p er surface, 
w here w e can find  one peak  and  one trough  in the 
radial d irec tion  on  1/6 o f  the co v e r’s 
circum ference.

The F E M  ana lysis w as sa tisfac to ry  and 
useful, espec ially  in  the low er frequency  range at 
the first few  eigen frequenc ies for d e term in ing  the 
vibration m odes, b ecause  they  are su ffic ien tly  
distinct. W e can, how ever, encoun te r p rob lem s 
even w hen  w e  are  a round  B P F, w h ich  shou ld  be  
as low  as possib le . A s m en tioned  in  S ection  1, w e 
cannot consider the ex c ita tion  m echan ism s in  the 
FEM  analysis. In the h ighe r frequency  range the 
experim ental m odes are  supposed  to  fo llow  to the 
shapes o f  th e  n ea res t n u m erica l m odes. It is h ard  
to determ ine experim en ta l m ode considering  
num erous num erical m odes. O n  the bas is o f  th is 
presum ption w e  can  app ly  th e  F E M  ana lysis in  
the v isual p red ic tions o f  n ew  p roducts.

2.2.3 Analysis and Findings o f  the Experimental 
Modes o f  the Cover’s Vibrations and the Noise at 
the Cover ’s Surface

W ith the described  m easu rem en t 
procedure in  S ubsec tion  2.1 w e  ge t the SPL 
spectrum  and  th e  F R F s fo r th e  sound -p ressu re  
field at the co v e r’s surface.

A  SPL spectrum  fo r the arb itrary  po in t 1.3 
is p resen ted  in F ig. 8. It is obv ious tha t the SPL 
spectrum  has d isc re te  tones at the sam e 
frequencies as the v ib ra tion  spectrum . T h is is 
logical because the o rig ins o f  the no ise  and  the 
co v e r’s v ib ration  are  re la ted  to  each other. F rom  
the SPL spectrum  w e can see tha t the airborne 
sound  p revails. T he m ost im portan t part o f  the 
total SPL is con tribu ted  espec ia lly  by  the B PF, at 
6484  Hz. W e canno t also  ignore the contribu tion  
o f  the 12th harm onic o f  the ro tational frequency  
f R, because  o f  the air ou tle t from  the back-flow  
channels. T he con tribu tion  o f  the m echanical 
no ise is v isib le  m ostly  at the ro tational frequency  
f R. F rom  the SPL spectrum  w e canno t determ ine 
the share o f  the structural no ise , even i f  there is 
som e rela tion  to  the co v e r’s structural noise.

T he nex t step  is the com parison  betw een  
the co v e r’s experim en tal v ib ration  m odes and  the 
sound-p ressu re m odes at the co v e r’s surface. 
M odes at F ig. 9 and 10 w ere defined  w ith  
ca lcu lation  o f  FR F o f  all m easured  points. The 
research  is lim ited  to  the low er frequency  range, 
up to  10 kH z.

Fig. 9 p resen ts a  com parison  o f  the m odes 
a round  the ro tational frequency  f R=720 H z. W e 
can  see tha t there  is no  accordance  betw een  these 
m odes. T he sound -p ressu re  m ode has no 
exp ressive  shape, desp ite  the firs t characteristic  
frequency . W e have tw o exp lana tions for: firstly , 
there  is no su ffic ien tly  h igh m agn itude o f  
v ib ra tion  a t th is  frequency; secondly , the 
m echan ica l exc ita tion  o f  the sound  p ressu re by 
ro to r a t ro tational frequency  f R=720 H z, 
tran sfe rred  to  th e  cover th rough  the housing , 
v an ed  d iffu ser and  partia lly  b low er, happens 
u n d er critica l frequency , i f  w e  suppose theo ry  
abou t sound  p ressu re  fluctuation  at in fin ite p la te  
caused  by  m echan ica l exc ita tion  o f  this p la te  [10]. 
C ritica l frequency  depends on  sound  velocity  in 
air, b end in g  w ave velo c ity  in  p la te  and  on  p la te ’s 
th ickness.

T here is a  d iffe ren t situation  in Fig. 10, 
w h ich  com pares the m odes at B P F  a t 6480  Hz. 
T he m odes are  the  m o st v isu a lly  sim ila r a t th is 
frequency , w ith  on ly  a little  phase d ifference . W e 
can  suppose tha t there  is an  increased  level o f  
structu ra l noise. T he co v e r’s v ib ra tions at th is 
frequency  possib ly  cause in tensive sound- 
p ressu re  fluctuations. T he exp lana tion  can be



Fig. 9. Vibration mode (below) and sound-pressure 
mode (above) at the rotational frequency fg —715 Hz

found  in a sta tem ent th a t is the opposite  o f  tha t in 
the p rev ious paragraph: firstly , the m agn itude o f  
the v ib rations at the B PF  cou ld  be  h igh  enough  to 
excite the sound-p ressu re fluctuations; and, 
secondly , the exc ita tion  frequency  in  the co v e r’s 
w all is above the lim it frequency , w h ich  excites 
the sound pressure. W e canno t also  neg lec t the 
fact tha t the sound-p ressu re fluc tuation  a t the 
upper surface o f  th e  cover cou ld  be  a 
consequence o f  the tran sfe rred  sound  fluc tuations 
th rough  the co v e r’s w all [10].

T he increased  in fluence  o f  th e  B P F  effec t 
a t its firs t frequency  p ro v ed  to  be  the m ost 
im portan t source  o f  the suction  u n it’s no ise , w ith  
a  m ajo r con tribu tion  to  the co v e r’s v ib ra tions and  
the co v e r’s struc tu ra l no ise  in  th e  frequency  range 
up  to  10 kH z. In  general, w e have  to  com bine it 
w ith  the aerodynam ic  o rig in  o f  the sound, w hose  
side p roduct is also  the structu ra l sound. W e 
cannot find  a  re la tio n  betw een  the m echan ica lly  
excited  v ib ra tions and  the structu ra l no ise , o r th is 
effec t is u n traceab le  u sing  th e  described  
m easurem en t m ethod.

Fig. 10. Vibration mode (below) and sound- 
pressure mode (above) at the BPF frequency 

f=6503 Hz, partial view

3 C O N C L U S IO N

T his p ap e r avo ids com plica ted  and 
uncerta in  ana ly tica l expressions fo r determ ining 
the v ib ra tions exc ited  in  a suc tion  u n it’s cover. 
W ith  an  experim en ta l m odal analysis o f  the 
co v e r’s v ib ra tions u n d er free  delivery  operating 
cond itions w e  found  the m ain  sources of 
v ib ra tions that have  an  aerodynam ic or 
m echan ica l o rig in , w here the aerodynam ic BPF 
effec t is th e  p rev a ilin g  excita tion . T he B P F  effect 
depends on  the opera ting  cond itions and  the 
geom etry  o f  th e  sta tic  and  ro ta ting  parts  o f  the 
suction  un it. T he sm allest e ffec t is a t design  point 
o f  opera tion . T he design  o f  the suc tion  unit 
shou ld  tend  to red u ce  the B P F  effect.

A  num erica l F E M  ana lysis is a  convenient 
app roach  for study ing  the c o v e r’s v ibrations. It is 
u se fu l fo r b o th  the co v e r’s co ncep tion  and  its 
design . T he n um erica l resu lts  w ere  v erified  by  an 
experim en ta l m odal analysis w ith  a trusted 
frequency  range up to  10 kH z. H ow ever, the 
v ib ra tio n  m odes becom e m ore com plex  as w e go 
h ig h e r in  the frequency  range. T he co v er responds 
w ith  th e  sum  o f  the n ea rest m odes, and  th is sum 
ag a in  depends on  th e  m o d e ’s com plex ity .



A n exact re la tion  betw een  the co v e r’s 
vibrations and  the structural no ise  is hard  to 
d ifferentiate du ring  the opera tion  o f  the suction  
unit. W ith  a com parison  o f  the v ib ra tio n ’s m odes 
and the sound -p ressu re  flu c tu a tio n ’s m odes above 
the cover w e found  accordance betw een  the 
modes at the B PF  (6480  H z). T he num erical and 
experim ental resu lts a round  th is frequency  and  its 
m ode can help  us p repare  a new  cover shape, 
according to  the m ain  v ib ration  and  the no ise  
excitations. T he cover w ou ld  b etter resis t the 
vibration  exc ita tion  w ith  an  increased  bending  
stiffness. T he p aram etrica l cover m odel is 
suggested for a la ter p aram etrica l op tim ization .
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