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ABSTRACT

The n a t u r a l  f r e q u e n c i e s ,  mode shap es ,  
and mechanical  impedances o f  a r e s i l i e n t  type 
subway wheel a r e  p r e s e n t e d .  An impact method which 
uses F o u r i e r  t e ch n i q ue s  to  a n a l y s e  th e  v i b r a t i o n s  
o f  th e  wheel is d e s c r i b e d .  Several  n a t u r a l  
f r e q u e n c i e s  and mode shapes  not  p r e v i o u s l y  r e p o r t e d  
a r e  p r e s e n t e d .

INTRODUCTION

Rail  t r a n s p o r t a t i o n  o p e r a t i n g  a u t h o r i t i e s  c o n s i d e r  r a i l w ay  n o i s e  
a s e r i o u s  enough problem t o  commit l a r g e  e x p e n d i t u r e s  o f  c a p i t a l  and t echno logy  
in an a t t e m p t  t o  reduce i t .  The Uni ted S t a t e s  Department  o f  T r a n s p o r t a t i o n ,  
f o r  example,  has r e c e n t l y  p u b l i sh e d  a r e p o r t  which a s s e s s e s  the  n o i s e  problems 
in sev e ra l  r a i l e d  urban systems in th e  Uni ted S t a t e s  [ 1 ] .  The Sou th -Eas t  
Pennsy lvan ia  T r a n s i t  A u t h o r i t y  (SEPTA) i s  t e s t i n g  r in g  damped wheels  f o r  th e  
American P u b l i c  T r a n s i t  A s s o c i a t i o n  (APTA) [2 ] .  In Canada,  t he  O n ta r i o  M in i s t ry  
o f  T r a n s p o r t a t i o n  and Communications (MTC) has b u i l t  s e v e r a l  expe r imen ta l  
s t r e e t c a r  and subway wheels  wi th  th e  aim o f  o b t a i n i n g  a b e t t e r  unde r s t a nd i ng  
o f  th e  w h e e l / r a i l  n o i s e  problem [ 3] .

I t  i s  b e l i e v e d  t h a t  w h e e l / r a i l  n o i s e  c o n t r i b u t e s  a s i g n i f i c a n t  
p o r t i o n  o f  th e  t o t a l  n o i s e  e m i t t e d  from e l e c t r i c a l l y  powered t r a i n s  [ 4 ] .
Because the  n o i s e  a s s o c i a t e d  wi th  th e  wheel and r a i l  comes about  as a r e s u l t  
o f  t h e s e  components v i b r a t i n g  w i t h i n  the  a u d i b l e  f r equency  r ange,  i t  fol lows  
t h a t  r e d u c t io n s  in t h e s e  v i b r a t i o n s  shou ld  a b a t e  th e  sound l e v e l s  -  p rov ided  
the  s u r f a c e  a r e a s  o f  the  v i b r a t i n g  p a r t s  and t h e i r  sound r a d i a t i o n  e f f i c i e n c i e s  
do not  change in an ad v e r s e  d i r e c t i o n .  In o r d e r  t o  b e t t e r  un de r s t a nd  the 
v i b r a t i n g  syst ems inv o l ved ,  t he  MTC is  c u r r e n t l y  i n v e s t i g a t i n g  the  dynamic 
behav iour  o f  s e v e r a l  r a i lw ay  wheel s .

Th is  paper  p r e s e n t s  the  r e s u l t s  o b t a i n e d  when one MTC exper imen ta l  
wheel ,  t he  subway wheel shown in Fig.  1, was e x c i t e d  a t  f r e q u e n c ie s  w i t h i n  the  
a u d i b le  f r equency range.  An impact t e chn iqu e  was used.  The dynamic pa ramete r s  
p r es en te d  inc lud e  the  n a t u r a l  f r e q u e n c ie s  o f  th e  w hee l ,  t h e i r  a s s o c i a t e d  mode 
shapes  and some o f  th e  mechanical  d r i v i n g - p o i n t  impedances and t r a n s f e r  
impedances o f  the  wheel .



EXPERIMENTAL PROCEDURE

The wheel was supported on rubber pads which were themselves mounted 
on a low frequency wooden pla t form of  the  type shown în Ref. 3. This support  
arrangement ensured t h a t  the wheel was in the f r e e - f r e e  s t a t e .  The wheel was 
s t ru ck  by a s p e c i a l l y  made hammer to  which a load ce l l  was a t t ached .  An 
accelerometer  was s u i t a b l y  pos i t ioned on the  wheel.  The s igna l s  from the load 
ce l l  and from the accele romete r  were routed to  a dual-channel  Fast  Four ier  
Transform Analyser for  process ing.  This ins trument w i l l  rapidly  break down 
both input s ig n a l s  in to  t h e i r  Four ier  components. In add i t io n  the machine is 
capable of  performing severa l  mathematical func t ions  on these  s i g n a l s .  The 
func t ions  of  i n t e r e s t  fo r  t h i s  paper include i n t e g r a t i o n  and d i f f e r e n t i a t i o n .
In a d d i t i o n ,  the instrument i s  capable o f  comparing s ig n a l s  ( v i z . ,  by d iv is io n )  
in both the  time and frequency domains.

An ideal impulse may be considered as a d i r a c  d e l t a  fu nc t ion ,  
t h e o r e t i c a l l y  an i n f i n i t e  force  ac t in g  fo r  zero t ime.  Four ie r  ana lys i s  on t h i s  
s ignal  w i l l  t rans form i t  in to a continuous  force  s ignal  throughout the e n t i r e  
frequency range. The s ignal  obta ined from the  load ce l l  a t ta ched  to the  
hammer re p re sen t s  the  impulse used to  e x c i t e  the MTC wheel.  A ty p ica l  s ignal  
is i l l u s t r a t e d  in Figs. 2 and 3 as channel B. In Fig.  2,  i t  i s  seen t h a t  the 
impulse a c t u a l l y  used had f i n i t e  values fo r  both the  app l ied  force and the 
time over which i t  a c t s .  When Four ier  a n a l y s i s  is  used to  t ransform t h i s  time 
varying s ignal  in to the  frequency domain (Fig.  3 ) ,  i t  is  c l e a r  t h a t  the frequency 
con tent  of  the impact is a l so  l im i ted .  This is not considered a ser ious  
l i m i t a t i o n  to  the  r e s u l t s  because the  upper* frequency l im i t  (15 kHz) is  q u i t e  
near  to  t h a t  o f  the human ea r .

The v ib ra t io n  o f  the wheel r e s u l t i n g  from the  impact,  is presented 
as channel A in Figs .  2 and 3. The f i r s t  f ig u r e  shows the  v ib ra t io n  in the 
time domain, the  second in the  frequency domain. Because channel A in F i g . 3, 
shows the  magnitude o f  the  respose a t  any given frequency,  the peaks in the 
data re p re sen t  those  f requencies  a t  which the  wheel e x h i b i t s  i t s  maximum 
responses ,  ie .  i t s  na tu ra l  f requenc ies .

The response o f  the wheel t h a t  r e s u l t s  from e x c i t a t i o n  a t  various  
p o in ts  i s  compared by using a quan t i ty  known as mechanical impedance. The 
mechanical d r iv i n g -p o in t  impedance o f  the  system is defined as the  r a t i o  of  
the force  a c t in g  a t  a given point  in a system to  the  r e s u l t i n g  v e lo c i ty  a t  th a t  
p o in t .  I t  is  a complex quan t i ty  having magnitude and phase,  and is a funct ion 
of  the  frequency o f  e x c i t a t i o n .  When the  v e lo c i ty  i s  measured a t  a poin t  o the r  
than the  point  o f  e x c i t a t i o n ,  the term " t r a n s f e r  impedance" w i l l  be used. The 
input force  fo r  each in v e s t ig a t i o n  was measured via  the load ce l l  in the 
hammer (channel B) and the  r e s u l t i n g  v e lo c i ty  was obta ined by in t e g ra t in g  the 
output  s igna l  o f  the  accelerometer  on the wheel (channel A). The impedance 
was ob ta ined as the r a t i o  o f  channels B to  A. Figure k shows a ty p ic a l  s e t  of  
r e s u l t s  ob ta ined  in t h i s  manner. Note t h a t  the  na tu ra l  f requencies  o f  the wheel 
show up as s teep  " v a l l e y s "  in t h i s  p l o t ,  ie .  those  f requencies  a t  which a 
minimum of  force  gives a maximum amount of  response .  The r e s u l t s  are presented 
in a s l i g h t l y  d i f f e r e n t  form in Fig. 5 where the real  and imaginary components 
a re  i l l u s t r a t e d .  The coherence between the  s ig n a l s  is shown in Fig. 6.



RESU L T S

Some o f  the  r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  a r e  p r e s e n te d  in 
F igs .  7 to  26.

The l a t e r a l  p o i n t  impedances o f  the  MTC subway wheel a r e  shown in 
Fig .  7. They were o b t a i n e d  by p la c in g  the  a c c e l e r o m e t e r  l a t e r a l l y  on the  f r o n t  
f ace  o f  th e  r im,  and s t r i k i n g  the  wheel l a t e r a l l y  a t  a p o i n t  as c l o s e  as  p o s s i b l e  
to  the  a c c e l e r o m e t e r .  The n a t u r a l  f r e q u e n c i e s  o b t a i n e d  were e s s e n t i a l l y  the  
same as tho s e  p r e v i o u s l y  r e p o r t e d  [ 3] .

The mode shapes  (F ig .  7) a s s o c i a t e d  wi th  th e  n a t u r a l  f r e q u e n c i e s ,  
were o b ta in e d  wi th  th e  a i d  o f  t r a n s f e r  impedances.  The wheel was s t r u c k  
l a t e r a l l y  on the  rim a t  s ev e r a l  d i f f e r e n t  c i r c u m f e r e n t i a l  p o s i t i o n s  w h i l e  the  
a cc e l e r om et e r  remained a t  a r e f e r e n c e  l o c a t i o n .  T r a n s f e r  impedances were thus  
o b ta in e d  f o r  th e  s p a t i a l  l o c a t i o n s  shown In F igs .  8 to  1A. By examining the  
impedances a t  t h e  f r e q u e n c i e s  o f  i n t e r e s t ,  t he  r e s i s t a n c e  to  motion o f  s ev e ra l  
p o in t s  on the  wheel were de termined .  R e c a l l in g  t h a t  v i b r a t o r y  motion i s  assumed 
t o  be s imple harmonic and by us ing th e  in v e r se  o f  impedance,  i e .  m o b i l i t y ,  t he  
l a t e r a l  mot ions o f  a l l  p o i n t s  on th e  rim o f  the  wheel were de termined a t  each 
f r equency o f  i n t e r e s t .  F igures  15 and 16 show th e  p l o t s  o b ta in e d  when the  da ta  
a s s o c i a t e d  wi th  two o f  th e  n a t u r a l  f r e q u e n c i e s  were used in t h i s  manner.  The 
remaining mode shapes  were found by s i m i l i a r  methods.

The modes o f  v i b r a t i o n  shown in F ig .  7 a r e  due to  the  o u t - o f - p l a n e  
bending o f  the  r im.  S i m i l a r  modes have been found by Stappenbeck [5] and by 
S t r a s b e r g  [ 6 ] .  These a r e  th e  modes u s u a l l y  a s s o c i a t e d  wi th  squeal  n o i s e  in l i g h t l y  
damped wheels  [ 6 ] .  In th e  subway wheel under  i n v e s t i g a t i o n ,  rubber  b locks  were 
used to  improve th e  damping r a t i o s  and hence l ead  t o  lower squeal  n o i s e  l e v e l s .
The damping r a t i o s  a s s o c i a t e d  wi th  t h e s e  modes o f  v i b r a t i o n  a r e  p r e s e n te d  
e l sewhere  [ 3 , 6 ] .

The r a d i a l  impedances o f  th e  wheel t e s t e d  a r e  shown in F ig s .  17 to  
2k.  They were o b t a i n e d  in a manner s i m i l a r  t o  t h a t  d e s c r ib e d  above,  except  
t h a t  t he  t r e a d  o f  t h e  wheel ( i e . ,  i t s  running s u r f a c e )  was used f o r  both mounting 
the  a c c e le ro m e t e r  and as  th e  l o c a t i o n  where th e  wheel was s t r u c k .

The mode shapes  shown in F ig .  17 a r e  a s s o c i a t e d  wi th  in - p l a n e  
bending o f  th e  rim o f  the  wheel .  They,  t o o ,  were o b t a i n e d  in a manner s i m i l a r  
to  t h a t  d e s c r ib e d  above.  As f a r  as  can be de termined  by a sea rch  o f  the  
r e l e v a n t  l i t e r a t u r e ,  many o f  th e se  i n - p l a n e  bending modes have not  been p r e v i o u s l y  
r e p o r t e d .  Thi s  may be a consequence o f  the  method normal ly  used to  de termine  
the  mode shapes  o f  a whee l ,  v i z .  t o  s p r ead  p a r t i c l e s  on th e  web o f  a wheel 
which is  sup po r t e d  in th e  h o r i z o n t a l  p l ane  and then to  shake the  wheel a t  t h e  
f requency o f  i n t e r e s t .  I t  i s  expec ted  t h a t  a s t a n d a r d  wheel would e x h i b i t  
s i m i l a r  i n - p l a n e  bending modes. However,  f o r  any given  mode, the  s t i f f e r  rim 
o f  the  s t a n d a r d  wheel shou ld  lead  to  a h i g h e r  n a t u r a l  f r equency than t h a t  
a s s o c i a t e d  wi th  th e  t h i n n e r  rim o f  the  r e s i l i e n t  wheel .

C O N C L US IO N S

The r a d i a l  and l a t e r a l  impedances o f  an MTC subway type  r e s i l i e n t  
wheel have been o b t a i n e d .  These mechanical  impedances when used in c o n j u n c t i o n  
wi th  o t h e r  r e l e v a n t  p a r a m e te r s ,  eg.  s u r f a c e  a r e a s  and sound r a d i a t i o n  
e f f i c i e n c i e s ,  may be used to  p r e d i c t  t he  n o i s e  from t h i s  wheel .
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Several v i b r a t i n g  modes, not previous ly  r epo r t ed ,  have been 
i d e n t i f i e d  fo r  a r e s i l i e n t  railway wheel.  These a re  shown to be a s s o c i a t ed  
with the in-p lane  bending of  the rim of  the  wheel.
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FI GURE 1:  MTC E x p e r i m e n t a l  S u b w a y  Wh e e l

FI GURE 2 :  T i m e  R e s p o n s e  o f  Wh e e l  (A)  
d u e  t o  Ha mme r  Bl o w ( B)

FI GURE 3 : F r e q u e n c y  R e s p o n s e  o f  Wh e e l  (A) 

d u e  t o  Hammer  Bl o w (B)
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F I G U R E  k :  I m p e d a n c e  o f  W h e e l  ( T y p i c a l  R e s u l t s )

F I G U R E  5 :  I m p e d a n c e  o f  W h e e l  ( T y p i c a l  R e s u l t s )

F r e q u e n c y  ( k H z )

F I G U R E  6 :  C o h e r e n c e s  ( T y p i c a l  R e s u l t s )
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Note: Number o f  Nodal Circles not determined fo r  these modes.
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F I G U R E  16: R e l a t i v e  M o t i o n  of  R i m  in L a t e r a l  D i r e c t i o n
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FIGURE 17:  R a d i a l  P o i n t  I mp e d a n c e  t a k e n  a t  0e
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FIGURE 19:  R a d i a l  T r a n s f e r  I mp e d a n c e  t a k e n  a t FIGURE 2 0 :  R a d i a l  T r a n s f e r  I mp e d a n c e  t a k e n  a t  6 7 i





R
e

l
a

t
i

v
e

 
M

o
ti

o
n

 
R

e
l

a
t

i
v

e
 

M
o

ti
o

n

F I GUR E  2 5 :  R e l a t i v e  M o t i o n  o f  R i m i n  R a d i a l  D i r e c t i o n

F I GUR E  2 6 :  R e l a t i v e  M o t i o n  o f  R i m i n  R a d i a l  D i r e c t i o n
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