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Abstract:  This work presents a detailed investigation conducted into the relationships between wheel polygonal wear and
wheel/rail noise, and the interior noise of high-speed trains through extensive experiments and numerical simulations. The field
experiments include roundness measurement and characteristics analysis of the high-speed wheels in service, and analysis on the
effect of re-profiling on the interior noise of the high-speed coach. The experimental analysis shows that wheel polygonal wear has
a great impact on wheel/rail noise and interior noise. In the numerical simulation, the model of high-speed wheel/rail noise caused
by the uneven wheel wear is developed by means of the high-speed wheel-track noise software (HWTNS). The calculation model
of the interior noise of a high-speed coach is developed based on the hybrid of the finite element method and the statistic energy
analysis (FE-SEA). The numerical simulation analyses the effect of the polygonal wear characteristics, such as roughness level,
polygon order (or wavelength), and polygon phase, on wheel/rail noise and interior noise of a high-speed coach. The numerical
results show that different polygon order with nearly the same roughness levels can cause different wheel/rail noises and interior
noises. The polygon with a higher roughness level can cause a larger wheel/rail noise and a larger interior noise. The combination
of different polygon phases can make a different wheel circle diameter difference due to wear, but its effect on the interior noise
level is not great. This study can provide a basis for improving the criteria for high-speed wheel re-profiling of China’s high-speed
trains.

Key words: High-speed train, Wheel polygonal wear, Wheel re-profiling, Interior noise, Wheel/rail noise, Hybrid finite element
method and the statistic energy analysis (FE-SEA)
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1 Introduction

Wheel polygonalization is one type of irregular
wear of railway wheels. Until recently it seemed that
wheel polygonalization leads to a major problem of
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not only an increase in track and possibly vehicle
maintenance, but also vehicle interior noise and pas-
senger comfort reduction. This problem has not been
completely solved. The polygonal phenomenon oc-
curring on the rolling circles of railway wheels is
often called wheel corrugation or wheel harmonic
wear or wheel periodic out-of-roundness (OOR).
Nielsen and Johansson (2000) discussed why out-of-
round railway wheels develop and the damage they
cause to track and vehicle components, and Nielsen et
al. (2003) surveyed high-frequency train-track inter-
action and mechanisms of wheel/rail wear that is non-
uniform in magnitude around/along the running sur-
face. Johansson and Andersson (2005) and Johansson
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(2006) extended an existing multi-body system model
for simulation of general 3D train-track interaction,
which considered wheel/rail rolling contact mechan-
ics and measured the transverse profile and surface
hardness of 99 wheels on passenger trains, freight
trains, commuter trains, and underground trains, and
investigated wheel tread polygonalization. Further-
more, a series of site tests and numerical simulations
about polygonal wheels were carried out by Morys
(1999), Meinke and Meinke (1999), and Jin et al.
(2012). While there is a lot of research on the effect of
wheel polygonal wear on the dynamic behavior of the
vehicle/track, there are few studies on its noise prob-
lems, especially of high-speed trains. The few studies
on the noise problem related to wheel polygonal wear
are mainly divided into two categories: (1) for the
wheel polygonal wear problem, because it is very
complex and has not been completely solved, re-
searchers focus on the vehicle/track system dynamics
to study its mechanism. They have findings on such
things as the effects of tread braking, stiffness of axle,
wheel material, etc.; (2) for the wheel/rail noise
problem, others have focused on their acoustic char-
acteristics and actively have designed a low-noise
wheel/rail (Bouvet et al., 2000; Jones and Thompson,
2000; Thompson and Gautier, 2006; Behr and Cer-
vello, 2007). However, wheel polygonal wear leads to
ever more vehicle noise problems on the high-speed
railways of China (Zhang et al., 2013). The focus here
is on the characteristics of high order polygonal wear
and its influence on wheel/rail noise, and the interior
noise of high-speed trains. We also discuss whether
the current criteria used for wheel re-profiling of
China’s high-speed trains are suitable from the point
of view of noise control. This work presents a detailed
investigation through extensive experiments and
numerical simulations.

2 Measurement of wheel polygon and vehi-
cle noise and vibration

2.1 Test overview

From long-term field experiments on high-speed
trains, it was found that wheel polygonal wear caused
a series of interior noise problems. These occurred
suddenly and seriously, and the railway operation
departments of China called these “abnormal interior
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noise”, but they did not know the mechanism of their
productions (Zhang et al., 2013). The present work
conducted a typical “abnormal interior noise” analy-
sis. The high-speed train under investigation is made
up of 16 coaches and its business operational speed is
300 km/h. The sketch of the coach generating “ab-
normal interior noise” is shown in Fig. 1.

There is a microphone at a vertical height of
1.5 m above the interior floor used for testing the
interior noise and a surface microphone installed on
the exterior floor for testing the exterior noise. An
accelerometer was fixed on the interior floor to
measure the vertical vibration of the floor, and three
accelerometers were fixed on the axle box, the bogie
frame, and the car body, respectively, to measure the
vertical vibration of the bogie.

Fig. 2 shows the test photos. Both the noise and
the vibration before and after re-profiling were tested,
as well as the wheel roughness.

The vibration and acoustic measurements were
conducted using a B&K PULSE platform, including a
B&K 4190 microphone, a B&K 4948 surface mi-
crophone, four B&K 4508 accelerometers, and a
B&K Type 3560D data acquisition hardware. The
wheel roughness measurement was carried out using
a Miiller-BBM’s m|wheel.

2.2 Characteristics of wheel diameter difference
and polygon

Fig. 3 shows the roughness and the polygon or-
der of the wheel circumference of the left 4th axle of
the coach bogie before and after re-profiling. The
roughness results (Fig. 3a) are based on the wheel
diameter before and after re-profiling.

From Fig. 3a, it can be seen that the roughness of
the wheel before re-profiling is very large. For ex-
ample, at 240°, the roughness is about —0.573 mm of
the wheel before re-profiling, and it is about
0.001 mm after re-profiling. Here, —0.573 mm means
its roughness is much bigger than 0.001 mm. The
diameter difference of the wheel before re-profiling is
up to 0.795 mm. The wheel diameter difference here
is defined by

D=R = Rumin, ( 1 )

where Ryax and Ry, are the maximum and minimum
wheel roughness in numerical value, respectively.
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Fig. 1 Measuring points on the high-speed coach generating “abnormal interior noise”
“@” refers to the acoustic measuring points, and “m” denotes the vibration measuring points

Fig. 2 Test photos: (a) surface microphone installed on the
exterior floor; (b) wheel roughness measurement

The statistical results of wheel roughness tests
show that the diameter differences of all other wheels
are less than 0.1 mm except the wheels of the 4th axle
before re-profiling. After re-profiling, the diameter
difference of all the wheels are less than 0.1 mm.
Fig. 3b indicates the polygon order distributions cor-
responding to the measured results as shown in Fig.
3a. In Fig. 3b, the horizontal axis illustrates the
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Fig. 3 Wheel roughness and polygon order: (a) wheel
roughness; (b) polygon order

polygon order and the vertical axis denotes the am-
plitudes of the wheel polygons. The peaks mean that
the corresponding polygons have a large contribution
to the uneven wear of the wheels. Fig. 3b shows the
high peak at the ordinate of 19, which indicates that
the 19th order polygonal wear of the wheel is very
serious. After re-profiling, the roughness level of the
19th order polygon reduced nearly 39 dB.
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2.3 Effect of re-profiling on vehicle noise and
vibration

Here the train is running at 293 km/h (the actual
tested speed). Fig. 4 shows the measured results of
noise and vibration before and after re-profiling. Be-
fore and after re-profiling with polygonal wear, the
acceleration level differences of the axle box, the
bogie frame, and the car body reach almost 16—-19 dB
(Fig. 4a). This phenomenon is particularly obvious on
the axle box whose acceleration level decreases from
46 dB to 27 dB. The wheel polygonal wear can cause
a very high acceleration level of the axle box. In ad-
dition, such a fierce vibration due to the wheel po-
lygonal wear excitation is further transmitted into the
coach and the track infrastructure. The acceleration
level of the interior floor increases by 7 dB.
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Fig. 4 Noise and vibration before and after re-profiling:
(a) overall levels; (b) 1/3 octave band and FFT

The wheel polygonal wear increases the extra
exterior noise in bogie area by 9 dB(A). The big ex-
terior noise and the strong vehicle vibration eventu-
ally result in the 11 dB(A) increase of the interior
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noise (Fig. 4a). The interior noise level directly af-
fects the ride comfort of a high-speed train. In this test,
the 11 dB(A) overall level increase of the interior
noise is mainly caused by the significant noise com-
ponents in the 1/3 octave band centred at 500 Hz
(Fig. 4b). The sound pressure level in this 1/3 octave
band before re-profiling is nearly 19 dB(A) bigger
than after re-profiling, and the 1/3 octave band cen-
tred at 500 Hz includes those at 447-562 Hz fre-
quencies. In this range, it is found, by fast Fourier
transformation (FFT) analysis, that there is the high-
est peak at 536 Hz as shown in Fig. 4b. Here 536 Hz is
just the passing frequency of the 19th order polygon
when the train is running at 293 km/h.

For a given train speed v, the passing frequency
of the wheel polygon is calculated by

v/3.6
= ><., 2
f=—x 2

where d (d=0.92 m) is the wheel diameter, and i is the
polygon order. Hence, the 19th order polygon of the
wheel wear can excite the strong wheel/rail vibration
and the big noise at about 540 Hz at about 300 km/h.

3 Model of polygonal wheel for wheel/rail
rolling noise calculation

From the above, it is clear that the wheel po-
lygonal wear has a major impact on the interior noise
and exterior noise of the high-speed train. However,
up to now there has been little understanding or re-
search on the effect of the wheel polygonal wear on
the interior and exterior noise of high-speed trains,
and the wheel/rail rolling noise. The maintenance
regulation of China’s high-speed trains now has a
criterion of high-speed wheel re-profiling based on
wheel diameter difference due to uneven wear, re-
gardless of the wheel polygonal wear characteristics
and its mechanisms. The current wheel re-profiling
criterion involves only the effect of the wheel uneven
wear on the vehicle dynamic performance, but ne-
glects that of the interior noise problem related to the
uneven wear characteristics of the wheel. There are
two problems with this criterion: (1) the serious un-
even wheel wear generally occurs due to the wheel
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polygonal wear of low order (the low passing
frequencies) and high amplitudes, which can cause
the annoying interior noise; (2) in spite of mild une-
ven wheel wear (i.e., not a large wear amplitude), the
wheel polygonal wear of high order (high passing
frequencies) still creates a large interior noise. If the
wheel uneven wear situation is classified as (2) in
maintenance, it can avoid re-profiling according to
the present criterion. So the re-profiling criteria for
high-speed wheels need to involve the effect of the
polygonal wear on not only the dynamic behavior but
also on the noise of the vehicle.

3.1 Characteristics of two wheels with the same
diameter difference

Fig. 5 indicates the measured results of nearly
the same diameter difference but the different wheel
polygon distributions of the two high-speed wheels, A
and B. Fig. 5a shows that the diameter differences of
the two wheels are about 0.054 mm. However, their
wheel polygonal wear is different (Fig. 5b). In general,
the roughness amplitudes of most order polygons of
the wheel B are larger than those of the wheel A.
However, wheel A shows the 20th order polygonal
wear with a high peak, as indicated in Fig. 5b.

To investigate the noise difference caused by a
very similar diameter difference of the high-speed
wheels with different polygon distributions, the
high-speed wheel-track noise software (HWTNS) is
used to analyze wheel/rail noise of the two wheels
running at 300 km/h.

3.2 Theory of wheel/rail rolling noise prediction

The HWTNS was developed by Wu and
Thompson (1999; 2000; 2001). It uses a similar
conformation to the track-wheel interaction noise
software (TWINS) (Thompson et al., 1996a; 1996b),
but adds the ballastless track model of high-speed
railway (Wu, 2012). Fig. 6 shows the flow chart of the
HWTNS.

For the ballastless track model in the HWTNS, a
wheel/rail interaction model is used to calculate
wheel/rail dynamic force based on wheel/rail com-
bined roughness. This dynamic force has effects on
the rolling contact of the wheel and the rail and causes
the vibration and the noise radiation. The dynamic
force can also transmit to the track infrastructure
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Fig. 5 Wheel roughness and polygon order: (a) wheel
roughness; (b) polygon order
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Fig. 6 Wheel/rail noise prediction using the HWTNS (Wu,
2012)
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through the rails and fasteners, which causes vibration
and noise radiation of the sleepers or slabs. More
details are given in (Wu, 2012).

The vibration and sound radiation of the wheel is
calculated using a semi analytical method. They are
divided into three parts, namely vibration and sound
radiation caused by (i) wheel axial modes, (ii) wheel
radial modes, and (iii) wheel rim rotation modes. The
overall sound power level of the wheel is obtained by
the summation of the sound radiation of each mode
(Thompson, 1997):

W, = ch{O'a (n)Zde P2, +0,(n)S, 7. +0,(n)S _}
(3)

where p is the density of the air and c¢ is the sound
velocity in the air. g,(n), o.(n), and oy(n) are the sound
radiation ratios of the wheel axial vibration, the wheel
radial vibration, and the wheel rim rotation of » nodal

diameter, respectively. v , v.,, and ¥;, are the mean

square velocities of the wheel axial vibration, the
wheel radial vibration, and the wheel rim rotation of n
nodal diameter, respectively. Sy, S;, and S; are the
sound radiation areas of these mean square velocities,
respectively. For the wheel axial vibration, the area of
the wheel web is large and its velocity generates great
variation, so in the calculation of the vibration and
sound radiation of the wheel it needs to be divided
into circles with different radii and then the vibration
and sound radiation of the circles are summed.

Fig. 7 shows the divided circles of the wheel in
the HWTNS.

The sound radiation areas are given by Thomp-
son (1997):

S —2n(r —rH) 4)
S =2mrw+2nn(W—w,y), (5)
3 3 3
S, = —om . 27, WP
12 12 12
(6)

. (r+r2J(r )
2 12

where 7 is the radius of the wheel, 7; (=1, 2, ..., 7) is
the radius of each divided circle, w is the width of the

Fig. 7 The divided circles of the wheel in the HWTNS
(Wu, 2012)

wheel tire in its cross-section, and wy., is the width of
the wheel web in its cross-section (Fig. 7).

The sound radiation ratio of each nodal diameter
mode is given by Thompson (1997):

(1) Wheel axial vibration

1
O, (n)= 2n+4 °
1+(fw(n)/f) -
Ja(n)= \/(n +1)(n+4);
(i) Wheel radial vibration
1
o,(n)= 2042 2
(L0 )
Ju(n )— \/(n+1)(n+4)
(iii) Wheel rim rotation
1
o (n)= 2n+4 °
LG o)
fm(n)— \/(n+l)(n+4)

where fis the frequency. and f,, f.;, and f are the
critical frequencies when the bending wavelength of
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the wheel vibration and the acoustic wavelength are
equal.

The rail is defined as the infinite line sound
source and its radiation is given by Wu (2012):

W = peLh{V*)o 10
T p T o ( )

where L is the length of the rail, 4 is the length of the
rail cross-section profile in the vertical projection, and

T

o; 1s the rail sound radiation ratio. <v2> is the mean

square velocity of vertical vibration of the rail and is
given by

()= @z, ()

where v, is the vertical velocity of the rail in the length
of Az.
The slab sound radiation is given by Wu (2012):

AN S
Wp—pcBL<vp>l+(fcp/f)2,
L (12
T JanBL)

where <v§> is the mean square velocity of vertical

vibration of the slab in the track length of L, L, is the
length of the slab, and B is the width of the half slab.
When the slab is considered as a rigid body, the mean
square velocity of vertical vibration of the slab in
Eq. (12) is given by

@)

p i=l
— 1 pL,2 . 1 .
vz.z—jp (v, +0.x) de =1} +—O I
p L _L/2 Ci Ct Cl
b P

(13)

12 "

where v;l. is the mean square velocity of vertical
vibration of single slab, N, is the quantity of the slabs
in the track length of L, and v,; and éci are the vertical

velocity of the slab mass center and the rotational
velocity around its mass center, respectively.

Predicting the wheel/rail noise using the
HWTNS needs three input files including wheel data,
wheel/rail combined roughness, and rail sound radia-
tion ratio. The wheel data is analyzed using the wheel
finite element (FE) model based on the commercial
ANSYS. The wheel/rail combined roughness is cal-
culated using the method described in (Thompson et
al., 1996a; 1996b). The rail roughness is the Class A
selected from the HARMONOISE project (van Beek
and Verheijen, 2003). The rail sound radiation ratio
calculation uses the data of UIC 60 rail.

The other parameters used are shown in Table 1.

Table 1 Parameters in the HWTNS

Parameter Value
Rail
Density (kg/m®) 7850
Tensile modulus (MPa) 2.1x10°
Shear modulus (MPa) 7.7x10*
Shear factor 0.4
Cross-sectional area (m?) 7.69x107
Area moment of inertia (m*) 3.055%107°
Projected length of raidation (m) 0.413
Slab
Density (kg/m®) 2500
Stiffness of cement mortar (MPa/m) 4000
Damping loss factor 0.2
Length (m) 6.0
Width (m) 2.5
Thickness (m) 0.2
Fastener
Stiffness (MN/m) 60
Damping loss factor 0.2
Spacing (m) 0.6

3.3 Wheel/rail rolling noise prediction results

Fig. 8 shows the wheel/rail noise prediction re-
sults of wheel A and wheel B at 300 km/h.

From Fig. 8, it can be seen that the sound power
levels of wheel B and the rail in rolling contact are
higher than that of the wheel A and the rail in all 1/3
octave bands except for one band centred at 500 Hz. It
is because the roughness amplitudes of most order
polygons of the wheel B are higher than those of
wheel A, but the peak of the 20th order polygon of
wheel A is very prominent (Fig. 5b, also see the small
picture on the left in Fig. 8). When the train operates
at 300 km/h, the 20th order polygon of the wheel
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would excite vibration with frequency at about
577 Hz, which is in the 1/3 octave band centred at
630 Hz. However, the simulation result (Fig. 8) shows
that the sound power level of wheel A and the rail is
higher than that of wheel B and the rail in the 1/3
octave band centred at 500 Hz, not 630 Hz. The rea-
son for this 1/3 octave frequency band difference is
attributed to the correspondence between the wave-
lengths and the frequencies in the wheel/rail noise
calculation. Table 2 shows the difference of 1/3 oc-
tave frequency bands between the simulated and ac-
tual cases.

As shown in Table 2, when the train operates at
300 km/h, the actual excitation (passing) frequencies
of the 13th-25th order polygons of the wheel and
their 1/3 octave frequency bands are shown, and their
correspondences used in the numerical simulation are
also shown. In the wheel/rail noise calculation (in the
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Fig. 8 Sound power level of wheel/rail noise
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HWTNS), part of the input data is the wheel/rail
combined roughness in 1/3 octave frequency band
(some of the bands are as indicated in Table 2). So the
FFT analysis on the measured wheel circle irregular-
ity samples is first carried out to translate them to the
samples expressed with different wavelengths. Then
the different wavelengths are allocated into several
1/3 octave wavelength bands (Table 2, and Egs. (20)
and (21)), and further transformed into 1/3 octave
frequency bands at the specific speed (300 km/h).
Obviously, the wavelength of the 20th order polygon
is 0.1444 m which belongs to the 1/3 octave wave-
length band centered at 0.16 m, and this 1/3 octave
wavelength band is transformed into 1/3 octave fre-
quency band centered at 500 Hz (not 630 Hz) at
300 km/h. That is the root cause of the 1/3 octave
frequency band difference between the numerical
simulation and the actual result of the 20th order
polygon. In addition, the wavelength 0.1444 m of the
20th order polygon is just the lower boundary value of
the 1/3 octave wavelength band centered at 0.16 m,
and neighbors the 1/3 octave wavelength band cen-
tered at 0.125 m. During the transformation from the
measured wheel circle irregularity samples to the
wavelength samples through the FFT analysis, the
partial power of the 20th order polygon leaks into the
1/3 octave wavelength band centred at 0.125 m (cor-
responding to 630 Hz) though it belongs to the 1/3
octave wavelength band centred at 0.16 m (corre-
sponding to 500 Hz). Therefore, in spite of the visible
20th order polygon occurring on wheel A, the
wheel/rail rolling noise calculation results in the 1/3

Table 2 The difference of 1/3 octave frequency bands between the simulated and actual cases

Actual case

Simulated case

Polygon
order  Frequency (Hz) 1/3 ocl;[:r\;g g;g.lency Wavelength (m) 1/3 octla;;/rel dw(zril\l/)elength 1/3 oi[:r\lls gfla;l)uency
13 375.01 400 0.2222 0.2 400
14 403.86 400 0.2063 0.2 400
15 432.71 400 0.1926 0.2 400
16 461.55 500 0.1806 0.2 400
17 490.40 500 0.1699 0.16 500
18 519.25 500 0.1605 0.16 500
19 548.09 500 0.1520 0.16 500
20 576.94 630 0.1444 0.16 500
21 605.79 630 0.1376 0.125 630
22 634.63 630 0.1313 0.125 630
23 663.48 630 0.1256 0.125 630
24 692.33 630 0.1204 0.125 630
25 721.18 800 0.1156 0.125 630
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octave band centred at 500 Hz and is only a little
higher than that of the wheel B.

The sound power levels of wheel B in the 1/3
octave bands centred between 630 Hz and 800 Hz are
much higher than those of wheel A owing to the larger
roughness of the 21st to the 25th and the 26th to the
30th order polygons (see the small pictures at the
bottom and in the right of Fig. 8, respectively).

In summary, although there are some differences
between the actual data and the calculated sound
power levels of the wheel polygons in 1/3 octave
frequency bands, the calculation results can still show
well the characteristics of the wheel polygon excita-
tion at high-speed. The overall sound power levels of
wheel A and wheel B are 110.9 dB(A) and
111.6 dB(A), respectively. It can be seen that a very
similar wheel diameter difference can cause different
wheel/rail rolling noises because of different distri-
bution of the wheel polygon order.

4 Prediction model of interior noise of coach

To further study the influence of wheel polygo-
nal wear on the interior noise of a high-speed train,
the simulation model of the coach end is built up by
means of the vibro-acoustic analysis software VA One
2012. The model is developed based on a hybrid of
the finite element method and the statistic energy
analysis (Langley and Bremner, 1999; Shorter and
Langley, 2005; Cotoni et al., 2007), which is called
the hybrid FE-SEA for short.

4.1 Theory of the hybrid FE-SEA

The FE method and the SEA are at present the
two main methods for solving the acoustic problem of
complex structural systems. The FE method usually
works well in solving the structural acoustic problem
in the low frequency range, where the modal density
is low and the system exhibits a global modal be-
havior. The SEA is usually used for solving the
acoustic problem of complex structural systems at
high frequencies, where the modal densities of all the
subsystems are very high. For the high-speed train,
because its large size leads to the generation of nu-
merous elements in modeling the coach for solving its
noise problem, it is difficult to solve the vibro-
acoustic issue only using the FE method. Furthermore,
the coach interior noise caused by wheel polygonal
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wear is always prominent in the middle frequency
range, which is defined as from about 200 Hz to
1000 Hz in the present analysis (Fig. 4b). So the hy-
brid FE-SEA is used in the noise calculation.

However, the coupling of FE and SEA in a single
model is difficult because the two methods differ in
two ways: (i) the FE method is based on dynamic
equilibrium while the SEA is based on the conserva-
tion of energy flow, and (ii) the FE method is a de-
terministic method while the SEA is an inherently
statistical method. Here the two main equations of the
hybrid method are given as follows (Shorter and
Langley, 2005; Cotoni et al., 2007):

o, +1,,)E; +Zw77jknj(Ej /n; —E, /nk)zPifl:t,,
k

(14)
_ 4F L
Sqq :Dtoi |:Suff’ +;(wn;k]lm{D<§ikr)}:|Dwi T> (15)
where
By =23 m{D), } (DS, D7) (16)

wnun,=2 S im{DP, ) (D m{ D} D7) L (1)

o, =%Zlm{Dd,,ig}(D;1 m{D{’} D7) . (18)

jors

The definitions of the variables in Eqs. (14)—(18)
can be found in (Langley and Bremner, 1999; Shorter
and Langley, 2005; Cotoni et al., 2007). Eq. (14)
represents the subsystem energy balance in the SEA,

. . oxt - .
in which B is the external power input, and Eq. (15)

describes the system response by the FE method,
while S, is the ensemble average cross-spectral re-
sponse. Eqs. (14)—(18) couple the FE with the SEA.
Eq. (14) has a precise form of the SEA, but the cou-
pling loss factor #;; and the loss factor #,; are calcu-
lated using the FE model. Furthermore, Eq. (15) has
the form of a standard random FE analysis, but addi-
tional forces arise from the reverberant energies in the
SEA subsystems. If the SEA subsystems are not in-
cluded, it is obvious that the present hybrid method is
just the FE method. On the other hand, if only the
junctions between the SEA subsystems are modeled
by the FE method, the hybrid method becomes the
SEA method.
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4.2 Interior noise simulation model of the coach
end

The hybrid FE-SEA simulation model of the
high-speed coach end includes the beam, the plate,
and the acoustic cavity subsystems. Fig. 9 presents the
hybrid model in VA One 2012.

o @vaone
Fig. 9 The hybrid FE-SEA simulation model of coach end

Because the modal densities of the beam sub-
systems are very low, the beam subsystems are
meshed into the subsystems characterized by the FE
models. The noise sources, including the wheel/rail
noise and the aerodynamic noise, are extracted from
the field pass-by test data of the high-speed trains
operating at 300 km/h. In the test, B&K 4948 surface
microphones are fixed on the external floor above the
bogie and on the external side wall of the car body. So
the wheel/rail noise and the aerodynamic noise are
treated approximately as the diffuse acoustic field
(DAF) loaded on the plate. Transmission loss (TL)
data, including from the floor, the side wall, and the
roof, is taken from the test results in the acoustics
laboratory, and defined through the area junction. A
semi-infinite fluid (SIF) is created and connected to
the car body to simulate the outside acoustic
environment.

Fig. 10 shows the interior noise results of the
numerical simulation and the field experiment, in-
cluding before and after re-profiling. In the simulation,
the different cases change only the wheel/rail noise
inputs.

From Fig. 10, it can be seen that both before and
after re-profiling, the interior acoustic energy is
dominant in the frequency range from 200 Hz to
2000 Hz, which belongs to the middle frequency
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Fig. 10 Results of the numerical simulation and the ex-
periment before (a) and after (b) re-profiling

range. The predicted responses and the measured
sound pressure level are generally in good agreement.
The difference of the overall sound pressure level is
less than 2 dB(A). Thus, the interior noise hybrid
FE-SEA model established in this study is reliable and
effective. However, in the low frequency range (fre-
quencies lower than 200 Hz), simulation results do
not agree well with experimental results. This is be-
cause the hybrid FE-SEA model is more suitable for
the mid-frequency. For low-frequency, simulation
results could be improved by the use of a boundary
element method (BEM) fluid and a set of plane waves.
Further investigation on this topic is being conducted.

The wheel polygons which are going to be dis-
cussed have the characteristics of high order polygons
(13 to 30). They can excite strong vibration with
frequencies from 375 Hz to 865 Hz (at 300 km/h),
which are typical mid-frequency. So in the following
sections, the hybrid model is used to calculate the
effect of different wheel polygon characteristics on
the coach interior noise. We examine different
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wheel/rail noise sources due to different wheel pol-
ygon characteristics.

5 Influence of different wheel polygonal wear
on noise

5.1 Characteristics of wheel polygon

Usually, the wheel polygonal wear has three
characteristics, which should be discussed before
carrying out the analysis. They are (i) the different
polygon order with very similar roughness levels, (ii)
very similar polygon order with different roughness
levels, and (iii) very similar polygon order and very
similar roughness levels with different distribution
phases of the polygons. These characteristics can be
found from the detailed analysis of the measured
wheel circle irregularity data.

A MATLAB program is developed to construct a
series of different wheel polygons. The code tech-
nique routine is indicated with Fig. 11.

Data check
. Bandpass filter |—>| Polygon order |
Y =Y Asin(wx+9,)
& FFT P>l 1/3 octave band |

Fig. 11 The MATLAB code technique routine for creating
wheel polygon data

The created wheel circle irregularity sample
consists of a series of sine curves, 4;sin(wx+g;) (i=1,
2, ..., n), where 4; is the roughness amplitude of wave
i, w; is the wavenumber and ¢; is the phase angle. First,
use a bandpass filter (here we use the Chebyshev filter
(Williams and Taylors, 2006)), which filters out each
polygon and obtains its roughness level. Then all
filtered wheel circle irregularity samples are summed
and these samples correspond to their polygon order.
It is checked whether the summed sample is correct
for the original sample. If not, the bandpass filter
should be redesigned. In addition, the FFT analysis
can translate wheel circle irregularity samples into
wavenumber samples using

X(k)= zN: x(Peoy . (19)

Eq. (19) implements the transform given for

vectors of length N, where wfe(zni)/N , which 1is the
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Nth root of the unit.

Through FFT analysis, the 1/3 octave wave-
length band can be calculated. The relationship be-
tween the centre wavelength and the cut-off wave-
length of 1/3 octave is given by

ﬂ'upper = \/2_”21 4 (20)
P = A N2 1)

where Aypper, Alowers and Ac are the upper cut-oft wave-
length, the lower cut-off wavelength, and the centre
wavelength, respectively, where n=1/3 represents a
1/3 octave.

5.2 Effect of different order of wheel polygon on
noise

According to the extensive investigation into
high-speed wheel roughness and vehicle noise,
mainly the 19th and the 20th order wear polygons are
those which quite often cause serious noise problems.
To study the influence of different polygon order of
the worn wheels, a MATLAB program is used to
generate polygon wheel shapes with order from 13 to
30. Their roughness levels are 30 dB.

Fig. 12a shows the different polygons vs. their
order, and Fig. 12b shows their roughness levels vs.
their wavelengths.

Although there are 18 polygon order (Fig. 12a),
there are only four main peaks with different wave-
lengths in 1/3 octave (Fig. 12b). The root cause of this
phenomenon has already been discussed in Section
3.3 (Table 2). Because noise peaks are mainly due to
wheel polygon peaks (there are only four main peaks
as indicated in Fig. 12b), and to avoid some critical
polygon order (Table 2), the 15th, the 19th, the 24th,
and the 30th order polygons are selected in calculat-
ing the effect of them on wheel/rail noise and interior
noise using the models described in the Sections 3
and 4.

Figs. 13a and 13b indicate the effect of different
polygon order on the wheel/rail noise and the interior
noise at 300 km/h, respectively.

By using the obvious wheel polygons as inputs
in the calculation, there are four peak frequencies of
400 Hz, 500 Hz, 630 Hz, and 800 Hz in the calculated
noise results. The noise peak frequencies correspond
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to the wheel polygon order. Notably, even though the
roughness levels are 30 dB (Fig. 12a) and the peak
amplitudes with different wavelengths are almost the
same (Fig. 12b), the wheel/rail noise levels caused by
the four different order polygons are different. As the
wheel polygon order increases, in the different 1/3
octave bands, the wheel/rail noises increase by about
5 dB(A) per 1/3 octave. This is mainly because the
higher order polygon has the higher passing fre-
quency (corresponding to the shorter wavelength) and
a larger excitation energy when the wheel rolls over
the rail at the same speed, compared to the lower
order polygon with the same roughness level. The
other reason for this phenomenon is that as the exci-
tation frequencies increase, the sound radiation ratios
of both the wheel and the rail increase. Generally
speaking, the higher sound radiation ratio causes the
higher sound radiation power. Thus, although there
are the same roughness levels, different polygon order
can cause different wheel/rail noises. Thercfore, the
higher order polygon can cause the higher wheel/rail
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Fig. 13 Different polygon order: (a) wheel/rail noise;
(b) interior noise

noise level.

From Fig. 13D, there are four peak frequencies in
the interior noise, which is the same as in the
wheel/rail noise. So the wheel/rail noise makes a great
contribution to the interior noise. However, the in-
crease in the ratio of the interior noise at the peak
frequencies is different from that of the wheel/rail
noise (as indicated in Fig. 13a). One reason for this
phenomenon is that the interior noise is influenced by
not only the wheel/rail noise, but also other exterior
sources and the structure TL.

5.3 Effect of different roughness levels of wheel
polygon on noise

With increase in operational mileage, the
roughness levels and the distribution of the wear
polygons will change. Here this section discusses the
influence of different roughness levels of the wear
polygon on the noise level. Taking the frequently
occurring wheel polygon order (the 19th order poly-
gon) as a numerical example, in which the MATLAB
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code discussed above is used to make it with different
roughness levels. Fig. 14a shows the 19th order pol-
ygon with different roughness levels, characterized by
order, and Fig. 14b shows the roughness level de-
scribed with the wavelength.

The roughness levels of the 19th order polygon
increase from 21 dB to 39 dB with a 3 dB interval, as
indicated in Fig. 14a. The roughness levels in the 1/3
octave wavelength centred at 0.16 m also increase
with about 3 dB interval, as indicated in Fig. 14b.

Fig. 15 shows the results of the wheel/rail noise
and the interior noise at 300 km/h.

Obviously, there is a peak frequency of 500 Hz
in the wheel/rail noise that is the passing frequency of
the 19th order polygon at 300 km/h. As the roughness
level of the polygon increases from 21 dB to 39 dB
with a 3 dB interval, the wheel/rail noise in the 1/3
octave band centred at 500 Hz increases from
107 dB(A) to 125 dB(A) also with about a 3 dB in-
terval (Fig. 15a).

Roughness level (dB re 1 ym)

Polygon order

(b)
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21dB

Roughness level (dB re 1 ym)
o
T

30 +

.40 | L L L
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Fig. 14 Different roughness levels: polygon roughness
levels characterized by order (a) and with the wave-
length (b)
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As shown in Fig. 15b, there is a 500 Hz peak
frequency in the interior noise which is the same as in
the wheel/rail noise. With the increase of the rough-
ness level of the 19th order polygon, the interior noise
in the 1/3 octave band centred at 500 Hz increases
from 66 dB(A) to 80 dB(A), but with a nonlinear
increase.

5.4 Effect of different phases of wheel polygon on
noise

As shown in Sections 5.2 and 5.3, both the dif-
ferent order polygons and the different roughness
levels have a great effect on the interior noise. Actu-
ally, the different polygon phases are also important,
especially for the re-profiling. This is because the
different polygon phases can be combined to make
different wheel diameter differences even though the
order distribution and roughness of the wheel poly-
gons are the same. In other words, high order wheel
polygons, which can make the annoying interior noise,
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Fig. 15 Different roughness levels: (a) wheel/rail noise;
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may occur with normal or low wheel diameter dif-
ference. To study the influence of the different poly-
gon phases on the interior noise, this section discusses
whether the present standard of wheel re-profiling is
suitable for the noise reduction problem, being only
based on the diameter difference. We consider the
17th to 19th order polygons and the different diameter
differences are obtained by creating different com-
binations of the polygon phases.

Using three sine curves creates the different
combinations of the different polygon phases. The
equation including the three sine waves is given by

Y=Asin(wx+¢)+Bsin(wyx+¢,)+Csin(wsx+eps3), (22)

where A, B, and C are used to define the roughness
levels of the 17th, the 18th, and the 19th order poly-
gons, respectively. a; (=1, 2, 3) is used to indicate the
Jjth order polygon and ¢; (=1, 2, 3) is used to denote
the phase angle of the jth order polygon. Yimax—Ymin 1S
the wheel diameter difference. To make the diameter
difference higher than 0.3 mm which is caused by the
combination of the three polygons described with
Eq. (22), the calculation uses the 30 dB roughness
level of the 17th order polygon and 33 dB roughness
levels of both the 18th and the 19th order polygons.
Here 0.3 mm is the upper limit of the wheel diameter
difference according to the maintenance standard for
the high-speed trains of China (Zeng, 2011). The
numerical analysis sets ¢;=0 rad while ¢, and ¢;
change from 0 rad to 2= rad. Fig. 16 shows the effect
of the variations of ¢, and @3 on the wheel diameter
differences with ¢,=0 rad.
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Fig. 16 Wheel diameter differences caused by combina-
tion of different phase angles

From Fig. 16, it can be seen that even though the
roughness levels of the wheel polygons do not change,
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their different phases can be combined to make the
different wheel diameter differences. When ¢,=¢,=
¢3=0 rad, there is the biggest diameter difference at
0.33 mm. When ¢,=0 rad, ¢,=4.54 rad, and ¢;=
5.93 rad, there is the smallest diameter difference,
0.24 mm. The difference between the biggest and the
smallest is about 0.1 mm.

Fig. 17 shows the wheel/rail noise and the inte-
rior noise of the two cases at 300 km/h which indicate
the biggest and the smallest diameter differences
(indicated by Max and Min in the figure) discussed
above.
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Fig. 17 Different polygon phases: (a) wheel/rail noise;
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As shown in Fig. 17a, there is a peak frequency
at 500 Hz in the wheel/rail noise as the 17th to 19th
order polygons have an excitation frequency in the
1/3 octave band centred at 500 Hz. In spite of the
different polygon phases (different diameter differ-
ence), their wheel/rail noise sound power levels in the
1/3 octave frequency centred at 500 Hz are nearly the
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same. Thus, the polygon phase’s change cannot
change its wheel/rail noise level in the excitation
frequency band. However, there are some differences
between the wheel/rail noises of the two cases in the
1/3 octave bands below 500 Hz and above 1000 Hz.
These are due to the differences between their wave-
length spectra which are caused by the characteristic
of the filter in the program. Because the wheel/rail
noises in the 1/3 octave band centred at 500 Hz are
almost the same, there is little difference between the
overall levels of these two cases.

From Fig. 17b, it can be seen that there is also
little difference between the interior noises, similar to
the wheel/rail noises. Nevertheless, the interior noise
in the 1/3 octave bands below 500 Hz are nearly the
same which is a little different from the wheel/rail
noise. That is because wheel/rail noise in the 1/3 oc-
tave bands below 500 Hz is not as important as other
exterior sources. The overall sound pressure levels of

the interior noises are nearly the same in the two cases.

So the influence of the polygon phases on interior
noise is small.

However, the maintenance regulation of China’s
high-speed train now uses a criterion for re-profiling
based only on diameter difference, regardless of the
wheel polygonal wear status. It is generally consid-
ered that when the wheel circle diameter difference is
smaller than 0.1 mm, the polygon status is good.
When the diameter difference due to the polygonal
wear is between 0.1 mm to 0.2 mm, it is normal.
Furthermore, when the diameter difference is bigger
than 0.3 mm, it is bad. If the diameter difference is
bigger than 0.3 mm, the wheel needs to be re-profiled
(Zeng, 2011). Although the interior noise is almost
the same for the above two cases, the wheel with
0.33 mm diameter difference needs to be re-profiled
and the other wheel with 0.24 mm diameter difference
could continue working.

From the test and simulation results shown in
Section 3, we find that although the wheel circle di-
ameter differences are nearly the same, different
wheel polygons can cause different wheel/rail noise
levels. Furthermore, we can find that even if the
wheel polygon order are the same, their different
polygon phases can be combined to make a different
wheel circle diameter difference. However, the wheel/
rail noise, especially the interior noise, is more de-
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termined by the order of the wheel polygons, not the
phase of wheel polygons. In summary, a criterion
based on only the wheel diameter difference is not
suitable for carrying out re-profiling for noise reduc-
tion. The wheel polygon characteristics should also be
considered.

6 Conclusions

The present work conducts a detailed investiga-
tion into the relationships between high-speed wheel
polygonal wear and wheel/rail noise, and the interior
noise of high-speed trains through extensive field
experiments and numerical simulations. The conclu-
sions can be drawn:

1. The field experiments show that when the
19th order polygonal wear is prominent and common,
the vibration and noise of the high-speed coach are
dominant at about 540 Hz. That is just the passing
frequencies of the 19th order polygon at about
300 km/h. The root cause of the 19th order polygonal
wear has not so far been understood. Further inves-
tigation is underway on this topic and is not in the
scope of this paper.

2. Through test and simulation, in cases where
the wheel circle diameter differences due to the wheel
polygonal wear are nearly the same, the different
wheel polygonal wear patterns can cause different
wheel/rail noise levels.

3. The numerical simulation shows that different
polygon order with nearly the same roughness levels
can cause different wheel/rail noise levels and interior
noise levels. Namely, the wheel polygons with higher
order can make more serious wheel/rail noise and
interior noise. This is because the higher order has the
higher passing frequency at a certain operational
speed, and generates higher wheel/rail vibration
energy.

4. Changing the phases or the distribution of the
wheel polygons can change the wheel diameter dif-
ference caused by the wheel polygonal wear. How-
ever, the effect of the change of the polygon phases is
not great on wheel/rail noise and interior noise.

5. The criterion for re-profiling of high-speed
trains needs to involve not only the wheel diameter
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difference due to the wear but also the characteristics
of the wheel polygons.
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Influence of wheel polygonal wear on interior noise of high-speed trains
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