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ABSTRACT

This study investigates the potential of applying water to the wheel-rail
contact to reduce squealing noise. For this purpose, a twin-disc device with a
single tram wheel and real wheel suspension stiffnesses was developed. Three
types of tests were performed. During the tests, adhesion coefficient, sound
pressure level and wheel axial vibration were measured. The tests under dry
conditions were carried out to describe the frequency spectrum of wheel
vibration and to establish reference values for further measurements. The
tests under wet conditions were carried out to investigate the ability of water
to reduce adhesion and noise. Finally, tests with varying amounts of water in
contact were carried out because of the low adhesion risk. The experimental
results showed that the twin-disc device was able to reproduce both the
adhesion and noise properties of the contact. Tests with different amounts of
water showed that the application of water can be a promising way to reduce
squealing noise from wheel-rail contact.
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1. INTRODUCTION

One of the most unpleasant downsides of railway
transport is the curve squealing noise that occurs
when rolling stock negotiates a sharp curve. This
is mainly due to frictional instabilities in the
wheel-rail contact [1] which can occur in several
ways [2]. Lateral slip, or creepage, of the wheel
tread on the top of the rail plays an important
role. This noise, known as a top-of-rail squeal, has
a strong tonal character and is very loud, usually
exceeding 90 dB [3]. It typically occurs in the 400
- 5000 Hz frequency range [4,5]. Recently, the
longitudinal slip has also been shown to influence
the occurrence of top-of-rail squeal [6], with the
noise occurring in the 3.5 - 6 kHz frequency band
[7]. Frictional instabilities can also arise from the
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interaction of the wheel flange with the gauge
face of the rail [3]. Such noise is called flanging
noise and is present at higher frequencies over a
wide band of5-10kHz [8,9]. Both types of
squeal occur in a largely random, chaotic manner
[10-12], and this is mainly due to the large
number of parameters that influence the noise
generation - e.g. operating parameters such as
rolling speed or angle of attack [13], railway track
dynamics [14,15], longitudinal creepage [7], etc.

Curve squeal noise is very annoying in densely
populated areas, where squealing noise can,
according to Miiller and Oertli [16], affect up to
1,000 inhabitants within 250 m of the noise source.
For this reason, it is important to reduce noise,
which can be done in several ways: by passive [17-
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19] or active vibration control [20,21], or by
adjusting the frictional properties of the wheel-rail
contact [22,23]. With wheel vibration damping, the
sound pressure level can be reduced by up to 15 dB
[24], but this solution is limited by the narrow
frequency band to which the damping is tuned.
Active wheel vibration control is a new approach
that involves mounting actuators on the wheel that
damp frequencies based on signals from
piezoelectric sensors. This method has been shown
to be effective in reducing squeal noise by up to 12
dB in the near field [20], but the system has not yet
been used in real-world applications.

Modification of the contact friction properties
is possible through the application of various
products to the top of the rail head. Top-of-rail
(TOR) products include water-based friction
modifiers and oil-based TOR lubricants. These
products allow the positive trend of the traction
curve and the adhesion coefficient to be maintained
at an intermediate level. When used on real tracks,
sound pressure levels can be reduced by up to 12
dB [8,25]. Recently it has been shown that the
application of water to the wheel-rail contact can
lead to lower wear [26-28] and noise [29]
in addition to reduced adhesion. Several authors
show that water can reduce the coefficient of
adhesion at levels between 0.2 - 0.45 [30-33]
depending on quantity and temperature, or
velocity. Water spraying could represent a simple,
cheap, and environmentally friendly option for
wheel-rail interface lubrication. However, research
to date has mainly been carried out on scaled twin
discs without a focus on noise reduction, so further
research is needed under conditions that more
closely resemble real contact.

Microphone
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!
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VH-1000-D

Fig. 1. Experimental twin-disc device.

As it is difficult to control experiments on the real
track, test rigs are set up for laboratory research.
Naeimi [34] compiled anoverview of different
approaches and designs but in general, it can be
said that due to the ease of slip control and compact
dimensions, the twin disc concept is the most
common approach to study a single wheel-rail
contact. Hsu et al. [4] developed a device which was
used to study the adhesion-noise relationship and
to validate theoretical models. A similar device was
developed at TNO-TPD Delft and used to study the
effect of longitudinal creepage together with lateral
creepage [35,36]. Another device was built at the
University of Queensland. The primary motivation
for building the device was to study corrugation
formation and wear [37], but later, it was used by
Meehan and Liu [13,38,39] to experimentally
validate the developed simulation models and
predictions of squealing noise generation. The
device was further modified and Liu [40] used it to
investigate the effect of contact angle on noise
generation.

This study aims to investigate the potential
reduction of wheel squeal noise through the
application of water into the wheel-rail contact
area. For this purpose, the twin-disc test rig with
areal tram wheel was designed and used, see Fig.
1. During the design process, emphasis was
placed on maintaining the realistic stiffness of the
wheel fitin the tram chassis. Detailed information
regarding the design of this device can be found
in the paper [41]. The analysis of the effects of
water application on wheel-rail interaction is
intended to contribute to the knowledge of noise
reduction techniques and a better understanding
of the factors influencing wheel squeal.
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2. MATERIAL AND METHODS
2.1 Experimental methods

The main parts of the device in Fig. 1 are tram wheel
with ORE S 1002 profile with a diameter of 800 mm
and 320 mm diameter rail disc. The disc is made of
C55E steel. This material does not correspond to
the actual rail material but was chosen for higher
wear resistance and longer maintenance of stable
conditions during testing. The wheel is mounted
on a structure that is pivotally attached to the main
frame and the contact loading is thus realized by a
lever using a hydraulic cylinder and a compression
coil spring. The disc is mounted on a support that
allows the disc to be rotated to change the angle of
attack, and the disc to be moved to change the
lateral position of the disc thanks to a pair of linear
guideways. The 11 kW AC electric motor with a
gearbox, which drives the wheel, is mounted on an
independent frame. The test rig was designed with
the required dynamic characteristics in mind. To
achieve the required dynamic properties of the
wheel and suspension disc, the stiffness of certain
elements in the support frame was optimised. By
optimising the stiffness of the bridging beams at the
top of the rig, the normal stiffness of the rail disc
was determined. This, together with the lateral
stiffness of the positioning system, also influences
the lateral stiffness of the rail disc. The normal
stiffness of the wheel was determined by selecting
a compression spring in the loading mechanism
with the appropriate stiffness. The lateral stiffness
of the wheel corresponds to the stiffness of the
beams that make up the wheel lever. The stiffness
of the elements was designed using FEM software
and analytical calculations. The parameters of the
twin-disc device can be found in Table 1. A more
detailed description of the device can be found in
the paper [41].

An integral part of the equipment is the measuring
system. To evaluate the lateral adhesion coefficient,
itis necessary to measure the load and lateral force.
Two load cells are used for this purpose. The first
one is part of the load mechanism and reads the
force in the range of 0 -10 kN. The second is
mounted in the disc support and measures the
lateral force in the range of 0 - 5 kN. The sampling
frequency of 500 Hz for the force measurements is
set. Lateral adhesion coefficient can be calculated
according to Hsu [4]:

F
U= 0,5196F— (1)
1

where F3 is the lateral force and F; is the load force.
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Table 1. Parameters of twin-disc device.

Parameter Value Unit
Outer dimensions 1340x3020x1690| mm
Weight 2270 Kg
Wheel diameter 800 mm
Wheel profile ORE S 1002 -
Rail disc diameter 320 mm
Rail disc profile radius 100 mm
Maximum velocity 4 m/s
Wheel drive torque 1000 Nm
Wheel drive power 11 kw
Ange of attack range +5 °
Wheel normal suspension 0.172 kN/mm
Wheel lateral suspension 5.21 kN/mm
Rail disc normal suspension 124 kN/mm
Rail disc lateral suspension 6 kN/mm

The numerical coefficient expresses the ratio
of the oversteer because the load force is not
measured in the axis of contact but at the end
of the arm on which the wheel is mounted.

Another important parameter to evaluate is the
lateral creepage. According to Meehan and Liu
[30], the quasi-static value of lateral creepage
equals the angle of attack. Two ultrasonic sensors
SICK UM12-1172271 are used to read the
position of the disc and the resulting angle of
attack can be calculated according to the scheme
in Fig. 2 using the equation:

V
< IO ~
N 7
Sensor holder
Sensor 1 Sensor 2

Fig. 2. Angle of attack evaluation scheme.
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0 =tan™! (—) (2)
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where [; and I; are measured distance to the disc
from sensor no. 1 and 2, respectively, Iy is the
distance between sensors, which for the device
used is 286 mm. The sampling frequency for
distance measurements is set to 500 Hz.

2.2 Noise and vibration measurements

The twin-disc is not equipped with any vibration
and noise measuring equipment; therefore, the
use of external equipment is necessary. For noise
measurements, a Svantek 911 sound meter with
MK 255 microphone and SV 12L preamplifier was
used to record the noise data. The noise was
recorded in the frequency range 20 Hz - 20 kHz
and no weighting filter was used. The
microphone was placed 100 cm from the wheel-
disc contact at contact height (120 cm), see Fig. 1.

To correctly identify the frequencies at which
only the wheel emits noise, wheel vibration was
also measured. An Ometron VH-1000-D
industrial laser Doppler vibrometer connected to
Briiel & Kjeer PULSE™ data acquisition system
was used tomeasure wheel vibration. The
vibration was scanned in the axial direction with
the laser aimed at the edge of the wheel tyre. Data
was acquired in the frequency range of 20 Hz - 22
kHz. Fast Fourier transform analysis was used to
obtain the frequency spectrum of vibration.

2.3 Data validation

Finite Element Method (FEM) modal analysis was
carried out using ANSYS to gain a comprehensive
understanding of the dynamic behaviour of the
wheel. This analysis provided insight into the
structural response of the wheel, revealing its
natural frequencies, and associated modal shapes.
By simulating the vibrational behaviour, we
identified critical modes of vibration, such as those
that could lead to resonant conditions, and
assessed their impact on the wheel's performance.

To ensure the accuracy and reliability of the
adhesion values measured in this study, a
validation procedure was required. The
validation procedure involved a comparison of
the measured adhesion data with simulations
obtained from the established model developed
by de Beer [35], see equation (3):

{/ 1/2+1I3}f r<3
e (§ =30+ for ' <

Uk for{' >3

U= (3)

where pux is the realistic friction characteristic
defined in [42]as:

'uK = ,UO{]. — 0.56_0138/|<V0| — 0.56_69/|{VO|} (4)
where o is static friction coefficient, Vo is rolling

speed, ¢ is nominal lateral creepage calculated
according to equation (5):

6
~ cosfc

(5)

using angle of attack 8 and contact angle 6, {’ is
normalised creepage which can be obtained from
equation (6):

,  Ske
Z_N

where k; is the contact parameter and N is the
load. Using this validated simulation model, we
aimed to confirm the consistency ofour
experimental results with the expected results
based on established theoretical frameworks.
This approach not only increases the robustness
of our results but also allows us to assess the
validity of our measurement techniques and their
agreement with theoretical predictions.

(6)

2.4 Experimental procedure

Three types of tests were performed in this study.
The purpose of tests under dry conditions was to
describe the frequency spectrum of wheel vibration
and to establish reference values for subsequent
comparison with wet contact. The tests were
carried out at two speeds, 2 and 4 m/s. The lower
speed is the speed at which trams normally travel
through the loop and the higher speed is close to the
limit at which trams are allowed to travel through
the loop. The contact force was chosen to be 1,000 N
(» 600 MPa) according to Meehan [43]. In the loop,
the angle of attack reaches values of around 2° (» 35
mrad), so tests were carried out in the range 0 - 35
mrad. The experiments were performed at room
temperature (25 °C). In addition to adhesion, sound
pressure and vibration levels were also recorded,
see sections 2.1 and 2.2. All tests were repeated
three times and traction curves for each speed were
made from the average of three measurements for
each angle of attack. Before each test, the wheel and
disc were cleaned with paper towels, acetone and
water as in the previous study [29].
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The tests under wet conditions were carried out
under the same conditions as the tests under dry
conditions. Water was continuously applied to
the contact at a rate of 5 ml/s for 20 s. Before each
test, the wheel and disc were cleaned in the same
way as for the tests under dry conditions tests. A
traction curve was also constructed in the same
way and the sound pressure level and wheel
vibration were measured.

The final part of the experiments focused on the
effect of the amount of water applied to the wheel-
rail contact. The motivation was to see ifthe
amount of water in contact influenced the
development of low adhesion (u < 0.1). The tests
were carried out under a uniform setup with
a speed of 4 m/s, a contact load of 1,000 N, an angle
of attack of 20 mrad, and at room temperature.
Amounts of 1, 2, 5 and 10 ml were used for the
experiments. Each test was repeated three times.
Three parameters were monitored during the tests:
the change in adhesion (4u), the change in sound
pressure level (ASPL) and the retentivity (4t), i.e.,
the time between the application of water and the
achievement of the reference values, see Fig. 3.

08— . ‘ . — 100

=07

06

05¢

Sound pressure level SPL (dB)

Lateral adhesion coefficient .

0.3 : : ' 50
0 100 200 300 400

Time t (s)
Fig. 3. A typical development of p and SPL over time.
3. RESULTS AND DISCUSSION
3.1 Modal analysis
The results of the analysis revealed six
dominant frequencies in the 0 - 5 kHz range at

which wheel oscillations can be expected, see
Table 2. The resulting frequencies are similar to
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those reported by Liu [13] in his paper. The
largest differences are at frequencies below 1
kHz, but these are due to the use of a different
wheel profile. The agreement with Liu's results
for the (3,0) mode, see Fig. 4, is important, as
this mode is described by the authors as prone
to squeal. The FEM analysis showed that modes
exist in pairs, i.e.,, two modes have identical
natural frequencies and modal shapes with
phase shift between them, which is the typical
feature of an axisymmetric structure [4].

B: Modal

Total Deformation 12
Type: Total Deformation
Frequency: 11781 Hz
Unit: mm

08/11/2023 05:10

- 4.768 Max
42382
3.7084
3.1787
2.6489
2117
1.5893
1.0596
0.5298
N 3.1411e-5 Min

Fig. 4. Visualization of wheel modal shape (3,0) - 1178 Hz.

Table 2 Results of FEM modal analysis.

Dominant Vibration mode
Mode shape
frequency (Hz) (n,m)
295 (1,0) <>
475 (2,0) E}
1178 (3,0) §§
2013 (4,0) %
3125 (5,0) %
4202 (6,0) %

3.2 Measurements under dry conditions

The results of the experiments under dry
conditions in Fig.5 show that the measured
adhesion coefficient at the saturation point of
the traction curve is around 0.5, which is
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expected value [44]. After fitting the data with 0.6
the simulation model of de Beer [35] with
parameter settings according to Meehan [43], it
can be concluded that the measured data fit the
simulation well. The deviation of the measured
data from the simulation isdue to a
combination of uncertainties in the load and
lateral force measurements. According to Hsu
[4], uncertainty in the measurement of the

057
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Lateral adhesion coefficient z (1)
=
wW

adhesion coefficient can be expressed as: 0.2
] Simulation - 2 m/s
S =/ (8Fy/F)? + (6F,/F,)? (7 0.1 ,' X Measurement -2 m/s | 1
bt Error lines
Both load cells were used to measure with an ok | | , , . ,
error of 5 %. Substituting this value into the 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
formula gives an uncertainty in the lateral Angle of attack & (rad)

adhesion coefficient of approximately 7 %.
Converted to adhesion coefficient values, an
error of £0.04 can be expected. This band is
shown in Fig. 5 by error lines. All results, which
are listed in Table Al in the Supplementary
Material, are within this tolerance.
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The measured sound pressure levels increased
with increasing angle of attack and also with
higher rolling velocity, see Table A2 in the
Supplementary Material, which was expected
given the results of Meehan [13,38]. The

o
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; Simulation - 4 m/s

Lateral adhesion coefficient z (1)
=
w

frequency composition of the measured noise is 0.1 pff X Measurement -4 m/s | |
shown in Fig. 6. In the figure, peaks can be ! it Error lines

observed at frequencies that correspond to the ol . , . . . |
simulation, but the signal is significant]y 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
affected by noise from other components of the Angle of attack ¢ (rad)

twin-disc device, e.g. the rail disc. Fig. 5. Results of experiments under dry conditions for

speed: (a) 2 m/s, (b) 4 m/s.
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Fig. 6. Frequency composition of measured noise under dry (red) and wet (blue) conditions.
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Fig. 7. Frequency composition of measured vibrations in (a) dry contact, and (b) wet contact.

Therefore, the vibration spectrum is more
suitable for validating the noise manifestations as
itis not as affected by any other component of the
twin-disc device as the noise spectrum. The
results of the vibration frequency analysis of the
measurements under dry conditions are shown
in Fig. 7(a) and listed in Tables A3 - A5 in the
Supplementary Material. The frequencies of the
wheel vibration modes can be identified in the
graph, namely 300, 445, 1087, 1923, 2860 and
3830 Hz. These frequencies agree with the results
of the modal finite element analysis in ANSYS,
although there are minor differences of a few
units of Hz for the lower frequencies and low
hundreds of Hz for the higher frequencies. This
inaccuracy is due to the simplification of the
wheel geometry and mounting for the FEM
analysis. A frequency of 600 Hz still appears in
the frequency spectrum, which does not
correspond to the FEM analysis. Control
measurements showed that this frequency
corresponds to the lateral vibration of the wheel
mounting structure. Essentially all the modes
identified by FEM analysis appear in the
frequency spectrum, but the most dominant
vibration mode is at 1100 Hz and is mainly
excited at the higher speed of 4 m/s. Meehan and
Liu [13,38-40] or Ding [45] also work with this
frequency mode in their models. Itis important to
note that the study is focused on the tram wheel.
Different frequency modes are expected for the
larger railway wheels used, for example, on
freight trains. The results also confirm the
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findings of Meehan and Liu [13] who state that
the vibration velocity amplitude increases with
increasing rolling velocity and angle of attack.
Interestingly, at lower velocities, the vibration
modes at 445 and 1923 Hz are more excited than
the mode at 1087 Hz. These findings may lead to
the idea of excitation of the vibration modes
according to the operating conditions, i.e. which
vibration mode becomes dominant depends on
what operating conditions prevail. This
hypothesis should be the subject of further
research.

3.3 Measurements under wet conditions

The results of the tests under wet conditions are
shown in Fig. 8 and listed in Table A1l in the
Supplementary Material. It can be seen from the
graphs that the lateral adhesion coefficient
decreases after the application of water by up to
20 % compared to simulation under dry
conditions in angle of attack range of 5 - 20 mrad.
The values of the lateral adhesion coefficient
range from 0.3 to 0.4 for angles of attack of 5
mrad and above, which is within the expected
range of 0.2 to 0.45 [31]. The experimental
results for both rolling speeds are rather constant
after passing the saturation point. After the
application of water to the contact, there is
probably no increase in contact temperature with
increasing slip. Water probably acts as a cooling
medium and may prevent the formation of oxide
layers that reduce the adhesion coefficient, thus
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keeping the trend of the traction curve neutral
[46,47]. Therefore, the traction curves in Fig. 8
were obtained by modifying equation (3)
according to Shen [48]:

_fmofe -507 45 ore <3

H 27 (8)
Uo for{' >3
0.6
a)
05 e
x, I ) e (
0.4 2~ i T e g i
N U S . T .

Simulation - WET contact - 2 m/s | |
Measurement - WET - 2 m/s
Simulation - DRY contact - 2 m/s
X Measurement - DRY -2 m/s

q s Error lines

ot
[N}

Lateral adhesion coefficient z (1)
(==}
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o
-
————

O L I I I I 1
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
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Fig. 8. Results of experiments under wet conditions
for speed: (a) 2 m/s, (b) 4 m/s.

To fit the measured data to the simulation curve, it
was necessary to determine the value of the static
coefficient of friction. This value was estimated
using the method of least squares, the aim being to
find the smallest deviation of the simulation curve
from the data. Using this method, the value of the
static coefficient of friction was determined to be
0.375 for rolling speed 2 m/s and 0.348 for 4 m/s.
The lateral adhesion coefficient appears to decrease

slightly as the rolling speed increases to 4 m/s. This
is contrary to the general conclusions drawn by Liu
and Meehan in their study [30]. On the other hand,
after analyzing their results, it is clear that the
increase in the lateral adhesion coefficient is not
linear and only occurs at high speeds, up to 25 m/s
in the case of the study [30]. It can therefore be
assumed that the lateral adhesion -coefficient
decreases with increasing speed up to a certain
speed, after which the trend is reversed. This
hypothesis could be the subject of further research.
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Fig. 9 Evolution of SPL with increasing speed and
angle of attack.

Looking at the frequency spectrum of the
measured noise in Fig. 6, it can be seen that there
is a reduction in noise over a wide range of
frequencies. Fig. 9 and Table A2 in the
Supplementary Material also show that noise
reduction in wet conditions is dependent on
rolling speed. At 2 m/s there are reductions of up
to 11 - 17 dB beyond the saturation point, while
at4 m/s the reductions are lower,up to 9 - 11 dB.
The explanation is that greater dynamic effects at
higher rolling speeds lead to an increase in stored
acoustic energy and hence a higher overall SPL.
The frequency spectrum of the vibration in dry
(Fig. 7(a)) and wet (Fig. 7(b)) contact shows that
applying water significantly reduces the overall
amplitude of the vibration velocity across the
entire spectrum, thus reducing the squealing
noise. Again, it was observed that ata lower
speed of 2 m/s, the 445 Hz frequency is excited.
This again raises the idea of excitation of the
vibration modes according to the operating
conditions. All results are listed in Tables A3 - A5
in the Supplementary Material. The mechanism
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by which water reduces noise and vibration in
contact is related to the fact that the water can
form a lubricating film with the oxides and wear
particles in contact similar to the boundary
lubrication film that TOR products create [32].
However, as it does not contain all the typical
components of a TOR product, it does not reduce
adhesion as much as has been observed with TOR
products. Such a film is still able to reduce the
number of peaks and valleys that interact with
each other, thereby reducing the lateral force.
This then leads to a reduction in the out-of-plane
vibration of the wheel and hence a reduction in
the amplitude of sound pressure levels [49].

3.4 Effect of the applied amount of water

The experimental results show that the amount
of water applied can affect the adhesion
conditions in contact, see Fig. 10. In the case of 1
ml of water applied, there was a large variance in
the reduction in adhesion in the tests compared
to the other amounts. This may be due to the
method of water application, which was from
a syringe into the contact area. With such a small
amount, even a noticeable deviation from the
contact patch may play arole. Itis also interesting
to note that an amount of 10 ml reduced adhesion
the least. This may be related to the fact that in
afully flooded contact, water may wash out
debris, which, together with iron oxides, may
reduce the resulting adhesion to lower values, as
has been observed by other authors [50-52]. The
results of the experiments are listed in Table A6
in the Supplementary Material.

1000 —— : : ——020 720
750 t 0.15 =1 155
= =
pa— o o -~
= 3 &
< S <
2500 101031 105
= o
3 S| 8

o 7]

250 005<{5 =

0 000 ‘0

1ml 2ml 5ml 10ml

Fig. 10. Comparison of retentivity, adhesion and
noise reduction for different amounts of water.
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A look at noise reduction shows similar
conclusions to the adhesion results. The
application of 1, 2 and 5 ml of water resulted in a
stable noise reduction of up to 11 - 12 dB. For the
10 ml application, the noise reduction was lower,
only around 9 dB. Again, this is attributed to the
fact that larger amounts of water are more
effective at washing off oxides, which could lead
to greater reductions, than smaller amounts of
water. A significant difference was observed in
the case of the retentivity of water in wheel-rail
contact. The retentivity increased significantly
with increasing amounts of water applied, which
was expected and corresponds with Galas’ results
[50]. This is because more water takes longer to
evaporate from the contact path. In addition,
larger volumes of water will also flood the area
around the contact, allowing further flooding of
the contact and thus increasing the retentivity.
When comparing the results, the dependence of
retentivity on the amount of water applied
appears to be linear.

These data show that water itself could be
considered as a solution for reducing wheel
squeal noise. An important finding is that the
amount of water does not lead to low adhesion
that can occur with an incorrect dosage of water-
based and oil/grease-based top-of-rail products
[49,53-57]. These results are in line with
previous work [29]. It can be expected that more
frequent applications will be required compared
to a water- and oil-based top-of-rail product; on
the other hand, the application of clean water
represents an environmentally friendly way to
achieve similar noise reductions, which are up to
12 dB on areal track [8,25].

3.5 Future study

The next study should focus on the problem of
low adhesion. It turns out that the interaction of
water with contaminants can lead to the
formation of a highly viscous paste that causes
this phenomenon [58,59]. This can then cause
problems when starting and breaking rolling
stock. From an operational safety point of view,
this phenomenon should be avoided. The study
should be carried out on a twin-disc rig with
areal railway wheel to make the contact
conditions as close as possible to real track
conditions. Also, further research should focus on
the idea of excitation of the vibration modes
depending on the operating conditions. The
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acoustic measurements should be extended to
include acoustic emission measurements, which
could provide a deeper insight into the coupling
of friction film and noise manifestations. If
conditions can be found that guarantee noise
reduction without risking low adhesion, these
conditions should be tested on a real track.

4. CONCLUSIONS

Our research seeks to provide solutions to
mitigate wheel squeal noise. One of these
solutions may be the application of water to the
wheel-rail contact. This solution could lead to an
improvement in the overall environmental
quality. A newly developed twin-disc device was
used to study the effect of water application on
squeal noise. The main results of this work are:

e The twin-disc device, designed to simulate as
closely as possible the actual wheel-rail
contact on a tram track, can produce data that
is consistent with current theory and the
results of other authors. It can therefore be
considered valid.

e The results of the experiments under dry and
wet conditions lead to the idea of excitation of
the vibration modes depending on the
operating conditions, which should be further
investigated.

e Applying water to the wheel-rail contact
significantly reduces the excitation of the
wheel's frequency modes, thereby reducing the
squeal noise. At the same time, it does not cause
low adhesion problems. The total reduction of
emitted noise is up to 9 - 17 dB depending on
rolling velocity and angle of attack.

e The amount of water applied does not affect
noise reduction and more water does not
increase the risk of low adhesion. The only
difference observed was an increase in noise
and adhesion reduction time as the amount of
water applied increased.
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Angle of attack (mrad) 2,5 5 10 15 20 25 30 35
SPL (dB) - 2 m/s - DRY 77.5 86.8 100.6 100.5 102.4 104.3 105.5 106.1
o (dB) 0.5 1.2 0.9 0.7 0.4 0.6 0.5 0.7
SPL (dB) - 4 m/s - DRY 85.6 98.0 102.8 104.7 106.1 106.9 107.5 107.9
o (dB) 0.3 2.1 1.7 0.8 0.6 0.5 0.3 0.6
SPL (dB) - 2 m/s - WET 75.2 82.8 84.6 89.1 89.9 88.9 89.0 89.5
o (dB) 0.4 0.9 0.6 1.5 11 0.4 0.9 0.6
SPL (dB) - 4 m/s - WET 83.5 90.8 91.4 97.9 97.4 97.7 96.3 97.2
o (dB) 0.3 0.6 0.9 11 1.2 0.9 1.5 1.1
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Table A3 - Vibration velocities during tests under dry and wet conditions at 445 Hz.

Angle of attack (mrad) 2,5 5 10 15 20 25 30 35

y (mm/s) - 2 m/s - DRY 0.20 0.30 0.72 2.87 5.71 5.97 6.10 6.35
o (mm/s) 0.06 0.05 0.12 0.20 0.27 0.47 0.34 0.41
y (mm/s) - 4 m/s - DRY 0.48 0.57 3.77 4.34 4.47 5.14 5.08 5.20
o (mm/s) 0.07 0.08 0.53 0.39 0.22 0.36 0.56 0.38
y (mm/s) - 2m/s - WET 0.18 0.43 0.77 1.61 2.08 2.70 2.97 3.15
o (mm/s) 0.04 0.06 0.12 0.16 0.15 0.20 0.26 0.31
y (mm/s) - 4 m/s - WET 0.32 0.80 0.93 1.19 1.24 1.28 1.64 1.93
o (mm/s) 0.05 0.19 0.13 0.11 0.15 0.12 0.21 0.22

Table A4 - Vibration velocities during tests under dry and wet conditions at 1087 Hz.

Angle of attack (mrad) 2,5 5 10 15 20 25 30 35

y (mm/s) - 2 m/s - DRY / / 0.84 1.07 1.77 2.71 3.11 3.33
o (mm/s) / / 0.13 0.11 0.25 0.33 0.19 0.25
y (mm/s) - 4 m/s - DRY / 0.89 1.71 3.54 8.65 11.05 12.11 12.52
o (mm/s) / 0.11 0.38 0.33 0.62 1.23 1.52 1.34
y (mm/s) - 2 m/s - WET / 0.22 0.67 0.87 0.76 0.82 1.07 1.18
o (mm/s) / 0.05 0.10 0.24 0.11 0.09 0.11 0.10
y (mm/s) - 4 m/s - WET / 0.68 1.45 1.88 1.94 2.80 3.92 421
o (mm/s) / 0.11 0.20 0.33 0.25 0.23 0.44 0.38

Table A5 - Vibration velocities during tests under dry and wet conditions at 1923 Hz.

Angle of attack (mrad) 2,5 5 10 15 20 25 30 35

y (mm/s) - 2 m/s - DRY / / 0.63 0.82 3.55 3.78 4.45 4.72
o (mm/s) / / 0.09 0.19 0.33 0.46 0.68 0.56
y (mm/s) - 4 m/s - DRY / 0.30 1.58 2.50 2.44 3.37 3.70 412
o (mm/s) / 0.09 0.41 0.21 0.41 0.38 0.22 0.44
y (mm/s) - 2 m/s - WET / / / / / / / /

o (mm/s) / / / / / / / /

y (mm/s) - 4 m/s - WET / / 0.24 0.25 0.27 0.28 0.22 0.29
o (mm/s) / / 0.04 0.04 0.06 0.05 0.06 0.04

Table A6 - Results of experiments with differen

t water amounts.

Amount (ml) 1 2 5 10
Au (1) 0.07 0.07 0.09 0.06
o (1) 0.02 0.01 0.01 0.01
ASPL (dB) 11.2 10.5 10.5 9.2
o (dB) 0.2 0.2 0.2 1.0
At (s) 156 297 618 917
o (s) 28 18 15 17
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