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ABSTRACT

This study explores the relationship between the coefficient of traction
(CoT) and squeal noise parameters on a tram line loop, focusing
on the influence of weather conditions. An automatic noise module was
placed near a tram loop known for noise complaints. This module
distinguishes between squeal and flange noise, recording their duration,
root mean square (RMS) sound pressure level, and maximum sound
pressure level when a threshold in the appropriate frequency band is
exceeded. Concurrently, weather conditions were monitored, and the CoT
on the rail was measured using a BUT rail tribometer. The findings reveal
a notable correlation between the CoT and the duration of squeal noise,
while the association with sound pressure levels was less pronounced.
An increase in CoT was observed with rising relative humidity, which may
be attributed to increasing temperature throughout a sunny April day,
while absolute humidity remained almost constant. Furthermore, noise
parameters rose with higher relative humidity and showed an inverse
relationship with temperature. These findings suggest that weather
conditions, particularly relative humidity and temperature, influence both
the CoT and noise parameters on tram lines.

© 2024 Published by Faculty of Engineering

1. INTRODUCTION

Rail transport is a widely used method

or less [2] and is particularly annoying because
itis louder than rolling noise and often occurs
in populated areas. The negative perception

of transporting passengers and freight, primarily
due to its low energy demands and high transport
capacities. However, it also has its downsides,
particularly noise. The most significant
contributors to the overall noise from rail
transport are rolling noise, impact noise,
aerodynamic noise, and curve squeal, with their
contributions varying by speed [1]. Curve squeal
occurs in sharp curves with a radius of 200 m

of squeal noise is amplified by ground-borne
vibrations, which negatively impact the quality
of life [3-6]. Therefore, considerable attention is
devoted to its generation and the methods
of preventing or suppressing it.

Curve squeal can be divided into squeal noise

and flange noise, and both are connected
to instabilities in the wheel-rail contact [7].
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Flange noise is generated when the wheel flange
comes into contact with a gauge face of the rail
[2], usually the outer leading wheel or inner
trailing wheel. The broadband noise is presented
at 5-10 kHz [8]. Lateral slip (also noted as creep)
between the wheel tread and the top of the rail
plays an essential role in generating squeal noise,
also known as top-of-rail squeal. It has a strong
tonal character and study [9] identified
itin interval from 400 Hz to 5 kHz. It was shown
that longitudinal creep also influences squeal
noise, which occurs in the frequency band
of 3.5-6 kHz [10]. Many parameters,
such as rolling speed, angle of attack, track
geometry and dynamics influence squeal
and flange noises. Therefore, they are chaotic
and can be predicted only with a certain
probability [11-13].

The squeal noise is mainly generated by two
mechanisms: mode coupling and falling friction.
Mode coupling is often caused by the coupling
of modal vibrations in different directions
through energy flow between them [14].
The second mechanism relates to stick-slip
oscillations [15], which result from the transition
between the positive and negative slopes
of the creep curve. At low creep, the coefficient
of traction (CoT) steeply increases with creep
until it reaches the coefficient of friction. This
point, known as the saturation point, typically
occurs around 1-2% creep. When contact
exceeds this point, slipping occurs, accompanied
by thermal effects at the contact [16]. As creep
returns before saturation point, the contact sticks
again, and the process repeats. The negative
slope of the creep curve also corresponds to
negative damping; when this value exceeds the
positive damping of the wheel, unstable self-
excited vibrations occur [15].

The coefficient of friction and the shape
of the creep curve, which affect the generation
of squeal noise, strongly depend on the
conditions at the  wheel-rail contact.
Additionally, the contact surfaces may be covered
by a third-body layer that alters its friction
properties, which can be classified as natural
or artificial. According to Berthier [17],
the natural third-body layer consists solely
of particles formed during rolling-sliding motion.
In  contrast, Meierhofer [18] includes
contaminants commonly found on the rail,
such as dirt, water, snow, dust, and leaves.
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The artificial third-body layer contains
substances intentionally added to the contact,
such as sand, greases, lubricants, and top-of-rail
products. These top-of-rail products are used
to reduce squeal noise by providing a positive
creep curve and maintaining an intermediate CoT
[19-21]; however, their effectiveness depends on
the amount applied, particularly for oil-based
products [22,23].

In addition to contaminants affecting
the frictional properties of the third-body layer,
weather conditions also play a significant role
[24]. The effect of relative humidity (RH)
on the coefficient of friction was first observed
decades ago, showing a decrease in CoT
with rising RH near the surface [25]. This finding
has been confirmed by numerous laboratory
studies [26-29], although fewer field studies
have been conducted. A field study [30] directly
investigates this relationship using a pendulum
tribometer with a rubber pad operating under
fully sliding conditions. Measurements were
taken during autumn and winter at four locations
with infrequent rail operations, allowing
for oxidation and leaf layer formation. Overall
results support the effect, as mentioned above,
of RH; however, discrepancies  between
individual locations and days were noted.

So far, published studies investigating curve
squeal typically assess sound pressure levels
(SPL) or sound power levels and frequencies
while overlooking other noise parameters,
such as noise duration, which can also affect
noise perception. Furthermore, few studies
examine the influence of weather conditions
oncurve squeal and friction in the field.
Due to many influencing factors that change over
time and the track location, it is very challenging
to find correlations in larger temporal or spatial
scales, as was shown, e.g. in [31]. Therefore, case
studies focusing on shorter timeframes and more
controlled operating conditions could yield
valuable insights.

This study aims to investigate the relationship
between the CoT and squeal noise parameters
such as sound pressure level root mean square
(SPL rms), maximum sound pressure level
(max SPL), and noise duration under actual
conditions on a tram line loop, accounting
for variations in weather. The results will provide
insights into these relationships, which may
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serve as baseline data for evaluating top-of-rail
products regarding changes in the coefficient
of friction and noise parameters following their
application. A new automatic noise module was
utilized to record squeal and flange noise at their
typical frequencies, while the BUT rail tribometer
was employed to measure CoT on the rail head.

2. MATERIALS AND METHODS
2.1 Design of the Field Study

This field study adopts the form of a case study, in
which correlations between noise, weather
conditions and CoT are sought for a selected tram
loop over a specified period. This work was
carried out in multiple phases, as shown in Fig. 1.
The main study involving the measurement of CoT
took place on one sunny day at the end of April.
This paper presents mainly the results from this
phase of measurement. This day was preceded by
a long period during which noise and weather
conditions were monitored using an automatic
noise module. During this phase, the noise module
settings were optimised toallow independent
quantification of squeal and flange noise based on
analysis  inthe frequency domain. Various
operational and external factors potentially
affecting curving noise were explored. The first
phase was implementing and calibrating the noise

module using a standard Class 1 noise
measurement setting.
E Calibration E Monitoring i Main study
i (lday) ; (9 months) i (Lday)
Noise Class I sound Automatic noise module
level meter
Weat_h_er : Temperature, Humidity and Rain sensors
conditions !
Coefficient E E BUT Rail
of Traction : tribometer

Fig. 1. Design of the field study.
2.2 Vehicle, track and operation parameters

The study was carried out on a tram loop
in the northwest part of Brno, Czechia, where
the curve squeal occurred frequently and
impacted the people living in the surroundings.
The entry curve with a radius of 21 m is placed
on a low-traffic road, as shown in Fig. 2. There
is one-way traffic on the line, and after passing
through the curve, the trams stop at a stop.

The loop consists of two parallel tracks: the inner
track was used for scheduled traffic during
the study, while unscheduled journeys took place
on the outer track. The grooved rail with an NT1
profile was commonly worn at the top
and in the groove.

During the main study, the tram line was
operated by a single vehicle, Tatra KT8D5, at
15-minute intervals, from 4:45 to 22:45.
Entering speed was limited to 15 km/s. The
tram is bi-directional and consists of three
body sections connected by joints and thus can
rotate each other in all directions. The body
sections are mounted on four pivoting bogies
(two internal and two external), each fitted
with two powered wheel sets.

& ‘:SP «I5% VR N
£&\ Noise module
4 L% 4 & 4 !

s »e .
' Komin/smyc_k'a B

Fig. 2. Investigated tram loop.

2.3 Assessment of traction conditions

The study utilised the BUT Rail Tribometer
(Fig. 3) to evaluate the creep curve and CoT [32].
The BUT Rail Tribometer consists of a
measuring module and a linear guide with
magnetic bases that fix the tribometer to the
rail. Creep is induced by adjusting the braking
torque on the wheel during the measuring pass
and a torque transducer simultaneously
records this torque. The tangential wheel speed
and longitudinal speed are measured using
encoders, which are then used to compute
creep. The weight of the measuring module
creates a contact pressure set to 0.9 GPa,
corresponding to light-rail vehicle conditions.
The BUT Rail Tribometer can be operated in
three modes; for this study, the ramp mode was
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chosen, where the braking torque increases in
several steps. The measuring wheel was
cleaned with dry tissue before the first
measuring pass and was not cleaned anymore.

Wiy :
Fig. 3. The BUT Rail Tribometer.

Each measuring series counted 12 passes
of the measuring module, performed in both
directions (6 in each direction), but only the
last few reached higher creep. Therefore,
the resulting creep curve is composed of all
these passes, which may be further fitted by a
model of creep curve, see Fig. 4. The CoT was
computed using the median method in creep
interval from 5% to 15% [32], where the
saturation point should occur. These values
reliably separate points in the initial steep part
of the curve and provide enough points to
calculate the median CoT. It should be noted
that the point scatter in the low creep regime is
attributed tothe finite resolution of the
encoders. This occurs because of slight
differences between the tangential wheel speed
and longitudinal speed, which can alternate
between positive and negative values.
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1=}
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Fig. 4. Creep curve fitted by Polach's model.
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Main experiment: Three measurement spots,
S1 - S3, were determined on the inner track
atadistance of 30 m from each other,
and measurement was carried out on both rails
to record any differences between the inner
and the outer rail. The measurement started
at 7:30, repeated approximately every hour,
and ended before 16:00. A total of 48 measuring
series were performed from 7:30 to 16:00
(3 spots, 2 rails and 8 times). It should be
emphasized that a tram passed through
that location several times between each series
of measurements taken at the same spot.

Reference experiment: Two measurements were
conducted as the first and last measurement
series of the day on the outer track at the location
corresponding to S1 on the inner track. Since
the outer track was not intended for use during
the main study, it can be referred to as non-
operated in the context of timetable traffic on the
inner track. This experiment is designed solely
for comparison purposes, aiming to determine
whether tram operations or changes in weather
conditions have a more significant effect.

2.4 Noise measurement and its evaluation

In the first phase, calibration measurements were
performed to determine the frequency bands in
which squeal and flange noise is pronounced on
this curve. The Svantek 977 sound level meter,
equipped with an MK 255 microphone and an SV
12L preamplifier, was used to record noise data
from 20 Hz to 20 kHz without weighting. The
microphone was positioned 1.2 m above track
level next to the pole, where the noise module
should be installed. A total of 10 passes were
recorded and further analysed. In addition to the
measurements, the subjective impression of the
pass was also noted, whether it was squeal or
flange noise and how severe it was. It helped to
detect the correct frequencies.

The noise module was employed for autonomous
long-term noise monitoring. It was placed on the
pole at a distance of 11 m from the curve and a
height of 4 m, see Fig. 2. It consists of a
programmable logic controller with a vibration
measurement module to which an IEPE outdoor
microphone is connected. The noise module is
equipped with temperature, humidity, and rain
sensors. It is powered by a battery. The noise
module performs real-time FFT analysis,
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Fig. 5. Spectrograms of flange noise(a), squeal noise (b) and frequency analysis of tram passes with highlighted
squeal and flange noise bands (c).

distinguishing between frequency bands
characterising squeal and flange noise. Acoustic
pressure was evaluated in the following
frequency bands derived from preliminary
measurement, the results of which are further
described in chap. 3.1:

e Squeal noise: 500 - 650 Hz,
¢ Flange noise: 3800 - 5800 Hz.

The record in each band was created only
when a threshold value was exceeded
and simultaneously the noise duration was above
0.3 seconds. The threshold was set to 60 dB
for squeal noise and 50 dB for flange noise.
These values are high enough to suppress other
noise sources, such as cars, and low enough to get
arecord of most tram passes. The record contains
SPL rms, max SPL and noise duration. Besides
acoustic parameters, the noise module records
weather conditions (temperature, RH, and rain)
every minute.

A single tram pass typically includes multiple
noise records, as shown in Fig. 5a and b. Usually,
the squeal noise is emitted intermittently
as the tram wheels pass the critical points
on the track where the conditions for squealing
are met. The objective was to create a single
record that characterizes the tram pass. The total

noise duration, referred to as “duration,”
iscalculated by summing the durations
of individual records (hereinafter partial

durations) during one pass. The maximum
Max SPL is the highest value among the individual
maximum SPLs recorded. Additionally,
the SPL rms is computed using the root mean
square ofthe individual SPL rms values.
Each record is associated with a tram ID detected
by aswitch reading device before entering
the loop.

3. RESULTS AND DISCUSSION
3.1 Definition of noise bands

The records from the first phase were analysed
using FFT analysis, and the results are plotted
inFig. 5. An example of a spectrogram
from the second tram pass is shown in Fig. 53,
where severe flange noise is pronounced
at several higher frequencies, which is typical.
The most significant frequencies are 4100 and
5500 Hz, but two lower are also essential
to define correct band edges because these
frequencies are exited only when flange noise
is presented. In contrast, b) shows a tram pass
(eighth) without any flange noise but
with significant squeal noise pronounced twice
between the second and sixth second of the pass.
The main frequency peak is 550 Hz, but multiples
up to 3300 Hz are visible, while the first three are
well distinguishable. It is evident from a) and b)
that the squeal and flange noise is not
continuously generated during the curve
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negotiation but instead emitted multiple times
with short partial durations, especially the flange
noise. The comparison of passes in the frequency
domain is shown in c), where the typical
frequencies can be seen. For clarity, only a few
passes are shown.

A typical frequency of 550 Hz was observed
in all cases where squeal noise occurred;
therefore, the band of 500-650 Hz was chosen,
which is sufficient to cover this peak (see Fig. 5¢
for the first highlighted area). If the upper limit is
higher to include multiples, a false record
of squeal noise could occur, as the peak around
1500 Hz is present when flange noise is detected.
The lower limit of the flange noise was set
at 3800 Hz because it reliably separates
the squeal noise's last peaks while capturing
the flange noise's first peaks. The upper limit
of 5800 Hz is determined by noise module
sampling frequency and Nyquist’s theorem.
The band for flange noise is highlighted in Fig. 5c,
the second area. It would be better to set
the upper limit higher to capture more peaks,
but it might cause some difficulties with setting
the SPL threshold because the SPL rms is
evaluated and weak peaks might not be noticed.

3.2 Effect of weather conditions on noise

Fig. 6a and b show the typical development
of noise parameters (max SPL, SPL rms
and duration) corresponding to a long-term
measurement, and c) weather conditions (RH,
absolute humidity (AH) and temperature)
recorded over the entire day. Several tram passes
were silent without exceeding the thresholds;
thus, the noise module could not record them,
resulting in gaps in the noise records. In the case
of squeal noise, max SPL and SPL rms vary
around 90 and 70 dB, respectively, but neither
report any noticeable trend during the day.
Onthe other hand, the duration is longer
in the morning, then decreases and increases
again in the evening, which copies
the development of RH over the day
and has an opposite course as temperature.
Similar developments can also be found in flange
noise, but the main difference is that the max SPL
has the same progress as the duration while
the SPL rms varies around 55 dB. The duration is
a suitable parameter for evaluating the severity
of squeal noise because it is independent of how
the sound propagates through the environment.
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However, it should be noted that the duration,
as evaluated in this study, is still indirectly linked
to SPL since SPL thresholds must be exceeded
for the noise to be recorded.
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Fig. 6. Daily variation of squeal noise (a), flange noise
(b), and weather conditions (c).

Parameters of squeal and flange noise are plotted
in a 3D graph (Fig. 7), with temperature
on the x-axis and RH on the y-axis, as these
variables are interconnected. Noticeable
relationships  between noise parameters
and weather conditions prompted a regression
analysis, with Pearson correlation coefficients
for squeal and flange noise presented in Table 1
and Table 2, respectively. Fig. 7a and b illustrate
a clear trend: squeal duration and SPL rms
decrease with lower RH and higher
temperatures, while maximum SPL does not
show a significant trend. The regression analysis
identified the strongest correlation for squeal
duration. A few points with noticeably lower
values for squeal duration and maximum SPL can
be observed in Fig. 7a and c; their positions
in the temperature-RH plane suggest they
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correspond to each other and were recorded
same tram passes,
that these passes were relatively silent and only

during the

slightly exceeded the SPL threshold. In contrast,

flange noise parameters

variability

at

exhibit significant
lower or higher RH
with this scatter diminishing as temperature
rises and RH falls (Fig. 7d-f). This indicates
that higher RH or lower temperatures produce

levels,

elevated noise parameters. While general trends
are similar to those observed in squeal noise,

the most significant correlation for flange noise
was found with maximum SPL. The regression
analysis shows that temperature and RH affect

both squeal and flange noise, but AH has a limited

impact.

Most relationships are statistically

significant at a 95% confidence level, although
the slopes of some relationships (marked in red)

may be zero

Table 1. Pearson correlation coefficients for squeal
noise (p-values in brackets)

indicating

TR | RHO) | AH (g/md)
Duration -0.663 0.626 -0.506
(s) (<0.001) (<0.001) (<0.001)
SPL rms -0.440 0.419 -0.315
(dB) (<0.001) (<0.001) (0.013)
Max SPL -0.107 0.061 -0.291
(dB) (0.409) (0.638) (0.022)
Increasing temperature is likely to reduce
all noise parameters, as demonstrated
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by Maly et al. [33]. They conducted long-term
measurements, recording approximately 20,000
suburban train passes under various weather
conditions. Their evaluation of sound power
levels showed a trend similar to that of the SPL
used in this study, differing only in magnitude.

Additionally,

of occurrence, which

similar dependencies on temperature.

they analysed the frequency
exhibited

same
dependency as SPL. The frequency of occurrence
can be compared to the duration assessed
in this study. A higher frequency of occurrence
suggests that contact is more likely to produce
squeal noise. Consequently, it is more probable
that squeal noise will be emitted multiple times
during a curve pass, leading to a longer duration.
Both duration and frequency of occurrence show

Table 2. Pearson correlation coefficients for flange

noise (p-values in brackets)

Temperature AH
o RH (%
C) %) | (g/m3)
Duration (s) -0.554 0.511 -0.368
(<0.001) (<0.001) | (0.003)
-0.483 0.481 -0.067
SPLrms (dB) | o1y (<0.001) | (0.598)
-0.617 0.593 -0.272
MaxSPL(dB) | _4001) (<0.001) | (0.028)
The correlation coefficient between noise

parameters and RH is slightly lower than that
of temperature. However, the main difference
is the opposite slope, meaning that all noise
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Fig. 8. The influence of weather conditions on CoT: temperature (a), RH (b) and AH (c).

parameters increase with increasing RH.
This finding is consistent with a previous field
study [33]. It should be noted that, according
to the mentioned study, the trend also depends
on the rail temperature. When the temperature
is above 0 °C, the SPL increases with rising RH;
when it is below 0 °C, the effect is opposite.
The rail temperature was  estimated
to be between 0 - 10 °C based on the ambient
temperature. The squeal duration can be used
to compare the measured data with
the publication in which the increasing
probability of the squeal with increasing RH was
assessed [12]. As mentioned earlier, a higher
likelihood should result in a longer squeal
duration, indicating that the measurement
is  consistent with the study [12].
Only a correlation with squeal duration was
found for AH, which may be due to the limited
range of AH, as the measurement was performed
on a sunny day. AH varied during April between
2.77 and 11.43 g/m3, while it reached the local
minimum on the day of measurement.
In this context, it might be considered as constant.

3.3 Effect of weather conditions on CoT

The friction properties of 3rd body layer
presented on the rail vary with RH
and temperature, as shown in Fig. 8. The colours
of the points represent the inner or outer rail,
and different symbols indicate the measurement
place (S1-S3). Both temperature and RH
significantly correlate with CoT (Table 3),
although they have distinct slopes. Specifically,
increasing temperatures negatively affect
the CoT, while higher RH leads to an increase
in CoT. In contrast, the correlation with AH is
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negligible, with the slope potentially being zero
based on a 95% confidence interval. In all cases,
the inner rail reports a higher CoT, which may be
due to cleaning effect caused by the higher slip
ofthe inner wheel while a tram negotiates
the curve. A similar phenomenon was observed
on the Iron Ore Line in Sweden [34] on a sunny
day with an ambient temperature of 13 °C,
but not under other conditions (morning dew
and a frost). This was explained by different third
bodies at the locations where measurements
were performed, while roughness and other
parameters were similar. The variation between
individual spots is significant (see Fig. 8),
but the overall trend remains consistent whether
we consider all the data or the trend in particular
spots. It may result from local friction conditions
such as 3rd body layer composition, hardness,
roughness and ductility [35].

The effect of temperature corresponds
to findings of other papers [24,36], but the RH has
an opposite effect than that described
in the literature [24,26,28,30,37]. In laboratory
studies, the higher RH was reached by adding
steam into an enclosed chamber where the
measurement was performed or using
an external humidity unit. Both approaches led
to an increase in AH. Besides that, experiments
were carried out under constant temperature.
As was mentioned before and can be seen
in Fig. 8c, AH in our study is similar to the study
of Zhu et al. [37]. Many field studies, for example
[30] and [31], were performed in autumn under
damp conditions, and the rail may be
contaminated by leaves, which causes low
adhesion [26]. In contrast, the presented study
was performed on a regularly operated track
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on a sunny day. The dew point fluctuated around
0 ©°C the previous night; however,
it cannot be ruled out that some dew may have
formed on the rail. Studies [37] and [38] show
that haematite that increases CoT can
be generated under high RH. In contrast,
oxyhydroxides result from hydration [39]
and decrease CoT [40]. Additionally,
the wheel-rail contact operates under high
pressure and a non-negligible amount of heat
is generated due to wheel slip [41].
These conditions  transform  oxyhydroxides
and iron oxides, whereas each type impacts
friction differently [40]. This might explain
the initial high CoT wvalue. From another
perspective, RH decreased between 6:00
and 11:00 in response to rising temperatures,
which aligns with the trend observed in the CoT,
as shown in Fig. 10. This suggests that direct
exposure of the rail to sunlight from early
morning, even before CoT measurements began,
may increase the rail temperature and dry out
the third body layer. Consequently, the lowest
CoT values recorded in the afternoon were
measured on dry rail. Therefore, it is more likely
that changes in CoT are associated
with temperature or daytime conditions rather
than variations in RH.

The question arises as to whether the change
in weather conditions or tram operations causes
the change in frictional properties during the day.
The highest CoT value was measured on the inner
track in the morning and gradually decreased
during the day, see Fig. 10. The reference
experiment performed on non-operated rail also
showed the highest CoT in the morning,
while in the afternoon, it was lower.

Based on this, it could be concluded that
the change inweather conditions plays
a substantial role, but creep and contact pressure
should also affect the frictional properties [42].
It should be mentioned that a few trams passed
on the outer track out of timetables, which might
have affected the 3rd body layer similarly
to the regular traffic on the inner track,
where the traffic was heavier.

Table 3. Pearson correlation coefficients between
CoT and weather conditions

Pearson p-value
correlation
coefficient
Temperature vs. CoT -0.805 <0.001
RH vs. CoT 0.811 <0.001
AH vs. CoT -0.065 0.660

Table 4. Pearson correlation coefficients between
CoT and squeal noise parameters

Pearson p-value

correlation

coefficient
CoT vs. duration 0.899 <0.001
CoT vs. SPL rms 0.487 0.056
CoT vs. max SPL 0.168 0.534

3.4 Relationship between the CoT and
squeal noise parameters

Combining the automatic noise module
and the BUT rail tribometer enables
us to investigate the relationship between squeal
noise parameters and CoT. The study
of the relationship between flange noise
and CoT is not meaningful, as CoT was only
measured at the top of the rail. Results indicate
that increasing CoT increases the squeal duration
and SPL rms. At the same time, the effect
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Fig. 10. Development of CoT, squeal duration and weather conditions during the daytime.

of CoT on max SPL is negligible, see Fig. 9. The
correlation between squeal duration and CoT is
strong and statistically significant, while
the SPL rms is almost statistically significant
(see Table 4), but the slope may be zero according
to the 95% confidence interval. Some numerical
studies have shown that the coefficient of friction
affects the generation of squeal noise. The study
[43] claims that a higher coefficient of friction
leads to higher noise intensity, which is a similar
parameter to SPL. Simultaneously, a study [44]
found that a higher coefficient of friction causes
the wheel-rail system to be more unstable,
increasing the tendency toward squeal noise.
A potential explanation for the correlation
between squeal duration and CoT is that
the combination of an unstable system and
varying instantaneous contact conditions along
the curve caused the noise to be emitted multiple
times, resulting in a longer squeal duration.

Fig. 10 illustrates the development of CoT
and squeal duration during the daytime,
highlighting the strongest correlation observed.
The CoT was lower during the day compared
to the morning, and a similar trend was noted
in the squeal duration; however, the squeal
duration increased again in the evening.
While this trend in squeal duration was evident
during the monitoring phase, it does not imply
that low friction cannot occur in the morning
or evening. Other known mechanisms,
such as forming a viscous paste made up of oxides
and water [45], can also contribute to low friction
conditions.

These data should be expanded to include
measurements under various  weather
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conditions to enhance knowledge. This
additional data could serve as baseline curves
for evaluating the effectiveness of top-of-rail
products.

3.5 Limitations in the Study

This study's limitation is related to the noise
measurement, which was not performed and
evaluated following ISO 3095:2013. This
includes the approach, device, microphone
position and 3rd-octave bands. While this
difference may influence the exact value of SPL,
it does not change the identified trends,
correlations and noise duration. In particular,
this standard does not cover the distinction
between squeal and flange noise, which is the
main purpose of the study.

A possible limitation is that the measurement
of CoT was made only in one day. The previous
experiments indicate that it is difficult to obtain
any correlation over a long time period due to
other influences that can hardly be controlled
during the tests in a real tram operation. This
includes the effects of the operation of different
trams with different technical conditions;
maintenance interventions, weather
phenomena  significantly  affecting the
condition of the rail (leaf falls, heavy rail) and
many others. Although the noise data
presented were recorded in a single day, they
were preceded by nine months of noise
monitoring to identify typical behaviours. This
pattern was also observed on the day of the CoT
measurements, which started early in the
morning and lasted late in the evening. To
better understand the relationship between
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CoT and squeal noise, measurements of CoT
should be made over several days at different
times of the year, and measurements should
last from early morning to late evening, which
is a future step.

As the tribometer's measuring wheel was
cleaned by dry tissue only once before the first
measurement, this might have affected the
value of the CoT. The CoT characterises the
contact between two bodies, while only one
was being investigated. Harrison [46] showed
that the condition of the measuring wheel
affects the CoT due to forming a 3rd body layer
on it. This layer develops with the number of
passes, increasing the CoT, as observed in the
study [32]. The decision not to clean the
measuring wheel with a cleaning agent before
each measuring series was made to better
represent the actual state of a tram wheel.
Despite this, the CoT gradually decreased
throughout the day. Therefore, we can assume
that this phenomenon did not play a significant
role in this study. Moreover, the measuring
wheel was visually inspected after cleaning and
at the end of the day, with no changes in the
running band observed. However, it can be
assumed that some 3rd body layer was
transferred from the rail to the wheel.

The actual values of the CoT between the wheel
and rail may differ from the values measured by
the tribometer. The most notable is the size
difference between measuring and tram wheel,
making local changes in the third body layer,
roughness, and hardness more pronounced.
Additionally, thermal effects in smaller
contacts are less significant than in larger ones,
resulting in higher CoT values. Several studies
[32,47] have compared different measuring
approaches and demonstrated substantial
discrepancies between the results of individual
methods; notably, hand-pushed portable
tribometers tend to overestimate friction.
Nevertheless, the BUT tribometer has been
shown to give reasonable values across a range
of rail conditions [32]. A more important
parameter that differs between tram operation
and the tribometer is speed; the tribometer
operates at a speed of 0.26 m/s, and research
[48] has shown that higher speeds result in
lower CoT values.

4. CONCLUSION

The study examined the correlation between
the CoT and curve squeal produced by a tram
navigating a sharp curve. This investigation
utilised both an automatic noise module
and a BUT rail tribometer. The noise module
could distinguish between squeal noise
and flange noise using real-time frequency
analysis and two pre-defined frequency bands
identified in the first phase. SPL rms, max SPL
and duration are recorded only when
the threshold in a specific band is exceeded
and the noise persists for longer than 0.3 seconds.
As a result, multiple records were generated
during the tram's passage through the curve,
which were then processed to create a single
record characterizing that specific tram pass.
The noise module, in combination with data
from a switch, helped to identify the noisiest
trams, which were removed from the operation
on this line. This improved the quality of life
for residents living in the surrounding area
of the tram loop as occurrence of the squeal
noise was reduced.

This study presents pilot results by combining
this noise module and the BUT rail tribometer.
The main conclusions are as follows:

e Both squeal and flange noise
parameters exhibit a negative correlation
with temperature and a positive correlation
with RH, while the effect of AH was not
observed. The strongest correlation
for squeal noise is found between squeal
duration and temperature, whereas
it is observed between max SPL
and temperature for flange noise.

e Squeal duration shows a strong positive
correlation with the CoT, while the SPL rms
has a weaker correlation that is not
statistically significant. Additionally,
max SPL does not correlate with CoT.

o C(CoT decreases as temperature rises
and increases with higher RH. The positive
correlation between CoT and RH may
be attributed to the sunny day
when the temperature increased throughout
the day while RH decreased. AH remained
almost constant compared to the rest
of the month.
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