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Highlights Abstract

The article observes problems of detection of rolling bearing damages in rail vehicles.
Two methods of bearing damage detection are examined — according to heating of axle-
boxes and by vibro-diagnostic manner. The disadvantage of vibro-diagnostic method is that
a contact vibration sensor is used for vibration diagnostics, intervention into rail vehicle
structure is required. The method according to heating of axle-boxes also has drawbacks.
* Three cases to assess the intensity of axle-box The same temperature value of axle-box in various conditions may characterize different

temperature change were examined. bearing technical state. The Authors studied a possibility to use temperature change intensity
parameters as the diagnostics criteria. Based on the examples of axle-box temperature meas-
urement data, Authors developed and proposed a methodology for detecting axle-box bear-
ings defects. The Authors suggest the use the method according to heating of axle-boxes.
The given example proofs that the fact of the presence of their damages can be unambigu-

* Axle-box temperature change intensity as crite-
rion of the technical state was provided.

» Comparative analysis of assessment methods of
axle-box temperature change was performed.

» The applying of Sharp criterion method as the
most appropriate of the three is proved.

ously identified by the intensity of temperature change of the axle-boxes.
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1. Introduction

One of the most important structural components to ensure the
rail vehicle running safety of is the running gear. Wheelsets are the
main elements of running gear directly contacting the rail rolling sur-
face, guiding and supporting the dynamic stability in the track [18].
Wheelsets are fastened in axle-boxes of bogies and rotate in installed
bearings. Thus, the technical condition (repair condition) of axle-box
bearings has a decisive impact on the safety and smoothness of rolling
stock running, and it is constantly monitored and controlled. Monitor-
ing the technical condition of axle-boxes is an integral part of the
maintenance system of rolling stock as a whole. The problems of de-
tection of axle-box bearing damages in rolling stock is significant and
extensively discussed in the scientific publications [13, 23].

In the scientific literature, the issues of bearing diagnostics are
examined taking into account the peculiarities of their operation. A
separate issue is when the bearings are loaded very intensely for a
short time [11]. Also an important issue is the effect of bearing friction
noise on working conditions [20]. It is important whether it is possible
to install the measuring equipment on site or whether a remote method
is required [9]. Sometimes it is easier to detect acoustic phenomena
and sometimes — thermal ones [12]. Rail vehicle axle-box bearing
damage detection has its own peculiarities.

(*) Corresponding author.

Many technologies, such as temperature determination [22], acous-
tic analysis [24], acoustic emission technology [1] and vibrational sig-
nal analysis [25] have been investigated for many years to detect dam-
age to the axle-box bearing [7]. For this purpose can be applied online
conduction monitoring of rolling stock wheels and axle bearing [16]
or Rolling Element Bearing Activity Monitoring [5]. Sometimes fault
diagnosis of train axle bearing is based on multiple-feature parameters
[14]. Special algorithms have been developed for this purpose [26].
Some measures make it possible to determine not only the fact of the
failure but also its extent [27]. Observing early stage rail axle-box
bearing damage for diagnostics are currently available as ‘state-of-
the-art’, a trackside system, e. g. Railway Bearing Acoustic Moni-
toring (RailBAM) by Siemens or Trackside Acoustic Detection Sys-
tem (TADS) developed by the American Transportation Technology
Centre, Inc. (TTCI) both employing microphones to listen to passing
axle-box bearings or an on-board system by Perpetuum Ltd [15]. The
latter approach (the subject of this paper) provides each wheel bearing
with local real-time vibration monitoring using accelerometers [19].
Kazakh researchers have examined the possibility of diagnosing roll-
ing stock based on its noise and vibration [3, 4]. A typical example of
the test equipment described above is given in Figure 1.

A wireless sensor node (WSN) bolted to a wheel bearing housing
is shown in Figure 1. It is important to note that the sensor is sited

E-mail addresses: ~ G. Vaiciiinas - gediminas.vaiciunas@vgtu.lt; G. Bureika - gintautas.bureika@vgtu.lt; S. SteiStinas - stasys.steisunas@vgtu.lt

724 ExspLoatAc)A | NiEZAWODNOSC — MAINTENANCE AND RELIABILITY VoL. 22, No. 4, 2020




Suspension

Housing

Outboard
—_—

[searng |—

preamplifier

Fig. 1. Mounting of sensors systems [1, 19]

on the inboard side of the housing which is on the outboard side of
the wheel. This unit forwards the data to an Internet Cloud Database.
The WSNs are self-powered by vibration harvesting. This emerging
technique has been made possible by the decreasing power budget
of sensor and wireless technologies. By the way, the authors do not
analyse vibration parameters.

Recent studies have shown that measurement systems installed on-
board are more likely to detect an axle-box bearing fault, especially
at an early stage of evolution [17]. This is due to the fact that the
sensors are closer to the axle bearing and hence to the source of the
arising signal. On-board systems are able to measure continuously or
more often the condition of the bearings acquiring data over a larger
number of revolutions of the same axle bearing [1].

New methods of rail vehicle axle box fatigue crack were analysed
[28]. The high-speed railway bearing fault diagnosis is important for
prevent unexpected accidents and has been a hot topic in last dec-
ades [10]. The new criteria for bearing crack detection during fatigue
tests were developed [8]. Vibration measurements were recorded dur-
ing the tests, and the evolution of certain frequency bands with the
number of cycles was analysed. Change in frequency behaviour could
therefore be used for crack detection.

Further Authors consider three possible ways to estimate the inten-
sity of axle-box bearing damage definition with intention to propose
the mostly appropriate and rational one.

2. Theoretical background and methodology of investi-
gation of axle-box bearing technical condition

Once the type of the bearing and the shaft speed are identified, the
defect frequencies can be calculated. The information regarding the
characteristic frequencies of an axle bearing are generally provided
by the manufacturer of the bearing. The formulas for calculating these
specific frequencies are [6]:

BPF]=E~F'(1+£-COSQJ; 1
2 F
BPFO:ﬁ-F(l—E-cosOJ; )
2 F
FTFZE-[I—E'COSQJ; 3)
2 F

2
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where: BPFI — ball pass frequency inner race, Hz; BPFO — ball pass
frequency outer race, Hz; FTF — fundamental train frequency or fre-
quency of the cage, Hz; BSF — ball spin frequency circular frequency
of each rolling element as it spins, Hz; N — number of balls; F' — shaft
frequency, Hz; B — ball diameter, mm); P — pitch diameter, mm; @ —
contact angle, rad.

The presented theory shows that the critical values of diagnostic pa-
rameters (for instance, oscillation frequencies and accelerations) de-
pend on bearing design. It complicates the versatility of the diagnostic
process fundamentally. On the other hand, it is not known whether
these frequencies can be identified in practice. Not only the vibration
excitation frequency but also the systems’ own oscillations operate in
practice. In addition, it is not easy to purify the required oscillation
frequency modes in a dynamic system. The answers to these questions
are further sought through practical researches by two methods:

1. Defect detection by vibro-diagnostic method.
2. Defect detection according to heating of axle-box.

The vibro-diagnostic stand of axle-box bearings of railway wag-
ons is used for the research. It draws axle-box vibration acceleration
and frequency diagrams. The practice of article authors showed that
acceleration axis in diagrams must include a scale no less than from
0 to 2 m/s”> and frequency scale from 0 Hz to 400 Hz. Acceleration
increases are observed depending on the nature of the defect in one or
another frequency range. These frequency ranges can determine the
nature of the damage.

Three possible ways to estimate the intensity of the temperature
change of the axle-boxes of rolling stock mathematically are exam-
ined: first — by estimating the axle-box temperature change in degrees
per kilometre (change intensity), second — by estimating the axle-box
temperature change in percentage (during the selected mileage range),
and third — by using Sharp criterion. Axle-box temperature change is
the difference of 7 axle-box temperatures 7, and 7}, in heating detec-
tion station:

AT;‘ = T,n+1 _Y},n . (%)

1
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Temperature change in degrees per kilometre is calculated by di-
viding i axle-box temperature change by distance X between axle-
box heating detection stations (HABD):

ATy, ;= (6)

<|5

The axle-box temperature change in percentage is calculated ac-
cording to the formula:

T =T,
ATy, =100 2t —in )

in

Sharp criterion SH [21] assesses how the variance deviation of
considered parameter (temperature, in this case) of examined objects
(axle-box, in this case) from the average AY_BO — ATy, ; complies with
the standard square deviation o (through all examined objects):

- ATy, — ATy, ; .

(o2

®)

The above methods for the analysis of the intensity of the tempera-
ture change of the axle-boxes of rolling stock are analysed and com-
pared. In this study, the measurement results gained by two different
methods are not directly compared interdependently. The study goal
is to examine and prove the possibility of applying the considered
methods.

3. Detection of bearing damages by vibro-diagnostic
method

The general view of vibro-diagnostic stand of railway wagon axle-
box bearing of series CV-TK-03 [2] used for research is provided in
Figure 2.

Three axle-boxes with rolling bearings have been selected for the
research. One of them was without bearing defects, the bearing roller
of the second axle-box had 1 mm width and 1 mm depth cut, and the
third axle-box had front bearing external bearing ring crumbling of
4,5 mm width and 1,5 mm depth (12 mm from the edge). Vibration
frequency and acceleration diagrams of the said cases are provided
in Figure 3.

As is seen in Figure 3, the obvious increase of vibration accelera-
tion in 200-250 Hz frequency range when the bearing roller has a cut
(“a* case). If the front bearing has external ring crumbling (“b* case),
the increase of vibration acceleration in 300-350 Hz frequency range
is observed. However, the diagram without bearing defects (“c case)

Fig. 2. General view of stand used for research:
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Fig. 3. Axle-box vibration frequency and acceleration diagrams a) diagram
of bearing roller with cut, b) diagram of front bearing with external
ring crumbling, c) diagram of bearing without damage

also shows cases of vibration acceleration. After having examined the
diagrams of vibration frequency and acceleration of bearing roller
with cut and damaged roller, it can be preliminarily concluded that
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1 — stand basis frame, 2 — stand frame rack, 3 — railway, 4 — axle-box lifter; 5 — compressed air balloon, 6 — winch for axle rotation, 7 — pneumatic winch pusher,
8 — winch holding bracket, 9 — device for torque transmission to axle, 10 — vibration damping supports.
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the vibro-diagnostic method can not only successfully detect defects
in the axle-box bearings of rolling stock, but also the frequency ranges
of increase in vibration acceleration can be used to determine the type
of damage. The disadvantage of the vibro-diagnostic method is that
a contact vibration sensor is usually used to measure the vibration
parameters and it requires intervention into rolling stock structure or
use of special stand (Fig. 1 and Fig. 2 respectively). The possibilities
of sensor use are very limited due to abundance and variety of rolling
stock in operation and the test in stand during rolling stock operation
is not possible at all. Also, we have to keep in mind that the critical
values of diagnostic parameters (oscillation frequencies and accelera-
tions) depend on bearing structure. All this complicates the versatility
of the diagnostic process in all cases.

4. Bearing damage detection according to tempera-
ture

The track side equipment — Hot Axle Box Detectors (HABD) — in-
stalled on railway track for axle-box body temperature measurement
is provided in Figure 4.

Fig.4. Axle-box temperature measurement equipment [22]: I— axle-box tem-
perature detectors, 2 — wheel temperature detectors

Temperature sensors are installed on the rail line section in every
(20-40) km (actual distance of device displacement depends on infra-
structure specific conditions). Temperature sensors are mounted in a
special railway sleeper. An optical temperature sensor measures the
temperature with accuracy in 0.1 degree (the system reports to the
accuracy in 1.0 degree). The equipment is applicable to measure tem-
perature in the range from minus 40°C to plus 50°C. During normal
operation of HABD, if a higher temperature of axle-box than the per-
missible value is recorded, corresponding measures (train stopping,
train speed limiting, etc.) are taken on which are regulated in the norm
documents. The measurement data are collected in a common system
database and this information is be used both for axle-box condition
monitoring and for research purposes.

Two-axle bogie of freight car where three of four axle-boxes were
serviceable and one was not serviceable was used for temperature
test. The temperatures of all four axle-boxes of bogie were measured
while running through four HABD at 0°C ambient temperature. The
distance from the beginning of route to the first HABD was 28,2 km,
from first to second HABD — 29.8 km, later — 22.3 km and 40.6 km
respectively. Rail track curves and slopes were not assessed during the
test (these values were not essential). Train axle-box temperature val-
ues were fixed by HABD sensors during train passing the correspond-
ing devices. Axle-box temperature differences A7; between the values
fixed in adjacent heating detection stations HABD is calculated by
Formula (5). Axle-box temperature values according to HABD sta-
tions are provided in Figure 5.
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Fig. 5. Axle-box temperature values according to HABD stations

As is seen in Figure 5, the second axle-box gets heater more in-
tensively than other axle-boxes. One of the indicators of the intensity
of heating of axle-boxes is their temperature change per kilometre.
The said temperature changes per kilometre according to intervals be-
tween stations is provided in Figure 6. The temperature changing per
kilometer is calculated according to Formula (6).
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Fig. 6. Axle-box temperature changes per kilometre according to intervals be-
tween HABD stations

Diagrams of Figure 6 show that the temperature change per kilome-
tre of the second axle-box is dominant compared to the values of the
corresponding indicators for the other axle-boxes. The thermal effect
of the environment on all axle-boxes is estimated as the same. During
the study, the temperature change of the axle-boxes is compared with
each other interdependently. In this way, the impact of the ambient
temperature on the calculated final results is eliminated.

Another indicator of heating intensity — axle-box temperature
changes in percentage according to intervals between stations is pro-
vided in Figure 7. The percentage change of axle-box temperature is
calculated according to Formula (7).

Diagrams of Figure 7 show that it is even easier to name more in-
tensively heating axle-box according to axle-box temperature change
in percentage (the second in this case). Sharp method is widely used
to compare the intensity of indicator value change. It can also help
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Fig. 8. Sharp criterion values for intervals between stations

to compare the values of indicators of axle-box temperature change
intensity. Sharp criterion values for intervals between stations are pro-
vided in Figure 8. Finely, the Sharpe criterion to assess the variance
deviation of considered parameter is calculating by equation present-
ed in Formula (8).

Diagrams of Figure 8 display that the result of Sharp criterion is the
most informative of examined results. After having the summarised
results shown in diagrams of Fig. 6, Fig.7 and Fig.8, it can be seen that
temperature change is suitable diagnostic criterion for rolling stock
axle-box bearings and one of several mathematical methods can be
selected to process the data of the values of this parameter.

Vibro-diagnostic and temperature variation methods can be used
together in combined manner. Monitoring of axle-box temperature
change does not require intervention in the vehicle structure. That
makes this method more convenient in practice.
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