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Highlights

The paper discusses studies of a power
transmission system featuring a torsionally
flexible metal clutch of innovative design,
transferring a high torque, which is considered
a novelty given the current state of technology.
The experiments conducted under the studies
revealed that the gear transmission vibrations
had been successfully reduced, which should
be attributed to the resulting reduction of the
dynamic forces triggered by external factors.

Following tests conducted in operating
conditions, the highly flexible clutches of

innovative design were found to be suitable for

mining conveyors operating under high loads.

This is an open access article under the CC BY license
(https://creativecommons.org/licenses/by/4.0/) [t

1. Introduction

Abstract

The article provides a discussion on the results of the authors’ original
studies of a power transmission system of a mining scraper conveyor
coupled with an innovative highly flexible clutch, conducted in
operating conditions. The research consisted in establishing the static
characteristics of the highly flexible clutch in question, determining the
torsional vibrations of the said highly flexible clutch and the vibrations
of the transmission housings at a test rig, verifying if the coupling
between the innovative flexible clutch and a typical scraper conveyor
drive unit was correct, and testing durability of individual components
of the highly flexible clutch. Following the aforementioned tests and
based on the static characteristics of the highly flexible clutch examined,
one can distinguish three phases of its operation: initial, main, and final
— all differing in terms of flexibility. Furthermore, upon increasing the
flexibility of the metal clutch, a significant decline in the root mean
square (RMS) values of linear vibration accelerations was observed
compared to the blocked condition of the clutch. It was further noticed
that, as the torsional vibrations of the clutch shaft were increasing, the
linear vibrations measured at the transmission bearing housings were
decreasing significantly. Based on the tests conducted in operating
conditions, it was found that the durability of the flexibilising system
(bolt and nut) was sufficient and that there were no thermal effects
associated with the motion of the system components.
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Longwall scraper conveyors (Fig. 1) are machines [57] A typical drive system of a scraper conveyor [27, 51]

functioning as sub-assemblies of powered hard coal mining consists of an asynchronous motor, a flexible and/or

systems, and therefore, the total cost-effectiveness of mines hydrokinetic clutch, a gear transmission, and a chain drum [60,

depends on how durable they are. 70]. Such elements of this system as gear teeth, bearings, chains,
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and chain drums are heavily exposed to certain environmental
factors in the course of their operation [60, 63, 69]. Their defects
are most frequently caused by tribological [72] factors (this
problem has been discussed extensively in numerous
publications, including [18, 61]), but also by the impact of
dynamic forces, the latter being the subject of this paper. In
scraper conveyors, one of the characteristics of the operation

process is that dynamic loads [67], occur not only at the start-

up, but also during regular operation [15, 16].

Fig. 1. Drive part of longwall scraper conveyor (source:

authors’ contribution).

The methods currently applied to increase the service life of
the gear transmissions installed in mining conveyor drive
systems include using materials of increased wear resistance,
predicting technical conditions, and reducing the variability of
the load which affects the drive system components [35]. The
foregoing pertains particularly to the gear transmissions on
which the availability of scraper conveyors depends to the
greatest extent.

One can currently observe very intensive development of
surface treatment engineering [50] and nanotechnology [53, 58]
aimed at improving the durability of superficial layers of
materials. Some examples of the state-of-the-art solutions
which represent these areas can be found in papers [6, 59].
However, on account of the subject matter of this paper, this
problem has not been discussed in more detail.

Great importance has recently been attached to establishing
both the reasons for degradation of technical systems and the
expected service life, and therefore, advanced data processing
methods, including machine learning, are used in these fields.

Angeles and Kumral [1] proposed a new approach to
maintenance management that can be applied to the mining
industry to improve equipment availability and reliability while

preventing potential failures. The issue of reliability of machine

systems was analyzed by Michej et al. [42]. A method for
analyzing wear particles of gear pump components was
presented by Dhote and Khond [12].

Cheng et al. proposed in the article [7] a deep learning-based
method called Q-network calibrated ensemble (QCE) for the
diagnosis of gears for pumps in the nuclear industry. Dao
presented a wind turbine monitoring model based on
cointegration in [11].

In turn, Clarke et al [8] compared ultrasonic load
measurements on the bearing of a high-speed shaft of a wind
turbine gearbox with the results of a static multi-object
simulation and found that the measurements made under
established operating conditions agreed well with the adopted
model. Feng et al. [19, 20] developed a cyclostationary pitting
monitoring indicator that can accurately assess the degradation
status of the system. Lazarz et al also described in [40] a method
for detecting gear damage in the initial phase. New methods of
gear monitoring were also presented by Gao et al [23], Gauder
[24], Inturi et al. [30], Li et al. [38].

Having acquired such knowledge, one can remedy or reduce
the wear of the components of these systems to extend their
service life. Moreover, understanding how machines and their
components are operated and handled makes it possible to
compare diagnostic methods and to predict malfunctions,
defects, and failures. The authors of this publication have
already referred to some of their experiences in this sphere in
their respective papers. For research purposes, vibrations of the
driving gear housing were measured in an idling scraper
conveyor. The main outcomes of this research included
determining the frequencies characteristic of the gear
transmission examined and demonstrating the possibility of
assessing the technical condition of the gear transmission under
conditions of a considerable impact of the conveyor chain.
Wieczorek [66], on the other hand, has demonstrated a solution
for installing a vibroacoustic and thermal diagnostic system,
meeting the relevant ATEX requirements, inside a gear
transmission housing, by means of which one could also
measure vibrations of scraper conveyor bearings (Fig. 2).

There are at least several ways to limit the impact of
dynamic forces acting in gear meshing [50]. One of the most
popular methods consists in reducing the value of gear tooth

workmanship deviations [37, 68], however, manufacturers have
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reached a certain level of gear quality [47] which would be
virtually impossible to exceed at this point (4+6, manufacturing
accuracy class as per PN-ISO 1328). A good method to
minimise dynamic excitations, also connected with the gear
manufacturing phase, is to apply various types of gear tooth
modifications [5], however, the effectiveness of this measure is

limited to certain constant load values.

s w

Fig. 2. Planetary gear transmission with an ATEX-compliant

technical diagnostic system installed inside the housing while
in testing (source: authors’ contribution).

Another solution used to reduce the vibroactivity of gear
transmissions is increasing the workmanship precision of
transmission housings [2], particularly with regard to shaft
alignment. Based on an analysis of the results obtained in
experimental tests, Juzek [31] concluded that misalignment of
the transmission shaft axles and its change in the course of tests
exerts a significant impact on level of vibrations recorded on the
transmission components. In that case, depending on the
position of the fixed axle bearing, the differences in the RMS
values of vibration signals reached up to several dozen per cent.
Nevertheless, the applicability of this solution is limited by the
rigidity and accuracy of the machining centres in use.

Another way to reduce the forces acting in the meshing [26]
is by avoiding transmission operation in the sub-harmonic or
super-harmonic range of resonance, but this requires costly
examinations at dedicated test rigs [41] or complex numerical
simulations. Increasing the viscosity of the lubricating oil can
also result in reduced inter-tooth forces on account of increased
damping of the forces acting in gear meshing [25], but at the
same time, this increases the hydraulic losses [4, 13] in the gear
transmission related to the oil mixing [45, 46] and forcing

through in inter-tooth spaces [55, 62].

What can also contribute considerably to the reduction of the
dynamic forces observed in the gear meshing [14, 28, 39] is
compensating the fluctuations in the meshing rigidity waveform
using tall gear teeth, however, at the same time, this triggers an
increase in the lubricating oil temperature, and consequently
also reduced viscosity [48, 49] and increased power loss in the
meshing [64].

Besides minimising the internal forces acting in the gear
meshing, one can also reduce the external forces caused by the
variability in the process of machinery operation (an example of
the behaviour of instantaneous values of the torque loading the
drive unit of a scraper conveyor [54] has been shown in Fig. 3).
This manner of reducing destructive forces is considered to be
particularly important for maintaining the required availability
of drive systems, as it can ensure protection against sudden and
critical damage to their components. One typically uses
mechanical clutches which are optimised against specific
operating conditions, and the functions of these clutches include
— besides coupling — reducing the forces at play in the system
comprising a drive motor, a gear transmission, and a process
machine. The available design solutions for chain conveyor
drive systems typically include flexible insert-type or — less
common — hydrokinetic clutches.
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Fig. 3. Example of the behaviour of instantaneous values of torque

loading the drive unit of a scraper conveyor, based on [54].

The flexible insert-type clutches represent a very wide and
diverse group of devices. The inserts of these clutches are made
of rubber or plastic, and they are set between the outline
surfaces of discs. These clutches make it possible to transfer
a maximum torque of up to 15 kNm. The shape of the working
surfaces of the hub jaw and the flexible insert enables the clutch

to operate even though the motor shafts and the process device
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may be aligned inaccurately [44]. In terms of the limitations of
flexible insert clutches, one should particularly mention their
small torsion angle and the related inconsiderable reduction of
the dynamic forces occurring at start-up and on load changes.

Hydrokinetic clutches are power transmission assemblies
where the torque from the active member (pump rotor) is
transmitted to the turbine rotor by means of a liquid [22]. The
advantages of these clutches include a very soft machine start-
up phase, however, they also struggle with significant
limitations, such as the following [56, 57]:

- high sensitivity to the liquid level,

- sensitivity to the longitudinal and transverse inclination of
drive systems,

- reduction of the nominal power at the turbine shaft by some
per cent of its slip relative to the power of the asynchronous
engine.

A different approach to reducing dynamic torques in the
power transmission system, aimed at extending its service life,
has been proposed in papers [26, 29], discussing the use of
flexible clutches with adjustable rigidity characteristics. In that
case, the rigidity change has been attained by modifying the gas
pressure in the pneumatic bellows of this clutch, however,
clutches of this type are not suitable for the operating conditions
typical of mining conveyors due to their sensitivity to
mechanical damage. Another known alternative is a multi-plate
clutch of the CST type [17], characterised by adjustable
torsional flexibility, but in practice, complex control systems are
required to use them for industrial applications, which is why
they have not become popular in the mining sector. Some other
coupling solutions successfully applied in other industries [9,
10, 26, 52, 71] are simply not suited for the harsh conditions of
mining operations, being incapable of transferring the range of
loads typical of this sector.

The subject of this paper is the overall body of problems
related to the characteristics of vibration and the operational
properties of a new solution of a highly flexible metal clutch
based on a flexibilising system comprising a bolt and a nut,
including a spring pack (the exact structure of the clutch is
presented in the work [43]). The design of the innovative clutch
(Fig. 4) and its operating principle have been discussed in the
papers by Kowal and Filipowicz {32, 33, 34]. This concept has

been extended in terms of its utility value and the potential

applications of the clutch in numerous further publications,
including by Filipowicz [21] who has referred to laboratory tests
to demonstrate the beneficial properties of the new clutch in the
event that forces of impulse nature should occur. Wieczorek et
al. [65] have shown how useful it is to apply a time-frequency
processing method to analyse the vibrations of bearings in
flexible clutches. Paper [43], on the other hand, discusses the
problem of vibration reduction in cylindrical intersecting axis
transmissions operating in laboratory conditions following the

application of torsionally flexible metal clutches.
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Fig. 4. Torsionally flexible metal clutch; designations: 1 —
clutch shaft, 2 — sliding sleeve, 3 — set of disc springs, 4 —
clutch housing, 5 — moving splined coupling, 6 — cover, 7 —
clutch hub, 8 — cone bearings, 9 — thrust bearing, 10 — sealing
ring (based on [34]).

The highly flexible clutch examined under this study was
installed in the power transmission system of a longwall scraper
conveyor whose gear transmissions were subject to discrete
torque excitation. No literature on the subject has yet provided
any results of studies on the drive solutions of this kind, which
should be regarded as the aspect which makes this paper novel.
However, the primary objective of the studies discussed in this
article was to verify whether or not the innovative flexible metal
clutch in question was suitable for mitigating the effect of
dynamically variable load torque on the large-size and high-
power multi-stage gear transmissions used in mining scraper

conveyors.
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2. Research method

For purposes of the studies addressed in this article, a dedicated
research method was developed for the new type of clutches
discussed, divided into the following 4 stages:

— Stage 1 — determining the static characteristics of the
new torsionally flexible clutch under discrete torque
excitation conditions; the results thus obtained made it
possible to set adequate values of the torque which
loaded the power transmission system;

— Stage 2 — determining the torsional vibrations of the
flexible clutch and of the transmission housings at a
test rig powered by an inverter system enabling the
transmission to be loaded with time-varying torque;

— Stage 3 — verifying whether the innovative flexible
clutch cooperates correctly with a typical scraper
conveyor drive unit based on an assessment of the
vibroacoustic effects measured on high-power gear
transmission housings;

— Stage 4 — analysing the effect of the elapsed service life
of the flexible clutches subject to discrete torque
excitation on the vibration reduction efficiency in gear
transmission housings and on the surface topography
of the components of the clutch being examined.

In order to conduct the tests envisaged under Stages 1+4, an
industrial-class test rig was used, typically serving dynamic
acceptance tests of both new and overhauled transmissions with
up to 630 kW of power, in accordance with the
recommendations provided in the ISO 10816-3 standard.
Transmissions are generally tested in a system composed of
a power supply inverter, a drive motor, a gear transmission
functioning as a reducer, a gear transmission functioning as
a multiplier, a motor performing the function of a generator, and
an inverter which returns part of the energy to the grid. Such
a setup makes it possible to study gear transmissions under load,
but energy consumption is only due to friction related losses.

The electric drive unit comprises two Leroy Somer three-
phase induction motors with a rated power of 630 kW each. The
stators of both machines are supplied power by frequency
converters from VACON. This system operates in a closed
control loop with feedback provided by a signal received from
an encoder installed on the rotor. The inverters communicate

with a computer via the MODBUS-TCP protocol. The power

supply system allows both motors to be operated in a torque
control mode, and the setup also includes a programmable
controller which enables the power flow direction to be adjusted
in the system during tests without human intervention.

The test rig features a dedicated 16-channel diagnostic
system from FAG ProCheck (used to monitor the condition of
the clutch and the transmission during the verification tests
conducted under Stage 4 of the studies), equipped with
acceleration and temperature sensors. The data thus acquired
were analysed using the FIS Administrator software. The
diagnostic system used in the tests made it possible to monitor
data supplied by 16 sensors (8 accelerometers and 8 temperature
sensors) mounted on the test transmission and to archive them
at the same time. The method of mounting the sensors on the
tested devices is presented in [43].

The test object was a flexible clutch (Fig. 5) characterised
by a power of 250 kW transmitted at a rotational speed of 1,500
rpm and a safety factor of n=3.

The clutch was attached to the shaft of motor 1 on one side,
and on the other side, to a spherical bearing mounted in
a bearing housing (Fig. 6). The torque was further transmitted
to a reduction gear via a jointed (Cardan) shaft. The gear
transmissions (reducer and multiplier) were interconnected by

means of a rigid coupling piece, while the multiplier was

connected with motor 2 via a Cardan shaft.

Fig. 5. Highly flexible clutch model (source: authors’
contribution).
The manner in which the flexible clutch was mounted on the
test rig in Stages 1+4 was identical. While static, vibroacoustic,
and durability characteristics were tested, the gear transmissions

were mounted on a special stand which made it possible to
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recreate the way in which gear transmissions are installed in
scraper conveyors (Fig. 7). Only during the Stage 3 tests, the
gear transmissions were mounted in the body of a typical
scraper conveyor (Fig. 8).

The static characteristics of the clutch in Stage 1 were
established by applying a torque ranging from 100 to 1,400 Nm
on the input shaft of the flexible clutch in a single pulse signal
of square waveform. This caused torsion of the clutch and
stopped it at the position of maximum torsion for a given load,
making it possible to read the torsion angle value on a

measuring disc (Fig. 9).

Nt P

Fig. 6. Flexible clutch mounted on the test rig (source: authors’

contribution).

Fig. 7. Gear transmissions mounted on the test rig’s stand

(Stages 1, 2, and 3); designations: 1 — electric driving motor, 2
— torsionally flexible clutch, 3 — jointed Cardan shaft (3), 4 —
stand with 2 gear transmissions (reducer and multiplier), 5 —

electric braking motor (source: authors’ contribution).
For purposes of the tests envisaged under Stages 2 and 3, an

input rotational motor speed oscillating at 1,480 rpm and

a square waveform of the braking torque variation were applied
during the tests for the following values: 250 +125 Nm, 500
+250 Nm, 750 £375 Nm. Based on previous tests, the load
torque variation period was assumed to be 6 seconds. The
foregoing represented an attempt to recreate the operation of the
conveyor drive system with a momentarily constant load,
followed by an abrupt increase in the load due to an abrupt

increase in the volume of the load transferred and then an

equally abrupt load release once it has been discharged.

Fig.8. Gear transmissions mounted in a scraper conveyor body

(source: authors’ contribution).

ER Mg » o
Fig. 9. Measluring\disc while determining the static
characteristics of the highly flexible clutch (source: authors’
contribution).

Under Stage 4, when durability tests were to be performed,
it was assumed that more than 1,200 loading cycles would be
conducted on the torsionally flexible clutches at a rotational
speed of 10 rpm and with a torsional moment of 300 £290 Nm
being applied in a discrete manner at the test rig described above.

A measuring set comprising the Sirius 16-channel data
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acquisition card and the Dewesoft software was used to measure
vibration signals and to determine the time base, while the RLV-
5500 laser vibration meter from Polytec was used for
contactless measurements of instantaneous angular velocities of
the flexible clutch shaft. A schematic diagram showing the
arrangement of the measuring sensors has been provided in Fig.
10.

P

Fig. 10. Schematic diagram of the measuring sensor

arrangement: S1 — electric drive motor, C — torsionally flexible
clutch, P — gear transmissions (reducer and multiplier), S2 —
electric braking motor (source: authors’ contribution).
Prior to the main measurements, the temperature of the gear
transmission and the highly flexible clutch was stabilised by
operating the system for 1 hour under a torque-induced load of

approx. 250 Nm and with a rotational speed of 1,480 rpm.
3. Test results and discussion

3.1. Determining the static characteristics of the highly
flexible clutch (Stage 1)

Fig. 11 provides the torsion angle values measured for the

operating member of the flexible clutch as a load torque

function.
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Fig. 11. Characteristics of the innovative flexible clutch

examined in the studies (source: authors’ contribution).

In the figure, one can distinguish between three phases of
the clutch operation:

- initial operation phase, characterised by relatively small
changes in the torsion angle on considerable changes in torque;
this character of the clutch operation is attributable to the
backlash between the springs, which is not eliminated until load
is applied;

- main operation phase, characterised by a considerable
angle change as a function of torsional moment;

- final operation phase, characterised by an inconsiderable
change in torsion angle, which is only due to small elastic
deformations of the shafts.

Based on the measurement results, a maximum torsion angle
of the flexible clutch was determined at ¢=205°. The static
characteristics of the flexible clutch thus established made it
also possible to determine the value of the load torque in Stages
2 and 3. The load variation values were pre-assumed in such
a manner that they covered only the initial operation phase
(T1=250+125Nm), partially the main and the initial operation
phase (T2=500+250 Nm), and the entire main phase with
fragments of the initial and final operation (T3=750+375 Nm).
The load ranges envisaged in the studies have been illustrated

in Fig. 12.
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—250£125 Nm —500£250 Nm — 7504375 Nm - - - Pre-work range - - - Final operating range

Fig. 12. Originally assumed torsional moment variation ranges
against the boundary values of the initial and final operation

phases (source: authors’ contribution).

3.2. Determining torsional vibrations of the highly flexible
clutch and the gear transmission housings (Stages 2 and 3)

In this section, results of the tests conducted in Stages 2 and 3
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have been discussed jointly, which is due to the fact that — as the
results have implied — the manner in which the transmission had
been mounted exerted no effect on the values of the vibrations
measured.

Fig. 13 illustrates the time courses of the signal of
instantaneous changes in the angular velocity of the shaft
driving the reduction gear, as recorded by a contactless method
using the aforementioned Polytec RLV-5500 laser vibration
meter. The instantaneous angular velocities of the drive shaft
recorded when the clutch operation was blocked are marked in
green colour, while the instantaneous angular velocities of the
drive shaft recorded during the flexible operation of the clutch

are shown in red.

t--- flexible operation of the clutch
700, +--- clutch operation is blocked

500

Aw, °ls

-500|

ts

Fig. 13. Example of a time course of the signal of
instantaneous torsional vibration velocity changes established
for a torsional moment of 750 £375 Nm with a square
waveform (source: authors’ contribution).

The instantaneous local maxima in the time course of the
instantaneous variations in the signal of the drive shaft angular
velocity (Fig. 13) marked in red result from the effect of a time-
variable braking torque generated by the braking motor, which
is transferred through the gear transmissions to the drive shaft
and causes torsion of the flexible clutch members, but in this
case, the dynamic overloads affecting the meshing are
minimised by the flexibility of the innovative flexible clutch.
On the other hand, where the clutch operation is blocked (green),
the time-variable braking torque acts directly on the gear
transmission meshing, causing their vibroactivity to increase,
and on account of the action of the moment of inertia of the
rotating gears and the drive shaft rotor, the load torque change

does not cause such large instantaneous changes in the angular

velocity of the shaft driving the flexible clutch, but instead, it
exerts a considerable effect on the values of dynamic forces in
the gear transmission’s meshing and bearings as well as on the
accelerations of the transmission housing vibrations.

The higher dynamic forces observed in the meshing in this
operating mode contribute to faster degradation of both gears
and bearings, and shorten the service life of this type of large
multi-stage gear transmissions, the cost of which is relatively
high.

The various aspects of shortened service life are inextricably
linked with the problem of transport of such gear transmissions
from the mine to the surface, where they are overhauled, and
back underground. For this reason, extending their service life
and ensuring reliable operation of these components is
particularly important [3, 36].

t——— flexible operation of the clutch

400 - clutch operation is blocked
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Fig. 14. RMS values of the instantaneous changes in the
torsional vibration velocity, determined in a time window
moved along the time axis, the system being loaded with a
torque of square waveform: a) torque of 750 £375 Nm, b)

torque of 500 £250 Nm, c) torque of 250 125 Nm (source:
authors’ contribution).

On account of the fact that, in the recorded signal of the
instantaneous changes in the rotational speed of the reduction
gear’s input shaft, one can also observe signal components
generated by the transmission meshing and bearings, which in
this case may be treated as noise, in order to better demonstrate
the effects of the clutch operation, filtering was applied,
including determination of the RMS value of the vibration
signal, calculated within a time window moved along the time
axis with a period of 0.5 s (Fig. 14). Having calculated the RMS
value, one can assess the energy of the vibration signal of the

torsional vibration velocity.

Eksploatacja i Niezawodno$§¢ — Maintenance and Reliability Vol. 26, No. 2, 2024




260 130 13
120 12
o 110 o 11
1% o 100 o~ 10
g g %0 g 9
2 @ 80 a8
@ @ 70 @ 7
5130 é 60 E 6
= & 50 =5
o 240 &g
3 6 3 30 3 3
q Q0 L)
10 1
, = o 0
Clutch  Flexible Clutch  Flexible Clutch  Flexible
operation operation operation operation operation operation
ishlocked  of the ishlocked of the isblocked of the
clutch clutch clutch

Fig. 15. Comparison of peak-to-peak values of the RMS signal
of the instantaneous changes in the torsional vibration velocity,
determined in a time window moved along the time axis,
assuming that the system is loaded with a torque of square
waveform: a) torque of 750 £375 Nm, b) torque of 500 £250
Nm, ¢) torque of 250 £125 Nm.

Fig. 15 illustrates a comparison of the peak-to-peak values
of the RMS signal of the instantaneous changes in the torsional
vibration velocity, as determined in a time window moved along
the time axis (shown in Fig. 14) for the rigid and flexible clutch
operation. The significantly higher peak-to-peak values are
indicative of the expected and correct operation of the clutch,
resulting from its considerable torsional flexibility and the fact
that it absorbs excess dynamic load due to the load torque
changes.

There is a certain disadvantage to the RMS signal analysis,
namely the absence of changes in the signal value for both the
positive and the negative direction of the clutch torsion. This
disadvantage does not apply to the mean value determined in
a time window moved along the time axis, the period of which
is also 0.5 s (Fig. 16).

Fig. 17 provides a comparison of the peak-to-peak values of
the averaged signal of instantaneous changes in the torsional
vibration velocity determined in a time window moved along
the time axis (shown in Fig. 16) for both rigid and flexible
operation of the clutch. Similarly to the RMS values, the peak-
to-peak values being significantly higher imply that the clutch
operates in the expected and correct manner, which results from
its considerable torsional flexibility and the fact that it absorbs
excess dynamic load due to the load torque changes.

Fig. 18 depicts the RMS values of the linear vibration
accelerations recorded in direction x at the point marked as
14482, i.e. on the housing of the bearing of the shaft which

transfers the highest torque in the gear transmission subject to

analysis. Similarly to the instantaneous signals of the shaft
angular velocity changes, these values (RMS) were determined

in a time window moved along the time axis (period of 0.5 s).
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Fig. 16. Mean values of the instantaneous changes in the
torsional vibration velocity, determined in a time window
moved along the time axis, the system being loaded with a
torque of square waveform: a) torque of 750 £375 Nm, b)

torque of 500 £250 Nm, c) torque of 250 125 Nm (source:

authors’ contribution).
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Fig. 17. Comparison of peak-to-peak values of an averaged
signal of instantaneous changes in the torsional vibration
velocity, the system being loaded with a torque of square

waveform: a) torque of 750 £375 Nm, b) torque of 500 £250

Nm, c) torque of 250 £125 Nm (source: authors’ contribution).

Established in a similar manner, the RMS values of the
vibration acceleration signals recorded at this point (14482), but
in different directions (y and z), have been shown in Figures 19
and 20. What can be observed in Figures 18+20 is that, in
virtually every case, the RMS values determined in this manner
are higher in the case of the rigid clutch operation, implying that
the energy of the vibration acceleration signal is higher. The
largest differences between the effects of the flexible clutch
operation compared to its rigid operation mode can be observed

in Figures 18 and 19 for the horizontal directions of the
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vibration acceleration measurements, while smaller differences

can be noticed in the vertical direction of the gravitational force

effect.
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Fig. 18. RMS values of the signal of the linear vibration
accelerations established at point 14482, in direction X, in a
time window moved along the time axis, the system being
loaded with a torque of square waveform: a) torque of 750
+375 Nm, b) torque of 500 £250 Nm, c) torque of 250 £125

Nm (source: authors’ contribution).
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Fig. 19. RMS values of the signal of the linear vibration
accelerations recorded at point 14482, in direction y,
determined in a time window moved along the time axis, the
system being loaded with a torque of square waveform: a)
torque of 750 £375 Nm, b) torque of 500 +£250 Nm, ¢) torque
of 250 £125 Nm (source: authors’ contribution).

In order to better illustrate the results thus obtained, as
provided in the said figures, RMS values were calculated for
each of the cases analysed (Figure 21).

Having examined them, one can conclude that at the
measuring point located on the bearing housing of the most

heavily loaded shaft, for each of the measurement directions and

each of the loads variable in time, the RMS values of linear
vibration accelerations are higher in the case of the clutch
operation being blocked.

A similar change trend in the cases of flexible and rigid
operation of the clutch was also confirmed for most of the
measurement directions and points located on the bearing
housings, where the torques transferred by the shafts were lower,
i.e. at the input shaft bearing housing in the reduction gear (Fig.
22) and the bearing housing at the clutch support (Fig. 23).
Figure 24 provides a comparison of the RMS values of the linear

vibration accelerations recorded in direction y at point 14553.
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Fig. 20. RMS values of the signal of the linear vibration
accelerations recorded at point 14482, in direction z,
determined in a time window moved along the time axis, the
system being loaded with a torque of square waveform: a)
torque of 750 £375 Nm, b) torque of 500 +£250 Nm, ¢) torque
0f 250 £125 Nm (source: authors’ contribution).

The values of the signals measured have been compared in
Figures 25, 26, and 27. Having analysed them, one can conclude
that a significant reduction of torsional vibrations can be
obtained in the case where the clutch operation is blocked
compared to the case where the flexible clutch is used in the
power transmission system, but instead, in the cases analysed
and where the flexible clutch was in use, a significant reduction
of the linear vibrations recorded at the housings of the
transmission bearings and of the clutch support bearing was
obtained.

The only exception to this rule is the inconsiderable increase
of 5% in the RMS values of the linear vibration accelerations
recorded in direction y at point 14553 for the load torque of 750
+375 Nm). The authors of this paper have found the foregoing
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to be caused by the fact that, where the system is loaded

': flexible operation of the clutch
according to the clutch characteristics provided in Fig. 11, with 6 a) — dutch operation is blocked
the maximum load torque value equal to 750 Nm + 375 Nm = ‘:E A\

1,125 Nm, the clutch operation has already entered the final g

phase, which is characterised by moderately small changes in ;:'

the torsional angle. In the cases of the other loads analysed: 500
+250 Nm and 250 +125 Nm, the reduction of the RMS values

of vibration accelerations came to 24 and 52 per cent,

ay rms, M/s?

respectively, which should be considered as considerable.
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Fig. 21. Comparison of RMS values of linear vibration

accelerations recorded at point 14482 in direction x: a) load of
750 £375 Nm, b) load of 500 +£250 Nm, c) load of 250 £125
Nm; in direction y: d) load of 750 £375 Nm, ¢) load of 500
+250 Nm, f) load of 250 £125 Nm; in direction z: g) load of
750 £375 Nm, h) load of 500 £250 Nm, i) load of 250 +125

Nm (source: authors’ contribution).

Fig. 23. RMS values of the signal of the linear vibration
accelerations recorded at point 10244, in direction y,
determined in a time window moved along the time axis, the
system being loaded with a torque of square waveform: a)
torque of 750 £375 Nm, b) torque of 500 +£250 Nm, ¢) torque

0of 250 £125 Nm (source: authors’ contribution).
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Fig. 27. Comparison of the effect attained by using a blocked
clutch and a flexible clutch on the increase in the RMS values
of linear vibration accelerations recorded in direction y: a) at
point 14553: b) at point 10244 (source: authors’ contribution).

3.3. Results of the durability tests of the highly flexible
clutch components (Stage 4)

The purpose of Stage 4 was to verify if the flexible clutch
components, and the bolt—nut system in particular, were
resistant to repeated cycles of torsional moment variation. Fig.
28 shows the mating surfaces after approximately 1,200 cycles

of such changes.

Fig. 28. Surface of the bolt (a) and of the nut (b) following the
durability tests.

Having analysed them, one can conclude that no significant
surface damage had occurred. These observations were
confirmed by the surface roughness measurements. One of the
parameters controlled in the course of the durability tests was
the flexible clutch surface temperature, based on which it was
established that the motion of the mating surfaces against each
other had a relatively small effect on heat generation (Fig. 29).

During the durability tests, the vibroactivity of the gear
transmissions was monitored using the test rig equipment. They
revealed no changes in the oscillatory condition of the
transmission housings to have taken place between the start and

end of the test.

ZO0OM=OFBE:

E=1.00 TAs 29.0 ALM: OFF

Fig. 29. Thermograms of the flexible clutch subject to tests, as

determined in the durability tests.
4. Conclusions

The following conclusions have been drawn on the basis of the

tests and analyses discussed above.

1. One can distinguish between three phases of operation in
the static characteristics of a highly flexible clutch: initial,
main, and final, differing in terms of flexibility.

2. Having increased the flexibility of the metal clutch, one
could observe the RMS values of the linear vibration
accelerations recorded in direction y at point 10244 on the
clutch support bearing housing to have dropped compared
to the clutch operation being blocked, ranging between 69
and 131%, depending on the power transmission system
load applied.

3. Once a highly flexible clutch had been used in the power
transmission system, the RMS values of the signal of
instantaneous changes of the angular velocity of the
transmission drive shaft were found to have increased.
Consequently, the linear vibrations recorded at the
transmission bearing housings and at the clutch support
bearing dropped significantly, i.e. by up to 65% and up to
131%, respectively, while in the cases of the load torques
being as high as 500 +250 Nm and 250 £125 Nm, the RMS
values of vibration accelerations were reduced by 24 and
52%, respectively. The only exception to this rule was the
inconsiderable increase of 5% in the RMS values of the
linear vibration accelerations recorded in direction y on the
housing of the most heavily loaded transmission shaft when
the braking torque came to 750 +375 Nm. The foregoing
can be explained in line with the pre-established static

characteristics of the clutch as the consequence of having
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limited its torsion on account of the fact that the maximum
angle had been attained.

As a result of using the innovative flexible clutch in
question, the aforementioned vibration reduction was
recorded in many cases, i.c. for numerous measurement
directions and points, and for high loads of 750 £375 Nm,
500 £250 Nm, and 250 +125 Nm. This aspect is important
for the very reason that, in the case of the rigid clutch
operation, the higher dynamic forces acting in the
transmission meshing, generated by load torque variable in
time, are transferred from the meshing to the transmission
shafts and further on to the bearings, and then, acting
through the transmission bearings, they excite vibrations of

the bearing housing, and thus of the entire transmission.

What can be concluded on such a basis is that using the
innovative flexible clutch in the power transmission system
subject to the studies reduces the dynamic forces affecting
the gear teeth as well as the bearings, thus extending the
service life of the high-power mining gear transmissions in
question, which are relatively cumbersome, costly, and
difficult to replace or transport to the surface for repair
purposes.

Based on the tests conducted in operating conditions, it was
found that the durability of the flexibilising system (bolt
and nut) was sufficient and that there were no thermal
effects associated with the motion of the system

components.
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