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Kudrna, L.; Čepica, D.; Frydrýšek, K.

Laboratory Device Detecting Tensile

Forces in the Rope and Coefficient of

Friction in the Rope Sheave Groove.

Machines 2022, 10, 590. https://

doi.org/10.3390/machines10070590

Academic Editors: Pedro M. B. Torres,

Volker Lohweg, Géza Husi, Eduardo

André Perondi, Katarzyna Antosz,

Oleg Zabolotnyi and Jose Machado

Received: 30 June 2022

Accepted: 19 July 2022

Published: 20 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Article

Laboratory Device Detecting Tensile Forces in the Rope and
Coefficient of Friction in the Rope Sheave Groove
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Abstract: One of the possible ways to transfer the tractive power of a drive unit to the traction
element is to use fibre friction. When a steel rope is used as the traction element, there is a transfer
of tractive power in the groove created on the perimeter of the rim of the driving rope sheave. The
transmission capability of the drive is directly proportional to the size of the angle of wrap and
the shear friction coefficient of the rope surface when the rope is in contact with the surface of the
groove wall. The relationship for calculating the size of friction coefficient in the grooves is given
by relevant technical standards. The coefficient of friction determined in this way does not take into
account the state of possible operational contamination of the groove or the diameter of the rope used.
Using a unique laboratory instrument, tensile forces were measured for both rope sides in the state of
a non-rotating sheave or when the sheave started to rotate rope. Experimental measurements were
carried out for two different diameters of steel ropes, which were guided by two types of grooves
for the rope sheave under two limit operating states of the groove wall surface: clean and dirty with
oil. By evaluating the measured tensile forces in the approaching and outrunning rope side girded
with the groove of the rope sheave, it was found (using a measuring apparatus) that a rope of a larger
diameter acquires a higher value of the friction coefficient for the groove than a rope of a smaller
diameter. The coefficient of friction in the groove decreases with the increasing size of the sum of
the acting tensile forces on both sides of the rope. Lower values of the coefficient of friction achieve
semi-circular grooves, and V-shaped grooves show higher values. Lower values for the coefficient of
friction, close to theoretical values which were calculated using the relevant relationships specified in
the standards, were found for grooves contaminated with oil as opposed to dry and clean grooves.

Keywords: laboratory device; rope sheave groove; coefficient of friction; tensile forces in the rope;
rope slip; the tractive force of the driving unit

1. Introduction

Machinery using “fibre friction” to transfer the tractive force from a drive to a traction
element (which can be a flat or V-belt, steel rope or a conveyor belt) is commonly used in
practice. Tensile force ratio (FN/Fo [N]) in both sides of the traction element, girded with
an angle λ [deg] via the driving element, is described by the so-called Euler’s formula [1].
This states that the magnitude of the transmitted circumferential force F [N] is directly
proportional to the size of the so-called outrunning force Fo [N] acting in the traction
element on the outrunning side of the driven sheave (or a drum), angle of wrap λ [deg] and
coefficient of friction fT [-] in the contact surface of the driven end propulsion elements.

If the tension element is a flat belt, V-belt [2–4], or a conveyor belt [5,6], then the
coefficient of friction fT [-] is expressed by shear friction µ [-] in the contact surfaces of
interlocking members.
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Kulinowski et al. in [7] state that there is a lack of information in the literature on
deeper research into the coefficient of friction between the belt and the drum in an industrial
facility provided under real conditions, which may imply that the phenomenon of driving
force transmission from the drum surface to the belt has not been thoroughly explored.

In belt conveyor drive systems, the driving force is transferred from the drum to
the conveyor belt due to friction coupling [8]. Friction coupling conditions depend on
parameters such as belt tension force, drum wrap angle, and friction coefficient between
the belt cover and the drive drum surface, which is described in articles [9–11].

In recent years, many scholars have carried out research on sliding friction between
a rope and friction lining. Shirong [12] carried out a sequence of experiments to explore the
coefficient of friction and ultimate friction force between the rope and friction lining, and
the probability of friction coefficient distribution.

If the traction element is a steel rope, the friction coefficient in the groove of a sheave
fT [-] can be calculated according to [13].

An experimental system was developed by Uchiyama et al. [14], that allows for direct
measurement of friction at the tendon-pulley interface, and the results were interpreted by
the use of a theoretical model for the friction of a cable around a fixed pulley.

Some researchers have experimentally studied the contact between a grooved pulley
and V or V-ribbed belts [15,16].

To identify the contact stiffness and the coefficient of friction between the ribbed V-belt
and the pulley, Cepon et al. [17] designed two experimental settings. The friction coefficient
was identified at various initial belt tensions and relative velocities between the belt and
the pulley.

Wang et al. in [18] analysed the effects of hoisting parameters (effective load, acceler-
ation and deceleration) on dynamic contact characteristics between the rope and friction
lining in a deep coal mine. Research on friction transmission in a mining friction hoist is
also the subject of various studies [19–21].

Hrabovsky and Michalik in the article [22] describe the construction design and
implemented equipment with which it is possible to determine, in the laboratory, the value
of the rope friction coefficient in the given type of traction sheave grooves.

In a study [23], Shirong examined, using experimental techniques simulating fric-
tion conditions of hoisting a load, the coefficients of friction between a steel rope and
a polyvinylchloride (PVC) lining.

Chaplin in an article [24] discusses the inevitable attrition of steel rope in service with
an overview of the consequences in terms of inspection and replacement criteria. Similarly,
Peterka et al. in [25] deal with the inevitable wear of the steel rope in operation, specifically
describing damage to the rope occurring during a short period of the steel rope operation
used in the lifting system.

The designers of various mine hoisting machines require from the manufacturers
a guaranteed appropriate and stable value of a friction coefficient at different pressures
between a rope and friction lining under different external conditions (drought, moisture,
icing, etc.). The KOEPPE mining lifting system or the friction hoist winch work with
a traction sheave, where the grooves of the pulley rim are lined. The KOEPPE Mine
hoisting system or the friction hoist winch work with a traction pulley, where the grooves
of the pulley rim are lined. Kresak et al. in the paper [26] define that the liner must ensure
a higher coefficient of friction between the rope and the tow pulley because the KOEPPE
mining lifting system or the friction hoist winch works with the tow pulley.

In [27], Hrabovsky et al. present experimental devices used to detect pulling forces
on both sides of the final length of a cable belted in a pulley groove and to verify the
phenomenon defined by the name fibre friction.

In [28], Chang et al. state that the surface wear and corrosion affect the service
performance of steel wire rope. In this paper, the friction and wear properties of steel ropes
with different corrosion types were investigated. The results show that the corrosion had
a strong influence on the coefficient of friction of the wire rope.
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In another study [29], Guo et al. investigate the creeping behaviours between hoisting
rope and friction lining in the process of deep coal mine friction transmission. The authors’
results show that increases in the terminal mass ratio, terminal mass, maximum acceleration,
and maximum speed cause expanding trends of overall ranges of the maximum creeping
velocity, respectively. Less creep is beneficial to improve the friction transmission safety,
service life of friction lining and good anti-slip properties.

In another study [30], Childs and Cowburn applied changes in pressure contact, and
thus in active arc extent, with torque. These changes have been monitored and used for
measurements of belt tensions and surface roughness to study the adhesive sliding friction
of belts. In their study, it is shown that the design of the belt (either the woven fabric
substrate or embossing of flat belts or the fibre reinforcement of raw-edge V-belts) has also
been proved to influence the friction coefficient.

2. Materials and Methods

The technical standard [13] (pp. 43–44) gives relations to calculate the coefficient of
friction for grooves designed for a V-belt, semi-circular, and semi-circular notched belt.
This calculated value of the friction coefficient for the given groove type, according to
the formulas stated in [13,31], is influenced by the dihedral angle γ [deg], notch angle β

[deg], and coefficient of friction µ [-]. The coefficient of friction in the groove, calculated
according to [13], acquires a specific (minimum of all possible values) numerical value that
is determined for the shear friction coefficient µ = 0.1 [13]. The coefficient of friction does
not take into account the operating state of the contact surfaces of the carrying cable and
the groove walls, as is the case of the conveyor belt and the lining of the drive drum [32].
To determine the actual value of the friction coefficient in the semi-circular and V-shaped
grooves of a rope sheave, a laboratory machine was designed and constructed (see Figure 1)
on which the amount of tensile force FMi(i) [N]) can be determined for that side of the rope
that is approaching the sheave.
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Figure 1. Structural design of the laboratory machine, recording the magnitude of the tensile force
for the approaching side of the rope in sheave, using the software solutions (a) AutoCAD 2010,
(b) SolidWorks 2012 Edition SP05. (1—machine frame, 2—electric motor, 3—worm gearbox, 4—rope
sheave, 5—steel rope, 6—force sensor, 7—weight).

This laboratory device, see Figure 1, designed and built in the Department of Machine
and Industrial Design at the Faculty of Mechanical Engineering, VSB-Technical University
of Ostrava), has a rope sheave 4, placed to the gearbox output shaft 3 (fixed by bolts
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to the aluminium frame structure 1), driven by electro-gearbox. This electro-gearbox is
assembled from a worm gearbox 3 (type aC-63 [33], gear ratio ip = 31.5) and electromotor
2 (type 4AP71-4 [33], performance Pe = 370 W, revolutions ne = 1370 min−1, rating moment
Me = 2.58 N·m).

The V-shaped (with the dihedral angle γ = 35 deg) or semi-circular grove (with the
dihedral angle γ = 40 deg) of the rope sheave 4 having the pitch diameter of the grooves
D = 320 mm for the laboratory machine is the wrapped (angle of wrap λ = 180 deg)
steel rope 5 with a nominal diameter dL = 6 (or 8) mm, rope type according to [34]
6 (8) 6 × 7 + WSC 1960 B sZ.

The end of rope 5 is on the approaching side of the sheave 4 fixed using the strain
gauge load sensor (type RSCC 500 kg [35]) 6 mounted to the frame structure 1. To the end
of rope 5 on the departing side of the rope sheave 4, the weight is suspended 7.

On a laboratory machine, see Figure 1, to obtain the actual value of the friction
coefficient of the rope in the semi-circular or V-shaped groove of the rope sheave under
two operating limits (clean and dry and with groove walls contaminated with the oil), the
following experimental measurements were carried out:

(a) with not rotating (i.e., no electricity was supplied to the terminals of the driving
electric motor 2) rope sheave 4, to the right side of the rope, the tensile force Gz [N] was
gradually increased. The instantaneous magnitude of the tensile force Gz is defined by the
number of weights nz [ks], with the one-piece weight of mz [kg], which are suspended on
a rope 5 at any given moment.

Due to the resistance that is put up to the steel rope 5 when it slides over a rounded
surface (angle of wrap λ [deg]) rope sheave groove 4 (i.e., fibre friction), there is a decrease
in the magnitude of the tensile force in the left side of the rope, dropping to the force
FM1(i) [N]. According to the mathematically modified Euler’s relation (1) [1], the theoretical
magnitude of the acting tensile force FM1T [N] can be calculated for the left side of the rope
if fT [-] is the friction coefficient in the groove of the rope sheave.

FM1T =
Gz

efT·λ
[N], (1)

From the experimental measurements, at a known magnitude of the tensile force on
the right side of the rope 5 (i.e., the weightiness of weights Gz [N]), the applied force FM1(i)
[N] was recorded for the left side of the rope 5, which was detected by a strain gauge
sensor 6. By modifying the relationship (1), at known values of λ [deg], Gz [N] and FM1T
[N], the coefficient of friction fMi = fT [-] was calculated in the V-shaped groove of the rope
sheave, see [27].

When the rope sheave 4 starts to rotate in the desired direction, and the tensile force
Gz [N] gradually increases on the right (i.e., departing) side of the rope, the instantaneous
magnitude of the generated force FM2(i) [N] was recorded in the left (i.e., approaching) side
of the rope 5 to the rope sheave 4 of the laboratory machine.

Due to the resistance that is put up to the steel rope 5 when the rope is skidding on
a rounded surface (angle of wrap λ [deg]) of the rope sheave groove 4 (fibre friction), at
a known magnitude of the gravitational force Gz [N] in the right side of the rope when the
electro motor is revolving 2 reaching the rated engine speed ne [min−1], the magnitude
of the force FM2(i) [N] acting in the left side of the rope is growing. According to the
relationship (2), it is possible to calculate the theoretical magnitude of the acting tensile
force FM2T [N] on the left side of the rope.

FM2T= Gz · efT·λ [N], (2)

From the provided experimental measurements, at a known magnitude of tensile
force on the right side of the rope 5 (i.e., weights Gz [N]), the applied force FM2(i) [N] was
recorded for the left side of the rope 5, which was detected using a strain gauge sensor 6.
From a mathematically modified relationship (2), there were, at known values of λ [deg],
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Gz [N] and FM2(i) [N], the values of friction coefficient f2(i) [-] calculated, and these were
listed in the tables stated below.

To obtain the most accurate value of the applied torque M2(i) [N·m] on the shaft of the
rope sheave 4 when starting the drive (i.e., when the sheave starts to spin) of the laboratory
device, additional experimental measurements were carried out. In these experimental
measurements, the lever 8 with the arm length of a [m], see Figure 2, is mechanically fixed
to the rope sheave 4.
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Figure 2. Detection of the friction moment in the driving unit (1—machine frame, 2—electric motor,
3—worm gearbox, 4—rope sheave, 8—lever, 9—force gauge).

The end part of lever 8 was positioned by rotating the rotor of the electric motor
manually 2 to be in contact with the tip of the force gauge 9 (type IMADA DST-1000 [36]).
To the terminals, connected to the star, of the electric motor 2 for the laboratory device
drive, AC voltage 3 × 380 V was supplied, exciting the actual moment of engagement
M2(i) [N·m]. Moment M2(i) [N·m] on the shaft of the sheave 4 generated, via lever 8 on the
sensor tip of the force gauge 9 (type IMADA DST-1000 [36]), pushing force Fp(i) [N]. Actual
torque M2(i) [N·m] for the drive of the laboratory device was determined as the product of
the measured magnitude of force Fp(i) [N] obtained using a force gauge 9 and lever arm
a = 212 mm 8. For n = 10 repeated measurements, the values of the measured force Fp(i) [N]
and calculated torque M2(i) [N·m] are listed in Table 1.

Table 1. Measured values of the lever pushing force Fp(i) [N].

Fp(i) [N] 693 745 713 672 658 634 737 663 677 658 685 ± 28

M2(i) [N·m] 146.9 157.9 151.2 142.5 139.5 134.4 156.2 140.6 143.5 139.5 145.2 ± 5.9

MzT(i) [N·m] 77.3 83.1 79.6 75.0 73.4 70.7 82.2 74.0 75.5 73.4 76.4 ± 3.1

F(i) [N] 523 562 538 507 497 479 556 500 511 497 517 ± 21

Theoretical torque magnitude M2T [N·m] (Figure 3) acting on the shaft of the rope
sheave 4 can be expressed using the relationship (3), for the revolving rotor of the electric
motor 2 with the rated engine speed of ne = 22.8 s−1, if the gear ratio ip [-] for the gearbox 3
is known, together with rated torque Me [N·m] of the electric motor 2 and overall efficiency
of the drive ηc [-].

M2T= Me · ip =
Pe · ip

2 · π · ne · ηc
[N · m], (3)

From Figure 3 it can be found that the instantaneous magnitude of the tensile force
acting on the left side of the rope 5 (i.e., approaching force) FN [N] in the sheave is given by
the sum of the instantaneous value of the tractive force F [N] on the perimeter of the rope
sheave groove and the magnitude of the tensile force in the right side of the rope Fo [N]
(i.e., departing force of rope sheave 4), which corresponds to the instantaneous weightiness
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of the weight Gz (i.e., a given number of weights suspended in the departing side of the
rope sheave).
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Figure 3. Measurement of tensile force FM2T [N] in the approaching side of the rope on the sheave at
the moment of starting the drive unit.

The instantaneous magnitude of circumferential force F [N] in the groove of the rope
sheave is proportional to the diameter of the rope sheave D [m] and the torque size M2(i)
[N·m] on the shaft of the rope sheave 4. If the driving electric motor 2 rotates at rated speed
ne [min−1], the magnitude of torque M2T [N·m] on the shaft of the rope sheave 4 describes
the relationship (3). The theoretical magnitude of the tractive force on the circumference of
the rope sheave groove can be expressed by F = 2·M2T/D [N].

At the starting moment (ne = 0 min−1) of the driving electric motor 2, the electromotor
generates the engagement torque Mz [N·m]. The theoretical magnitude of the tractive force
at the perimeter of the rope sheave groove can be expressed as F = 2·Mz·ip/D [N].

3. Results

Rope 5 with the diameter dL [m], guided by a rope disc groove 4, was during exper-
imental measurements carried out on a laboratory machine (see Figure 1) loaded on the
right side of the rope by a predefined weight Gz [N]. The loose end of rope 5 was fixed to
the right side of the rope using strain gauge sensor 6 [36]. Connecting an electric motor 2 to
electricity, on the perimeter of the rope sheave groove 4 circumferential force was generated,
which showed a tendency to carry the rope due to friction 5 via the groove of the sheave 4.
As the left side of rope 5 is fixed to frame 1 of the laboratory machine, the friction force
grows (at the moment the electric motor starts to revolve) in the contact area of the rope
and the groove walls. At the moment when the amount of the circumferential force in the
groove of the rope sheave reaches the value of the friction force, the rope sheave begins
to rotate (stable rope rubs the walls of the moving sheave walls). The value of tractive
force FM2(i) [N] acting on the right side of the rope were monitored during the experiment
by a strain gauge sensor 6, recorded using measuring apparatus DS NET and displayed
using DEWESoft software on the display and then stored on the disk of a PC [18]. From the
values obtained by measuring the tensile forces on both sides of the rope FM2(i) [N] and Gz
[N] (see Table 2) and the angle of wrap λ [deg] provided to the rope by a sheave groove
and using the Euler’s formula the coefficient of friction f2(i) [-] was calculated.
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Table 2. Tensile force FM2(i) [N], φ6 mm rope, semi-circular groove, clean condition.

Gz fT
1 FM2T

2 FM2(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5) f2 ± χ5%,5

[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-]

49

0.12

72 283.1 3a 0.56 315.3 0.59 263.9 0.54 280.2 0.55 279.3 0.55 0.56 ± 0.02

98 144 503.2 3b 0.52 516.3 0.53 493.0 0.51 459.9 0.49 484.3 0.51 0.51 ± 0.02

147 216 609.6 3c 0.45 589.0 0.44 618.3 0.46 596.1 0.45 614.9 0.46 0.45 ± 0.01

196 288 694.1 3d 0.40 715.3 0.41 789.7 0.44 722.6 0.42 678.3 0.39 0.41 ± 0.03

245 359 760.3 3e 0.36 743.4 0.35 815.4 0.38 798.5 0.38 804.8 0.38 0.37 ± 0.02

294 431 839.0 3f 0.33 876.1 0.35 919.6 0.36 877.1 0.35 896.4 0.35 0.35 ± 0.01

1 see [13] for γ = 40◦, β = 0 deg, µ = 0.1; 2 see (2); 3a see Figure 4a, 3b see Figure 4b, 3c see Figure 4c, 3d see Figure 4d,
3e see Figure 4e, 3f see Figure 4f.
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Figure 4. Recording of measured tensile forces FM2(i) [N] processed in software DeweSoft® for
a φ6 mm rope and semi-circular groove in clean condition (for weight of weights Gz [N] (a) 49 N,
(b) 98 N, (c) 147 N, (d) 196 N, (e) 245 N, (f) 294 N).

In the following Sections 3.1–3.8, obtained values of tensile forces for both sides
of the rope FM2(i) [N] and Gz [N] carried out for different rope diameter dL [m], rope
sheave groove type, and contamination status of the contact surfaces of the groove and
rope are presented. Values recorded in measurements are presented in the figures, see
Sections 3.1–3.8. Nevertheless, due to the space limitation of this paper, these are listed for
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only one series of measurements. In the case of interest or need, we can submit complete
data and graphic recordings for the measured tensile forces FM2(i) [N] on the left side of
the rope.

3.1. Tensile Force in φ6 mm Rope, Semi-Circular Groove, Dry Surface

Table 2 presents the measured values of tensile forces FM2(i) [N] on the approaching
side of the rope 5 (dL = 6 mm) to the sheave 4, where the surface of the semi-circular groove
in contact with the steel rope is dry and clean.

By using Student’s t-distribution, following the procedure described in [37], the arith-
metic mean of the friction coefficient f2 [-] was calculated for n = 5 under the same con-
ditions for the repeated measurement for f2(i) [-]. Also, the limiting error χa,n = tα,n· s [-]
was calculated, where tα,n [-] is Student’s t-distribution coefficient, α [-] risk (for α = 5% is
tα,n = t5%,5 = 2.78) and s [-] sampling standard deviation.

Figure 4 presents recordings from performed laboratory measurements of tensile force
FM2(1) [N], provided on a laboratory machine using measuring strain gauge apparatus DS
NET and software DEWESoft X2 SP5 [27].

Records of all other measured values FM2(i) [N] in this and the following tables are
archived by the authors of the article and can be provided for further use on request.

3.2. Tensile Force in φ8 mm Rope, Semi-Circular Groove, Dry Surface

Table 3 presents the measured values no. 1 to 5 of tensile forces FM2(i) [N] on the
approaching side of the rope 5 (diameter dL = 8 mm) to the rope sheave 4, of which the
semi-circular groove is dry and clean.

Table 3. Tensile force FM2(i) [N] for i = 1÷5, φ8 mm rope, semi-circular groove, clean condition.

Gz fT
1 FM2T

2 FM2(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5)

[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-]

49

0.12

72 484.6 0.73 564.7 4a 0.78 503.7 0.74 496.5 0.74 523.3 0.75

98 144 612.3 0.58 688.4 4b 0.62 586.7 0.57 592.2 0.57 606.8 0.58

147 216 709.9 0.50 755.6 4c 0.52 731.6 0.51 687.7 0.49 765.4 0.52

196 288 793.5 0.44 843.2 4d 0.46 836.6 0.46 779.9 0.44 806.4 0.45

245 359 884.3 0.41 950.3 4e 0.42 931.7 0.42 874.4 0.40 904.6 0.42

294 431 925.4 0.36 1017.8 4f 0.40 963.4 0.38 985.3 0.38 946.7 0.37
1 see [13] pro γ = 40 deg, β = 0 deg, µ = 0.1; 2 see (2); 4a see Figure 5a, 4b see Figure 5b, 4c see Figure 5c, 4d see
Figure 5d, 4e see Figure 5e, 4f see Figure 5f.

Table 4 shows measured values from no. 6 to 10 of tensile forces FM2(i) [N] on the
side of the rope 5 (diameter dL = 8 mm) approaching the rope sheave 4, of which the
semi-circular groove is dry and clean.

By using the Student’s t-distribution, using the procedure stated in [37], the arithmetic
mean of friction coefficient f2 [-] has been calculated for n = 10 under the same conditions
repeated measurements of values f2(i) [-]. The results are given in Table 4. The extreme
error χa,n [N] was also calculated (for the risk α = 5%, the Student’s distribution coefficient
is t5%,10 = 2.26 [5]).
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Figure 5. Measurement of tensile forces FM2(i) [N] for φ8 mm rope, semi-circular groove, clean
condition (for weight of weights Gz [N] (a) 49 N, (b) 98 N, (c) 147 N, (d) 196 N, (e) 245 N, (f) 294 N).

Table 4. Tensile force FM2(i) [N] for i = 6÷10, φ8 mm rope, semi-circular groove, clean condition.

Gz FM2(6) f2(6) FM2(7) f2(7) FM2(8) f2(8) FM2(9) f2(9) FM2(10) f2(10) f2 ± χ5%,10

[N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-]

49 517.3 0.75 499.9 0.74 536.2 0.76 512.7 0.75 501.2 0.74 0.75 ± 0.01

98 602.1 0.58 589.3 0.57 598.2 0.58 633.8 0.59 627.4 0.59 0.58 ± 0.01

147 697.2 0.50 738.6 0.51 721.7 0.51 753.3 0.52 729.3 0.51 0.51 ± 0.01

196 783.2 0.44 807.7 0.45 831.3 0.46 792.1 0.44 811.8 0.45 0.45 ± 0.01

245 937.4 0.43 917.8 0.42 889.3 0.41 876.9 0.41 932.0 0.43 0.42 ± 0.01

294 1007.3 0.39 978.2 0.38 989.0 0.39 967.4 0.38 971.9 0.38 0.38 ± 0.01

3.3. Tensile Force in φ6 mm Rope, Semi-Circular Groove, Surface Contaminated with Oil

Table 5 displays measured values of tensile forces FM2(i) [N] for the approaching
side of the rope 5 (dL = 6 mm) to the sheave 4, of which the semi-circular groove is dirty
with oil. Gear oil SAE 80W, GL-4 [38], produced by the Lavio company, was used for
this measurement.
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Table 5. Tensile force FM2(i) [N], φ6 mm rope, semi-circular groove, contaminated with oil.

Gz fT
1 FM1T

2 FM1(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5) f2 ± χ5%,5

[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-]

49

0.12

33 67.1 5a 0.10 66.5 0.11 71.3 0.12 70.4 0.12 69.2 0.11 0.11 ± 0.01

98 67 136.9 5b 0.11 135.5 0.10 132.8 0.10 138.2 0.11 139.4 0.11 0.11 ± 0.01

147 100 203.1 5c 0.10 202.8 0.10 213.8 0.12 209.3 0.11 210.1 0.11 0.11 ± 0.01

196 134 271.4 5d 0.10 272.8 0.11 269.3 0.10 274.6 0.11 275.3 0.11 0.11 ± 0.01

245 167 343.0 5e 0.11 341.7 0.11 347.4 0.11 354.1 0.12 346.8 0.11 0.11 ± 0.01

294 201 412.3 5f 0.11 411.6 0.11 410.4 0.11 414.6 0.11 409.8 0.11 0.11 ± 0.00

1 see [13] pro γ = 40 deg, β = 0 deg, µ = 0.1; 2 see (2); 5a see Figure 6a, 5b see Figure 6b, 5c see Figure 6c, 5d see
Figure 6d, 5e see Figure 6e, 5f see Figure 6f.
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Figure 6. Measured tensile forces FM2(i) [N] for φ6 mm rope, semi-circular groove, contaminated
with oil (for weight of weights Gz [N] (a) 49 N, (b) 98 N, (c) 147 N, (d) 196 N, (e) 245 N, (f) 294 N).

3.4. Tensile Force in φ8 mm Rope, Semi-Circular Groove, Surface Contaminated with Oil

Table 6 shows values measured for tensile forces FM2(i) [N] in rope side 5 (dL = 8 mm)
approaching the rope sheave 4, of which the semi-circular groove is dirty with oil.
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Table 6. Tensile force FM2(i) [N], φ8 mm rope, semi-circular groove, contaminated with oil.

Gz fT
1 FM1T

2 FM1(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5) f2 ± χ5%,5

[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-]

49

0.12

33 102.8 0.24 97.3 0.22 95.6 6a 0.21 96.6 0.22 101.3 0.23 0.22 ± 0.02

98 67 182.8 0.20 188.3 0.21 185.2 6b 0.20 178.7 0.19 186.1 0.20 0.20 ± 0.01

147 100 287.2 0.21 294.0 0.22 282.4 6c 0.21 267.9 0.19 264.3 0.19 0.20 ± 0.02

196 134 387.3 0.22 376.5 0.21 360.2 6d 0.19 368.9 0.20 370.4 0.20 0.20 ± 0.02

245 167 427.1 0.21 418.0 0.17 427.3 6e 0.18 463.7 0.20 449.8 0.19 0.19 ± 0.02

294 201 522.1 0.18 529.6 0.19 539.9 6f 0.19 517.0 0.18 519.3 0.18 0.18 ± 0.01

1 see [13] pro γ = 40 deg, β = 0 deg, µ = 0.1; 2 see (2); 6a see Figure 7a, 6b see Figure 7b, 6c see Figure 7c, 6d see
Figure 7d, 6e see Figure 7e, 6f see Figure 7f.
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Figure 7. Tensile forces FM2(i) [N] measured for φ8 mm rope, semi-circular groove, contaminated
with oil (for weight of weights Gz [N] (a) 49 N, (b) 98 N, (c) 147 N, (d) 196 N, (e) 245 N, (f) 294 N).

The semi-circular groove of rope pulley 4 is designed with the bottom diameter
dG = 8 mm, see Figure 8a. Experimentally obtained values of the friction coefficient f(i) [-]
in the semi-circular groove of rope dL = 6 mm, see Table 6, done on a laboratory machine,
reached lower magnitudes than the value (fT = 0.12) given in the relevant standard [13].
The rope φdL = 6 mm is in pointwise contact with the bottom of the groove surface
φdG = 8 mm.



Machines 2022, 10, 590 12 of 23

Machines 2022, 10, x FOR PEER REVIEW 11 of 23 
 

 

 
Figure 7. Tensile forces FM2(i) [N] measured for ϕ8 mm rope, semi-circular groove, contaminated 
with oil (for weight of weights Gz [N] (a) 49 N, (b) 98 N, (c) 147 N, (d) 196 N, (e) 245 N, (f) 294 N). 

The semi-circular groove of rope pulley 4 is designed with the bottom diameter dG = 
8 mm, see Figure 8a. Experimentally obtained values of the friction coefficient f(i) [-] in the 
semi-circular groove of rope dL = 6 mm, see Table 6, done on a laboratory machine, reached 
lower magnitudes than the value (fT = 0.12) given in the relevant standard [13]. The rope 
ϕdL = 6 mm is in pointwise contact with the bottom of the groove surface ϕdG = 8 mm. 

For the rope of ϕ8 mm, see Figure 8b, the experimental values of friction coefficient 
done for semi-circular groove f(i) [-] reached higher values that the value given in the 
standard [13]. The ϕ8 rope is showing 40.28% contact of its circumference with the groove 
surface ϕdG = 8 mm. Angle δ [deg] and the length of the rope circumference contact with 
the groove o [m] can be expressed by the relationship (4). 

 
Figure 8. Diameter dG [m], dihedral angle γ [deg] and angle δ [deg] of the semi-circular groove. Figure 8. Diameter dG [m], dihedral angle γ [deg] and angle δ [deg] of the semi-circular groove.

For the rope of φ8 mm, see Figure 8b, the experimental values of friction coefficient
done for semi-circular groove f(i) [-] reached higher values that the value given in the
standard [13]. The φ8 rope is showing 40.28% contact of its circumference with the groove
surface φdG = 8 mm. Angle δ [deg] and the length of the rope circumference contact with
the groove o [m] can be expressed by the relationship (4).

δ =
π

2
− γ [deg], o =

π · dL

2
· δ

180◦
[m], (4)

Figure 9 presents calculated values of friction coefficient f2 [-] (see Tables 2 and 4–6)
for the semi-circular groove, of which the surface is clean and contaminated with oil, done
for the rope sheave with the friction coefficient fT [N] specified in the standard [13].
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Figure 9. Values measured for the friction coefficient f2(i) [-] for a semi-circular groove under
a different state of the sheave groove contamination.

3.5. Tensile Force in φ6 mm Rope, V-Shaped Groove, Dry Surface

Table 7 displays values measured for tensile forces FM2(i) [N] on the side of the rope 5
(dL = 6 mm) approaching the rope sheave 4, of which the V-shaped groove is dry and clean.
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Table 7. Tensile force FM2(i) [N], φ6 mm rope, V-shape groove, dihedral angle 35 deg, clean condition.

Gz fT
1 FM2T

2 FM2(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5) f2 ± χ5%,5

[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-]

49

0.33

139 549.6 0.77 597.4 0.80 562.6 0.78 566.3 7a 0.78 571.4 0.78 0.78 ± 0.01

98 279 668.7 0.61 651.3 0.60 617.4 0.59 654.1 7b 0.60 707.4 0.63 0.61 ± 0.02

147 418 744.2 0.52 766.9 0.53 790.1 0.54 778.7 7c 0.53 762.7 0.52 0.53 ± 0.01

196 588 901.3 0.49 849.6 0.47 878.7 0.48 919.1 7d 0.49 884.2 0.48 0.48 ± 0.01

245 697 976.8 0.44 945.0 0.43 932.7 0.43 967.7 7e 0.44 954.4 0.43 0.43 ± 0.01

294 836 911.6 0.36 928.0 0.37 906.9 0.36 1014.2 7f 0.39 963.9 0.38 0.37 ± 0.02

1 see [13] pro γ = 35 deg, 2 see (2), 7a see Figure 10a, 7b see Figure 10b, 7c see Figure 10c, 7d see Figure 10d, 7e see
Figure 10e, 7f see Figure 10f.

Machines 2022, 10, x FOR PEER REVIEW 13 of 23 
 

 

 
Figure 10. Measured tensile forces FM2(i) [N] processed with DeweSoft® software for ϕ6 mm rope, V-
shaped groove, and clean condition (for weight of weights Gz [N] (a) 49 N, (b) 98 N, (c) 147 N, (d) 
196 N, (e) 245 N, (f) 294 N). 

3.6. Tensile Force in ϕ8 mm Rope, V-Shaped Groove, Dry Surface 
Table 8 shows values measured for tensile forces FM2(i) [N] done for the side of the 

approaching rope 5 ϕ8 mm to the rope sheave 4, of which the V-shaped groove is dry and 
clean. 

Table 8. Tensile force FM2(i) [N], ϕ8 mm rope, V-shaped groove, dihedral angle 35 deg, clean condi-
tion. 

Gz fT 1 FM2T 2 FM2(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5) f2 ± χ5%,5 
[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-] 
49 

0.33 

139 585.5 8a 0.79 559.5 0.77 538.3 0.76 586.4 0.79 577.1 0.78 0.78 ± 0.02 
98 279 664.4 8b 0.61 717.9 0.63 694.4 0.62 709.1 0.63 658.7 0.61 0.62 ± 0.01 

147 418 792.9 8c 0.54 780.8 0.53 774.6 0.53 801.9 0.54 758.7 0.52 0.53 ± 0.01 
196 588 862.3 8d 0.47 903.0 0.49 876.1 0.48 899.2 0.48 901.3 0.49 0.48 ± 0.01 
245 697 958.3 8e 0.43 927.3 0.42 941.9 0.43 960.1 0.43 933.3 0.43 0.43 ± 0.01 
294 836 1029.4 8f 0.40 973.6 0.38 989.6 0.39 970.1 0.38 976.5 0.38 0.39 ± 0.01 

1 see [13] for γ = 35 deg, 2 see (2), 8a see Figure 11a, 8b see Figure 11b, 8c see Figure 11c, 8d see Figure 
11d, 8e see Figure 11e, 8f see Figure 11f. 

Figure 10. Measured tensile forces FM2(i) [N] processed with DeweSoft® software for φ6 mm rope,
V-shaped groove, and clean condition (for weight of weights Gz [N] (a) 49 N, (b) 98 N, (c) 147 N,
(d) 196 N, (e) 245 N, (f) 294 N).

3.6. Tensile Force in φ8 mm Rope, V-Shaped Groove, Dry Surface

Table 8 shows values measured for tensile forces FM2(i) [N] done for the side of the
approaching rope 5 φ8 mm to the rope sheave 4, of which the V-shaped groove is dry
and clean.
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Table 8. Tensile force FM2(i) [N], φ8 mm rope, V-shaped groove, dihedral angle 35 deg, clean condition.

Gz fT
1 FM2T

2 FM2(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5) f2 ± χ5%,5

[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-]

49

0.33

139 585.5 8a 0.79 559.5 0.77 538.3 0.76 586.4 0.79 577.1 0.78 0.78 ± 0.02

98 279 664.4 8b 0.61 717.9 0.63 694.4 0.62 709.1 0.63 658.7 0.61 0.62 ± 0.01

147 418 792.9 8c 0.54 780.8 0.53 774.6 0.53 801.9 0.54 758.7 0.52 0.53 ± 0.01

196 588 862.3 8d 0.47 903.0 0.49 876.1 0.48 899.2 0.48 901.3 0.49 0.48 ± 0.01

245 697 958.3 8e 0.43 927.3 0.42 941.9 0.43 960.1 0.43 933.3 0.43 0.43 ± 0.01

294 836 1029.4 8f 0.40 973.6 0.38 989.6 0.39 970.1 0.38 976.5 0.38 0.39 ± 0.01

1 see [13] for γ = 35 deg, 2 see (2), 8a see Figure 11a, 8b see Figure 11b, 8c see Figure 11c, 8d see Figure 11d, 8e see
Figure 11e, 8f see Figure 11f.
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Figure 11. Measured tensile forces FM2(i) [N] processed by DeweSoft® software for φ8 mm rope,
V-shaped groove, clean condition (for weight of weights Gz [N] (a) 49 N, (b) 98 N, (c) 147 N,
(d) 196 N, (e) 245 N, (f) 294 N).

3.7. Tensile Force in φ6 mm, V-Shaped Groove, Surface Contaminated with Oil

Table 9 displays values FM2(i) [N] measured for the approaching side of rope 5 with the
diameter of dL = 6 mm to the rope sheave 4, of which the V-shaped groove is contaminated
with oil.
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Table 9. Tensile force FM2(i) [N], φ6 mm rope, V-shaped groove, γ = 35 deg, contaminated with oil.

Gz fT
1 FM2T

2 FM2(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5) f2 ± χ5%,5

[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-]

49

0.33

139 153.6 0.36 158.1 0.37 155.2 9a 0.37 152.1 0.36 149.6 0.36 0.36 ± 0.01

98 279 297.4 0.35 304.3 0.36 302.9 9b 0.36 298.7 0.35 301.9 0.36 0.36 ± 0.01

147 418 435.3 0.35 435.0 0.35 438.8 9c 0.35 427.3 0.34 428.3 0.34 0.35 ± 0.01

196 588 554.5 0.33 538.9 0.32 548.2 9d 0.33 547.5 0.33 549.7 0.33 0.33 ± 0.01

245 697 685.6 0.33 702.2 0.33 730.8 9e 0.35 680.5 0.32 724.1 0.34 0.33 ± 0.02
294 836 775.6 0.31 875.8 0.35 802.3 9f 0.32 743.4 0.30 832.8 0.33 0.32 ± 0.03

1 see [13] for γ = 35 deg, µ = 0.1; 2 see (2), 9a see Figure 12a, 9b see Figure 12b, 9c see Figure 12c, 9d see Figure 12d,
9e see Figure 12e, 9f see Figure 12f.
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Figure 12. Measured tensile forces FM2(i) [N] done using DeweSoft® measuring software for φ6 mm
rope, V-shaped groove, with oil contamination (for weight of weights Gz [N] (a) 49 N, (b) 98 N,
(c) 147 N, (d) 196 N, (e) 245 N, (f) 294 N).

3.8. Tensile Force in φ8 mm Rope, V-Shaped Groove, Surface Contaminated with Oil

Table 10 lists the values of tensile forces FM2(i) [N] measured on the side of rope 5
(dL = 8 mm) approaching the rope sheave 4, of which the V-shaped groove is contaminated
with oil.
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Table 10. Tensile force FM2(i) [N], φ 8 mm rope, V-shaped groove, the dihedral angle of 35 deg,
contaminated with oil.

Gz fT
1 FM2T

2 FM2(1) f2(1) FM2(2) f2(2) FM2(3) f2(3) FM2(4) f2(4) FM2(5) f2(5) f2 ± χ5%,5

[N] [-] [N] [N] [-] [N] [-] [N] [-] [N] [-] [N] [-] [-]

49

0.33

139 438.9 0.70 409.7 0.68 443.6 0.70 389.6 0.66 369.8 10a 0.64 0.68 ± 0.04

98 279 580.7 0.57 608.3 0.58 609.8 0.58 548.1 0.55 580.2 10b 0.57 0.57 ± 0.01

147 418 593.6 0.44 572.4 0.43 603.5 0.45 584.9 0.44 652.5 10c 0.47 0.45 ± 0.02

196 588 699.3 0.40 713.4 0.41 699.9 0.40 727.2 0.42 725.8 10d 0.42 0.41 ± 0.01

245 697 795.8 0.37 789.7 0.37 843.3 0.39 782.1 0.37 773.2 10e 0.37 0.37 ± 0.01
294 836 969.6 0.38 781.0 0.31 833.0 0.33 798.4 0.32 853.2 10f 0.34 0.34 ± 0.03

1 see [13] for γ = 35 deg, µ = 0.1; 2 see (2), 10a see Figure 13a, 10b see Figure 13b, 10c see Figure 13c, 10d see Figure 13d,
10e see Figure 13e, 10f see Figure 13f.
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Figure 13. Measured tensile forces FM2(i) [N] provided using DeweSoft® measuring software for
φ8 mm rope, V-shaped groove, contaminated with oil (for weight of weights Gz [N] (a) 49 N,
(b) 98 N, (c) 147 N, (d) 196 N, (e) 245 N, (f) 294 N).

Figure 14 calculated values of friction coefficients f2 [-] (see Tables 7–10) for the V-
shaped groove, of which the surface is clean and contaminated with oil, for the rope sheave
with the friction coefficient fT [N] stated in the standard [13].
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Figure 14. Measured values of friction coefficient f2(i) [-] in a V-shaped groove in a different state of
the sheave groove contamination.

3.9. Numerically Calculated Magnitude of Tensile Force in φ8 mm Rope, Semi-Circular Groove,
Dry Surface

For measurements provided on the laboratory device (see Figure 1), ropes with diame-
ters dL = 6 and 8 mm were used, and the construction was 6 × 7 + WSC 1960 B sZ [34]. It is
a six-strand, right ordinary laid (cross laid) rope. Wires with diameter d [mm] in the rope
strand, see Figure 15, are wound in the helix (rising from right to left) with winding height
(which is the parallel distance with the longitudinal axis of the rope) of wires in the strand
hP = 8 ÷ 12·dP [m], where dP [m] is the diameter of the rope strand [39]. All strands in the
role are wound helically, rising from left to right, and the height of the strand winding in
the rope is HL = 6.5 ÷ 8·dL [m] [39].
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Figure 15. Steel rope (a) strand with diameter dp [m], wire with diameter d [m], (b) type 6 6 × 7+WSC
1960 B sZ.

To verify the correctness of the results obtained via experimental measurements,
numerical analysis was carried out using the finite element method (FEM) using Ansys
Workbench 2020 R2 software [40]. Numerical analysis was used to determine the friction
coefficient fN [-], which corresponds to the theoretical force FM2 [N] calculated using
Euler’s formula using the calculated arithmetic mean of the friction coefficient f2 [-]. The
calculation was made only for the rope with diameter dL = 8 mm and semi-circular groove,
see Section 3.2, as in this case, there was the greatest deviation of the experiment from the
standard monitored. The force in the approaching side of the rope FM2 [N] was measured
on the laboratory device at a steady state, i.e., at a constant angular velocity. Therefore, the
issue was approached as a static task and all dynamic effects, including self-weight, are
neglected in numerical calculation.

The real geometry of the rope has been simplified for the calculation so that the
individual wires (diameter dr [m]) in the strand that is wound in the helix around a central
wire, are replaced by wires of circular cross-section having an adequate diameter dP [m].
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Both the rope and the rope sheave are made of steel, but both components consider
a material with slightly different values. Both materials are modelled as homogeneous
and isotropic, which is typical in common practice, and both models describe only elastic
behaviour because there are only minor distortions. For a rope, an elastic material model is
considered, and the values are taken from [41]. The exact type of steel is not known for the
rope sheave, so it is considered to be a standard steel material model. Material parameters
are given in Table 11.

Table 11. Material parameters for contact surfaces (i.e., for rope and rope sheave).

Young’s Modulus of Elasticity Poisson’s Ratio

[MPa] [-]

Rope 188 000 0.3

Rope sheave 210 000 0.3

For calculation, the 3D geometry of rope strands is simplified to beams. FEM
(= finite element) model is then designed using beam quadratic elements (i.e., the rope)
and tetra/hexaedric quadratic elements (i.e., rope sheave). The size of beam elements is
1 mm and the size of elements for semi-circular groove where the groove is in contact with
the rope is the size of elements 1.5 mm. FEM (= finite elements) network, illustrated in
Figure 16a. A sensitivity analysis was carried out in such a way that the error of the required
quantity (force FM2 [N]) for two different networks with half the size of the element was
lower than 1 %.
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Figure 16. (a) FEM network of steel rope guided in a rope sheave groove; (b) boundary conditions of
numerical problem solution.

Between the individual strands of the rope, the friction contacts having the friction
coefficient µ = 0 [-] [13,42] are considered. The friction contact between the surface of rope
strands and the groove surface of the sheave is also considered, and the friction coefficient
is the quantity sought in our analysis.

The end of the approaching rope is fixed (this is where the tensile force is evaluated
FM2 [N]). The end of the departing side of the rope is loaded with the force Gz [N] and there
is also a deformation condition preventing transverse displacements. A joint is placed in the
inner diameter of the rope sheave, ensuring the rotation around the z-axis in the direction
of the departing side of the rope. Rotation of the sheave occurs only after complete loading
of the departing side of the rope by force Gz [N]. Boundary conditions are displayed in
Figure 16b.

In Table 12, there are listed the values of numerical coefficients of friction fN [-].
A trend to approximate the experimental values f2 [-] with increasing load force Gz [N] can
be observed (see Table 4).
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Table 12. Numerical values of friction coefficient fN [-].

Gz(i) [N] 49 98 147 196 245 294

fN(i) [-] 0.65 0.51 0.45 0.39 0.36 0.33

From Table 12, it is evident that the numerically determined value of the friction
coefficient fN [-] is lower than the one determined experimentally f2 [-] (see Table 4). This
deviation can be caused by several factors, e.g., by simplifying the geometric model, in
which the wound strands of the rope were simplified to simple wires with a circular cross-
section, infill wires were neglected, and also all inaccuracies that are present in reality have
been eliminated. Furthermore, the exact material parameters of the tested rope were not
used in the calculation, but these were based on [41]. For the finite element model, the
strands of a rope are considered to be beams, which can also influence the result. The
above-mentioned limitations of the model thus can cause, both alone and in combination,
a deviation from the real values. Nevertheless, the calculated values are significantly closer
to the experiment than to the values given by a relevant standard.

4. Discussion

In [33] (p. 30) the ratio of the traction and rated torque of the electric motor
Mz/MN = ke = 1.9 can be found. Considering the overall efficiency of the drive
ηc = 1, the theoretical torque on the shaft of the rope sheave at the rated speed of the
electric motor ne = 1.370 min−1 can be calculated using the relationship (3), which acquires
the value of M2T = 81.2 N·m. At the selected pitch diameter of for the sheave groove
D = 320 mm, on the circumference of the sheave groove revolving with the rated speed
of the electric motor ne [min−1] acts the pulling force F = 2·M2T/D = 507.7 N. At the
moment the laboratory machine starts operating (see Figure 16), the electric motor drives
the moment of engagement Mz = ke·MN = 1.9·2.6 = 4.9 N·m and on the perimeter of
the rope sheave there is a circumferential force Fz = ke·F = 1.9·507.7 = 964.7 N. Torque
magnitude determined by measurements as M2(i) [N·m] at the moment of staring the
drive is indicated in Table 1. Torque size M2(i) [N·m] was calculated from the measured
force Fp [N] using a force gauge on the lever arm a = 212 mm (see Figure 2). The real
magnitude of the circumferential force in the sheave groove can be obtained by calculating
F(i) = (Fp·D)/2·a [N], see Table 1, at the moment of starting the rotation of the designed
drive on the laboratory machine (Figure 17). The theoretical momentum in the shaft
of the rope sheave at the moment of starting the operation reaches a value of
Mz2T = 154.4 N·m. The mean value of the measured torque on the shaft of the rope
sheave taken at the moment of starting the operation is M2 = 145.2 N·m, which corresponds
to 94% of the magnitude for the theoretically calculated torque Mz2T [N].
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From Figure 9, it can be observed that the smallest deviations of the measured val-
ues for f2(i) [-], concerning the value stated in the standard as fT [-] [13], coefficient of
friction for the rope in a semi-circular sheave groove, and for the load on the left side of
the rope Gz = 294 N, was achieved during experimental measurements when the surface
of the semi-circular groove was contaminated with oil. The mean value of friction coef-
ficient f2 = 0.1 (see Table 5) in semi-circular groove contaminated with oil for the rope
dL = 6 mm deviates from the standard value (fT = 0.12) by 16.7%, and for the clean surface
of the groove f2 = 0.34 (see Table 2) rises by 183.3%. The mean value of friction f2 = 0.17
(see Table 6) in the semi-circular groove contaminated with oil for a rope of dL = 8 mm, it
deviates from standard value by 41.7%, for a clean groove surface f2 = 0.37 (see Table 4)
than by 208.3%.

Form Figure 14, it is visible that the smallest deviations of the measured values
f2(i) [-], concerning the values stated by relevant standard fT [-] [13], the friction coeffi-
cient for a rope in a V-shaped sheave groove for the load on the left side of the rope
Gz = 294 N was reached in experimental measurements if the surface of the V-shaped
groove was contaminated with oil. The mean value of the friction coefficient f2 = 0.35 (see
Table 9) in the V-shaped groove dirty with oil, for the rope dL = 6 mm, deviates from the
standard value (fT = 0.33) by 6.1%, and for a clean groove surface f2 = 0.35 (see Table 7) also
by 6.1%. The mean value of the friction coefficient f2 = 0.31 (see Table 10) in a semi-circular
groove contaminated with oil for a rope dL = 8 mm, it deviates from the standard value by
6.1%, for a clean groove surface f2 = 0.38 (see Table 8) then by 15.2%.

The biggest difference between the measured f2 [-] and theoretically calculated value
fT [N] (see [13]) of the friction coefficient done for the rope sheave groove can be seen
in Table 4. For departing force Gz = 294 N, out of the 10th measured values of friction
coefficient in a semi-circular groove, the mean value f2 = 0.38 ± 0.01 is calculated. The
maximum value f2max = 0.39 is thus 3.25 times bigger than fT = 0.12 recommended by the
standard [13].

Due to the high difference measured and recommended by the standard of the value
of the coefficient of friction in the semi-circular groove, the measurement was evaluated
by a numerical method in the Ansys Workbench 2020 software environment. Using the
numerical method, the task concerning the contact of the rope surface with the rope sheave
groove for the known magnitude of force Gz [N] on the side of the rope departing from the
rope sheave and the FEM method was used to calculate the friction coefficient fN [-], see
Table 12. The results of the numerical analysis showed that the numerically determined
value of friction coefficient fN [-] is lower than its value f2 [-] obtained by experimental
measurements on the laboratory machine. The value of the friction coefficient fN [-] for low
values of the departing force Gz [N] from the rope sheave is still more approaching vales f2
[-] experimentally measured than the value calculated according to [13]. With increasing
tensile force values Gz [N] and FM2(i) [N] on both sides of the rope, the numerically and
experimentally obtained values of the friction coefficient (fN [-] and f2 [-]) approximate the
value of friction coefficient fT [-] given in the standard [13].

5. Conclusions

The paper presents a structural design and description of the operation and basic
parts of a laboratory machine that was designed and constructed to determine via an
experimental method tensile force in a steel rope in an approaching rope side on a rope
sheave. The special design of the laboratory machine makes it possible to determine the
actual size of the friction coefficient in the groove of the rope sheave by measuring the
values of tensile forces in laboratory conditions, for a predefined period.

The paper aimed to compare the value of the coefficient of friction between the steel
rope and the types of grooves used in practice, which are made on the perimeter of the
rim in driving rope sheaves, used in those drives where the transfer of tensile force to
the traction element is provided by friction. The coefficient of friction was calculated
from the values measured on the laboratory machine in the semi-circular and V-shaped
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groove of a rope sheave driven by an electro-gearbox. The values of the friction coefficient
recommended by CSN standard [13], when checking the traction capability in case of
“cage loading and emergency braking” or in case of “standing balancing weight”, are the
minimum, value of all values possible in practice. Lower values of the coefficient of friction
were achieved at higher values of the tensile force acting on the approaching side of the rope
from the driving rope sheave. Higher values of the friction coefficient were used to show
measurements carried out on a laboratory machine when the contact surfaces condition
for the rope sheave groove and the rope surface was dry and clean. The lowest values of
friction coefficient were calculated when the contact surfaces of the sheave groove and
rope surface were contaminated with oil. In practice, this operating condition is defined by
a lubricant which is extruded from the fibrous rope core, or by a lubricant that is applied to
the rope surface to limit the corrosion of wires.

From the measured tensile forces developments in the approaching side at known
weights hoisted on the end of the rope present on the departing rope side of the driving
sheave, and with the known angle of wrap for the rope in sheave, using Euler’s formula
the values of friction coefficient were calculated. The drive of our laboratory device created
a circumferential force on the circumferential sheave groove during the start of the rotation,
the size of which increased the instantaneous value of the tensile force on the rope side
approaching the rope sheave. The actual magnitude of the torque on the shaft of the rope
sheave was measured on a laboratory machine using an experimental method, the principle
of which is presented in Figure 2.

A unique contribution of this paper is the values listed in the tables, which represent
measured tensile forces for different operating conditions of contact areas of groove and
rope surface, which is due to the influence of fibre (shear) friction carried in the groove of
the rope sheave.

By successive (repeated under the same conditions) laboratory measurements of the
tractive force FM2(i) [N] on the advancing side of the cable on the pulley at a known belting
angle λ = 180 deg, it is possible to determine on laboratory equipment (Figures 1 and 7) by
the indirect method the actual value of the coefficient of friction in a given type of cable
groove (semicircular, V-groove) under the operating conditions of surface contamination
(clean and dry, contaminated with oil, etc.) of the groove surfaces in contact with the steel
cable. The actual value of the friction coefficient obtained by laboratory measurement can
be verified with the values theoretically calculated (see [13]).

A completely new finding in the paper can be considered the determination of friction
coefficient in the contact area between the semi-circular groove and the rope surface,
expressed by the numerical method of FEM in using the Ansys Workbench 2020 software
for the known magnitude of tensile forces for both approaching and departing sides of
the rope.
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Nomenclature

a [m] length of the mechanical lever,
D [m] diameter of the groove of the rope sheave,
dL [m] rope diameter,
F [N] circumferential tractive force,
FM1T [N] theoretical magnitude of the acting tensile force on the right side of the rope,
FM2T [N] theoretical magnitude of the acting tensile force on the left side of the rope
FMi(i) [N] tensile force,
fT [-] friction coefficient in the groove of the rope sheave,
f2 [N] arithmetic mean of the friction coefficient,
Gz [N] weight of the weights,
Me [N·m] engine torque of the electric motor,
Mz [N·m] locked (starting) rotor torque of the electric motor,
ne [min−1] speed of the electric motor,
Pe [W] power of the electric motor,
ip [-] transmission gear ratio,
tα,n [-] Student’s distribution coefficient,
α [%] risk of Student’s distribution,
γ [deg] rope groove angle,
λ [deg] angle of the strapping of the rope,
µ [-] friction coefficient,
ηc [-] efficiency of the drive.
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