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Abstract

The aim of research is to substantiate the rational design of the travel wheel based on the determination of the dynamic
forces arising from the movement of the freight carriage and the crane bridge. The research methodology is based on analytical
methods for studying dynamic forces in the mechanism of movement of the cargo carriage of an overhead crane. The obtained
solution of the three-mass dynamic scheme of the movement of the freight carriage. To verify the theoretical data obtained, an
experiment was carried out on an overhead crane with a lifting capacity of 5, span of 22.5 m, lifting height of 8 m, operating mode
of 7 K. The study of the vibration state was carried out on the crane beam in the middle of the span, on the axis of the driven wheel
of the crane trolley with an elastic insert and on the axis of the drive wheel of the crane trolley of a conventional design.

Crane wheels are the fastest wearing parts of a crane. A decrease in their durability leads to an increase in repair costs and
crane downtime. Therefore, increasing the durability of crane travel wheels is an urgent task of modern crane construction. All
designs of travel wheels are quite rigid and do not perceive shocks and distortions arising from the deviation of the rail track from
the recommended values and lead to significant wear of the flanges and rails.

The analysis of the obtained solutions showed that when using a travel wheel with an elastic insert, the dynamic factors
during the movement of the freight carriage decrease. Dependences are obtained for determining the dynamic forces arising from
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the movement of the travel crane wheel, taking into account the rigidity of the elastic ring, which is installed in the travel wheel.

The analysis of the regularities of the formation of vibration signs at different points of the overhead crane structure is carried out.

The proposed design and calculation method for a travel wheel with an elastic insert improves its operational reliability.
Keywords: travel wheel, elastic insert, bridge crane, cargo trolley, dynamic loads of vibration acceleration.

DOI: 10.21303/2461-4262.2020.001387

1. Introduction

As practice shows, in some cases, typical crane equipment does not have the required ser-
vice life [1].

Travel wheels of bridge-type cranes require special attention. Crane wheels are the fastest
wearing parts of a crane. A decrease in their durability leads to an increase in repair costs and an
increase in crane downtime, which for bridge cranes reaches up to 10—12 % of the total downtime.
The costs associated with the replacement and restoration of travel wheels account for 15-17 % of
the cost of repairing the entire crane.

The dynamic forces arising from the movement of cargo carts of cargo cranes are quite
large and can’t be ignored when designing cranes [2, 3]. They are especially manifested during the
demolition of wheels and rails in the event of distortions on cranes [4, 5].

All designs of travel wheels are quite rigid and can’t perceive those shocks and distortions
that occur when the track deviates from the recommended values and leads to significant wear of
the flanges and rails [6, 7].

Thus, improving the performance and increasing the operational reliability of crane travel
wheels is a very urgent task of modern crane construction.

The dynamic models of the overhead crane are considered in [8]. The authors determined
the linear vibrations of the model, which describes the vibration of the load and trolls during the
movement of the crane, and estimated the frictional forces in the system. An assessment was made
of the influence of the shift load during the action of the resistance forces during the movement
of the crane. But the work does not consider the dynamic loads in the metal structure of the crane
during movement.

The possibility of modernizing the mechanism of movement of the cargo carriage of an
overhead crane by replacing a three-stage vertical cylindrical gearbox with two-stage and a sep-
arate gear transmission is considered in [9]. In this case, the travel wheel is directly mounted on
the shaft of the bogie wheelset. The authors argue that such a block diagram will reduce energy
losses and increase reliability. But at the same time, it was not investigated how much the dy-
namic loads change.

In work [10], a method is proposed for solving the problem of optimizing the movement of
the cargo carriage of an overhead crane at a given distance, which gives a complete overcoming of
uncontrollable mathematical oscillations of the load on a rope suspension. But the questions of the
influence of the design of the movement mechanism remained unresolved.

The results of experimental studies of the appearance of lateral forces in an overhead crane,
which change during movement, are given in [11]. It was found that the experimental values of the
lateral forces are less than those determined theoretically. It would be advisable to consider wheels
not only with a cylindrical profile, but also with a tapered one, which will provide lower lateral forces.

The optimal chemical composition of steel and the technology of technical processing for
the travel wheels of mine trolleys are proposed in [12]. The authors claim that this should increase
the wear resistance of the wheels, but a decrease in dynamic forces is not considered. It would be
advisable to carry out theoretical studies that made it possible to more significantly assess the wear
resistance of wheels.

The results of a numerical experiment using the hybrid approach of the finite element method
and modeling the system dynamics of an overhead crane when lifting a load are presented in [13].
The purpose of the analysis was to study the effect of loading on the crane structure while simul-
taneously lifting the load and measuring vibrations in selected areas of the crane structure. The
action of dynamic forces on the travel wheels is not considered, despite the fact that the operation
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of the movement mechanism can affect the dynamic processes in all crane mechanisms and even
in the metal structure.

This gives grounds to assert that it is advisable to conduct a study to improve the operational
reliability and durability of the travel wheel through the use of elastic inserts.

The aim of research is to substantiate the rational design of the travel wheel based on the
determination of the dynamic forces arising from the movement of the freight carriage and the
crane bridge.

To achieve the aim, the following objectives were set:

— to substantiate the design of a crane travel wheel with an elastic insert and to determine the
dynamic factors during the operation of the mechanism of movement of a cargo trolley based on a
three-mass dynamic system, taking into account the elasticity of an elastic insert;

—to conduct experimental studies of the formation of vibration signs that arise during the
operation of the movement mechanism with travel wheels with elastic inserts and without inserts.

2. Methodology for the experimental study of the movement of the freight carriage taking into
account the elastic insert of the travel wheel

The study of the crane travel wheel was carried out within the framework of the task of select-
ing and analyzing a more perfect wheel design, which will significantly increase its durability [14, 15].
The proposed improved design of a travel wheel with an elastic insert leads to a decrease in stresses
in the wheel and wear of the travel gear, including the flanges [16]. The crane travel wheel is under
the influence of static and dynamic loads [17]. Static forces are classified as vertical and horizontal.
Vertical ones arise from the weight of the load and the load carriage for the mechanism of move-
ment of the load carriage and the weight of the bridge and load for the mechanism of movement of
the overhead crane. Horizontal forces, as a rule, are the forces of friction between the travel wheel
and the rail [18]. Dynamic loads arise during transient processes, as well as when the wheels are
skewed and passing through the joints of the rail track [19, 20].

The construction consists of several layers (Fig. 1), of which the outer layer is made of du-
rable material, and the middle layer is a low-strength lightweight filler.

Fig. 1. Construction of crane travel wheel with elastic insert:
1 — outer layer of durable material, 2 — middle layer of lightweight filler

The filler is not only of reduced weight, but has high strength and rigidity, which is ex-
plained by the high value of the moment of inertia of the entire wall. Compared to a single-layer
skin, the moment of inertia can be increased many tens of times.

Taking into account the flexible suspension of the load, let’s have a three-mass sche-
me (Fig. 2).

The drive mechanism for the movement of the load trolley is located, as a rule, in the middle
of the trolley path. The movement to the drive wheels is transmitted by a transmission shaft. In a
detailed study of the dynamics of the movement mechanism, it is possible to use a design model
with three masses and two elastic ties. It is possible to reduce all the parameters to the chassis of the
bogie and the load. Then let’s obtain a scheme of gradual movement (Fig. 2).
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Fig. 2. Three-mass scheme of flexible load suspension: m, — mass of rotating parts (mass of
the engine motor and other parts, mainly the motor clutch and brake pulley) m, — reduced mass
of parts that move forward; m, — cargo weight; C, — coefficient of stiffness of the low-speed
transmission shaft; C, — stiffness of another elastic connection

Solve the system:
mXx, =P-W-C, (x1 —xz),
m,x, = C, (x1 —xz)—C2 (x2 —x3), 0))

mi, = C, (x2 —x3).

After solving system (1), let’s obtain the differential equation:

X +ak +a,x =a, 2
where
al=ﬂ G, G+G +m1(C1+C2)’ o
2 \m m, 2m,
C (2C, 2C,+C
a, =_1(_1+#], @)
2\ m m,
P-w(C+C, C
T
2 m, m,
The solution to equation (2) will be sought in the form:
X, = A sinkt+ A4, cosk,t+ A, sink,t + A, cosk,t + x,,,,» (6)
where
a
xlhast = _3’ (7)

a2
| a a
kisa=% —7' + Tl_ a,. 8)

Coefficients 4, 4, are determined using the initial conditions:

x,(0)=0, ®

%(0)=0, (10)

%(0)=0, (1)

x,(0)=0. (12)
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Let’s find the coefficient:
A,=4,=0, (13)
PR (14)
l a, (k22 - klz) ,
__ ki (15)
’ a, (k22 - klz)
After this equation (6) takes the form:
a 1
X, =i{l—m(k22 coskt—k’ coskzt)}. (16)

The equations of motion for the second and third masses will be:

k! k? -
xzza—3 1+ 21 | &5 ™E coskt—k/ TR cos k,t il (17)
a, kz _kl Cl Cl Cl

(HQJ(ml_kf_l .
k2 C C
- , ? 21 coskt+
b =k _M[M_l)+ﬁ
G G C c \P-w
x=2 oo 2 —(1+—IJ—. (18)
) myk; | mk; w1l G) G
k2 CI C2
+—— g cosk,t
kz _kl — 1+Q ml_kz_l +Q
C2 Cl CZ
Let’s find the efforts in elastic connections:
a.k’k?
F=P——312 (coskt—cosk,t). 19
1 az(kzz_klz)( 1 2) (19

A calculation was carried out for an overhead crane with a lifting capacity of 5 tons, a span
of 22.5 m, a lifting height of 8 m, an operating mode of 7 K.

According to the results of calculations, the dynamic coefficient of a standard travel wheel
is 1.65, and a travel wheel with an elastic insert is 1.1.

5. Research results of the formation of vibration signs taking into account the elastic insert
of the travel wheel

To conduct an experimental study of vibration accelerations arising during the movement
of the travel wheel, the Ultra-V-I complex was used. The general characteristics of the complex are
summarized in Table 1.

The vibration measuring complex was located directly at the object of research - an over-
head crane. The sensors were installed at the control points of the trolley and the crane and, using
wires placed on the crane beam, were connected to an analog-to-digital converter, which, together
with a computer, were located in the crane cabin (Fig. 3). The latter made it possible to exercise
direct control over the operating modes of the crane (idling, lifting and moving loads of different
weights at different speeds).
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Table 1
General characteristics of the “Ultra-V-1” complex
Parameter Value
Sensor type ADXL250
Measuring principle Capacitive
Number of measurement axes 2/3
Working range of amplitudes, m/s? 0.2-40
Working frequency range, Hz 0.1-400
Amplitude nonlinearity, % 1
Frequency response unevenness, % 2
Working temperature range, °C 0-50
Number of ADC bits 14
Battery life, h 2

Fig. 3. Placement of the vibration measuring complex

The study of the vibration state was carried out in three control places:

— on the crane beam in the middle of the span;

— on the axis of the driven wheel of the crane trolley with an elastic insert (Fig. 4, a);

— on the axis of the drive wheel of the crane trolley of a conventional design (Fig. 4, b).

Fig. 4. Placement of acceleration sensors on the axle of the bogie wheels:
a — driven wheel; b — drive wheel

In accordance with the experimental research methodology, an analysis was made of the
regularity of the formation of vibration signs at different points of the structure in the idling mode
of the crane. That is, while the trolley is moving along the crane without load. At the same time, the
modes of movement of the trolley with different speeds were considered.

Fig. 5 shows the recorded signals of vibration accelerations in the vertical direction on the
rails and on the frame of the crane structure and their spectral densities. Spectral densities are given
in a logarithmic scale along the frequency axis.
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Fig. 5. Vibration acceleration in the vertical direction at idling of the bogie:
a, b — vibration acceleration on the rails; ¢, d — vibration acceleration on the beam

On the recording of the vibration acceleration signal on the rails, it is possible to clearly
see the time the trolley travels to the sensor location, when the signal level significantly increases.

Analysis of the spectral composition of these vibrations shows that high frequencies with a
peak of 120 Hz prevail in the spectra of vibration accelerations. On the beam, there is a pronounced
short-band noise in the range of 30— 80 Hz, the intensity of which increases with an increase in the
speed of the trolley.

Fig. 6, 7 show the registered signals and their spectral analysis for vertical (Fig. 6) and
axial (Fig. 7) vibrations on the axles of the driven and driven wheels. It should be noted that the
driven wheel in this case is a modernized design and has elastic inserts.
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Fig. 6. Vibration acceleration in the vertical direction on the wheels during idling of the trolley at
the first speed of movement: a, b — drive wheel; ¢, d — driven wheel

Vibration acceleration on wheels is expected to have a slightly higher level and a high-
er frequency spectrum than on rails or a crane. Almost harmonious vibrations with a frequency
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of 290 Hz are clearly expressed in the high-frequency spectrum. Vertical vibrations on the drive
wheel axle also have a broadband component of 250-300 Hz.

The level of vibration accelerations in the vertical direction on the modernized driven wheel at
idle is almost 4 times less than the level of vibration accelerations on the drive wheel of a conventional
design. The situation is qualitatively the same at two recorded speeds. With an increase in the speed of
movement, an increase in the level of vibrations is observed, as on the rails and in the beam.

Vibration in the axial direction (Fig. 7) is lower. The tendency to reduce vibration acceler-
ations on the driven modernized wheel is also preserved here, but in quantitative terms, the reduc-
tion in vibrations is smaller — within 50 %.
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Fig. 7. Vibration acceleration in the axial direction on the wheels during idling of the bogie at

the first speed of movement: a, b — drive wheel; ¢, d — driven wheel

Vibration studies were also carried out for the movement of a freight carriage, which moves
loads of various weights.

The results of vibration tests when transporting a load of 2 tons on the wheel axle are shown
in Fig. 8. Almost harmonious vibrations with a frequency of 290 Hz, clearly expressed on the
high-frequency spectrum. Vertical vibrations on the drive wheel axle also have a broadband com-
ponent with a peak of 230 Hz.
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Fig. 8. Vibration acceleration in the vertical direction on wheels when transporting a load of

2 tons at the first speed of movement: a, b — drive wheel; ¢, d — driven wheel
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The level of vibration accelerations in the vertical direction on the modernized driven wheel
at idle is almost 2 times less than the level of vibration accelerations on the drive wheel of a con-
ventional design. The situation is qualitatively the same at two recorded speeds. With an increase
in the speed of movement, an increase in the level of vibrations is observed.

Vibration in the axial direction (Fig. 9) is lower.
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Fig. 9. Vibration acceleration in the axial direction on wheels when transporting a load of 2 tons
at the first speed of movement: a, b — drive wheel, ¢, d — driven wheel

The tendency to reduce vibration accelerations on the driven modernized wheel is also pre-
served here, but in quantitative terms, vibration reduction is smaller —within about 70 %.

6. Discussion of the research results of the dynamics of the established movement of the
freight carriage and the formation of vibration signs taking into account the elastic insert of
the travel wheel

The substantiation of the design of a crane travel wheel with an elastic insert has been car-
ried out. The dynamic factors are determined during the operation of the mechanism of movement
of the freight carriage based on the three-mass dynamic system, taking into account the elasticity
of the elastic insert.

Experimental studies of the formation of vibration signs that arise when the movement
mechanism operates at different speeds, with travel wheels with elastic inserts and without inserts.

The generalized results of the RMS vibration acceleration in the vertical and axial direc-
tions on the modernized (with an elastic, rubber insert) and standard wheels (conventional design)
are shown in Fig. 10, 11.
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Fig. 10. RMS vibration acceleration in the vertical direction on wheels:
row 1 — standard wheel; row 2 — upgraded wheel
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Fig. 11. RMS vibration acceleration in the axial direction on wheels:
row 1 — standard wheel; row 2 — modernized wheel

The obtained results are explained by the fact that the proposed improved design of a travel
wheel with an elastic insert leads to a decrease in the level of vibration accelerations in the verti-
cal and axial directions on the modernized wheel, as well as wear of the travel gear, including the
flanges. During the experiment, the modernized travel wheel was inspected after loading. Upon
examination, no change in the elastic was found.

The article presents a new model of a travel wheel, which has significant advantages for
its application in the mechanisms of movement of a crane cargo trolley and a crane. The calcula-
tions and experiments carried out have fully proved the feasibility of introducing such wheels on
overhead cranes. The literature review showed that such a question has not yet been investigated
by anyone.

In the future, it is necessary to conduct studies of the stress state of the elastic insert and the
predicted durability of the travel wheel. It would also be advisable to use the strain gauge method
during this pilot study.

7. Conclusions

Based on the results of determining the dynamic factors during the operation of the
mechanism of movement of the freight carriage based on the three-mass dynamic system, tak-
ing into account the elasticity of the elastic insert, the dynamic coefficient was calculated. For
a standard travel wheel, the dynamic coefficient is 1.65, and for a travel wheel with an elastic
insert 1.1.

The results of an experimental study of the formation of vibration signs arising in travel
wheels show that the use of an elastic insert significantly reduces their level. So the ratio of vertical
vibrations from modernization of wheels is 45 %, and the ratio of axial vibrations from modern-
ization of wheels is 39 %.
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