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Resume

The study deals with determination of the dynamic loading on the frame of
a tank car with closed composite center sill filled with elastic-viscous filler.
It has been found that the measures for improvements can decrease the
dynamic loading of the frame by 3.5% in comparison to that of the structure
without a filler. The strength calculation of the frame of a tank car is also
presented. It was found that the maximum equivalent stresses occurred
in the contact area between the center sill and the body bolster; they
amounted to about 284.7 MPa and did not exceed the allowable values. The
computer modelling of the dynamic loading of the tank car frame was also
conducted. The numerical values of accelerations and the distribution fields
of accelerations in the frame of a tank car were determined. The results of
the calculation showed that the hypothesis on the adequacy was not rejected.
The natural frequencies and oscillation modes of the tank car frame were

Article info

Received 13 January 2022
Accepted 20 April 2022
Online 20 May 2022

Keywords:
tank car

frame

center sill
dynamic loading
strength

modal analysis

also determined.

Available online: https://doi.org/10.26552/com.C.2022.3.B219-B227

ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

1 Introduction

Integration of the railway transport into the system
of international corridors requires development and
putting into operation of new generation rail cars with
improved technical and economical characteristics [1-3].

A great amount of freight transported along
international corridors is liquids. Traditionally, they are
transported in tank cars.

It should be noted that these cars carry considerable
loads on the bearing structure due to the yielding state
of liquid freight in the tank and due to operational
loading of the tank. One of the components to bear
these loads is the frame, in particular, the center sill.
It bears constant sign-alternating loads. One of the
great loads on the center sill is the longitudinal loading.
The cyclical longitudinal loading results in failures
of the center sill and can lead to crack development.
This can be hazardous for both the train operation and
environmental safety during the freight transportation.

Therefore, improvements in the bearing structure
can decrease the dynamic loading on the frame of a tank
car in operation, improve the strength characteristics
of the frame and provide the safe rail transportation of
liquid freight.

2 Analysis of recent research and publications

Study [1] presents an analysis of the longitudinal
displacements of the liquid freight in tank cars and their
impact on the stability. The article also presents the
experimental results of the research into the oscillations
of the liquid freight and outlines further areas of the
research in the field.

Study [2] reveals the impact of the yielding state
of liquid freight on the dynamic loading of a tank car.
It was found that the displacement of the freight had
a considerable effect on the load distribution between
the front and rear bogies. However, these studies did
not provide any solutions for decreasing the loading on
a tank car in operation.

The results of determination of the strength for
the bearing structure made of composite materials are
presented in [3]. It was revealed that the preloading
impacted the strength of the bearing structure. The
article presents the main failures of the tank made of
composite materials.

The structural analysis of the main units of a Zans
car is given in [4]. The results of the strength calculation
for the bearing structure of a car and the most loaded
units of the bearing structure are given, as well.
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Figure 1 Section of the center sill of the tank car frame
a) standard; b) improved

However, this publication does not give any suggestions
about improvements in the bearing structure of the tank
cars for decreasing the loading.

In [5] authors present determination of the dynamic
loading of a tank car moving on the track when the
tank is not fully loaded. The effect of the liquid freight
displacements on the critical speeds of a tank car was
determined.

The experimental determination of the longitudinal
loading of a tank for a moving car is given in [6]. The
results of experiments were compared to the UIC
Standards. Those experiments confirmed the efficiency
of structural solutions taken during the designing of
a tank car. However, this research does not offer any
improvements in the strength characteristics of the tank
cars through decreasing their dynamic loading.

Author of [7] presents the results of improvements
in the structure of support elements in tank cars for
liquid freight. The author developed the finite-element
models of tank cars with various structural solutions to
the end supports and evaluated the stress state of the
support elements.

The ways of how to increase the strength of devices
used for fastening the tank to the tank car frame are
described in [8]. The authors obtained the dependencies
of change in the stresses on the loading of the tank
regardless the friction in the end supports. They also
gave some recommendations for decreasing the stresses
in the areas where the side supports are fastened to
the center sill. However, this study does not describe
any measures for decreasing the dynamic loading of the
bearing structures of tank cars.

Study [9] presents the results of the strength
determination for the tank of a tank car during the cyclic
loading. The fatigue strength of the tank was evaluated.
The impact of cyclic loading on the fatigue strength of
the tank was also evaluated.

Similar research into the strength of the tank of
a tank car during the cyclic loading is presented in [10].
The research reveals the time characteristics of the main
loads and their impact on the fatigue crack development
in the tank, which was observed during the technical
observation of the tank cars. However, the authors did
not propose any solutions for decreasing the effect of

cyclical loading on the bearing structures of the tank
cars.

The problems of reducing the dynamic loading of the
bearing structures of transport facilities in operational
modes are described in [11-12]. The results of the
research confirmed the efficiency of the engineering
solutions suggested.

The analysis of literature [1-12] demonstrates that
the issue of improvements in the strength characteristics
of the bearing structures of the tank cars, by reducing
the loading in operational modes, is rather urgent and
requires further investigation.

3 Objective and main tasks of the article

The objective of the article is to present results of
determination of the loading on the tank car frame with
the closed composite center sill filled with elastic-viscous
material. The following tasks were set to achieve the
objective:

* mathematical modelling of the dynamic loading on
the frame of a tank car with closed composite center
sill with elastic-viscous filler;

* strength calculation of the frame of a tank car;

¢ computer modeling of the dynamic loading on the
tank car frame;

* verification of the dynamic loading model of the
tank car frame;

* modal analysis of the tank car frame.

4 Research into the loading of the tank car
frame concept with filler in the composite
center sill

Authors suggest improvements in the frame of
a tank car, in particular the application of the closed
composite center sill filled with elastic-viscous material
to reduce the loading on the tank car frame in operational
modes (Figure 1).

Determination of the optimal profile parameters of
the center sill was made in accordance with the strength
capacity of the standard frame structure. The center sill
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Figure 2 Design diagram of a tank car
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Figure 3 Accelerations on the bearing structure of a tank car during a jerk

was made of a composite material. The tare of a tank
car was decreased by 2.3% in comparison to that of the
standard structure.

The solutions suggested were substantiated through
the determination of the dynamic loading of a tank car in
the longitudinal plane. Authors used the mathematical
model developed by Bogomaz; it describes the dynamic
loading on a long-base flat car loaded with four tank
containers under the longitudinal force to the rear
follower of the coupler [13]. This model was adapted for
the research and used for determination of the dynamic
loading on a tank car. The design diagram of a tank car
is given in Figure 2.

The calculation was made for a jerk. It included the
case when the tank car was fully loaded with conditional
freight. The restrictions of the mathematical model were
zero displacements of the liquid freight in the tank.

Mon-%+(Mp-h)-¢ =P — 2P, —B-%x—c-x, 1)

Ip- ¢+ (Mp-h)x—g @ (Ms-h)=

. . 2
- Frr(signAy — signAs) + (k1 A1 — ks Ay), @

MB'Z - kl . A1 + kz'Az - FFR(Sig%A1 - signAz), (3)

where
AM=z—1l-@;A2=2z+ 10,

M, - gross mass of a tank car; M, - mass of the
bearing structure of a tank car; I, - inertia moment of
a tank car; P, - longitudinal force to the front followers
of the coupler (P, = 2.5 MH [14-15]); P, - friction forces
emerging between the center bowls and the body center
plates; ¢ - rigidity of the material in the center sill;
B - viscous resistance coefficient of the material in the
center sill; / - half base of a tank car; F,,, - absolute value
of the dry friction in a spring group; % , &, - rigidity of the
springs in the spring suspension of the bogies of a tank
car; x, p, z - coordinates describing longitudinal, angular
(around the transverse axle) and vertical displacements
of a tank car, respectively.

The calculation included the bearing structure
of a tank car on the 18-100 bogies. The differential
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Figure 4 Spatial model of the tank car frame

Figure 5 Finite element model of the tank car frame

P, % :

Figure 6 Design diagram of the tank car frame

equations of motion were solved with the Runge-Kutta
method in MathCad [16-17]. The initial displacements
and speeds were taken equal to zero [18-20]. It included
a rigidity of the material in the center sill of 82 kN/m
and the coefficient of viscous resistance 120 kN-s/m.

The maximum accelerations were 26.4 m/s? and
occurred at a jerk (Figure 3). After that the acceleration
went up and after a gentle jerk it faded. This acceleration
value was 3.5 % lower than that obtained for the bearing
structure without filler [21].

The accelerations obtained were included in the
strength calculation of the frame of a tank car. The
calculation was made with the finite element method
in SolidWorks Simulation [22-23]. It was based on the
spatial model of a tank car (Figure 4).

The finite-element model of the frame was built
with isoparametric tetrahedrons [24-26] (Figure 5). The

optimal number of the tetrahedrons was calculated by
the graphic analytical method [27-28]. The number of
the elements in the mesh was 33193 and nodes - 11118.
The maximum element size of the mesh was 100mm,
the minimum size - 20mm, the maximum element side
ratio - 109.25; the percentage of elements with the side
ratio less than three - 18.1 and more than ten - 25.3. The
number of elements in the circle was 9. The element size
gain ratio was 1.7.

The design model included the following forces to
the frame: vertical static loading in the areas of support
of the tank on the frame P, and longitudinal loading
P, on the front followers of the coupler (Figure 6). The
center sill was made of a composite with the titanium
matrix reinforced with boron, borsic, silicon carbide,
beryllium and molybdenum fabrics. The endurance
strength of the composite is: along the fabrics - 1100 -
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Figure 7 Stress state of the tank car frame
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Figure 8 Accelerations in the tank car frame

Table 1 Results of modeling the dynamic loading of the tank car frame

Longitudinal force, MN 1.8 1.9 2.0

2.1 2.2 2.3 24 2.5

20.1
22.6

20.9
23.5

Mathematical model

Computer model

21.8
24.3

22.7 23.8 24.7 25.6 26.4
25.5 26.7 27.5 28.4 29.3

1300 MPa, across the fabrics - 650 MPa. The fixing of
the model was carried out in the areas of support on the
chassis [29-30].

The elastic viscous material in the frame was
modeled through linkages with similar characteristics
by choosing appropriate options in the SolidWorks
Simulation.

Results of the calculation are presented in Figure 7.

The maximum equivalent stresses were recorded
in the contact area between the center sill and the
body bolster; they amounted to about 284.7 MPa. These
stresses did not exceed the allowable values [14-15, 31].

The distribution fields of accelerations in the tank
car frame were determined in accordance with the design
diagram given in Figure 6. Results of the calculation are
given in Figure 8. The maximum accelerations were
recorded in the middle part of the center sill; they

amounted to 29.3 m/s%. In the end parts of the frame the
accelerations were about 26 m/s%. The lowest value of
accelerations was recorded in the areas of support of the
tank on the frame. It is explained by the securing of the
model by the body center plates [32-33].

The mathematical model in Equations (1) - (3) was
verified with an F-test [34-35]. The variation parameter
was the longitudinal force on the front followers of the
coupler. As a result of the calculations, the acceleration
acting on the car frame was obtained. The calculation of
accelerations was carried out using the mathematical
model in Equations (1) - (3) and the computer model is
shown in Figure 6. Results of the calculation are given
in Table 1. The needed number of static data was found
with a Student’s t-test.

Results of the calculation demonstrated that at
the error mean square S, = 5.1 and the dispersion of
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Figure 9 Difference between the results of the mathematical and computer modeling

a)

b

Figure 10 Some oscillation modes of the tank car frame (scale of deformations 15:1)
a) Mode 1; b) Mode 2; ¢) Mode 3; d) Mode 4

Table 2 Values of the natural oscillation frequencies of the tank car frame

Mode Frequency, Hz Mode Frequency, Hz
1 28.0 6 54.1
2 38.9 7 64.4
3 45.1 8 67.0
4 46.3 9 81.9
5 49.2 10 97.9

adequacy S’ = 5.76, the actual value of an F-test was
F_ =113, which is lower than the tabular criterion value
F,=3.07. Thus, the hypothesis on adequacy of the model
designed was not rejected.

The difference between the results of the
mathematical and computer modeling of the dynamic
loading of the frame of a tank car is presented in
Figure 9.

The maximum value of this difference was 11.0%;
at the longitudinal force on the frame of a tank car it
amounted to 1.8 MN and 1.9 MN and the lowest value
was about 9.8 %, at 2.4 MN.

Besides that, the design diagram of a tank car
(Figure 6) was used for determination of the natural
frequencies and oscillation modes of the tank car frame.

Some oscillation modes of the tank car frame
are given in Figure 10. Transparent color in Figure
10 indicates the stationary position of the frame and
matte - the form of vibrations, taking into account the
enlarged scale. In this case, each mode shown in Figure
10 corresponds to the numerical value of the frequency
indicated in Table 2.

From the results given in Table 2 it can be concluded
that the natural frequencies were in a range of the
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allowable values, as the first frequency exceeded 8 Hz

[14-15].
5 Conclusions
1. Authors conducted the mathematic modeling of

the dynamic loading of a frame of the tank car
with the closed composite center sill filled with
elastic-viscous material. It was found that the
maximum accelerations were 26.4 m/s? and occurred
at a jerk. The acceleration value was 3.5% lower
than that obtained for the bearing structure without
filler.

The research included the strength calculation of
the frame of a tank car. The maximum equivalent
stresses were recorded in the contact area between
the center sill and the body bolster; they amounted
to about 284.7 MPa. The stresses obtained did not

The maximum accelerations were recorded in the
middle part of the center sill and amounted to 29.3
m/s% In the end parts of the frame the accelerations
were about 26 m/s%. The lowest accelerations were
recorded in the areas of support of the tank on the
frame.

The designed model of the dynamic loading of the
tank car frame was verified. It was found that at
the error mean square S, =5.1 and the dispersion
of adequacy S, 7 = 5.76, the actual value of an
F-test was F =1.13, which is lower than the tabular
criterion value F, =3 .07. Thus, the hypothesis on
adequacy of the model designed was not rejected.
The modal analysis was performed for the frame
of a tank car. The natural oscillations frequencies
of the frame of a tank car were in the range
of allowable values. The first natural oscillation
frequency exceeded 8 Hz.

The research conducted can be used by those

exceed the allowable values.
The research also included the computer modelling
of the dynamic loading of the frame of a tank car.

concerned about the development of innovative freight
car structures and enhanced efficiency of the railway
transport.
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