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Abstract

The object of research is the processes of occurrence, perception and redistribution of loads in the design of the car brake
cylinder in operation.

To compensate for angular shifts of the brake cylinder rod at its maximum exit from the housing, improvement measures are
proposed. This improvement consists in the use of a safety element to limit the angular movements of the rod when leaving the body.

The load of the brake cylinder rod during its angular displacements is determined. The condition for ensuring the strength
of the rod is obtained.

The optimal parameters of the pipe of the safety element (limiter) of the brake cylinder rod were determined by its allowable
moment of resistance. For the possibility of moving the levers interacting with the stem, special windows are provided in the limiter.
It is proposed to fix the limiter to the cover by welding.

To determine the strength of the brake cylinder, a calculation was made using the finite element method. The results of a ro-
bust calculation showed that the maximum equivalent stresses occur in the brake cylinder cover and amount to 118.5 MPa. Therefore,
the strength of the brake cylinder is ensured.

A feature of the obtained results is that the proposed improvement can be applied not only at the stage of designing a brake
cylinder, but also at the stage of modernization.

The sphere of practical use of the obtained results is railway transport. The conditions for the practical use of the results are
the absence of deformations of the brake cylinder rod.

The research carried out will help to improve the efficiency of rolling stock brakes, ensure traffic safety, increase rolling
stock speeds, deliver goods, etc. Also, the conducted research will contribute to the creation of developments to improve the reliabi-
lity of the rolling stock brakes.
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1. Introduction

The transport branch is a generator of the development of the economy of many states. At
the same time, the most important component of the transport industry, which accounts for the
weighted volume of traffic, is the railway [1, 2]. To ensure the reliability and safety of cargo trans-
portation by rail, special attention should be paid to its technical condition [3, 4]. One of the most
important components on the technical condition of which traffic safety depends is the brake. Cur-
rently, the most widely used railways on a wide track are pneumatic automatic brakes. The main
power device of the brakes, which converts the kinetic energy of compressed air into mechanical
work, is the brake cylinder.

At present, industrial enterprises produce a large number of brake cylinders according to
the design features. An analysis of their designs made it possible to conclude that one of the main
drawbacks is the impossibility of compensating for the angular displacements of the rod at its ma-
ximum exit from the housing (Fig. 1). This contributes to the bending of the rod, disruption of the
brake cylinder, and, accordingly, is fraught with the safety of train traffic.

Fig. 1. Scheme of the brake cylinder rod movement

In the brake cylinders used on Belarusian locomotives, this drawback is eliminated by plac-
ing the rod in the pipe, that is, its movement is limited by the inner diameter of the pipe [5]. But this
solution has not been widely adopted. In addition, the authors did not indicate the features of the
interaction of the rod with the components of the brake linkage. Also, there is no data in the work
on the possibility of using such a solution on freight cars that experience significant longitudinal
loading in operation.

In this regard, in order to ensure the safety of the movement of freight cars as part of trains,
as well as to increase the efficiency of the brakes, it is important to conduct research to improve
the brake cylinders, as one of the most critical and loaded brake units.

To determine the state of the issue of increasing the efficiency of rolling stock brakes by
improving the design of its components, an analysis of recent publications was carried out.

Thus, the issues of increasing the efficiency of the pneumatic brake of a hopper car are
covered in [6]. The problem is solved by improving the design of the brake linkage. Justified and
optimized the design of levers using the software package Solid Edge Siemens PLM Software.
However, the effective operation of the brake linkage largely depends on the technical condition
of the brake cylinder. It is important to say that the authors of the article did not take into account
this factor, and the calculation was made without taking into account the joint operation of the
levers with the brake cylinder. In this case, the action of the brake cylinder on the brake linkage
was modeled by a longitudinal force on it.

Simulation of the load of the brake linkage under operating conditions is carried out in [7].
The loads acting in the components of the brake linkage are determined. Calculation of brake
pads is done. The requirements for improving the operation of the brake linkage are determined.
At the same time, the authors did not investigate the effect of the brake cylinder on the load
that is transmitted from the levers to the pads. This may contribute to the error in the conduct of
relevant studies.

Features of ensuring sTable frictional properties of the brakes of railway rolling stock are
covered in [8]. A new approach is proposed to ensure the stability of the friction coefficient in
different braking modes. Structural solutions for improving the elements of a tribotechnical pair
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are proposed and its characteristics are confirmed experimentally. However, these studies were
carried out with respect to a disc brake, mainly used on passenger rolling stock.

Improving the efficiency of using brakes by using a multifunctional method for controlling
adhesion in the system «wheel — brake pad — rack» was proposed in [9]. Proposed measures to
reduce the likelihood of wheel slip relative to the rack. A mathematical and computer substantia-
tion of the proposed solutions is presented. It is important to say that the work does not take into
account the influence of the operation of the brake cylinder on the effectiveness of the adhesion of
the wheel to the rail.

A promising design of the brake system for delivery braking of freight cars is reflected
in the publication [10]. The optimal design of a unified linkage for two-axle bogies with 670 V
cylinders placed on the bogie was chosen. A scheme for adjusting the brake linkage has been
developed. However, when carrying out calculations, the standard loads transmitted to the brake
linkage from the brake cylinder are taken into account. That is, the work did not determine the
actual loads acting from the brake cylinder on the linkage. The factors influencing the braking
efficiency were determined in [11]. The research was carried out on the rolling stock of the Indian
Railway. At the same time, as a determining factor, the authors considered the heating tempera-
tures of the wheels of the locomotive and wagons that form the train. It is important to say that an
equally important factor affecting the efficiency of the brakes is the work of the brake cylinder.
However, the authors of the article did not pay attention to this issue.

Prospects for the use of modular brakes on the rolling stock of China are covered in [12].
The requirements that the brakes of modern urban rolling stock must meet are determined. The
paper also noted the further development of the improvement of modular brakes. However, the
authors did not pay attention to the issue of improving the power devices of the brakes and their
impact on the efficiency of the modular brakes.

An analysis of the design features of modern rolling stock brakes is given in [13]. The main fac-
tors influencing the efficiency of the brakes are determined. The temperature load on the components
of tribotechnical pairs during braking is calculated. It is important to say that the authors did not take
into account the effect of loads from the brake cylinder rod on the elements of tribotechnical pairs.

The analysis of literary sources [6—13] allows to conclude that the issues of improving the
brake cylinders of freight cars to improve the efficiency of the brakes have not yet been given due
attention. Therefore, there is a need for appropriate research in this direction. This will help ensure
the reliability of the brake cylinder and increase the efficiency of the rolling stock brakes.

In this regard, the study is to improve the efficiency of the brakes of freight rolling stock by
improving the design of the brake cylinder. This will help to reduce the operating costs for holding
the brakes of the freight train and improve the safety of train traffic.

To achieve the aim, the following objectives are defined:

— determine the load of the brake cylinder rod during its angular displacements;

— improve the design of the brake cylinder in order to prevent the angular displacement
of the rod;

— determine the strength of the improved design of the brake cylinder;

— calculate the weld in the zone of interaction between the safety element and the cover.

2. Materials and methods
To determine the load of the brake cylinder rod during its angular displacements, classical me-
thods of material resistance were used. The design diagram of the brake cylinder rod is shown in Fig. 2.
In this case, the rod is considered in the form of a rod system as a beam with cantilever pinching.
The maximum load on the rod is calculated by the formula [14]:
n-d?

P:pc'T'nc_(Pr"'Cs'f)y M
where p, — air pressure in the brake cylinder; d — inner diameter of the brake cylinder; n. — efficiency
factor of the brake cylinder; P, — pre-compression force of the release spring of the brake cylinder;
cs — stiffness of the release spring; f — maximum allowable piston stroke of the brake cylinder.
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P>=P - sin o P

/ :
j P1=P -cos a

Fig. 2. Calculation scheme of the rod of the brake cylinder

On the basis of carried out in accordance with the scheme shown in Fig. 2, calculations
plots of the transverse force and bending moment acting on the rod are plotted. The maximum
stress on the rod of the brake cylinder will be determined as the sum of the stresses arising from the
force P (compression strain) and P, (bending strain) [15, 16]. The diagram of the transverse force
during compressive deformation is shown in Fig. 3, and the diagram of the bending moment during
bending deformation in Fig. 4 [17].

P1=P -cos a
[T,
Fig. 3. Diagram of the transverse force
P>=P - sin a
v
/
[T

Py
Fig. 4. Diagram of the bending moment

Then, the maximum stresses acting on the rod of the brake cylinder will be determined by:

P Pl 5
Gmax—Z""Vy ()

where A — cross-sectional area; / — rod length; /' — moment of resistance to the cross section.
The strength condition in this case has the form:

Omax <[0], 3

where [c] — allowable stresses, MPa.

In order to prevent bending of the brake cylinder rod in operation, it is offered on co-
ver 1 (Fig. 5) in the area of the rod outlet, the installation of a safety element 2 in the form of
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a round tube, the type of solution, is indicated in [5]. Along with this, the authors proposed a sci-
entific justification for the implementation of such an idea on a brake cylinder conv. No. 188 B
of a freight car, taking into account further improvement of the safety element. The fastening of
the cover 1 and the bottom 3 to the body 4 remains the same as in the typical design of the brake
cylinder, which makes it possible to introduce such a solution not only at the manufacturing stage,
but also at the modernization stage.

Fig. 5. Brake cylinder, taking into account improvement measures:
1 — cover; 2 — safety element; 3 — bottom; 4 — body

For the possibility of moving the levers interacting with the rod, special windows are pro-
vided in the safety element. The pipe diameter is slightly larger than the rod diameter, which limits
its deviations under the action of angular loads on it (Fig. 6). It is also possible to use a double pipe,
i.e. pipes of a larger diameter into which a pipe of a smaller diameter is installed. In the interlayer
between the pipes, a material with energy-absorbing properties is placed, for example, aluminum
foam, which is currently widely used in mechanical engineering (Fig. 7). This will help to reduce the
load on both the rod and the safety element under operational loads. It is important to say that there
are varieties of energy-absorbing materials that have temperature-resistant properties, which allows
to safely carry out welding work when carrying out repair and maintenance of the brake cylinder.

safety element

a

Fig. 7. Safety element of perspective design:
1 — outer pipe; 2 — inner pipe; 3 — energy absorbing material
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The determination of the optimal parameters of the pipe is made according to the allowable
moment of resistance.
Taking into account the fact that:

P Pl
[G] = Z + _W . (4)
The moment of resistance will be:
Pl
W= . ®)
B
[o]- A

Permissible stresses in the brake cylinder are given in Table 1 and taken in accordance
with Table 1 2.1 of DSTU 7598:2014. Freight wagons. General requirements for calculations and
design of new and modernized 1520 mm gauge cars (non-self-propelled). An analogue of this stan-
dard is EN 12663-2. Railway applications — structural requirements of railway vehicle bodies —
Part 2: Freight wagons.

Taking into account the data specified in Table 1, let’s accept [c] = 145 MPa.

Table 1
Permissible stresses for brake equipment parts (MPa)
Carbon steel grades Low alloy steel Steel casting grades
Type of deformation ’
St. 3, 15,20 St. 5,30 grade 09G2S 20GL 20GFL
Bending 145 160 200 145 160

It is important to say that when using analogues of the specified standard, it is necessary
to take into account the corresponding voltages given in them. Due to the fact that these values
may differ somewhat, the authors presented the data that were taken into account in the calcula-
tions (Table 1).

According to GOST R54157-2010. Pipes steel for a metalwork. Specifications» determined
the optimal diameter of the safety element — a pipe having a diameter of 114 mm (Fig. 8) and
a moment of resistance to the cross section of 48.52 cm?® (Table 2).

Fig. 8. Round pipe profile shape

Table 2

Dimensions, static characteristics and weight of 1 m of pipe

Pipe size, mm Cross- Static characteristics for the x and y axes Weight of 1

] eight of 1 m
sectional Moment of inertia Moment of resistance i
: ; pipe M, kg
Diameter D Wall thickness S 4,0q F, cm? of section Ly, em? of section Wiy, em® s
114.0 5.5 18.75 276.58 48.52 14.72
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There are analogues of the specified standard, however, the dimensions of the profiles given
in them may differ slightly compared to the given standard.

In order to determine the strength of the brake cylinder, its spatial model was built in the
SolidWorks software package [18—20]. The strength calculation was performed using the finite
element method in the SolidWorks Simulation software package [21-23]. The Mises criterion was
used as a calculation criterion [24-26].

The safety element is fixed to the cover by welding. To ensure the reliability of the interac-
tion of the safety element with the cover of the brake cylinder, the calculation of the welding joint
was made. Since the cover in the area of interaction with the safety element has a rounded geo-
metry, the calculation is made as for elements from round pipes.

According to the document «Steel structures. Updated version (SNiP 11-23-81), 2011» calcu-
lation of butt joints of elements from pipes for central tension-compression (I load scheme) should
be performed according to the formula:

TE-Dm'l'S wy * Ywe> (6)
where D, — average diameter of a pipe with a smaller wall thickness; ¢ — the smallest wall thickness
of the connected pipes; Ry, — calculated resistance of the butt welding joint; v, — coefficient that
takes into account the operating conditions of the butt welding joint.

It must be said that when calculating a weld, it is possible to use other regulatory documents
that regulate the requirements for ensuring its strength under appropriate load conditions.

In addition, the strength of the weld was checked under the action of a longitudinal for-
ce (load scheme IT):

N <0.85(Seh + Sur ), (7
N<2-Sun, ®)
N<2-S., ©

where Sy, Sy — bearing properties of the heel and toe parts of the weld, respectively.
Wherein,

Swh = (td 'Zwah ’Rmy “Ywc + kf . lwfh . Rmd) “Ywes (10)

where R, — value taken in accordance with the numerical values of R,/ or Ry, i.e. less than
two values are accepted in calculations: 0.7R,,s or Ry; Ryy; ke — calculated resistance of the fil-
let weld of the shear (conditional), respectively, for the weld metal and for the metal beyond the
limits of fusion; #; — thickness of the welded pipe wall; ks — leg (height) of the fillet weld;
lan and [, — total lengths of the joint sections, which are considered as butt welds, respectively,
in the heel and toe parts of the joint; /s and [, — total lengths o f the joint sections, which are
considered as fillet welds, respectively, in the heel and toe parts of the joint.

3. Results and discussion

To determine the strength of the improved design of the brake cylinder, its calculation is
made. The finite element model of the brake cylinder is shown in Fig. 9. When compiling a fi-
nite element model, tetrahedra are used. The optimal number of finite elements is determined
by the graph-analytical method [27-29]. The number of grid elements is 45342, nodes — 14604.
The maximum size of the grid element is 15.0 mm, the minimum is 3.0 mm. The minimum num-
ber of elements in the chain is 8, the ratio of increasing the size of the element is 1.6. The model is
fastened by the sled. Construction material — steel grade 20 GL.

When compiling the design scheme, it is assumed that the air pressure P, equal to 0.4 MPa
acts on the brake cylinder. It is taken into account that the brake cylinder interacts with the air
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distributor conv. No. 483 in cargo mode [23]. It is also taken into account that the load from the
rod of the brake cylinder P acts on the safety element. The load P is decomposed into two compo-
nents — horizontal P and vertical P, (Fig. 10).

Fig. 9. Finite element model of the brake cylinder

Fig. 10. Calculation scheme of the brake cylinder

The limitation of the existing calculation model (Fig. 10) is that the bolted connections
between the components of the brake cylinder are not taken into account when performing
strength calculations. Also, when making calculations, the welding joint between the safety ele-
ment and the cover was not taken into account. That is, it is assumed that the model is monolithic.

The results of a robust calculation shows that the maximum equivalent stresses occur in the
brake cylinder cover, namely in the areas of bolted connections and amount to 118.5 MPa (Fig. 11),
and therefore do not exceed the allowable ones and are 18.3 % lower beyond them. The maximum
displacements were recorded in the safety element and amounted to 1.4 mm (Fig. 12).

von Mises (MPa)
118.5
108 6
98 8
-88.9
-79.0
69.1
59.3
49.4
39.5
-29.6
19 8

0.03
Fig. 11. Stress state of the brake cylinder
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URES (mm)
1.43
l 1.31
- 1.19
- 1.07
-0.95
- 0.83
0.72
0.59
- 0.48
- 0.36

0.24
0.12
0.0

Fig. 12. Movement in the nodes of the brake cylinder

The calculations confirmed the feasibility of the decisions taken to improve.

To ensure the strength of the brake cylinder in the area of interaction of the safety element
with the cover, the calculation of the welding joint between them was made.

When calculating according to overload scheme I, the following input characteristics were
taken: D,,=114.0 mm, ¢=5.5 mm, R, was calculated in accordance with «Steel structures.
Updated version (SNiP 11-23-81), 2011» and amounted to 253.46:107> MPa, vy, = 0.75.

When performing calculations according to the second load scheme, the following input
data were taken: £;=5.5 mm, /., =1.03 mm, /. =1.08 mm, k/=4.5 mm (taking into account
the thickness of the welded pipe and its welding conditions), R,q= 148.72:103 kPa.

Based on the calculations made, it was found that the strength of the weld from the indicated
types of deformations is ensured.

The advantage of this study compared to the known ones is that the increase in the efficien-
cy of the brakes is achieved by improving the brake cylinder as their power device.

As a disadvantage of this study, there is a consideration of only one operating mode of the
air distributor. In addition, the work does not prove the effectiveness of this solution on the brake
cylinders of passenger cars.

The further direction of this study is to determine the resource of the improved design of the
brake cylinder. It is also planned to determine the feasibility of using a double pipe with energy-
absorbing material in the layer as a safety element (Fig. 7). An equally important stage of the study
is the experimental load of the brake cylinder of an improved design. The issue of introducing new
progressive materials into the design of rolling stock brake components [30, 31], including brake
cylinders, requires attention.

The research will help ensure the reliability of the brake cylinder and increase the efficiency
of the rolling stock brakes.

4. Conclusions

The load of the brake cylinder rod during its angular displacements is determined. In this
case, the design scheme is considered in the form of a rod. Analytical dependencies are determined,
which allow calculating the components of the load from the rod of the brake cylinder during its
angular displacements. The condition for ensuring the strength of the brake cylinder rod is given.

The design of the brake cylinder has been improved in order to prevent angular movements
of the rod. It is proposed to use a safety element in the form of a pipe, which is attached to the cover.
This helps to limit the movement of the rod when leaving the housing. It has been established that
the optimal diameter of the safety element is a pipe with an inner diameter of 114 mm and a section
modulus of 48.52 cm?.

The strength of the improved design of the brake cylinder is determined. The calculation
is made by the method of finished elements. The results of a robust calculation showed that the
maximum equivalent stresses occur in the brake cylinder cover — 118.5 MPa, and therefore do not
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exceed the allowable ones. The maximum displacements were recorded in the safety element and
amounted to 1.4 mm.

The welding joint is calculated in the zone of interaction between the safety element and the
cover. The performed calculations made it possible to conclude that the condition for the strength
of the weld is provided.

The results of the research will contribute to improving the efficiency of the brakes, ensur-
ing traffic safety, increasing the speed of the rolling stock, delivering goods, etc. Also, the conduc-
ted research will contribute to the creation of developments to improve the reliability of the rolling
stock brakes.
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