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The article determines dynamic load and strength of the load-carrying structure of a tank car with elastic-friction connections
in the boiler bearings and between boiler bearings and the boiler bearer. It was established that the use of elastic-friction con-
nections allows to reduce the dynamic load on the tank car by almost 36% in comparison with the prototype. The results of
stress calculation showed that the maximum equivalent stresses in the load-carrying structure of a tank car occur in the inter-
action area of the center sill with the draw-bar and do not exceed the allowable values. The conducted research will allow to
increase the operational efficiency of tank cars by reduction of operating costs, and will also promote the creation of their
innovative designs.
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[TinBuieHHs: eeKTUBHOCTI eKCIUTyaTallii 3a1i3HHYHO]T rajly3i BUMarae BOPOBA/DKECHHS iIHHOBaLIHHUX KOHCTPYKILiil pyXoMoro
CKJIaly, 30KpeMa BaroHiB. Haii0inb1 po3HOBCIOJKEHUM THUIIOM BaroHy JUlsl IEPEBE3CHHS HAIMBHUX BaHTAXIB € BarOHU-LIHC-
TepHU. Hecyda KOHCTpYKIList BaroHiB-IUCTEPH BUNPOOOBYE Ml 3HAUHUX LIMKIIYHUX HABAHTAXKEHb B eKcIutyarauil. Ile Bukim-
Kae iX MOLIKO/PKEeHHS. B MaTepianax cTaTTi HaBeACHI Pe3yJbTaTH 1100 YIOCKOHAJICHHS HECYy40i KOHCTPYKLIT BaroHa-1ucTe-
PHH IUIIXOM 3MEHLICHHS [MHAMiYHOI HABAHTAKCHOCTI MOCEPESAHULTBOM BIPOBAKCHHS IPYKHO-QPUKLIAHUX 3B S3KIB MiXK
KOTJIOM Ta ¥{0ro OmopamH, a Tako)K MiX OIopaMH Ta pamoro. s o6IpyHTyBaHHs 3alPOIIOHOBAHOTO PIlICHHS BUKOPUCTAHO
KJIACHYHI METOJH Teopil KOJMBAaHb Ta JUHAMIKM BaroHiB, METOAN PO3B’S3aHHS MH(epeHIiadbHIX PIBHAHb PYyXy, 30KpeMa,
meron Pynre-Kytra, peanizoBanuii B nporpamuomy komiekci MathCad, a Takok METOZ CKiIHYCHHX €IeMEHTIB, 3AiHCHeHNiT
B SolidWorks Simulation. IIpoBeaeHo Bu3HAa4YeHHs AMHAMIYHOT HABAHTA)XXEHOCTI Ta MIIIHOCTI HECY40l KOHCTPYKIii BaroHa-
LIMCTEPHH 3 NPYKHO-PPUKIIHHUMY 3B’SI3KaMU B ONOPaxX KOTJIA Ta MiXK ONOPaMH Ta pamMolo. BCTaHOBNICHO, 1110 BUKOPHCTAHHS
NpyXHO-(PPHUKLIHUX 3B’3KiB 103BOJISIE 3MCHIIUTH THHAMIYHY HABAaHTA)KCHICTh BArOHA-LUCTEPHU Y TIOPIBHAHHI 3 IPOTOTH-
oM Maiike Ha 36%. Pe3yspTaTi po3paxyHKy Ha MIL[HICTh ITOKa3aJIH, [0 MAKCHMaJlbHI €KBIBaJICHTHI HAIIPY)XCHHS B HECYiil
KOHCTPYKIIii BaroHa-1UCTEPHN BUHUKAIOTh B 30H1 B3aeMOii XpeOTOBOI OaJIKH 31 IIBOPHEBOIO TA HE MIEPEBHUIILYIOT AOMYCTHMHX
3Ha4YeHb. IIpu 1IbOMY MIPOCKTHHII CTPOK CITyKOU Hecy4doi KOHCTPYKLIii Oinblie Hixk Ha 20% BHILIHI 32 CTPOK CIY)XOU BaroHa-
npororury. KoedimieHT onopy BTomi 3 ypaXyBaHHSIM 3alIPOIIOHOBAHUX KOHCTPYKIIHHHX pillleHb CKiaB 4,2, 110 BABiYi mepe-
BUILIYE TonycTHMUiA. [IpoBeeHi OCiKeHHs JO3BOJIATh MiABUIIUTH e()EeKTUBHICTD €KCILUTyaTallil BArOHIB-IIUCTEPH IUISIXOM
3MEHIIEHHS BUTPAT HA yTPHUMAaHHS, 8 TAKOXK CIIPUATHMYTh CTBOPEHHIO X IHHOBAI[IHHUX KOHCTPYKILIH.

KorouoBi cjioBa: TpaHCIIOpTHA MeXaHiKa, BarOH-IIMCTEPHA, HECYda KOHCTPYKIIS, TMHAMIYHA HABAaHTAXKEHICTh, MII[HICTh, KO-
edinieHT omopy BTOMi
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Introduction

Ensuring the efficient operation of railroads' rolling
stock as a leading branch of the transport network re-
quires putting modern car designs in operation. At the
same time, promotion of competitiveness of the railway
industry leads to increased requirements not only for
technical-and-economic indicators of railroads rolling
stock, but also for the possibility of adapting structures
to the appropriate operating conditions.

One of the busiest load-carrying types of cars in op-
eration are tank cars, due to the mobility of the goods
transported in them. Most of them are tank liquid car-
gos that have their own degree of freeness due to the
tank ullage.

Review of the research sources and publications

Areas for improvement of the design of railway tank
cars are discussed in [1]. The paper presents an im-
proved design of a tank car, the outstanding feature of
which is that the boiler has conical open-end inserts and
a gapless coupler drawbar hook.

Paper [2] considers the options for design and tech-
nical solutions which may improve the efficiency of
liquid cargo transportation in tank cars. The authors of
the article have chosen the most rational schematic con-
struction, which will help increase the productivity of
tank cars usage.

It is important to say that the mentioned paper does
not propose measures to reduce the dynamic load on the
load-carrying structures of tank cars in operation.

The results of a computer-based simulation of the hy-
drodynamic load of the manhole area of the tank car are
covered in the article [3]. The paper presents the study
of the load on the joint when changing the height of the
part of the manhole shell, located inside the boiler.
However, no design solutions have been proposed to
reduce the load on the tank car boiler.

Theoretical aspects of determining the residual life of
a tank car for dangerous cargo are considered in [4].
The paper presents the structural scrutiny of load-car-
rying structures of the tank cars, which have depleted
their guideline lives. The peculiarities of tank cars’ test-
ing technique are highlighted in this research. How-
ever, the paper does not specify any solutions for the
possibility of reducing the load on the load-carrying
structures of tank cars to extend their service life.

Paper [5] considers the load on the load-carrying
structure of a tank car under operation conditions, tak-
ing into account the shunting collision of the tank car.
The authors of this scientific work have determined the
influence of liquid cargo on the dynamic load of the
boiler.

Also, the study of the impact of liquid cargo on the
load of the tank car boiler is carried out in [6]. It was
established in this scientific work that the liquid cargo
has an impact on the distribution of loads between the
front and rear wheel groups of the car. At the same time,
the authors of the above-mentioned works did not offer
any measures to reduce the load on the tank car in op-
eration.

Papers [7, 8] offer the substantiation of measures on
reduction of dynamic loading on load-carrying struc-
tures of cars at operational modes. The studies, con-
ducted regarding open railroad freight cars and plat-
form cars, confirmed the feasibility of the proposed so-
lutions. However, no measures to reduce the dynamic
load on the load-carrying structures of tank cars were
discussed in these papers.

Definition of unsolved aspects of the problem

The load-carrying structure of tank cars is subject to
the loads that occur during operating conditions. The
most common of these are vertical loads, caused by
railway line unevennesses. Due to the cyclical nature of
such loads, load-carrying structures of tank cars may
suffer damages, and hence it will lead to the necessity
of appropriation of additional costs for their mainte-
nance. This necessitates the development and imple-
mentation of measures to improve load-carrying struc-
tures of tank cars to reduce their dynamic load in oper-
ation. In order to reduce the dynamic load on the load-
carrying structures of tank cars, the authors propose the
use of elastic-friction connections between the boiler
and boiler bearings and between boiler bearings and the
boiler bearer. However, the implementation of such in-
novations at the first level requires scientific justifica-
tion and comprehensive calculations.

Problem statement

The aim of the article is to determine the dynamic
load on the load-carrying structure of a tank car with
elastic-friction connections in boiler bearings and be-
tween boiler bearings and the boiler bearer. To achieve
this goal, the following tasks should be completed:

— to determine the dynamic load on the load-carrying
structure of a tank car with elastic-friction connections
in boiler bearings and between boiler bearings and the
boiler bearer;

—to carry out stress calculation of the load-carrying
structure of a tank car;

— to calculate the design lifetime, as well as the fa-
tigue strength coefficient of the load-carrying structure
of a tank car.

Basic material and results

In order to reduce the dynamic load on the load-car-
rying structure of a tank car, it is proposed to use elas-
tic-friction connections between the boiler and boiler
bearings, as well as between boiler bearings and the
boiler bearer (Fig. 1).

To determine vertical accelerations acting on the tank
car’s boiler, mathematical modelling was performed.
The design model of the tank car is shown in Fig. 2.

When composing the differential equations of motion
of the tank car, it is stated that it moves empty, as under
such conditions the greatest load on the load-carrying
structure is observed. It is taken into account that the
railway line has viscoelastic characteristics, and the re-
actions of the railway line are proportional to both its
deformation and the speed of this deformation [9].
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Figure 1 — Arrangement of elastic-friction elements on the boiler bearings
and between boiler bearings and the boiler bearer
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Figure 2 — Calculation scheme of a tank car

Differential equations of motion of the tank car have
the following form:

Mg +C-q+Chq,+Ci5-g5=

1
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where M;— inertial coefficients of the oscillating system
elements (the load-carrying structure of a tank car, two
bogies and the boiler);

Cjj — elasticity characteristics of the oscillating system
elements, which are determined by the values of the

2)

stiffness coefficient of the springs;
Bjj — scattering function;
qi — generalised coordinates corresponding to the trans-
lational displacement relative to the vertical axis, the
car’s boiler, the first and second set of wheels;
k — railway line stiffness;
f is the damping coefficient;
Fr— frictional force in the spring grouping;
oi — deformations of springing elements of the spring
hanger; #(?) is the unevenness of the railway line.
In the equations of motion (1) — (3) we accept:

Z;~ q; — the coordinate that characterises the transla-
tional movements of the load-carrying structure of a
tank car relative to the vertical axis;

Z>~ q> — the coordinate that characterises the transla-
tional movements of the first car facing the engine and
relative to the vertical axis;

Z3~ q3 — the coordinate that characterises the transla-
tional movements of the second car facing the engine
and relative to the vertical axis.
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The connection of the boiler with boiler bearings, of
boiler bearings with the boiler bearer and of the boiler
bearer with the travel carriage was described as a serial
elastic coupling (Fig. 3):

Co 2ky -2k, - 2ky ’ @
2ky + 2k, + 2ky
where k; is the stiffness of the springs between the
boiler and boiler bearings;
k, — stiffness of springs between boiler bearings and the
boiler bearer;
kr — stiffness of the springs of the spring hanger.

l RV(SI)

Parameter name Value
LOAD CARRYING STRUCTURE
kk kk
mass, t 14,9
CARS
mass, t 4,3
ko ky spring hanger stiffness, kN/m 8000
relative friction coefficient 0,1
i RAILWAY LINE
kr r damping factor, kN s/m 200
stiffness, KN/m 100000
unevenness amplitude, m 0,01
. unevenness length, m 25
Figure 3 — The scheme of load transfer

from the tank car boiler to the bogies
(R, - vertical static load)

It is taken into account that the rigidity of the connec-
tion between the boiler and its bearings, boiler bearings
and the boiler bearer, between the boiler bearer and the
travel carriage is described as parallel coupling. That is,
the total stiffness between the boiler and its bearings is

2k, between boiler bearings and boiler bearer — 2k, be-
tween the boiler bearer with the travel carriage — 2kr.

Railway line unevenness was described by a periodic
function [9]

n() =%(1 —cosat), 5

where d is the unevenness depth, which is given;
w is the oscillation frequency.
The input parameters to the mathematical model are
given in table 1. The calculations were carried out
based on the parameters of the car model 18-100.

Table 1 — Input parameters to the mathematical model

The calculation was made for a tank car model 15-
1443-06.

The solution of the differential equations of motion
(1) —(3) was carried out in the MathCad software pack-
age [10 —12].

The initial motions and velocities are set to zero.

The solution of the model in the MathCad software
package was complied in the following form:

Y
Yy
Vs

d d
—F, | sign| =5 |+sign| &5, ||-C, .y -C.-y.—C,,-y.
P (Slgn(dt lj Slgn(dt 2)) 11 yl 1,2 y} 1.3 yJ

M
F(t,y)= ! ) (6)
F, -sign| L5 +k(n, + )+,Bi A l-c. v -c..y.-B,
1 SIE i’ o+, dt m, dt m, N = Yy T Dy, Y,
Mz
. d d d
Frp : Slgn((h52j + k(’]z + 774) + ﬂ[dtﬂs + dtm:j - Cs,l'yl - C3,3 Vs _Bs,z Vs
L M3 .
Z = rkfixed (Yo, tn, t, 1, F).
With yy=q,, y3=¢3, ¥s=4s, Y2 =1, Y4 =DV3, Y6 = Vs,
The results of the calculation are shown in Fig. 4, 5.
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Figure 4 — Acceleration of the load-carrying structure in the centre of inertia
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Figure S — Acceleration of carts

The maximum vertical acceleration of the load-carry-
ing structure of the empty tank car is 1.35 m/s? (0.14 g),
and the carts — 8.91 m/s? (0.91 g). Based on the calcu-
lations, it can be concluded that the run of the car is
assessed as “excellent” [13, 14]. At the same time, the
use of elastic-friction connections allows to reduce the
dynamic load of the tank car by almost 36% in compar-
ison with the prototype. The total stiffness of the elastic
connection between the boiler with boiler bearings, of
boiler bearings with the boiler bearer and of the boiler
bearer with the travel carriage must not exceed
4360 kN/m.

At the next stage of the study, the strength of the load-
carrying structure of a tank car was calculated.
Graphic work was carried out in the software package
“SolidWorks”.

The calculation was performed by the finite element
method in the “SolidWorks Simulation” software pack-
age.

The finite element model of the load-carrying struc-
ture of a tank car is shown in Fig. 6. The optimal num-
ber of grid elements was determined by the grapho-an-
alytical method [15, 16]. Spatial isoparametric tetrahe-
dra were used as finite elements [17-19]. The number
of grid elements was 721195, the number of joints —
232420. The maximum size of the grid element is
40 mm, the minimum — 8 mm, the maximum ratio of
the sides of the elements — 93.724, the percentage of
elements with the ratio of the sides less than three —
21.8, more than ten — 0.414.

The design model of the load-carrying structure of a
tank car is shown in Fig. 7. Determination of the
strength of the load-carrying structure of a tank car was
carried out for the first design mode — “jerk — tension”.
It is taken into account that the load-bearing structure
is subjected to a longitudinal load P, which is applied
to the front draft lugs of automatic couplers and is equal
to 2.5 MN, liquid cargo pressure is Pp, and vertical load
is Py, which takes into account dynamic load, deter-
mined by mathematical modelling. The rate of acceler-
ation, acting on the load-carrying structure of a tank car
when moving in the loaded state was about 3.0 m / s?
(0.3 g).

The fastening of the model was carried out in the ar-
eas of resting on the carts. The construction material is
grade steel 09G2S. The results of the stress calculation
are shown in Fig. 8 and 9.

The maximum equivalent stresses occur in the area of
interaction of the center sill with the draw-bar and are
about 250 MPa and do not exceed the allowable equiv-
alent stresses [13, 14]. The maximum displacements
were 8.3 mm and were concentrated in the manhole
area.
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Figure 6 — Finite element model of the load-carrying structure of a tank car

Figure 7 — The design model of the load-carrying structure of a tank car

30ipHUK HAYKOBHX Mpailb. [ any3eBe MauMHOOyRyBaHHs, OyaiBHUITBO. — 1 (56)° 2021 131



von Mises (N/m?)
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Figure 8 — Stress state of the load-carrying structure
of a tank car in the first design mode (“jerk”)
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Figure 9 — Displacements in the joints of the load-carrying structure
of a tank car in the first design mode (“jerk”)

To determine the operational life of the tank car we
used the method, described in [20]:

G

m
174
B 'fe . O-sw(kdv +Kf7j

o

T =

n

(7

where o:;p is the average value of the endurance limit;
n is the allowable assurance coefficient;

m is the degree of fatigue curve;

Ny — test base;

B — coefficient that characterises the time of the object’s
continuity of service in seconds;

s — effective frequency of dynamic stresses;

osw — stress from static weight load;

kav — coefficient of vertical dynamics;

Wo — sensitivity factor;

K, is the total coefficient of reduction of fatigue
strength.

When determining the amplitude of equivalent dy-
namic stresses, we took into account the coefficient of
influence of lateral forces equal to 1.1.

The following input parameters are taken into account
in the calculations: o.;p = 245 MPa; n = 2; m = §;
No=107; B=3.0-10°s; £, = 2,7 Hz; w,/K, = 0,2.

The strength calculation was performed to determine
the stresses from the static weight load of the load-car-
rying structure of a tank car. It was established that the
maximum equivalent stresses in the load-carrying
structure of a tank car are 87.5 MPa.
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In this case, the design lifetime of the load-carrying
structure of a tank car is more than 20% higher than the
design lifetime of the prototype car. It is important to
say that the obtained value of the design lifetime should
be specified taking into account additional studies of
the longitudinal load of the load-carrying structure of a
tank car and experimental (field or benchmark tests)
studies.

Also in the framework of the study, the fatigue re-
sistance of the load-carrying structure of a tank car was
calculated.

The calculation of fatigue resistance was carried out
taking into account the assurance coefficient n by the
formula [21]:

n="24D > 1], (8)

(o)

a.e

where o, is the calculated value of the amplitude of
dynamic stress of the conditional symmetric cycle, re-
duced to the base Ny, equivalent in damaging action to
the value of the amplitudes in the real mode of random
operating tensions during the design lifetime, MPa;
[n] — allowable factor of safety against fatigue failure.
The calculation results showed that there is a proba-
bility of occurrence of stresses with a level of o, that
is 0.95 values of o, = 58.3 MPa. Hence the coefficient
of fatigue resistance is 4.2. However, due to the lack of
experimental data, the allowable value of the coeffi-
cient of fatigue resistance is assumed to be 2.2. There-
fore, condition (8) is met and the fatigue strength of the
load-carrying structure of a tank car is provided.

Conclusions

1. Determination of the dynamic load of the load-car-
rying structure of a tank car with elastic-friction con-
nections in the boiler bearings and between the bearings
and the boiler bearer was carried out. It was established
that the maximum vertical acceleration of the load-car-
rying structure of an empty tank car is 1.35 m/s?
(0.14 g), and carts — 8.91 m/s? (0.91 g). At the same
time, the use of elastic-friction connections allows to
reduce the dynamic load of the tank car by almost 36%
in comparison with the prototype.

2. The stress calculation of the load-carrying structure
of a tank car was carried out. The maximum equivalent
stresses occur in the area of interaction of the center sill
with the draw-bar and are about 250 MPa and do not
exceed the allowable stress values. The maximum dis-
placements were 8.3 mm and were concentrated in the
manhole area.

3. The calculation of the design lifetime was made, as
well as of the coefficient of fatigue resistance of the
load-carrying structure of a tank car. It was established
that the design lifetime of the load-carrying structure of
a tank car is more than 20% higher than the design life-
time of the prototype car. The coefficient of fatigue re-
sistance was 4.2, which is twice as allowable.

The conducted research will allow to increase the op-
erational efficiency of tank cars, and will also promote
the creation of their innovative designs.
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