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Abstract

For transportation of dangerous goods rail transport uses tank wagons. Structural changes can contribute to reduction in the
maximum stresses, and as a result, to improvement in technical and economic characteristics of a tank wagon. In order to
investigate the stress-strain state of a tank wagon the finite element model was built, its adequacy having been checked by results
of analytical calculations and experiments. It has been applied for numerous researches to find the most effective bracket support
structure by comparing it to the existing structure. The laws of stiffness change in radial direction and the laws of contact
pressure change have been demonstrated. The improved structure has been checked by a load spectrum according to normative
documents.
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1. Introduction

Dangerous goods are transported in tank wagons which provide safe and high-quality delivery of petroleum
products to customers [1, 2]. Operational environment of transport modes requires high standards in capacity of
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existing and new tank wagon structures. The forecasting and elimination of vulnerable zones and a longer life cycle
of tank wagons should take into account new achievements in capacity, reliability and durability researches [3, 4].

The researches provided by leading companies in the field of rolling stock testify that stresses exerted by support
pressure amount to 70-90% out of the maximum stresses in the tank of tank wagons [5—7]. The observations have
shown that cracks on the surface of liquid tanks in support areas begin to intensively appear after 10—-12 years of
operation [8, 9]. Typically, the cracks are of fatigue nature.

At present the wagon structure has taken full advantage of width and height, therefore a further increase in body
space is only possible due to extension that results in increased tare weight and decreased carrying capacity at the
same axial loads.

Psqo o_Ta (1)

where P is the wagon carrying capacity; ¢, is the admissible axial load of the wagon; m, is the number of wagon
axles, 7 'is the tare weight.

As g,m, can not exceed its maximum value, a further increase in carrying capacity is only possible due to a lower
tare weight.

Structural changes aimed at re-distribution of loads and stresses in vulnerable zones can contribute to reduction in the
maximum stresses and, as a result, to improvement of technical and economic characteristics of a tank wagon.

2. Development of the computational finite element model of a tank wagon

Nowadays the finite element method is one of the most efficient multiple methods of research into capacity and
stress-strain behaviour of tank wagons [10, 11]. A computational finite element model was developed for
investigation into stress-strain state of tank wagons. The tank was built by rotating a generatrix around the axle
through the centers of heads. The tank hatch is a cylindrical surface and the hatch cover is a circular plate. An outlet
for the drainage device is built by rotating the generatrix around the axle through the tank centre in vertical plane.
To calculate hollow cases one can use a number of simple lamellar quadrangle finite elements. Yet these elements
cannot be used to describe the geometry of compound profile structures, so triangular elements are used. Application
of triangular elements makes it possible to clearly describe the geometry of a compound profile structure. Therefore,
to build a computational model it is necessary to use triangular finite elements in the tops of heads and hatch covers,
in places where the hatch and outlet for drainage device join with the tank shell. For every basic frame element one
can notice that the thickness of an element is much smaller than its basic dimensions, thus it is reasonable to design
the frame’s supporting parts with flat finite elements. Thus, each beam of the frame, bracket support and middle
mounting foot are made of sheets the thickness of which correspond to the dimensions of the elements. The wooden
beams of the bracket supports are presented as octagonal three-dimensional elements. In places where the compound
frame elements cross and join, triangle finite elements are used. In places where the tank rests on the wooden beams
binodal finite elements were introduced, namely, a one-sided linear connection for simulating free movement of the
tank relative to the beams in the plane perpendicular to the generatrix and a one-sided frictional element for sliding
the tank along the generatrix. Furthermore, in the place where surfaces touch and friction appears the union of
movements is applied for all nodes in pairs in all directions except the direction of sliding. By the finite element
method the computational diagram was obtained by dividing the model into three-dimensional eight-nodal lamellar
quadrangular and triangular finite elements [12]. This division generated 86174 elements and 82479 nodes (Fig. 1).

LIRA software was used for calculation by static and impact loads.

In order to check the adequacy of the method the calculation results were compared to analytical and
experimental data [13, 14]. The inaccuracy of the results obtained for the model and experimental results does not
exceed 10-12%.
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Fig. 1. Computational finite-element model of the tank wagon.

3. Rationale for selection of the bracket support structure

In Ukraine tanks are fixed on the frame in the middle and end parts of tank wagons. At the ends the tank rests on
wooden bars located inside the ledgers of the end support structures on the bolster beams. The bolster beams are
made as a box-type construction of adjustable length. The supports for ledgers are a welded construction of metal
sheets which looks like an open box, the vertical sheets being connected in the middle of the diaphragm for rigidity
[15]. The supporting structures made from low-alloy structural steel.

Contact pressure from the support structure on the shell directly depends on stiffness change in radial direction.
For a more rigid support one can witness “tearing away” of the surface in the midsection and, thus, the loading
transfers to the support’s ends in radial direction. The support’s stiffness (contact pressure) will decrease from the
midsection to the ends in radial direction.

The solution of the assigned task required a search for the optimal support structure. The first stage dealt with
patent-bibliographic analysis of engineering solutions, finding advantages and disadvantages. The disadvantage of
the existing support is its stiffness. Structurally, the support has three horizontal belts reinforced with two vertical
ones. The scheme is rather rigid regardless of thickness of the sheets used. Under loading vertical and horizontal
sheets of the support structure are under stresses which are considerably lower compared with ones appeared in
zones where the bolster beam joins with the center sill, and the channel beams join with the vertical diaphragms.
Besides, there is a small so-called “working area” where the tank rests on the support. The width of the area
corresponds to the distance between vertical diaphragms. The diaphragms are located perpendicular to the generatrix
of tank, so in the support zones stress concentrators appear. Due to high stresses in tanks of tank wagons one can
witness deviations from the regular geometry — dents — in the support zones. Sometimes these dents are so large that
bracket part of the surface can lower and touch the center sill [16].

On the base of research [17—19] new construction variants have been proposed and the most efficient
construction has been determined [20]. The second stage included determination of the optimal parameters: a target
function was built, limitations were introduced, and approximation of the target functions and limitations as
polynomials were obtained. The third stage embraced multiple realizations of function optimization and
determination of optimal parameters of the structure graphically. The results of the methods coincided [21-23]. As
mentioned above, stiffness of the support element will gradually reduce from the midsection to the ends. Therefore,
the deformation analysis of structural variants was conducted, namely the existing structure and the most effective
structure were compared (Fig. 2) by the stress-strain analysis.

In order to determine the law of support pressure distribution from the support on the tank of a tank wagon, some
changes in the computational finite element model were made. In zones where the shell contacts with the support
beams, binodal rod finite elements were introduced between them. In calculation of the tank wagon model the
values of longitudinal forces in rod elements were obtained, and on the base of it the dependencies of forces in rods
on their location in circumferential direction were built (Fig. 3).
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Fig. 2. Diagram of the bracket support structure: 1 — support element; 2 — diaphragm; 3 — stiffening rib; 4 — inclined sheet.

N, kN
1.2
09 &— __T_"[‘\ ] —— proposed structure

‘\\ = = existing structure
0.6 y A  TFE model
03 x 4 ¢  FE model
\\\‘
0 * ? Y L mm
0 200 400 600 800 1000 1200

Fig. 3. Dependency of forces in the rods on their location in circumferential direction.

The law of support pressure distribution in the midsection of the support structure in the direction of the
generatrix of tank of the tank wagon was built. The laws of stiffness change in radial direction and the laws of
contact pressure change were demonstrated. In the proposed variant, they decrease more to their ends, which
positively influences the stress-strain state of the tank.

4. Analysis of the strain-stress state of a tank wagon

The improved structure [24] was checked by loads according to design modes I and III [25]. In operation mode I
corresponds to back-ins and starts of freight rolling stock, impacts of wagons during marshalling operation, and also
emergency brake application in trains running at low speeds. The main requirement in capacity calculation by this
mode is to exclude appearance of residual deformations of the tank’s elements. By mode III a relatively frequent
potential combination of considerable loads, which is typical for a regular operation of the wagon in a running train,
was considered. The main requirement in calculation by this mode is to exclude fatigue damages in a node or detail.
Analysis of the results demonstrates that the maximum stresses do not exceed the limit ones [25, 6].

The designing of every type of wagon requires consideration of main design forces influencing the wagon during
its repair. Results of the calculation for the structure proposed show that the maximum equivalent stresses (Fig. 4)
do not exceed the limit values, and the highest do not exceed 250 MPa (Fig. 4c).

For calculation by dynamic loads a mathematical model in MATHCAD was designed on the base of developed
models [26—-28]. In order to simplify the model it was taken that the barrel is fully loaded with liquid. The value of
the maximum amplitudes was taken as depending on the track condition. By results of the calculations the diagrams
presenting dependencies of accelerations of the body on time were built.
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Fig. 4. Results of equivalent stresses in the bracket support at various supports of the tank wagon’s frame:
a) lifting the loaded wagon by the bolster beam’s ends at one side of the wagon frame; b) lifting the loaded wagon by the bolster beams’ ends at
both sides of the wagon frame; c) lifting the loaded wagon by one end of the bolster beam; d) lifting the empty wagon by the ends of the bolster
beams located diagonally.

To consider inertial components from vertical oscillations of the wagon’s masses (the body of the tank wagon) in
calculation, design characteristics by dynamic efforts were specified in LIRA software. The name of the action
“accelerogram” is chosen and the data from the diagram of dependency of the acceleration of the body in the center
of mass on time are input. After calculation the program chooses the oscillation form when stresses are the highest.
The following step is the option which sums up the stresses from static and dynamic loads, and as a result, one can
obtain the total equivalent stresses (Fig. 5). Analysis of the results shows that the maximum stresses do not exceed

the limit ones.

Fig. 5. Isofields of equivalent stresses in the end support considering the dynamic action in the vertical plane under the loaded body and a speed
of 100 km/h: a) side view; b) view from the wagon’s middle part.

Fatigue calculation was done. The design value of the dynamic stress amplitude for a conditional fully symmetric
cycle is defined by the maximum equivalent stress amplitudes obtained on the computational finite element model.
Results of the calculation show that the values of the maximum fatigue safety factor do not exceed the limit values.

5. Conclusions

1. The most vulnerable points in the construction of liquid tank wagons have been identified; they emerge as
failures due to leakage and deformation of tanks. One of these weaknesses in service is the support zone.

2. A computational finite element model of the light oil tank wagon has been developed. Its adequacy has been
checked by results of the analytical calculation and experiments; the discrepancy does not exceed 12%, which

confirms suitability to use it for capacity calculation.
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3. A prospective trend in improvements of technical and economic characteristics of a tank wagon is enhanced
end support structures according to results of the research regarding the impact of contact pressure and
stiffness of end structures on stress-strain states of tank wagons.

4. The mathematical formulation of the optimization design problem by the minimum material capacity criterion
for the support structure of a tank wagon has been done and used for the structure proposed. Results of the
calculations have shown that mass of the support structure at optimal values is m” ! = 415 kg which is 13%
lower in comparison with the existing structure.

5. The structure with proposed improvements by a load spectrum according to normative documents has been
checked.

6. Results of the research and the proposed and substantiated support structure of a tank wagon have been
recommended for practical use by “The V. M. Bubnov Head Specialized Designing Car Building Bureau”
Ltd.

References

[1] E. A. Philips, L. Olsen, Final Phase 05 Report on Tank Car Head Study. RPI-AAR Tank Car Safety Research and Test Project, Report RA-
05-1-17. 1972.

[2] Transportation of Dangerous Goods Regulations. Available from Internrt: http://uz.gov.ua/cargo_transportation/legal_documents/terms_of_
freight/page-2/264636/

[3] S. W. Kirkpatrick, Detailed Impact Analyses for Development of the Next Generation Rail Tank Car — Part 2. Development of Advanced
Tank Car Protection Concepts. Proceedings of the ASME 2009 Rail Transportation Division Fall Conference, Paper No. RTDF2009-18017,
October 20-21, 2009, Ft. Worth, Texas, USA.

[4] CEN — EN 15663 Railway applications — Definition of vehicle reference masses. 2009.

[5] V. N. Koturanov, Nagruzhennost elementov konstruktsii vagonov. Moscow, Transport Publ. 1991. 238 p.

[6] UIC leaflet 577 — Wagon stresses. 2005.

[71 BS EN 12663-2:2010 Railway applications. Structural requirements of railway vehicle bodies. Freight wagons. 2010.

[8] Statisticheskaya informatsiya o povrezhdeniyah zheleznodrozhnyih neftebenzinovyih tsistern — obrabotka s pomoschyu SUBD MS ACCESS.
[Statistical information on damage to rail tank — processing using MS ACCESS]. Moscow. 1998. 24 p.

[9] A. Boyko, Influence of barrel damages on life time of tank wagon. 8th International DAAAM Baltic Conference “Industrial Engineering 19—
21 April 2012, Tallinn, Estonia, pp. 21-26.

[10] Y. H. Tang, H. Yu, J. E. Gordon, D.Y. Jeong, A.B. Perlman, Analysis of Railroad Tank Car Shell Impacts Using Finite Element Method.
Proceedings of the 2008. IEEE/ASME Joint Rail Conference, JRC2008-63014.

[11] A. Leyva-Diaz , J. O. Trejo-Escandén , L. A. Flores-Herrera, P. A. Tamayo-Meza, J. M. Sandoval-Pineda. Modal Analysis of Railroad Tank
Car Using FEM, International Journal of Engineering Trends and Technology (IJETT) V16(2) (Oct 2014) 49-53. ISSN: 2231-5381.

[12] M. V. Pavliuchenkov, Skinchenno-elementna model vagona-tsisterny dlia ottsiniuvannia napruzheno-deformovanogo stanu. Harklyv,
UkrDAZT Publ. 108 (2009) 131-135.

[13] Vagon-tsisterna dlia perevezennia svitlyh naftoproduktiv model 15-957. Programa i metodika poperednikh vyprobuvan (statychnykh
vyprobuvan na mitsnist, gidravlichnyh vyprobuvan kotla, vyprobuvan na mitsnist pry spivudari, statsionarnykh galmivnykh vyprobuvan,
hodovykh mitsnosnykh i hodovykh dynamichnykh vyprobuvan) PM 06.118-2003. Kremenchuk, VNIIV Publ. 2004.

[14] M. V Pavliuchenkov, Informatsionnyye tekhnologii rascheta i proyektirovaniya vagona-tsisterny na staticheskiye i udarnyye nagruzki
[Information technology calculation and design of tank wagons for static and shock loads]. Informatsiino-keruiuchi systemy na zaliznomu
transporti — Information and control systems at railway transport 3 (2010) 30-36.

[15] M. L. Haritonov, V. N. Pankin, Gruzovyie vagonyi: ucheb. posobie dlya vuzov zh.-d. transp. [v 2 ch.] Habarovsk DVGUPS Publ. 2004.

[16] Ekspluatatsionnyie povrezhdeniya neftebenzinovyih zheleznodorozhnyih tsistern — fotosnimki, shemyi. [Operational damages rail tank —
photo-pictures, schemes]. Moscow. 1998. 55 p.

[17] V. S. Laguta, A. V. Donchenko, Yu. Ya. Vodyannikov, Analiz konstruktivnyih variantov vagonov—tsistern. Razvitie konstruktsiy vagonov.
Analiz rezultatov ispyitaniy i ekspluatatsii.[ Analysis of structural variants of tank-wagons. The development of the designs of the cars.
Analysis of the results of tests and operation]. Sbornik nauchnyih trudov nauchno-issledovatelskogo instituta vagonostroeniya. [Collection of
scientific papers of the scientific-research Institute of car-building]. 1988, pp. 58-64.

[18] S. W. Kirkpatrick, Detailed Puncture Analyses of Various Tank Car Designs. ARA Final Technical Report, Prepared for the Next
Generation Railroad Tank Car (NGRTC) Project, January. 2009.

[19] Mohd, Rapik Saat, Christopher, P. L. Barkan, Generalized railway tank car safety design optimization for hazardous materials transport:
Addressing the trade-off between transportation efficiency and safety / Rapik Saat Mohd, Barkan Christopher P. L. // Journal of Hazardous
Materials 189(1-2) 15 (2011) 62-68.

[20] M. V. Pavliuchenkov, Doslidzhennya konstruktivnih varlantiv opor zaliznichnih tsistern dlya perevezennya ridkih vantazhiv [Study of
structural variants supports rail tank cars for transportation of liquid cargoes] Harklv, UkrDAZT Publ. 117 (2010) 59-63.

[21] C. A. Floudas, Encyclopedia of Optimization / C. A. Floudas, P. M. Pardalos. New York: Springer Science. 2009. 4246 p.



Glib Vatulia et al. / Procedia Engineering 187 (2017) 301 — 307 307

[22] I. E. Martynov, M. V. Pavliuchenkov, Optimizaciia opornogo prystroiu vagona-cisterny. Zbirnyk naukovykh prats Ukrainskoi derzhavnoi
akademii zaliznychnogo transport. Kharkiv, UkrDAZT Publ. 138 (2013) 221-225.

[23] M. V. Pavliuchenkov, Ratsionalizatsiia konstruktsii opornykh prystroiv vagoniv-tsistern dlia ridkykh vantazhiv. Nauka i progress transporta:
Vestnik Dnepropetrovskogo natsionalnogo universiteta zheleznodorozhnogo transporta — Dnipropetrovsk, DIIT Publ. 1(49) (2014) 151-159.

[24] M. V. Pavliuchenkov, Prystrii dlia kriplennia kotla zaliznychnoi tsysterny na rami khodovoi chastyny [Device for fastening of the railway
tanks boiler on the frame chassis]. Patent UA, no. 2012 00495, 2012. 4 p.

[25] Normy dlya rascheta i proektirovaniya vagonov zheleznykh dorog MPS kolei 1520 mm (nesamohodnykh). Moscow, VNIIZhT Publ. 1996.
319 p.

[26] S.V. Myamlin, Modelirovaniye dinamiki relsovykh ehkipazhey. Dnepropetrovsk. 2002. 240 p.

[27] YU. V. Diomin, YU.V. Cherniak, Osnovy dynamiky vagoniv: navchalnyi posibnyk. Kyiv, KUETT Publ. 2003. 270 p.

[28] G. I. Bogomaz, Dinamika zheleznodorozhnykh vagonov-tsistern. Kiev, Nauk. dumka Publ. 2004. 223 p.



