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Aerodynamic coefficients of railway vehicles in cres-wind — introduction and
preliminary research

Abstract: In recent years, dynamic development of high-speslivays is observed in
Europe and in the world. Due to the train speedeease, aerodynamics of railway vehicles
becomes more and more important issue. In the p#peicross-wind stability problem of a
railway vehicle and the influence of the train spea this phenomenon is discussed. As a
derailment risk analysis requires to determineoialtsix cross-wind aerodynamic forces and
moments acting on a given vehicle, a knowledgeiofassociated with them aerodynamic
coefficients is a groundwork for train stability aysis. Two most common methods of
analysis of air flow around trains are pointed eutvind tunnel testing and CFD method
(Computational Fluid Dynamics method). Both meth@de described in the paper, in
reference to PN-EN 14067-6:2018-10 and TSI requergs) and later a CFD method is
applied to examine a basic train model. The mam af this preliminary research was to
recognize CFD method as a tool for a further redean cross-wind-induced vibrations of a
train - bridge system.
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Introduction

The dynamic development of high-speed rail has lobserved in recent years in Europe and
in the world. With increasing travel speeds, thevdgnamics of rail vehicles is becoming an
increasingly important issue because the phenomraumsed by airflow around a moving train
have a dominant effect on its traction propertidse main problem considered widely in the
literature for over 80 years are aerodynamic d&jg fo achieve higher speeds, streamlined
bow shapes are used and the weight of trains iscceetd The significant increase in speed of
rail vehicles and the associated aerodynamic eff@isb have an impact on the surroundings.
A train traveling at high speed causes large chamgeair pressure on the side of the track,
which threaten people on the platform and trackkexs [13]. In addition, high instantaneous
pressures may cause fatigue failure of tracksiftastructure [2]. High shock pressure waves
also arise when two trains pass by, posing a thie#teir safety due to the high dynamic
forces acting on the front of both trains. A simighenomenon occurs when a train passes
through a tunnel - especially when entering or ilegna tunnel. In many countries speed
limits have been introduced in narrow tunnels [Bpdo the high pressures at high train
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speeds. Another unfavorable phenomenon associatedaerodynamic influences is ballast
tearing, which leads to damage to the rolling st track [13].

In the aspect of driving safety, however, it iseggm®l to ensure the lateral stability of
each vehicle in the train under cross-wind load. (g&], [3]). In the history of today too, more
than one rail disaster caused by transverse windeaoted. An example is the derailment of
the Inaho passenger express train in December i2QDd&pan [18] or a strong collision of the
vehicle against a station platform in Moston, Endlan 2015 [17], and many others. For this
reason, more and more papers appear in the literatuestigating the effect of side wind on
trains traveling at high speeds.

By the aerodynamic loss of transverse stabilityaofailway, a vehicle is meant the
detachment of the vehicle wheels from the rail edusy destabilizing wind forces [13], also
dependent on the speed of travel. According toghielelines [13], [12], the wheel load
reduction on the rail should not exceed 90% ofrtbiamal pressure derived from the weight
of the vehicle. On this basis, the boundary (pesibig) wind speed values are determined
depending on the vehicle speed and its charaatesstd curves (CWC) [13], [12] are
determined. They are compared with the charadtensterence wind curves (CRWC), with
the CWC curves of the proposed rolling stock shdaddabove the CRWC curves. Sample
reference curves are shown in Figuredepending on the angle of the side wind attack
measured from the track axis.
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1. CRWC curves depending on the angle of the crosstadtack, with terrain configuration
in the form of an embankment with a height of g13)

Aerodynamic forces and coefficient§o determine the reduction of wheel pressure aala r
destabilizing forces, i.e. aerodynamic forces @ctn the vehicle, should be determined. In
the general case, the vehicle is subjected toesizdynamic forces (loads): three components
of the overall force and three components of theral/ moment, which are the result of
bringing the pressure of the wind distributed oa #urfaces of the vehicle to its center of
gravity, as in Figure2. In computational practice, account is taken o fhct that the
dominant influence on the stability of a railwayhiae is influenced by forces operating in a
section perpendicular to the direction of travedl dine problem is simplified by taking into
account only three components of aerodynamic lokderal force b, lifting force i and
deflecting moment M (otherwise the moment rotatixg) [16], [11], [9], [19], [7], [20]. They
are described by the following formulas known frtva literature (e.g. [16], [21], [9])

2
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2

U

F = pTArefCL (2)
UZ

M = pTArefbrefCM (3)

where U is the wind speealis the air density. A is the reference surface, which in the case
of railway vehicles is most often taken as the wiact side surface for all three forces, while
breris the reference length usually referred to asacletiieight (e.g. [5], [16], [11], [ 7], [20]).
Exceptionally, Yongle Li in his works [9], [19] pposes that the bottom surface instead of the
lateral surface should be used as the referenéacsuin calculating the lifting force and the
deflecting moment, similarly to that used in bridgeuctures.

,ﬂ:\ .."\ A ‘-\

2. Aerodynamic forces acting on the vehicle and sificption to the forces acting in cross-
section

To determine the aerodynamic loads (1) - (3) it@sessary to determine the parameters
Cb, C., Gy, called dimensionless aerodynamic coefficient$ tescribe the airflow around
the analyzed body (vehicle). These coefficients gpecific to a vehicle with a given
geometry, they are determined on the basis of,testglly model tests in a wind tunnel.
These tests are carried out at various terrainigardtions, determining in each experiment
the values of the aerodynamic forcgskd moments Mwithi = X, y, zin the general case of
six aerodynamic components (see Fig@je On this basis, aerodynamic coefficients are
calculated according to the formulas

F;
Ci=— Lt
l 0,5pU2Aref 4)
M;
Co = —t
mt O,SPUzArefbi (5)

directly related to the aerodynamic load definitiofl) - (3), which enables the
determination of vehicle loads in many calculatoenarios.

Currently, due to the development of numerical rmé#h wind tunnel tests are
increasingly replaced or supplemented with numetests using CFDGomputational Fluid
Dynamics) methods. Then the forces and aerodynamic momergdedeto calculate the
aerodynamic coefficients (4) and (5) are determinetiby measurement, but by numerical
integration of the simulated distribution of aiepsure on the body surface. Both approaches
will be discussed in more detail below.
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Model tests in aerodynamic tunnels

Aerodynamic tunnels allow testing the flow of bdtlyough the air with specified parameters,
and their main advantage is the actual mappingefiowing medium (air). The tunnel is a
closed space in which continuous air movement iegged. Models of the examined objects
are placed in it, observing the flow and measutimg forces acting on the model. Wind
tunnel tests provide very high possibilities an@dacordance with the recommendations of the
TSI [13], it is assumed that they are the onlyisidhtly reliable source for determining the
aerodynamic properties of the train. However, ggodparation of tests brings many
problems and the results depend on a large nunflparameters. When scaling the model, in
addition to assuming similarity criteria (Buckingha1914) [21], [10], [6] and selecting
appropriate wind characteristics, one should abske tinto account the blocking factor
determining what part of the free flow in the tuhiseblocked by the model placed in it [3].
Tests are usually carried out for low turbulencavil but the flow roughness of the boundary
layer is often an important element. In the redeafcaerodynamics of railway vehicles, the
ground layer [5], [4] is particularly important, wh is obtained by two methods - passive and
active. The passive method involves the use ofetarpr blocks that give the appropriate
roughness to the substrate layer, while the actie¢hod is based on the use of additional
wind sources, e.g. fans positioned perpendicutartye flow direction [6].

An important parameter of any flow analysis is ®Reynolds number representing the
ratio of inertia forces to viscosity forces in thew. In many works it has been shown [21],
[10], [15] that aerodynamic coefficients dependtlois parameter reaching high values in the
laminar flow range, minimum values in the criticahge and then, in the supercritical range,
values rising slightly as the number increases Blelgn

For testing the aerodynamic coefficients of railwaficles in wind tunnels, the values of
Reynolds number from the supercritical range asiraed so that their increase does not
affect the obtained forces and moments [13], [T6 most commonly used values are in the
range2 x 10°~1 x 10° [3]. The study considers various terrain configiores. Standard [12]
and TSI [13] provide three basic configurationat terrain, single-track embankment with a
height of 1 m and double-track embankment with mtteof 6 m with the possibility of
placing the vehicle on the windward and leewar@ s&pecial configurations such as flyovers
and long bridges require individual analysis [12], [19], [7], [19].

After choosing the test parameters, the stand@firgficommends comparative tests. For
this one of three models is used: the ETR 500, D&glex or ICE 3 train model, for which a
multitude of tests allowed for precise determimatiof aerodynamic parameters. Sample
results for the ICE 3 vehicle are shown in FiguréN8te that the aerodynamic coefficient
values given in the figure range from —10 to +10.the literature (e.g. [5], [19]) the
coefficients take values in the range from -2.52db. The reason for this discrepancy is the
use in the standard [12] of a standardized refersncface, which is 10 hirrespective of the
type of vehicle. After scaling to the actual refere surface, the values of the coefficients
coincide with the literature.

The aerodynamic coefficients in FiguBedepend on the angle of the so-called attack
resultant wind, the speed of which is the resulthaf assembly of the lateral wind speed
vectors and the airflow speed caused by train ngyrdas shown in Figuré. The resultant
velocity relative to a moving vehicle is given tetformula

U= \/(V + W sin(y))? + (W cos(y))? = \/VZ + 2VW sin(y) + W2 (6)

wherey is natural wind angle, W and V represent the @htwind speed and vehicle speed,
respectively.
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3. Aerodynamic coefficients of the ICE 3 vehicle ohtd in the wind tunnel for the 1:15
scale model and windward embankment settings [11]

Kierunek ruchu
pojazdu

4. Wind speed vector assembly

Model tests conducted in wind tunnels take intooaot the movement of a railway
vehicle in two ways: tests are carried out on adixnodel, set at an appropriate angle relative
to the airflow generated at the resultant speed\very rarely) tests are carried out on a
mobile model [5], [3], [1]. Baker et al. in [1] theresented an example comparison of the
results from both tests, using the example of tedBlino 390 train model, made on a 1:25
scale. The stationary test (on a fixed model) vaasexd out in accordance with the approach
currently adopted, i.e. the vehicle model was setnaangle reflecting the angle of attack of
the resultant wind. Whereas tests on the mobileeinwdre carried out in a 150-meter tunnel
in which a passing wind was affected by the passwgicle. Bocciolone and colleagues
conducted similar studies [5], expanding their gcepn addition to the impact of vehicle
movement, the impact of turbulence and variousiterconfigurations were also analyzed. In
both the cited works, it was found that the way\bhicle motion was taken into account in
the wind tunnel has a negligible impact on the teftults because the aerodynamic
coefficients obtained for the stationary and mogatlodel are very similar. However, this
problem requires further research, because in bases only the flat terrain configuration
was used for comparative tests.
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CFD numerical tests

Research in aerodynamic tunnels are expensive iargdconsuming - they require, among
others preparation and construction of the vehio®del and appropriate terrain
configuration. For this reason, at the initial staf analysis, numerical methods are currently
used, based on CF@¢mputational Fluid Dynamics) analyzes.

CFD analyzes rely on numerical flow simulation,rigat out under the assumption of a
Newtonian fluid model that maps the behaviour ofynéuids and gases relatively well,
including water and air [10]. The basis of thesethwds is Navier-Stokes equations
describing fluid flow. Their analytical solution @ly possible in the simplest cases, hence in
CFD analyzes the flow space and the flowing body discretized using the finite element
method (FEM) and the finite volume method (MOS) tWturbulent flow, there is a need to
map the smallest vortices, due to which the deritye finite element mesh is of the order

R2/4 [3]. Therefore, if we consider the fact that theyRolds number Rranges frorh0° for
wind tunnels ta0” for realistic simulations, we obtain an impossitdsk [3], [10]. For this
reason, wind engineering uses methods averagingiN&tokes equations, among which can
be distinguished methods averaging over time - RAREgnolds Averaged Navier-Stokes) or
averaging flow field in space - LE&4rge Eddy Smulation).

In engineering, the RANS methods are most ofterd umxause they have the lowest
computational demand. As a result, we obtain awsftafjpw over time, which is often
sufficient. However, when vortex detachments apptb& RANS method significantly loses
accuracy. As shown in many works, among others3jn[[LO], [8], the basic RANS model
(modelk-¢) incorrectly maps turbulence on the upper windwadde. However, other RANS
models such as &-or RSM (Reynolds Stress Model) allow good resudtbe obtained at a
low cost.

In the event that the use of RANS models does llmw &0 obtain satisfactory results, the
LES model is used, which gives much more accumedalts, but its use leads to very large
calculation costs. This method simulates vortidesuathe mesh size, while smaller vortices
are represented by additional, non-existent, visdotce. However, direct integration in the
space of Navier-Stokes equations even averaged andshe requirement of a much denser
grid than in the case of RANS methods means tleatdfculation time increases significantly
[19].

As in wind tunnel research, CFD analysis also neguconsideration and preparation of
many important parameters, not just the choice ethod. As mentioned earlier, the key is to
adopt an appropriately compacted FEM mesh. In @&afdithe correct size of the flow space
should be assumed so that the planes that resttiotnot affect body flow. The fact that the
streamlined space can be defined as any largeei®bthe advantages of CFD analysis over
wind tunnels. The standard [12] recommends thathen case of CFD tests, comparative
analyses should be performed on one of the refererazels. It is assumed that the analysis
parameters are correct if the results obtainedediffy no more than 3% of the results
contained in this document. This standard alsoigesvguidelines on the adoption of basic
parameters of the analysis.

Although the current regulations do not allow foll proof of aerodynamic stability of a
railway vehicle solely with the use of CFD [13]2]1 numerical methods together with the
development of computing power of modern compusdien obtaining results which are
more and more accurate. As Sima and others showélei work [14] that is part of the
AEROTRAIN project, the results obtained by numdricegethods can already match the
results of wind tunnel tests. For this reason, raya, when conducting complex analyses
(e.g. coupled vibrations of a bridge - train - wey$tems) CFD methods are increasingly used
to obtain aerodynamic coefficients.
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Own research

The aim of the authors of this study was to idgrttie CFD method as a tool for determining
the aerodynamic coefficients of a railway vehid¢tefurther studies, it is planned to develop a
method of dynamic analysis of the train - bridgstesn exposed to cross-wind, including the
analysis of aerodynamic stability of a train movorga bridge.

In the conducted preliminary tests, as in [16],irapdified, rectangular block of the
vehicle shown in Figuré& was analyzed. As a terrain configuration, a shtglek beam
bridge with a girder height of 2 m was adopted. ther study, it was assumed that the train
consists of three identical vehicles ( wagons)heb@.5 m long. Aerodynamic coefficients
were determined for the middle vehicle, the presesfcthe neighboring ones was to ensure
proper flow representation. The RSRKeynolds Stress Model) method from the RANS group
was used in the calculations. This method is baseithe closure of the Navier-Stokes system
of equations using direct transport of individualhponents of the Reynolds stress tensor
[10]. The projected side surface of the windwardl whbthe wagon was taken as the reference
field value.

3.6m

5. Model accepted for own research

The calculations were made in the CFD ANSYS prognamg environment. First,
verification tests were carried out for wind speeds20 m/s and 30 m/s, showing the
invariability of aerodynamic coefficients, charaigc for the Reynolds number from the
supercritical range. The size of the flow around wdopted in accordance with the guidelines
of the standard [12]. Sample calculation resuksstiown in Figuré. Next, four angles of the
accidental wind attack on the vehicle were consideand the values of aerodynamic
coefficients were presented in FiguteThese results were read after convergence ataeve
hundred iterations, however, they may be subjeceértor due to the adopted size finite
element approx. 0.2 m.

17



Transportation Overview - Przegl Komunikacyjny 6/2019

5 7 A e ; / ’
6. Sample CFD test results for 30° rake
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angle - wpekd lines and pressure distribution
on the body surface

The approximate shape of the dependence of aerodyreoefficients on the angle of
attack of the resultant wind, schematically showrkigure7, is similar to the shape of the
curves known from the literature and those preskemteFigure3. In addition, the obtained
values of the coefficients fall within the rangeokm from many studies, e.g. 16] or [5],
which means that the first results of using theppetary CFD calculation procedure are
promising, although the computational effort turmoed to be relatively large - the time of one
series of calculations was about four hours. Ineprfibr the developed procedure to be
considered reliable, comparative analyses shoulddrged out on one of the reference
models according to the standard in the next sthgerk [11].
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7. Aerodynamic coefficients depending on the anglattzick of the resultant wind
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Concluions

Nowadays, the norms allow determining the aerodynasuefficients of railway vehicles
only in wind tunnels, as it is still the most acatier method. However, it requires access to a
wind tunnel, a lot of work, appropriate equipmenti anany tests to obtain reliable results, in
particular when various land configurations arengeionsidered. The alternative is numerical
methods, which together with the dynamic increassomputing power of modern computers
give at once greater possibilities and increasirggjter results. The work describes both
groups of methods for determining aerodynamic ecefits - based on model tests in wind
tunnels and numerical tests using CFD simulatiomsggelation to railway vehicles, PN-EN
14067-6: 2018-10 standard and TSI requirements.

The paper presents the results of initial own neseaarried out numerically using the
author's calculation procedure implemented in th® @odule of the ANSYS programming
environment. The determined values of aerodynanoefficients of an exemplary
hypothetical railway vehicle allow to initially asss the procedure as correct. In the next stage
of the study, in order to confirm the reliabilityf the developed calculation procedure,
comparative analyses will be performed on one ef réference models, according to the
standard [12]. The developed procedure will be usedhe future to determine the
aerodynamic coefficients of the train - bridge ewst for the needs of dynamic analyzes of
such a system subjected to side wind, includingatiedysis of the aerodynamic stability of a
train moving on a bridge.
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