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This document is an interim version of deliverable D4.1 and provides a concise report of the research
performed so far by Luca Corniani, the PhD candidate hired by Politecnico di Milano (PMI) to carry
out research work about aerodynamics of freight trains.

The report also provides the present (August 2025) status of publications produced by the candidate
and submitted to international scientific journals. So far, the candidate produced the following
publications:

1. one conference paper, presented by the candidate at the Sixth International Conference on
Railway Technology: Research, Development and Maintenance “Railway 2024”, held in
Prague, Czech Republic, in September 2024;

2. one paper providing a State-of-the-Art review about freight train aerodynamics, submitted to
the international journal “Proceedings of the Institution of Mechanical Engineers, Part F:
Journal of Rail and Rapid Transit”, which is presently under second review;

3. one paper presenting the database of freight train geometries and its use for the study of
freight train aerodynamics, which is going to be submitted not later than September 5" 2025
to the international journal “Promet - Traffic & Transportation Journal”.

Additionally, the student prepared a database of freight train geometries which is made available
in open form to the entire scientific community in a public GitHub repository.
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The PhD candidate, Mr. Luca Corniani, was hired by Politecnico di Milano (PMI) through a
competitive examination and started his position as PhD Candidate on September 1% 2023, so he is
now entering the third year of his PhD.

Prof. Stefano Bruni was appointed as the main supervisor of the candidate, with Prof. Luca Schito
being the co-supervisor and Prof. Andrea Manes being the Tutor.

The candidate has attended all the courses that constitute his educational obligations in line with
requirements for Doctoral studies at Politecnico di Milano. These consist of 4 courses for a total of
21 credits, out of which two courses (10 credits) devoted to transferable skills and the other two
courses (11 credits in total) devoted to acquiring specific skills related to computational and
experimental fluid dynamics. The candidate withstood so far the final examination for 3 out of these
4 courses and acquired the corresponding credits. The final examination for the remaining course is
expected to take place in September 2025. Table 1 reports the titles of the courses, the status of the
final examination and the grade obtained.

The PhD candidate spent a 2-week short stay at the University of Huddersfield, one of the partners
of WP4. During the stay, he had the opportunity to visit the university’s research facilities for railway
engineering and to discuss with experts at HUD the issue of geometry defeaturing which is highly
relevant to the definition of CFD models looking for a trade-off between accuracy and computational
effort.

Mr. Corniani is now spending a long stay, with foreseen duration 3 to 4 months at DLR in Goettingen
(in line with the plans foreseen in the DoA, see Subtask 4.2.3: Visiting scholars). In this stay, he is
arranging and performing wind tunnel tests to gather experimental results which will be used for the
validation of CFD models for freight trains, considering in particular the effect of gaps between
containers in intermodal container trains.

Table 1 — Courses in the study plan of the PhD candidate

30/30 cum

Research skills T 5 18-06-2024
laude

Sc_le_nce_, technology, society and T 29 5 18-09-2024

Wikipedia

Computational fluid-dynamics with S 30/30 cum 5 14-07-2024

open-source software laude

Aerodynamics of transport S 6 30-09-2025

vehicles

Project: 101121842 — Academics4Rail — HORIZON-ER-JU-2022-02 5794



* * o
6_ Academics/Rail ~_

= . Co-funded by
-Urope S the European Union

The progress of the candidate is being formally assessed by means of periodic meetings with a panel
of professors who are members of the faculty of the PhD course in Mechanical Engineering at
Politecnico di Milano. These periodic meetings are held annually, and therefore the candidate
withstood so far two examinations:

1. the 12 months examination, held on 05-09-2024;
2. the 24 months examination, held on 24-07-2025.

in both these examinations the candidate was awarded with the grade “B” which is, according to the
rules of Politecnico di Milano, the second-highest evaluation, with the highest reserved to the top 5%
candidates and very seldom awarded in the first year.

With respect to the plans reported in the DoA, which were foreseeing the periodic assessment of the
candidate by means of six-monthly meetings, it should be noted that this was based on the rules in
force at the Department of Mechanical Engineering of PMI for the assessment of PhD candidates at
the time when the DoA was prepared, but these rules were recently modified and now foresee the
assessment by means of 12-monthly meetings.

The progress of the candidate was also assessed by representatives of all WP4 partners, through
online meetings, which are being regularly held throughout the entire duration of the WP.

The overall plan of publications for the candidate foresees 2 papers presented at international
conferences and 3 papers published in international journals. In more detail:

1. Conference paper n. 1, entitled Aerodynamics of Freight Trains: An Open Database of
Geometries for CFD Analyses presents a summary of the work performed in SubTask 4.1.1
of the project “Database of freight wagon geometries”. This paper was already presented by
Mr. Corniani at the Sixth International Conference on Railway Technology: Research,
Development and Maintenance and is published in the conference’s proceedings, with
doi:10.4203/ccc.7.3.20. The full paper is reported in Appendix A of this report;

2. Conference paper n. 2, entitled Numerical investigation of freight train aerodynamics:
towards greener freight transport in Europe is in preparation and it is hoped that it will be
selected for presentation at the International Conference Transport Research Arena 2026, to
be held in Budapest on May 18-21 2026;

3. Journal paper n.1, entitled A review of freight trains aerodynamics, presents the results of a
detailed analysis of the State-of-the-Art performed by the candidate as the initial part of his
work in SubTask 4.1.2. This paper has been submitted to the Proceedings of the Institution
of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit
(https://journals.sagepub.com/home/pif). The article is presently under second review, and
it is hoped that it will soon be accepted for publication. The revised manuscript submitted to
the journal for the second review is reported in Appendix B of this report;

4. Journal paper n.2, entitled Aerodynamics of Freight Trains: addressing the complexity of
train geometry through an open database, presents in detail the result of work done in
SubTask 4.1.1 and some initial results from SubTask 4.1.2. This paper will be submitted
not later than September 10th 2025 for a special issue of the international journal “Promet
- Traffic & Transportation Journal” (https://trafficandtransportation.fpz.hr/home). The final
draft of this manuscript is reported in Appendix C of this report;
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5. Journal paper n.3, title to be defined, is presently in preparation and will describe the final
results of SubTask 4.1.2, i.e. the validation of freight train CFD models and guidelines for
CFD modelling of freight trains. No draft of this manuscript is attached to this report, as the
preparation of this paper is still in progress.

In case time allows, the preparation of another paper, either for a conference or for submission to an
international journal will be targeted, with the contents of this final paper addressing the analysis of
aerodynamic effects on freight trains, in line with the contents of SubTask 4.1.3.
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In conclusion, it can be stated that the work of the PhD candidate in WP4 is progressing in line with
the plans reported in the DoA. The work of the candidate was carefully supervised both by the internal
supervisor, co-supervisor and tutor at PMI and by representatives of all WP4 partners through
periodic online meetings.

The minimum scientific output expected from the candidate as stated in the DoA (at least one
conference paper presented and one paper submitted to international scientific journals) has already
been achieved, and the candidate is pursuing a more ambitious plan that can realistically lead to the
publication of two conference papers and at least 3 papers published in international scientific
journals.
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This paper was presented at the Sixth International Conference on Railway Technology: Research,

Development and Maintenance and is published in the conference’s proceedings, with
doi:10.4203/ccc.7.3.20

The full bibliographic reference of the paper is:

L. Corniani, P. Schito, S. Bruni, "Aerodynamics of Freight Trains: An Open Database of Geometries
for CFD Analyses", in J. Pombo, (Editor), "Proceedings of the Sixth International Conference on
Railway Technology: Research, Development and Maintenance”, Civil-Comp Press, Edinburgh, UK,
Online volume: CCC 7, Paper 3.20, 2024, doi:10.4203/ccc.7.3.20.

In the next pages, the full paper is reported.
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Aerodvnamics of Freight Trains: An Open
Database of Geometries for CFD Analyses

L. Corniani, P. Schito and S. Bruni

Department of Mechanical Engineering, Politecnico di Milano
Italy

Abstract

The computational investigation of freight train aerodynamics requires the production
of a surface geometry of the vehicle in order to mm the simmulation To address the
need for efficient production of these geometries that comes with the growing
employment of munerical studies in this field, a database of representative wagon and
locomotive geometries is proposed in this work

After the database is imfroduced, a demonstrational computational fluid dynamics
study 15 presented, considering the geometry of a single flat wagon with a container
for two different levels of detail, and the results of the sinmlations are compared and
discussed.

Keywords: train aerodynamics, freight trains, database, container, computational
fluid dynamics, URANS.

1 Introduction

The strategic European goal to shiff the long-distance-transport of goods from road to
rail necessitates the eventual mcrease in the speed of freight trains to at least 160 lan'h
(Geischberger et al. [1]). At this speed, the aerodynamic effects that are mostly
pegligible at lower speeds become highly relevant.

Aerodynamic forces grow approximately with the square of the velocity of the
flow, thus increasing the train speed resulting in greater aerodynamic forces on the
vehicle Research from Quazi et al. [2] and Alam et al [3] shows that freight trains
encounter wind from yaw angles mostly below 207, and therefore the main conyponent

1
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of the aerodynamic force on a moving train is drag. This means that the increase of
service speed has direct consequences for the cost and environmental impact of the
operation of the train, since the mechanical power spent by the locomotive is
proportional to the overall resistance to motion. Cther components of the force are
also of mterest, since both Lft and side force generate overhwning moment on the
wagons and nmst be contamed to reduce the nsk of deratlment.

A subject of intense sindy directly linked to drag is the effect of empty wagens and
of the size of gaps between containers, Malels et al. [4] showed that the pressure
component of drag is closely related to the size of the gap between comtainers.
Additionally, slipstream velocities generated by a freight frain tend to increase for
larger gaps (Flyno et al [3] and Li et al [8]), in the absence of crosswind, these
velocities are not sufficient to put a person stability at risk. but crosswind amplifies
this effect enough to destabilize large portions of the population (Flyon et al. [7]).

Unlike streamlined passenger trains, freight trains behave as bluff-bodies and thns
the flow arcund these vehicles is more turbulent and intrinsically vnsteady. The study
of freight train aerodynamics is fiwther complicated by the fact that they can be
composed of a vanety of wagons with diverse geometries. These differences between
passenger and freight trains call for an investigation of the flow around the latter as a
separate endeavou.

The aerodvnamics of freight train has been studied in the literature with both
munerical and expermmental methods, complementing each other with their relative
strengths and drawbacks. Experimental methods measure pressure and flow velocity
directly and therefore are inherently more reliable than mumerical methods, however,
thev are also nmch mere expensive and tume-consuming.

Most experimental studies on freight trains are conducted in wind tunnels. Alam et
al. [8] performed a wind tunnel test on a 1:15 model scale of a double stacked
container wagon in isolation; subsequent studies by (iappino et al. [9]. Kocon et al.
[10] and Alam et al. [3] focused on the risk of overturning cansed by crosswind on
freight wagons and concluded that the relative aerodynamic coefficients are larger at
high yaw angles (although a tramn is unlikely to encounter such angles while in
motion). Wind tunnel tests have also been wsed by Soper et al. [11] and Sterling et al.
[12] to study the slipstream velocities generated by fieight trams and found them to
be mmich greater than what was observed m passenger trains. Infermodal transport of
freight has also been the subject of wind tunnel tests. Giappino et al [13] tested
different train confimwations with different gap sizes and concluded that for each
wagon, the best condition (both in terms of drag and overturning moments) 1s to be
preceded by a loaded wagon and fellowed by an empty one. This is true for the single
wagon, however, whilst for the purpose of minimizing the drag for the entire train
smaller gap sizes are to be preferred, as shown based on wind tunne] tests by Soper et
al. [14] and on CFD by Maleloy et al. [4].

In all wind mnnel experiments that invelve freight trains, the Reynolds number of
the test is much lower than in fill-scale expeniments and this makes the latter more
reliable, however the former 1s still often preferred for the lower costs also considering
that for Reynolds mumbers greater than 2 5-10° the aerodynamic coefficients become
insensitive to Feynolds mumber (Boceiolene et al. [15]). Soper et al. [16] used full-
scale experiments to compare the aerodvnamics of passenger and freight trains and

4
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found that freight trains at low speed generate shipstream velocities higher than the
passenger trains, although not in violation of the TSI regulations (it should however
be noticed that mumenical investigations by Flyon et al [7] found that in cases of
crosswinds at a yvaw angle of 30° the slipstream velocities produced by freight trains
even at moderate velocities were in viclation of the TSI limits for faster trains). The
measurement of a full-scale underbody flow has been used by Soper et al. [17] to
conchude that on well-maintamned tracks the aerodynamic forces on ballast and the
inertial ones duoe to track displacement are comparable, but poorly maintained tracks
may increase the nsk of ballast fhight sigmficantly.

Numerical studies allow to evaluate the flow mn every point of the domamn;
however, the results are also affected by the physical modelling of the problem, and
one of the most significant decisions to make in CFD 15 the modelling method for
turbulence.

Dhfferent works have been published comparning the accuracy and cost of different
methods (Wang et al. [18], Wang et al. [19] and Maleld et al. [20]) and they agree on
the fact that RANS and URANS are unsuitable for the simulation of freight trains
becanse of the proncunced unsteadiness of the flow. The expensive LES (or more
often i recent works ELES, DES or DDES) are generally agreed to be the most
accurate methods, predicting flow topology and aerodynamic coefficients in line with
experimental results. It should be noted however, that while RANS methods fail to
predict the numerical value of aerodynamic coefficients, they predict their trends and
are smtable for comparing the performance of different geometries (Malela et al
[20].

The AcademucsdRail research project, funded by the Enropean conmmumity under
the Europe’s Rail funding programyme, has lannched a comprehensive investigation
on the aerodynamics of freight trams. The objective is to define gmidelines for the
creation of CFD models of freight trains, analyse different realistic operation
scenarios and synthesise the results in guidelines for safer and more efficient operation
of freight trains in regard of aerodynamic effects.

Given the breadth of the problems addressed, the need for the efficient defimtion
of geometric models for single vehicles (locomotives and wagons) and for complete
freight tramns becomes apparent. Therefore, a first part of the research 1s devoted to
creating a database of geometries for vehicles and vehicle parts in formats that are
compatible with software for CFD simulation In this way, complex geometnes
representative of realistic freight operation scenanos can be efficiently created. In the
creation of the database, a defeatuning process 1s applied and vehicle geometries are
defined at different levels of detail allowing the efficient creation of simpler and more
detailed CFD models, m view of finding a trade-off between accuracy and

This paper presents some initial results from the research In particular, defimition
of the geometry database 15 presented, then the results of a CFD analysis of a single
freight wagon is presented, companng the results for different levels of detail of
vehicle geometry.

The paper 15 stuctured as follows: 1n section 2 of the paper a detailed description
of the geometries and the process by which they have been created and stored m the
database 15 provided. In section 3 an exemplary CFD analysis is presented, analysing

3
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the mesh independence and a comparnison between levels of detail. Finally, in section
4 conclusion and final remarks are drawn

2 The database of freight train geometries

Unlike passenger frains, freight trams exhibit a wide vanety of gecmetries both
because of the diversity of the wagons that malke them up and becaunse of the many
different compositions (what type of wagons they are made of, and in what order) that
they can have.

The study of the aerodynanucs around these vehicles therefore is only possible if
an efficient and versatile method for producing diverse freight train geometries is
developed. The aim of the database proposed in this work 15 to address this need while
allowing the user to balance between higher levels of detail and computational cost.

Before the construction of the database counld begin a classification of locomotives
and wagon types was necessary. While no official classification exists, freight wagons
can be broadly distinguished according to these categones: Open wagons, Covered
wagons, Flat wagons, Dump cars. High-capacity wagons, Special wagons, and Tank
wagons. Although this way of distingwshing freight wagons has been also adopted
with minor vaniations elsewhere in literature, these specific categornes have been taken
from Principe [21]. Locomotives are more homogenous m thewr geometry, so they
have not been classified m a similar way, instead three versions meant to resemble
shight vanations i existing locomotives are proposed. Finally, each of the geometries
are provided in different levels of detail. The classification 15 showcased m Figure 1.

Freight Train

Locomaotives Freight Wapons .
By [ B R
= Main Body REn .

. "~ |camge
| Version B ] Raal Covared Wagons J | |
. Undertiody | : | Flat Wagons | - [ wagen Plane |
— Yersion C - :
—"l Dumpcars Boglas

—-| Tank Wagone |

Figure 1: Classification of the database.

A modular approach 1s vsed to build the geometric models of the vehicles. All
wagons are composed of three parts: a wagon plane, bogies, and cargo (where cargo
refers to the geometry above the wagon plane, this 15 the distinguishing part of each
category of wagon). In Figure 2, the components of tank wagons are shown, the cargo

4
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of course will be different for other categories of wagon, Figure 3 shows the version
B of the locomotive in its three components.

Cargo

Wagon plane ~

i

Figure 2: All wagon components.

R“‘/\

Main body

Underbody

Figure 3: All components of locomotives, version B.

The database consists of the assembled geometries together with the modular parts
that make them up. therefore every user will have access to the geometries of all
components of the vehicles. The main advantage of structuring the database with this
modular approach is that it allows the user to select the level of detail of each
component and. to a degree, customize the geometry based on their necessity.
Additionally, the geometnies built with the same components allow to properly
compare the effect of the cargo on the flow around the vehicle. while if all models
were subtly different the effect of the intended and unintended differences would be
confounded. As a final advantage. this approach allows for faster production and
update of geometries.

The database includes geometries of both locomotives and wagons. the
locomotives are made of three parts: the main body. the underbody. and the roof. What

5
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differentiates one locometive version from another 13 the mamn body, since the
underbody and roof are designed so as to be interchangeable.

The design of the main bodies for all locomotive versions followed the same
workflow: first, a basic structure 15 defined through the use of a certamn mumber of

as shown in Figure 4. then the volome enclosed in the structure is extiuded

and the edges are rounded (with the radii being parametrically defined as well), and
finally, the surface of the main body 13 obtained from the volume.
The swface obtamed 15 at this pomnt a closed surface, to complete the geometry 1t
needs to be tummed along well-defined curves. The final result is an open surface
with boundanies that match those of other components of the locomotive, so that when
they are all assembled, they constitute a closed swrface again. Figure 5 shows the mam
body of the version C of the locomotive. It is worth noting that all locomotive
geometries are symunetrical with respect to a plane normal to the direction of motion,
therefore no additional nformation would be gamed by reporting the entire geometry
in a figure.

.--"'""._f

..--"""—r.rﬂ-f_r

Figure 4: Structure of the locomotive, Figure 5: Main body component of the
version O, locomotive, version C.

Roof and underbody geometries in real locomotives are very different from model
to model, therefore modelling a general version of these geometries is a summary
endeavour by necessify, however, some parts of these geometries are standardized. In
the making of the roof geometries. pantographs are surely a prominent featwre,
therefore they have been modelled to resemble the actual dimensions reported by
Baker et al. [22]. Figore 6 shows the roof geometnies, from left to nght mn increasing
level of detail.

Academics4Rail =
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Figure 6: From left to nght: Roof component. least detailed version; roof
component, medinm detailed version; roof component, more detailed version

The final component of the locomotive geometry 1s the underbody. Similarly to the
roof. the underbody geometries of actual locomotives are very diverse, and so the
same strategy has been adopted; the dimensions of standardized parts have been taken
from Principe [21] to make the geometry broadly realistic. Figure 7 and Figure 8 show
respectively the underbody components (in increasing order of detail from left to nght
as before) and the complete (assembled) locomotive geometry.

Figure 7: From left to nght: Underbody component, least detailed version;
underbody component, medmm component version; underbody component, most
detailed version.

Figure 8: Assembled locomotive, version C, medinm level of detail.

7
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Like for other parts, the geometries of the roof and uvnderbody components
underwent a defeatunng process to produce the different levels of detail displayed m
Figure 6 and Figure 7. The removal of details 15 always aimed at simplifyang the mesh
withowt sacrificing accuracy, thus the defeaturing process was camied out by
removing those detail that were deemed to need a more complex profile while having
little impact on the overall flow. As a general rule, features that changed the front area
of the geometry were deemed more impaciful on the flow than features that did not,
so the former were removed only in the last iterations of defeaturing. and the latter
were removed inmediately. Smilarly, the more veluminous features were deemed
more mmpactfiul on the flow than smaller ones.

The geometry of the wagons is comprised of three components as shown in Figure
2, two of which are the same for all wagon types, for reasons already mentioned, the
components referred to as bogies and plane in Figure 2 have been kept the same for
all wagons, whereas the component referred to as cargo changes for the different
types. However, 1t should be noticed that not all wagon types have a cargo, indeed flat
WAgons MAy carry one container, two contamner, or be empty, i the latter case the
wagon 15 composed by plane and bogies alone.

All wagon components have been designed as closed swfaces and feature planar
faces that act as nterface between components. This means that all compenents at all
levels of detail nmist be present planar surfaces in the night places to allow for the faces
to overlap i one interface. Figure 9 shows m red the interfaces between bogies and
plane and in green the one between plane and cargo.

Figure 9: Components of a covered wagon with its interface swfaces highlighted.
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The modelling process of the bogies was carmed out using an actual 3D model of the
Y25 bogies, therefore the first version of the component (see Figure 10) was the most
detailed one, the less detailed versions were obtained after successive defeatuning
iterations following the same critenia as outlined previously. The other components
have been realized without 3D models; therefore, the opposite workdflow was adopted.
The simpler version was made first in such a way as to resemble the most important
aerodynamic features of the commercially available models, and then more and more
detatled versions were obtained as modified versions of the first one. As an example,
Figure 11 shows the wagon plane in its levels of detail.

With all of the components modelled, the last step consisted in assembling and
uploading the files to a public GatHub repositery, available here. All the geometries
have been uploaded in step format and are available both as preassembled single
wvehicles (the assemblies have only been made with components with consistent level
of detail), and single components (available at all levels of detail).

(a) g (b} F
() (d)

Figure 10: Bogies components in different levels of detail: (a) Most detailed; (b)
More detailed; (¢) Medinm detailed; (d) Less detailed.

Figure 11: From left to nght: wagon plane, least detailed; wagon plane, medinm
detailed; wagon plane, most detailed.
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The database presented in this wotk can be used for the sinmlation of the
aerodynamics of a generic freight train. but further improvements are possible. One
possibility 15 the addition of more geometries, for example geometnes for double
stacked contamers can be added to the cargo components, longer versions of some
wagon types could be considered (for example, the covered wagons and the flat
wagons are sometimes designed with longer planes for greater capacity), and some
special purpose wagons could be added as well. Ancther way of inproving on the
present work would be to sumplify the process of composing a train of chosen
composition, a software to mampulate the coordinates within the files would be the
most smtable tool for this.

3  CED analysis of single wagon

In this section, the simple case of a single flat wagon with a 40 ft container moving
at 160 kamh™! in steady air is considered.

The simmlations have been carmed out using the open-source software OpenFoam v10,
the solution was achieved in two steps: the first consisted in the evaluation of the
steady state flow, and the second one in the calculation of the unsteady flow using the
steady solution as a starting point for the simmlation The steady state simulation was
carried out with the SIMPLE algonthm starting from the solution of the potential flow,
the hinear scheme was used for the gradient of velocity and the upwind scheme for its
divergence. The k-w SST turbulence model was adopted for both steady-state and
transient mns. The unsteady simmulations were carned out with the PIMPLE algonthm,
using the solution from the steady one as imtial conditions with the same settings as
before (except of conrse for the time-denivative, for which the implicit Euler scheme
was chosen).

Figure 12 shows the domain dimensions in terms of lengths (L), widths (W) and
heights (H) of the wagon, a zero-gradient boundary condition was chosen for pressure
for the ground and wagon patches, with no-slip condition for the velocity. The inlet
velocity was set to 160 kmh™ and at the outlet pressure a zero-gradient was imposed,
zero-gradient for pressure and slip condition for velocity were set on all remaining
patches.

Figure 12: Sumulation domain

The meshes were all structured and have been obtained with the inbwlt OpenFoam
application snappyHexMesh with a refined region around the wagon.
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For the sinmlations of the flow around the proposed geometries to be useful, they
have at least to be mmdependent of the gnd, thus a convergence study was carmed out.
Table 1 reports the aerodynamic coefficients for lift and drag determined with meshes
of different level of refinement in a steady-state simulations. The coefficients have
been calculated using a reference area of 10 m® according to expressions (1).

c 2D c 2L c 25
7T pAUS ET pAUs? T pAUF” 1)
Where D is the pressure drag. L 1s the pressure lift, 5 1s the pressure side force, p 15
the density of the air, A4 15 the reference area and Uy 1s the freestream velocity of the
air (4444 ms™)
Table 1 shows that the vanations of aerodvnamic coefficients remain below 1%
beyond the 11.9 million cells grid, thms the results are deemed to be mesh independent
beyond this level of refinement. It should be noted that, althoungh the resnlts remam
comsistent, they are munerically different from other findings in literature (Osth et al.
[23]). This can be explained by the fact that the flow around freight wagons is strongly
unsteady, therefore the steady-state solver should not be expected to accurately predict
the value of the aerodynamic forces. This 15 a well kmow himutation of the RANS
method that has been reported in the literature before by Malela et al. [20], this method
remains capable of predicting trends in aerodynamuc forces and is useful for
comparative investigations.

Mumber of cells | Cp C ACH Ty A
[millions] [ [l [*a] |

29 0204 -0.207 +].24% -6.94%
44 0211 -0.192 +0.449%% +5.84%
B.3 0214 -0.204 +0.65% +2.0:4%
B9 0819 0220 -0.06% +1.08%
119 0219 0222 -0.53% -0.63%
156 0215 0221 +].59% -0.44%;
201 0819 0220

Table 1: Convergence of aerodynamic coefficients for with different grids

The URANS method, although unsteady, has been reported to be unsuitable to
evaluate accurately the aerodynanuc forces on a vehicle as if fails to correctly predict
the length of recirculation regions (Wang et al. [18] and Maleki et al. [20]). but despite
this lumitation the unsteady simulations mn in fhis work have produced a sigmificant
improvement in the accuracy of the aerodynamic coefficients. Table 2 shows the
results for force coefficients averaged over the last 5 seconds of the run for the less-
detailed version and medinm-detailed version of the wagon as defined i expression
(1). The drag coefficients are comparable to those obtained with LES by Osth et al.
[23]. while the lift remains overpredicted. Finally, Figure 13 shows the magnitnde
velocity field on the xz-plane and Figure 14 shows the longitudinal velocity profiles
on top of the contamer in correspondence to the white lines indicated in Figuwe 13,
which demonstrate that the stnmlation captured the recirculation of the flow.
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[ [ [
Less detailed wagon 0.862 0218 0.011
Medium detailed wagon | 0.878 0.170 0.00&

Table 2: Time-averaged aerodynamic coefficients from unsteady simmlations.

Figure 13: Magnitude velocity field of the unsteady sinmlation of the medinm

detailed geometry.
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Figure 14: Profiles of the x component of the velocity on top of the contamer.

4 Conclusions and Contributions

In this work, a database for the efficient production of surface geometries for the CFD
sinmilations of freight trains has been proposed, and some demonstrational steady and
transient stmmlations have been mn on the geometry of a container wagon at a lesser
and higher level of detail The database allows for the user to choose between different
types of wagons, and to compose the wagon with individual components. In this way
the user can form a single wagon or an entire train with components having different
levels of detail in different parts. allowing for the efficient production of customized
freight trains geometries.

With proper gnds, the steady sinmlations reached consistent results for
aerodynanuc force coefficients but faled to replicate the more accurate results
obtained in hiterature with methods better suited for unsteady flows; in particular, they
underpredicted the drag and overpredicted the hift. The farlure of the RANS method
to accurately evaluate aerodynamic forces on the vehicle 1s explamned by its mability
to capture the markedly unsteady nature of the flow, with the result of obtaining a
non-physical solufion A significant improvement was provided by the URANS
simmlations which managed to reproduce results for the drag well comparable with
more accurate methods (discrepancies with LES within 5%), although wath
overprediction of the hft. Additionally, the unsteady method managed to capture the
recirculation region on top of the contamner near the leading edge.

12
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Abstract. Research on train aerodynamics has so far mostly focused on high-speed passenger
trains. However, increasing evidence is being acquired showing that aerodynamic effects are
also highly relevant to freight trains regarding their efficient and safe operation. Freight-train-
specific aerodynamic phenomena become more relevant in light of the increase of in freight
train service speed expected to take place in the near future.

For some decades now, experimental and numerical studies have been published about
the aerodynamics of freight trains, and specifically of container trains. An overview of this effort
is presented in this paper, the major points of agreement are summarized, and the open points in
the field are identified.

In the paper, the topology of the flow and the slipstream are described and their
implications on the aerodynamic forces (both with and without crosswinds) are discussed.
Special attention is given to aerodynamic resistance, drag and to the efforts made in literature to
predict it using numerical and experimental methods. Furthermore, a comparison of the methods
of investigation adopted in the field is presented, highlighting their suitability for the study of
different problems. Finally, other topics like the risk for bystanders caused by slipstream effects,
ballast flight and aerodynamics in tunnels are discussed.

The literature review highlights the need to expand the research on freight train
aerodynamics to freight train geometries different from intermodal container trains and to

consider the many diverse geometries that may result from realistic mixed compositions of

different wagon types.
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1. Introduction

The declared goal of the European Union (EU) for the transportation sector is to reduce greenhouse
gas emissions by 20% with respect to their 2008 level by 2030, and ef+edueing to reduce them by
60% with respect to 1990 by 2050 (1). In light of these goals, several actions are foreseen by the EU,
including the shift of freight transportation from other modes to the rail. More specifically, it is
envisaged that at least 30% of road-transported freight should be shifted to rail or waterways by 2030,
and at least 50% should be shifted by 2050 (1). Increasing the share of freight transported on rail is
indeed an effective measure for reducing CO: emissions, given that trains emit 16 g/tkm, compared
to the 118 g/tkm emitted by heavy road vehicles and the 33 g/tkm emitted by freight transportation

performed on inland waterways (2).

At just 115 km/h, the contribution of acrodynamic drag to overall resistance to motion can be as much

as 80% of the total (ietak (3)). Furthermore, it should be considered that the service speed of freight
transportation on rails is expected to grow significantly in the near future, at least for some specific
freight types, targeting a service speed of 160 km/h and beyond (Beehm—et—=ak (4)). Given that
aerodynamic forces grow approximately with the square of the speed, any increase in the service

speed of freight trains means that the share of acrodynamic effects in the overall resistance to forward
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motion will become even more important. Fhereforeimprovingfreight-train-aerodynamiesis-pivotal

Ht-should-beneted-that Furthermore, reducing drag resistance is not the only open issue in

freight train aerodynamics, and other factors need to be addressed, namely the effect of crosswinds

and slipstream effects, 1.e. the effects caused by the air dragged along by the freight train while it runs

on the railway track (5,6)—As-atrainmeves—inthe-air—+tt-dragsair alongwith-itand-the-airsetin

While slipstream

effects have been in the past mostly investigated for passenger trains, there is a need to achieve a
better understanding of these effects for freight trains, considering their complex geometry and large
shape variability. Furthermore, the non-aerodynamic, bluff shapes of freight trains perturb air flow in
tunnels, hinderingthe-flow-ofairoutside-the-tunneland increasing the pressure build-up ahead of the
train , thus increasing drag resistance and leading to dynamic over-pressure which may affect the

tunnel’s structural resistance and generate additional forces on a crossing train (7). Finallythe-blaff

as—Finally, freight trains often have

heavier axle loads (8) and more bluff shapes than passenger trains: these two concomitant features

can cause increased mechanical forces on the tracks and stronger airflows in the underbody, thus
facilitating ballast flight at lower speeds than passenger trains (9).

Therefore In summary, fast high-speed freight trains face many numerous aerodynamic

challenges that hinder their wide adoption and, while some-ofthese-challengesare the samefaced by

compared to high-speed passenger trains, the bluff shape of the wagons produces more complex

airflow patterns thatmightlead-to-issues with effects that have been so far seldom analyzed. Freight
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trains are also characterized by large shape variability, featuring very diverse geometries for
locomotives and wagons, and are operated under highly variable operating conditions which include
different mixes of wagon types, variable inter-car gaps and the use of double-stacked containers (8).

The above considerations highlight the present and growing importance of aerodynamic
effects in freight train vehicles. The complexity and variety of the phenomena have spurred
researchers to study all the aspects of the flow, thus and therefore a review that collects and compares
the various approaches and results of this effort is neeessary useful and timely. This paper work aims
to perform a thorough analysis of the existing state-of-the-art in this emerging field as the starting
point for ongoing and future research.

The paper is organized as follows: Section 2 provides a historical perspective on how the topic
has been treated in scientific literature. In Section 3 an overview of the current problems and
methodologies will be given. Then, in Section 4 the topics most frequently addressed in scientific
literature will be discussed in greater detail. Finally, in Section 5 some considerations on the possible
future developments of the field will be presented.

2. Historical summary
Different methods have been used over the past decades to investigate the aerodynamics of freight
trains, both because of the progress in research methods and the increase in computational power. In
this section a historical summary is given of the research effort in this field, highlighting the increased
interest attracted by this topic in recent years and summarizing the research methods depleyed applied
and the specific sub-topics investigated. The summary considers a total of 80 66 research papers, i.e.
references (3-7), (9,10), (20-89), and (92,93).—-3;10)-and-(14-76)-

Figure 1 analyses the amount of research work done on the subject in past years, based on the

number of papers published in different 5-year periods, also showing for each time period the share
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of papers characterized by analytical vs. experimental approaches to the subject. Note that the papers

making use of both numerical and experimental methods have been counted in both groups.

B - H Experimental
' Before 2000 RN 7777 B Numeric
0 5 10 15 20 25 30

Figure 1, Papers published on freight-train aerodynamics sorted by numerical or experimental and by

year of publication.

- The first point worth noticing
is the significant increase in interest raised by-the in this topic in recent years, with most publications
cited in this work having appeared in the last 10 years. Another point worth noticing is that the
proportion between numerical and experimental works has not changed dramatically over the years,
with the experimental methods being slightly more frequent than numerical ones. This is despite the

increase in computational power in recent decades enabling the use of more complex numerical

methods (10).-an

Figure 2 presents a classification of the references based on the research topics addressed
which are: drag (which includes also some works about the overall train resistance, not only
aerodynamic drag), overturning stability (which includes all the works that study the aerodynamic
forces that contribute the overturning moment), flow characterization (which includes all the works
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that study the flow structures generated by the wagons, the slipstream and pressure field) and other
(which includes all the works that deal with problems that don’t fit in any of the previous categories,
like ballast flight or flow in tunnels). Some works investigate more than one theme, so they have been

counted in each relevant category.

After 2020 NN/ sresresssy 7777772
2015 -2019 XN/ kstr77z7zzzzzzzz22222
2010-2014 NN [[[[[[[[[F=77777

2005-2009 NN\W//[[[[[:77 Drag
2000-2004 N[ @ Overturning stability
B Flow Characterization
Before 2000 N\ Oiher
0 5 10 15 20 25 30 35

Figure 2, Papers published on freight-train aecrodynamics sorted by topic of the investigation and by

year of publication.

As is clearly noticeable from Figure 2, drag is the most studied “macro topic” in all the periods
considered, and the proportion of the works dedicated to it is growing. This is explained by the
immediate impact that aerodynamic drag has on the overall train resistance, making it the key topic
to be investigated in view of economic and environmental benefits.

Some considerations on the research trends can be made based on these two figures. Firstly,
it is clear that numerical methods have not replaced experimental ones: in fact, most of the works that
make use of numerical methods also validate numerical results through a comparison with
experimental data. This supports the view that numerical and experimental methods should be thought

of as complementary, rather than the former being the substitute for the latter. Thus, it is expected that
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experimental investigations will remain pivotal to the advancement of research in the field. Secondly,
works related to drag, overturning stability and slipstream (with the last being grouped here with
‘Flow characterization’) have also become more popular in recent years. This is in response to the
current (and future) need for the safe and efficient operation of freight trains in light of the expected
increase in speed.

2.1 Standards and regulations

To complement the survey of the research papers provided above, a summary of standards and
regulations addressing freight-train aerodynamics is outlined here, considering the EN standards and
the Technical Specifications for Interoperability (TSIs). It should be noted that, in some cases, these
standards and regulations are defined for passenger trains and therefore do not apply to freight trains
in a strict sense but, due to the lack of specific regulations, they are often taken as a useful reference
also for freight trains.

The TSIs (11) address the aerodynamic effects produced by rail vehicles in terms of slipstream,
head pressure pulse, pressure variation in tunnels, crosswinds stability and ballast flight (although
only national regulations apply to the aerodynamic effects on ballasted tracks, and only for rolling
stock travelling at speeds of at least 250 km/h).

The relevant standard for aerodynamics in railway applications is EN 14067, consisting of 6
parts. Part 1, (EN 14067-1 (12)) is equally applicable to passenger and freight trains, as it simply
defines the symbols and units for the remaining parts of the standard. A description of the flow around
trains in tunnels and of the pressure waves they generate is provided in part 3 (see EN 14067-3 (13)).
It applies to freight trains, stating that the effect of pressure peaks caused by pressure waves on the
cargo shall be taken into account when operating open freight trains. It is also highlighted that pressure
waves may cause severe discomfort to railway workers and passengers (if the train is not properly

sealed) and may cause fatigue damage to some infrastructure components. This is especially true in
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the worst-case scenario in which the superposition of four positive compression waves (caused by the
simultaneous passage of two trains in opposite directions in the same tunnel), causes the amplitude
of the total pressure to become as high as 3.5 times the amplitude of the single compression waves.
The requirements concerning aerodynamics in open tracks, and the methodologies for accessing
conformity with these requirements are addressed in EN 14067-4 (14) which prescribes limitations
on the peak-to-peak pressure changes (head pressure pulses) and slipstream velocities in an open field.

However, these requirements only apply to trains travelling at speed above 160 km/h, hence not to

currently operationg freight trains. Altheugh—freighttrains—are—net—expheitly—exeluded—bythese

at-speeds-above160-kmth,see-also-Seetion0. Full-scale, model-scale and CFD methodologies are

discussed as a means to assess conformity to requirements. Analytical methods to calculate the
dynamic loads caused by the air on flat surfaces parallel to the tracks are also provided and, since
these methods are independent from train geometry, they are in principle applicable to freight trains
too. Finally, methods to evaluate the overall resistance to motion are provided.

Part 5 of the standard (15) provides requirements and assessment procedures for aerodynamics
in tunnels. Pressure variations caused by the passing of a train in a tunnel may cause aural discomfort
or damage to passengers and rail workers, so thresholds are given for these pressure changes.
However, similarly to part 4, freight trains are in practice unaddressed as no thresholds are indicated
for trains operating under 200 km/h. The norm also describes methodologies to evaluate the pressure
gradient of the compression wave (only for vehicles faster than 200 km/h) and resistance to
aerodynamic loads (meaning loads given by the pressure difference between inside and outside the
vehicle). Freight wagons are explicitly excluded by this latter requirement, but freight locomotives

are subject to it for speeds above 140 km/h.
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Finally, requirements and test procedures for crosswind assessment are outlined in EN 14067-6
(16). It applies to freight trains travelling at 80 km/h speed or higher (while national requirements
exist in some EU countries at even lower speeds). The characteristic wind speeds are defined as the
maximum wind speed allowable before the rolling stock reaches a lower threshold of the wheel
unloading coefficient, leading to the risk of overturning. When these values are listed for varying
input parameters (such as train speed or yaw angle), these curves are characteristic wind curves
(CWC). The current requirements for CWC of freight trains are set by individual countries. For the
determination of the relevant aecrodynamic coefficients (typically the moment coefficient of the
overturning moment, see Section 0), both CFD and wind-tunnel experiments can be used. Finally, a
cursory treatment of infrastructure response to crosswinds is indicated, but it is only applicable to
passenger trains.

This overview of regulations regarding rail vehicle aerodynamics shows that a quite large part of
the existing standards leaves freight trains mostly unaddressed. This is either because they are
explicitly excluded from the scope of the prescriptions, or because the lower speed boundary for
applicability is beyond the range of freight trains' speeds.-Altheugh-Despite the lack of specific
regulations, the aerodynamic effects produced by freight trains are often comparable or even more
severe than those produced by passenger trains at higher speeds (see for example Section 0).

3. Topics and methods in freight-train aerodynamics

In this section, a summary of the aerodynamic issues that arise with modern and future freight trains

is presented, as well as the methods employed to study them.

Project: 101121842 — Academics4Rail — HORIZON-ER-JU-2022-02 34 /94



Academics4Rail S

5‘
Co-funded by

EUI‘OPe‘S the European Union

The geometry of freight wagons poses challenges to aerodynamic investigation, which are

specific to freight-trains. Freight wagons have bluff geometries with sharp corners; this causes the
flow to be more turbulent and more strongly unsteady because of flow separation. To overcome this
challenge, numerical and experimental studies need to employ methods that can capture the transient
phenomena of the flow. Furthermore, freight wagons have very different geometries from one another,
and therefore the results obtained for one train composition are very difficult to generalize to other
geometries. This diversity of shapes also has a very large impact on standardization approaches, and
on how to appropriately define a freight train.

In past research, the diverse geometries of freight trains have seldom been considered. Instead,
significant efforts have been made to study the aerodynamics of intermodal container trains, almost
to the exclusion of other wagon geometries. The focus on this type of wagon is in part justified by the
growing intermodal share in European rail freight transport in the last decades (17,18) (seereferences

| b the I onal Ui  Rail '

3.1 Research topics in freight-train aerodynamics

Remarkable attention has been given to the study of aerodynamic drag, which is a key factor for high-
speed freight trains, considering that aerodynamic forces grow approximately with the square of the
velocity (Pavis (19)) and can account for up to 80% of the overall resistance to motion even at
relatively low speeds {see-Li-et-al- (3)).

Numerical and experimental methods have been employed to investigate both drag and lift
forces acting on freight wagons. Experimental methods are those that aim to acquire data about the
flow around trains by making measurements on full-scale or model-scale physical airflows, numerical

methods are those methods that aim to predict characteristics of the flow by calculating them (these
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include computational fluid dynamics (CFD) simulations, but also numerical algorithms and

experimental formulas to predict acrodynamic forces).

Numerous studies have predicted the drag of these trains in open air using a numerical approach (20—
23) Malekietal-(20) Maleki-et-al-(21); Osth-and Krajnovié-(22) and-Gareia-et-al+23)), wind-tunnel
experiments (3,24,25) (Li—et—al—3)—Giappino—et—al—(24),—Siegelet—al—25)) and full-scale
measurements (26,27) (Quazi-etalA26)(1)Quazi-et-al{27)). Generally, good agreement between

CFD and model-scale experiments has been found in the prediction of aerodynamic forces.

Significant discrepancies exist between these results and full-scale experiments (see Section 0).

managed. Hemida—and Baker The effect of crosswinds on the safety against overturning of freight

trains was investigated numerically using the Large Eddy Simulation (LES) method 28} #vestigated

Stnulatien(EESymethed, but this subject has been mostly studied experimentally by means of wind-

tunnel tests (24.29 32) oo 2% o e 88 0 88
Giappine-etal24)and-Seperetal{32)). Some studies have also investigated the aerodynamic drag

of freight trains in tunnels:—examples—ef with numerical (33) and experimental (34) methods.
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Safe operation of freight trains is not only concerned with the risk of overturning but also with
slipstream effects (see Section 0 for a more in-depth discussion), to reduce the risk to passengers
standing on the platforms and to maintenance workers. Measurements were gathered during full-scale
experimental campaigns (35) byBel-etal—-35) to characterize the slipstream velocities around

intermodal container trains and while Flynn-et-al(5)and Flynn-et-al(36)used Delayed Detached

Eddy Simulation (DDES) were used in (5,36) to evaluate the slipstream velocities in crosswind
conditions and estimate the probability of person instability i.e. the occurrence of a slipstream so
intense that it can destabilize people standing in the wake of the train.

Several works have attempted to characterize the flow structures of intermodal container trains

using both experimental and numerical methods, with a significant share of this effort being aimed at

studying the effect of the size of the gaps between containers (3,21,22,25,27,37,38) (Osth—and

. . Elaborations of data
Experimental Numerical .
from previous works
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Vehicle
intersection (85) (69)
Other | Ballast flight (86) (87) (83) (87,88) 9
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Novel (56,57,88
methods an (54.89) )
Pressure (34)
waves

Table 2, Summary of topics investigated, and methods used in freight-train aerodynamics.

3.2 Methods of Investigation

In Table 2 the papers examined in this work are sorted by the topic addressed, see the rows of the

table, and by the methodology followed in the study, see the columns. In particular, in terms of the
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methods, a distinction is made between “experimental”, “numerical” and “Elaboration of data from
previous works”. This last column contains works that do not provide new measurements but review
and elaborate on data from different past works to highlight certain aspects. One such example is a
the work-by—Sterlinget-al: in which the authors analyzed data from previous full-scale and model-
scale experimental measurements to discuss and compare the slipstream of high-speed passenger
trains and freight trainset (6). The three main methodologies are further divided as shown in the header
of the columns. The table provides an overview of the relationships between the topics investigated
and the methods of investigation most frequently used. It should be noted that some references appear
in multiple cells of the table, as they address multiple research topics and/or employ more than one
investigation method.

3.2.1 Experimental methods

Experimental methods can be further subdivided into full-scale experiments, wind-tunnel
experiments and moving-model experiments. Moving-model experiments are methods in which a
scaled model of the train is propelled along a rail rig. Some often-cited examples are the Transient
Aerodynamic Investigation (TRAIN) rig in Birmingham and the moving-model facility at DLR,
Gottingen.

Full-scale tests are considered the most realistic method of investigation because (unlike
numerical methods) they are not subject to errors in the formulation of the physical model and (unlike
scaled-model experiments) are not subject to errors due to scaling effects, differences in the Reynolds
number, and differences in geometry from the actual rolling stock. The Reynolds number (Re) is a
dimensionless quantity that measures the proportion of viscous and inertial forces in a flow. It is used

to ensure similarity between flows at different scales and is defined as in Eq. 1.

LyerU.
Re = refYref (1)
v
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Where L. is the characteristic length of the flow, U.ris the characteristic velocity of the flow and v
is the kinematic viscosity of the fluid.

On the other hand, full-scale experiments are more expensive and time-consuming than
experiments on scaled models. Additionally, the ambient conditions cannot be controlled and are
typically difficult to account for because of the difficulties in mounting equipment outside of the test
wagon. For this reason, full-scale experiments typically foresee pressure taps as the only transducers

installed on the tested wagons. It should be noted that full-scale methodologies to determine the

direction and magnitude of wind speed have been proposed (26,75). :-see-the-werks by Quazi-et-al

(26)-or Bell et al(75).

In Table 2 it is possible to see that full-scale experiments can also be used to measure the
aerodynamic drag; this is done by interpolating and integrating the pressure coefficient of the front
and base faces of the test wagon or by measuring the speed of the train as it coasting tests (48,49).
The same procedure is not often employed for the estimation of side forces (ene-example-isthe-werk
by-Bell-etal~(75)). Measurements from these works are also often used to understand flow structures
around the container (26,27). {see-Quazietal—n26)and- 21

Full-scale tests are also often employed for the study of wind velocity in the slipstream and
for the analysis of flow structures (this is done as a TSIs requirement for high-speed trains, but
measurements on freight trains are also carried out during these campaigns, see Section 0). The data
acquired with these methods can be harder to interpret because the measurement points are typically
limited, and ambient wind conditions may influence the data. This limitation is less problematic to
measuring slipstream flow velocity because the safety thresholds and measuring points to be used in

this regard are dictated by the TSIs (11), although some works have raised doubts about their

suitability concerning freight trains (70,76).;see-Seper-and Baker(76)-and-Gallagheretal (70} In
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view of flow structures identification, full-scale tests are often supplemented by high-fidelity
numerical methods like LES and its variants.
More frequently than full-scale experiments, wind-tunnel tests are conducted in a controlled
environment on scaled, simplified models of the trains (the typical scaling factor ranging from 1:15
to 1:25). Wind-tunnel experiments allow control of the magnitude and yaw angle of the incident wind
(represented as 6 in Figure 3). This is the likely reason why they are the preferred method for

investigating lateral forces on the test wagon in crosswinds (24,29-31,64) (Adam-and-Watkins(36);

well as the effect of crosswind on drag (29,38,64). (Gelevanevskiyet-al-(29), Buhret-al(38)-and

W

Utrain X

Figure 3, Representation of the yaw angle (6) where u is the air velocity from the frame of reference
of the train, Upucks 1s the air velocity from the frame of reference of the tracks and Upin 1s the speed

of the train.

Wind-tunnel experiments also find applications in the investigation of aerodynamic drag in no-
crosswinds conditions, because they are cheaper than full-scale experiments while allowing better
control of wind conditions, and do not require multiple runs of a moving-model rig. The main
drawback of wind-tunnel tests is the non-similarity between the flow produced by the wind tunnel

and the flow being investigated, since usually wind-tunnel tests are performed without the use of a
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moving ground device. Nevertheless, this methods has been Li-et-al(3),Siegelet-al(25)-and Buhr
etal-38have used this-method to study the effect of gap size on the aerodynamic drag of intermodal

container trains (3,25,38).
It should finally be noted in regard of wind-tunnel tests that previous research has shown that
the use of a moving ground device does not significantly impact the force coefficients of model trains

in crosswinds (65,72) (seeBeecciolone—et-al(72)and Dorigattiet-al—(65)), although the flow is

impacted over the entire height of the bogies, i.e., where the transversal speed is severely reduced by
the stationary ground (67).;-as-shewn by Premeli-et-al (67

Moving-model tests reproduce the relative movement between the model and the ground but,
because of restrictions to the length of the rigs, they tend to have a very short time duration. Therefore,
the tests need to be repeated multiple times and then an ensemble average is applied to the data from
the runs, making sure that the measurements (taken originally over time) are aligned and scaled for
differences in train speeds. The better similarity of moving-model tests compared to wind-tunnel tests
performed on stationary models means that the former testing method is more suitable for studying
slipstream velocity (39) (Seperet-ak—39) and low-height flows, like the effect of embankment
geometry (66). Noguchi-et-al{66))-

Moving-model methods have been proposed that allow performing multiple measurements in
a short time without neglecting the moving ground effects. The One such rotating rig set-up-propesed
by-Giletak (73) is composed of a model train running on a circular track. The set-up proposed by the
authors has a diameter of 3.61 m and the train can run up to 118 rpm, corresponding to a speed of
about 22 m/s. The advantage of a setup of this sort is that many measurements can be carried out in a
short time while maintaining the moving ground conditions, but there are also disadvantages. The
setup requires the use of models having a very small scale (e.g. 1:50 in the-werkefGiletak (73))

and this may affect the similarity of the flow but is necessary to avoid sharp discontinuities in the
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orientation of each carriage. Additionally, the flow is obviously affected by the curvature of the path
followed by the moving vehicles, especially with longer train models.

Both wind tunnels and moving models make use of train models scaled down with respect to
the real train, resulting in smaller Reynolds numbers than in the real case. The flows, however, can
be considered Reynolds-independent for values of the Reynolds number larger than approximately
250000 0-25-10° as reported by a study on the dependence of the force coefficients on Reynolds
number presented in Adam-and-Watkins (30).

A disadvantage of moving-model tests is the difficulty of studying the effect of crosswinds.
The TRAIN rig in Birmingham makes use of fans to generate crosswinds in a section of the rail, so
when the model reaches it, it will meet the incoming flow at a desired yaw angle. However, after
disregarding the data collected in the first 1.27 m and in the last 0.64 m of the crosswinds section of
the rig (assuggested-byDerigatti (63)) only 4.44 m remain available for the analysis of measurements.
Seperetal39studied the effect of gap size on the overturning stability of an intermodal container
train in crosswinds was studied using this rig (39). Another way to reproduce crosswinds effects in
moving-model tests is to place the moving-model rigs in wind tunnels (see Beeetolone-etal: (72)).
However, the same limitations are still present here as the size of the rig is confined by the dimensions
of the wind tunnel.

It emerges from this section that the choice of the most suitable experimental method must be
made with consideration to the specific topic of investigation and the objective of the study. Finally,
it is crucial to remember that experimental data is also affected by error, due to the instrumentation
but also the imperfect reproduction of the flow, as demonstrated by the fact that experimental methods
often give different results.

3.2.2 Numerical methods
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In this review, numerical methods are considered to be all those methods that evaluate the properties
of the flow based on a physics-based mathematical/numerical model. This definition includes not only
Computational Fluid Dynamics (CFD), but also the use of analytical formulas such as simplified drag
formulas (see Section 0). These numerical methods are much less computationally demanding than
CFD, and this has motivated their development for a variety of purposes and situations. Predictive
formulae are available in the standards to calculate the overturning moment of a freight train in
crosswind (EN 14067-6 (16)) and the pressure changes of the train-tunnel pressure signature, as well
as the aerodynamic drag in tunnels (EN 14067-5 (15)). For more accurate predictions of the pressure
waves in tunnels, 1D iterative methods have been devised (59—61), that can be run in seconds (while
3D CFD simulations would be likely to require at least days). Methods for an approximative
simulation of the flow around bluff bodies suitable for the use on freight trains also exist. One of them

is the 2D panel method, which has been adapted for viscous separated flows (71). as—was-denre-tr-by

AmerteanRatroads(AAR)1r52). The numerical methods described above have the advantage of

providing results quickly, at the expense of accuracy. Much more accurate (and expensive) numerical
techniques are the 3D CFD methods. These €FP methods have some significant advantages over
experimental ones; despite often being time-consuming due to the large computational effort required,
they are easier to manage and-lesstime-consuming as they do not require the physical production of
scaled models and the use of a wind tunnel or setting up a line tests.-and;-Additionally, these methods
allow the user to visualize the entirety of the flow in much greater detail (including post processing)
compared to an experiment. It should be noted in this regard that techniques such as Particle Image
Velocimetry (PIV) (25) or smoke streaks allow for the visualization some flow variables (e.g.

instantaneous velocity) in experimental tests, but only in limited preselected locations.
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Different CFD methods are available, each one having specific strengths and drawbacks. The
most accurate method is Large Eddy simulation (LES) but it is also the most computationally
expensive, this is why variants of this method have been proposed that use LES only in a portion of
the domain and use the traditional Reynolds Averaged Navier-Stokes (RANS) methods elsewhere.
The most popular variants of LES are Embedded LES (ELES), Detached Eddy Simulation (DES)
propesed—by—Strelets—and-AHmaras (56) and further developed by—Spalartetak (57) and named
Delayed DES (DDES). Methods have been proposed in literature to reduce the computational cost of
simulating long trains with LES (and hybrids) methods, such as using periodic boundary conditions
on inlet and outlet. This method allows to simulate the flow around a container far from the nose or
tail of the train with similar accuracy than a simulation of the entire train (55).

With reference to Table 2, it can be observed that this family of methods finds large use in the
study of the flow field around passenger and freight trains and has been shown-by-Wang-et-al-4H
and-Maleldetal+20) to be able to predict the flow topology accurately (20,41). In the same paper, it
is concluded that traditional RANS and Unsteady-Unstatienary RANS (URANS) methods fail at this
task (primarily by overpredicting the length of the recirculation regions). It should be noted that
different formulations of the URANS method have been proposed to improve its accuracy for
aerodynamic design applications, such as the method proposed in by=X# (54). This method increases
the mesh resolution where coherent turbulent structures are detected and was proven by-Garetaetal:
(23) to significantly increase the accuracy of the URANS solver in terms of its aerodynamic forces
and flow topology prediction.

The high accuracy of this family of methods in predicting both flow topology and aerodynamic
forces allowed researchers to compare aerodynamic forces under different flow conditions, but also
to identify the flow structures that explain these differences. This has been done to study the impact

of gap size in intermodal container trains on drag, initially without considering the effect of
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crosswinds (21,22) Maleki-etal—21D)-and-Osth-and Krajnovié22)) and more recently also in

crosswinds condition (51) (Maleki-et-al«51H)). The same methods have been applied to assess the
lateral forces on stationary and moving vehicles (28,69) (Hemida-and Baker(28)-and Liv-etal(69)).
It is noted in Table 2 that the higher accuracy of the LES method in reproducing the characteristics of

the flow makes it more suitable for studying the effect of the slipstream velocity on people stability

(5,36)4F

aceuracy-compared-to-LES: Based on the aim of the analysis, different numerical techniques can be

used, corresponding to different trade-offs between computational effort and accuracy. Fhe- RANS

Hlow—topelogy—andtheaerodynamie—forees: In particular, the use of these less computationally

intensive approaches such as RANS is adequate for a comparative evaluation of the aerodynamic
performanee forces ef-for different geometries Malekiet-al: (20)); whilst significant improvements
in accuracy can be achieved using the URANS (20) technique. The best level of accuracy can be
achieved using the LES method, but at the expense of considerable computational effort. Despite their
limitations, these RANS and URANS methods remain widely used in the industry because of the very
high computational costs of LES methods. Hiadisetal33)used RANS RANS has been used to study
the drag of a freight train in a tunnel using the sliding mesh technique (33), and-while-Zhang-and
Wane85)used-this-method to study the pressure waves generated at the intersection of two high-
speed freight trains (85).

One final CFD method worth mentioning is Scale Adaptivece Simulation (SAS), this is

another “hybrid” method that selectively and locally switches from URANS to LES. This method has
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been shown to be more accurate than URANS, although less accurate than ELES, and has a
computational cost of about 50% compared to ELES for both passenger trains and freight trains
(20,41)-(Wangetal4band Maleki-etal(20) respeetively). Although promising, this method at its
present stage of development, struggles to switch from RANS to LES in the appropriate regions when
the flow is not strongly globally unstable. This could be the reason why the method has found almost
no use in literature.

Some remarks can be made about the use of CFD in literature. The most frequently used
turbulence model for the URANS method is the k-0 SST (20,21,33,36,44,51,68), while for LES
method (and its variants) the Smagorinsky model is also often used (22,28,36). It is common practice
in CFD studies in literature to present mesh independence studies, however a rigorous method to
assess the convergence is rarely used. Experts (90) and journals (91) recommend the use of the grid

convergence index (GCI) for the assessment of numerical uncertainty.

4. Overview of past research results

summarizedin-thissection. Inthisregard; This section summarizes the main findings of research
performed on freight train aerodynamics. It is worth reeating mentioning that past research enfreight-
train—aerodynamies was mostly concerned with intermodal container trains, therefore the results
described below shall be considered, at least in strict terms, only applicable to this train type, whilst
the investigation of aerodynamic effects for other freight wagon geometries remains to a large extent
a subject open for future research. Hereafter; For intermodal container trains, the effect of inter-
container gaps turns out to be of particular interest. Therefore, to support quantitative statements,

below in the paper the size of the gaps is parametrized to the dimensions of the containers, labeled as
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follows: Lc is the length of the container, Wc is the width of the container and Hc is the height of the
container.

4.1 Aerodynamic forces on the vehicle
When a train is moving in the air, a resultant aerodynamic force will arise;-al-the-components-ofthis

force-are-of nterestin-differentrespeets. The drag force peints-along acts opposite of the direction of
motion of the train and affects directly the mechanical power required to maintain the train in motion
at a constant speed, and hence energy consumption involved with train motion. The side and lift
forces, instead, impact the safe operation of the train because, if not managed properly, they may
cause the derailment or overturning of the wagons. These aspects are discussed separately in the

section below.

4.1.1 Drag

In intermodal container trains, the flow that takes place in the gap between containers directly affects
the pressure on their surfaces. Consequently, the topology of the flow in the gap influences the
(pressure) drag that the containers are subject to.

Increasing the gap size will always increase the drag coefficient on the two containers located
upstream and downstream of the gap (i.e. the container facing the airflow first is upstream, and the
one behind it, is downstream). However, the downstream container will be affected much more
severely (3,21,22,24,25,38,46,53) (5i-etal—-3), Maleki-et-al(21), Osth-and Krajnovié(22); Giappine
etal- 24 Siegeletal25), Buhretal(38), Latand Barkan{46))- At gap sizes smaller than a critical
length (between 0.5Wc and 1.0Wc¢ approximately) two symmetrical vortices have a shielding effect
on the gap, preventing the shear flow from impinging on the front face of the downstream container
{seeseetion4-2) and resulting in the lowest drag coefficients. The critical gap size below which flow

impingement is negligible is between 0.5Wc and +-84#%¢ 1.0Wc depending on the source (21,22,25)

(see-Osth-and Krajnovié-(22)Sieselet-al(25)-and Maleki-et-al21), but the scatter between the
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results is more likely to be a consequence of the limited number of gap sizes tested in the different
works rather than a substantial discrepancy between the flows investigated.
As the gap grows, the flow undergoes a regime change and impinges more and more in the
gap, impacting the front face of the container downstream of the gap, increasing the drag dramatically.

The steepest increase in the overall drag on the train is observed somewhere between +-77#¢ 1.8W¢

and 4.0Wc depending on the source (3,21,25,27,38) (Stegel-et-al25), Buhretal(38), Liet-al3);
Maleki-etal-(2H, Quazietal27)). This means that the reduction of gap sizes in this range provides

the largest advantage in terms of energy savings.

The drag continues to grow with the size of the gap and then plateaus to the maximum value
of drag coefficient. This happens when the gap size reaches approximately 7Wc {see-Siegeletal-(25))
but the value of the drag coefficient never reaches the same value as that of a single container wagon
in free flow.

Finally, it should be mentioned that the number of cars needed to measure force coefficients
of a test wagon unaffected by the proximity of the nose and tail is not yet well understood.
Golovanevskiy-et-al(29)-suggested-It has been proposed in the literature (29) that 8 wagons (and a
locomotive) are sufficient to allow the development of the boundary layer for the purposes of
measuring the force coefficients of the middle cars (fourth and fifth). However, full-scale experiments
by-Quazietal~(27) measured drag coefficients approximately 50% lower than previous LES (20) and
wind-tunnel studies (3)respeetivelsMalekietal20)and Lietal3)). The greater distance of the
test wagon from the train nose was proposed as the main explanation for the discrepancy, suggesting
that the stabilization of the boundary layer is not yet completely understood.

4.1.2 Drag in crosswinds

Crosswinds affect the topology of the flow; therefore, they obviously also affects the drag of wagons.
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70°-as-shewn-by-Giappine-et-al{24)) At small yaw angles, the gap interval corresponding to the

maximum rate of drag increase is the same as that described before, approximately between 1.8/Wc
17 H#e and 3.2 W 323, However, for yaw angles exceeding 10 degrees, the interval of maximum
drag gradient is approximately between 0.3 Wc and +-77 ¢ 1.8Wc (Maleki-etal~(51)).

In the presence of crosswind gap size and yaw angle both influence the drag, as shown in
Figure 4. Full-scale measurements showed that, for a given gap size combination, the drag coefficient
increase with yaw angle follows a quadratic fit {Quaztetal-(26)} and larger gaps cause a faster growth
of the drag (Quaziet-al—(27)). Because no direct measurement of crosswinds was possible with the
methodology of these works, the relationship obtained depends on the accuracy of the correlation
between the yaw angle and flow asymmetry-as—deseribed-byQuazietal—(26). These findings are
consistent with-these-efBuhretal other findings in the literature (38). The specific quadratic relations

are dependent on gap size

Quazietal (27).
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Figure 4, Effect of gap size and yaw angle on the impingement of the mean flow inside the gap

between containers (fromMaleliet-al: (51)).

For very large yaw angles (from 60° to 70° (24)) the upstream container no longer has a shielding
effect on the flow inside the gap between containers. At these yaw angles, the presence of the upstream
container does not reduce the value of the drag coefficient on the container downstream of the gap.

4.1.3 Recommendations for efficient operation of freight trains

Gaps are the main source of drag for intermodal container trains, therefore large gaps like those
occurring when a wagon is left empty must be avoided whenever possible (3,25) (seefor-example
Siegelet-al-25)and Liet-al(3))—tFarge-gaps Empty wagons (or gaps as large as the length of the
container) are so detrimental to the drag that the-addition-ofan-emptycontainerinplace-ofanloading
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an empty container on the empty wagon is justified in terms of energy consumption, because the
increase in the overall train resistance due to the addition of the container’s weight is offset by the
reduction of the aerodynamic drag (46,47) (Lai-and Barkan(46)-and Beagles-and Fleteher (47)).

A similar advantage can be found in double stacked intermodal container trains when an empty
wagon stands between two fully loaded ones. In this case, moving one of the containers from the
adjacent double-stacked wagons to the empty one results in a drag reduction of as much as 35%
(Malekietal (21))

Finally, the gaps between containers should be as small as possible, especially if their size
falls in the 1.8-4.0Wc range where the steepest drag gradient occurs. As discussed in the previous
sections, in no-crosswind conditions the highest drag gradient occurs for gaps between 1.8Wc and
4.0Wc approximately;-however-this-isnet-the-mestrealistic-ease. If the air is not stationary, the most
likely scenario is to travel with at least a small yaw angle, especially at the modest speed of freight
trains. Therefore, it is advisable to maintain the size of the gap under -7 4% 1.8Wc, to avoid the gap
interval of steepest gradient of drag for weak crosswind conditions (38,51 )){see-theresultsof Malek:

4.1.4 Quantifying the drag coefficients

Given the importance of aerodynamic drag for the energy-efficient operation of freight trains,
researchers have made attempts to predict the drag coefficient by means of simple formulas. All of
these formulas make use to some extent of experimental data, which is to be expected given the
complexity of the phenomena involved.

Predicting the aerodynamic drag is important because it contributes to the overall running
resistance of the train. This is usually defined as having a constant component (attributed to rolling

resistance and slope), a component linear with train speed (attributed to mass-related speed-dependent
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mechanical friction) and a component quadratic with speed caused by aerodynamic drag (49). These
three components are summarized in Davis equation (19), see Eq. (2),
Fp = A+ BUgrqin + CUtZrain (2)

Where Fp is the overall running resistance force, Usqin 1s the speed of the train, and 4, B and C are

the coefficients of the polynomial expression. Methods on how to estimate the coefficients (A, B and

Cin Eq.5) are available in the literature (40,48,49). efthe-everallresistance-to-motion-thereadermay

Despite the importance of understanding the behavior of the drag resistance for increasing
distance of the wagon (45,50) (see Engdahl-etal(50)erLaietal(45)) from the nose, the complexity
of the problem makes it very challenging to find a formula that would be general to all freight trains;
therefore, some researchers aim instead at predicting the drag on the entire train under some
simplifying assumptions. One such formula is a best fit of experimental data to calculate the drag
coefficient of an intermodal container train in an open straight track with different gap sizes and yaw

angles An

sle (valid for yaw

angles below 60°, and provided that all gaps are of equal size), is the one prepesed-byBeagles-and

Eleteher {47 presented in Eq. (3) (47). The reference area is taken to be 10 m?,

1+2(1—e?) 1
CD,train = 3 Clong + E.uclat 3)

Where Ciong and Ciu are defined in Eq. (4) and Eq. (5) respectively and u is the coefficient of friction

between the rail and the wheel.
Ciong = (0.56 — 0.16 cos 68) (1 — e(0919c0s9-16) _ 0,003L 4)

Cras = 0.46L62 (5)
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Where G is the size of the gaps and L is the length of the wagons and 0 is the yaw angle. Eq. 2 is one
of the few proposed laws that consider the friction between rails and wheels caused by the side force,
see the second term.

Other works investigated the relation between drag coefficients on containers and the gap size
between containers. Studies that investigate the change in drag coefficient on a test container mounted
on a simplified, model-scaled intermodal container train in 0° and 5° yaw angle (38). The results of
these measurements with different container gaps upstream and downstream of the test container are
summarized in Figure 5, it should be noted that the upstream gaps have been varied while keeping

the downstream gap at 0.3 Wc and the downstream gaps have been varied while keeping the upstream

gap at 0.3Wec.
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Figure 5, Change in container drag coefficient with varying upstream (downstream) gap while

downstream (upstream) gap remains constant at 0° and 5° yaw angles Aerodynamic-dragcoetficient

o

o

(38)).

In reference (3), wind-tunnel experiments are used to measure drag resistance on a test container
while varying the upstream and downstream gaps. The results are show in in Figure 6 in terms of drag

coefficient vs. gap size, for downstream and upstream gaps having the same size.
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Figure 6, Change in pressure drag coefficient of a container in an intermodal container train with

varying upstream and downstream inter-container gaps of equal length in no-crosswinds conditions
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4.1.5 Effects of crosswinds on aerodynamic forces

Although the largest component of the aerodynamic force experienced by a vehicle is drag, the other
components are also of interest to designers and operators both for matters of safety and efficiency.
The side and lift forces are a subject of study in train aerodynamics because they contribute to the
moment about the contact point between the wheels on the leeward side of a train and the rails
(overturning moment), see Figure 7. This is not a problem for heavy locomotives, but is of particular
importance for freight wagons, because trainsfor-whieh the weight of the empty wagon is very low
compared to laden wagons and to passenger vehicles (92). Very important tools to assess the
overturning risk for rail vehicles due to aerodynamic forces are CWCs (see definition in Section 0)
even if they have not been widely used, given the low speed of freight trains. The overturning risk is
mainly related to strong winds at high angle of attack, rather than for the relative speed and small
angle of attack like for high-speed trains (93). The risk of crosswinds is also made more severe when
the vehicle is subjected to a sudden gust of wind. The effect of the build-up time of the gusts on
overturning risk has been studied and it was found that the unloading of the leeward wheels is most
critical for gusts of a build-up time smaller than 1s (92).

In addition to the overturning moment, the side force is worth some consideration on its own,
since an alternative way in which a train may incur an accident is derailment, which occurs when one
or more wheels climb over the rail and fall out of the track to the field side.

While both yaw angle and gap size contribute to increase the side force and the overturning
moment, the yaw angle has been found to be the dominant effect MMaleki-etak(51)). The roll moment
experienced by a container is generally greater when the loading efficiency (the ratio between the
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occupied container spots and the total container spots) is low, but not all containers are equally
affected. The risk of overturning related to the loading conditions of the wagons and to the presence
of empty wagons and container wagons has been investigated and it was found that containers on
trains of equal loading efficiency experience greater coefficients of lift and roll moment when they

are preceded by an empty wagon than when they are followed by one (Seperet-al—(32));-therefore

ity. This

finding suggests that wagons downstream of large gaps should be considered at most severe risk with

regard to their stability (93).

Lift
force

Overtuming
Moment

Lateral
force Q

Center of
rotation
T |

Figure 7, Contribution of lift and lateral force to overturning moment.

The situation in which a container is subject to the lowest overturning moment is the one in which it
is preceded by a loaded wagon but followed by an empty one {Giappine-etal—(24)). This condition
of course cannot be realized for all containers, so the overall best condition for the whole train in
terms of overturning moments caused by aerodynamic forces remains the one with greater loading

efficiency.
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Finally, it should be noted that crosswinds are not the sole cause of overturning accidents. More
frequently, other factors such as centrifugal acceleration, uneven tracks and the dynamic behavior of
suspensions can lead (together with crosswinds) to overturning (37,62,92).

4.2 Slipstream Characteristics

Freight train slipstreams can be dangerous for bystanders (passengers on platforms or railway
workers). Additionally, a strong slipstream is connected to higher drag because, for the air to be set
in motion, momentum needs to be transferred from the vehicle to the surrounding air at a higher rate.

To quantitatively compare the slipstreams caused by freight trains, with their diverse and
complex geometries, two parameters are reported in the TSIs (11) and European standards (EN 14067-
4 (14)). One is the upper limit of the 95% confidence interval for the velocity horizontal magnitude
during the entire passing of the train or in its wake, denoted as ugs¢;, and the other is the upper limit
of the 95% confidence interval for the peak-to-peak pressure changes during the entire passing of the
train or in its wake, denoted as Apose;. The slipstream velocity u¢se; and the slipstream peak-to-peak
pressure change Apgso; are calculated according to Eq. 6 and Eq. 7 respectively, from EN 14067-4

(14).

Ugsy, = Umax T 20y (6)

Apgsy, = Emax + 2O-p (7

In Eq. 6 U4, and o, are respectively the mean value and standard deviation of all maximum values
reached in the individual runs by the horizontal air speed component subjected to 1 s moving average.
Similarly, in Eq. 7 Apmax and o, are respectively the mean and the standard deviation of the maximum
peak-to-peak pressure changes. The TSIs requires that measurements for slipstream velocity are made
at a distance of 3.00 m from the center of the track (COT) at the heights of 0.20 m and 1.40 m from
the top of the rail (TOR), while the pressure change measurements should be made a distance of 2.50
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m from COT between 1.50 m and 3.00 m from TOR in increments of 0.30 m. All measurements need
to be made with a maximum crosswinds speed of 2 m/s (TSIs (11)).

4.2.1 Slipstream characteristics under weak crosswinds

Various measurements have been made to characterize the slipstream around freight trains and a
significant agreement was reached on the point that a subdivision of the slipstream in four regions
should be considered as previously proposed in literature Baker—et-al—(80): the nose region, the
boundary layer region, the near wake region and the far wake region. Consistently with common
nomenclature in literature, the pressure coefficient is here denoted as Cp, the longitudinal component
of the velocity normalized by the speed of the train is denoted as U, and the transversal and vertical
components are denoted as V" and W respectively.

The nose region (or upstream region) is a region where a sharp peak in velocity and pressure
in the slipstream can be identified with high repeatability, to the point that the flow can be considered
inviscid in this region. In a wind-tunnel test with a class 66 locomotive Seperet-al-(39) it was found
that this region extended up to 18.75 m from the nose of the train (full-scale dimensions), while a
DDES analysis perfermed-byFhynn-etal—(36) identified the inviscid region to be from 2 m upstream
of the train nose to 10 m downstream of it. In this region, there is a positive peak in the pressure
coefficient, followed by a negative one of greater magnitude (Seper-et-al—(39)). A positive peak is
also observed in the magnitude of the velocity corresponding to the passage of the train nose. At the
sides of the train, this peak in magnitude can be mainly attributed to an increase in U and V, while on
top of the train it is mainly attributed to U and W, consistently with regions of flow separation at the
corners of the front face of the locomotive (36,79) (Bel-etal(79), Flynnetal(36))-

After the nose region, the boundary layer region begins. Here the pressure coefficient
undergoes a series of positive and then negative peaks similar to the one corresponding to the passage

of the nose of the train, but smaller in magnitude. These smaller peaks are due to the gaps between
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wagons and, therefore, are larger when the gaps between containers are larger (39,79) (Seper-et-al
39, Beletal—79)). In freight trains, the velocity magnitude in the boundary layer builds up
gradually across the length of the train, hindering the identification of the nose peak. In contrast, for
passenger trains a peak of the velocity magnitude is clearly visible and the magnitude of the velocity
reaches a stable value almost immediately after the nose (Sterling-etal—(6)).

One way to quantify the development of the boundary layer is the displacement thickness (8").
This quantity is defined in Eq. 8 and it represents the distance from the surface that would enclose a
flow of an inviscid fluid at uniform freestream velocity with the same flow rate than the real flow. It

depends mainly on the distance from the train nose.

5 = [ (1-——)dy ®)

Utrain

Where y is the distance from the surface.

A consensus about the length after which the displacement thickness (and thus the development of
the boundary layer) stabilizes has not been reached in literature. Wind-tunnel experiments-by-Seper
(37) show a boundary layer growth up to 100 m from the nose, with §" ranging between 0.6 and 1.4
m, while full-scale measurements byBel-et-al—(35) suggested that the displacement thickness
stabilizes at a value of about 1 m at about 200 m from the nose of the train. This question is also made
more difficult by the variability in freight train geometry: full-scale slipstream measurements (81,82)
indicate that the boundary layer may be considered stable within four wagon lengths for loading
efficiencies above 50% but only after the fifth wagon length when loading efficiency is lower than
50%. The repercussions of the development of the boundary layer on the drag have been described in
Section 0. The boundary layer thickness is not noticeably affected by the presence of single large gaps
(i.e., the situation typical of a single missing container), but the presence of multiple, smaller gaps

(each with 2 m size at least) can reduce the size of the boundary layer.-
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After the boundary layer region, near the end of the train, the near wake region begins. Several
studies have identified the presence of two counter-rotating longitudinal vortices forming in the wake
of smooth passenger trains, these often lead the peak velocity to be recorded in the near wake region
(6,74,78) (Seperet-al(F8)Sterhinget-al(6), Bell-etal(74)). This is different from the flow in the
near wake of a freight train, in which the velocity decays into the far wake (which is found to begin
approximately 100 m after the end of the train), and no peaks can be observed (6,39) (Sterling-et-ak
6)Seperetal{39)). The fall of slipstream velocity can be modeled with power-law type equations
with the exponent set to -0.85 for freight trains (Seperetal-(39)) and -0.5 for passenger trains (Baker
et-al—(80)).

4.2.2 Slipstream characteristics under crosswinds

The increase in the slipstream velocity that can be attributed to crosswind is known as slipstream
amplification. Full-scale measurements byBel-etal-(35) showed that even very modest crosswinds
give rise to asymmetries in the slipstream. In this study, the authors observed that for yaw angles as
low as 2° the flow around the trains were asymmetrical despite the symmetrical loading configuration.

Strong crosswinds affect the flow even more severely, pushing the slipstream on the windward

side (the side facing towards the wind) against the train. On-the-leewardside;the-effectis-the-opposite;

m-in-weak-erosswind: On the leeward side (the side facing away from the wind), the effect is the

opposite, and the boundary layer thickness becomes enlarged by the effect of crosswinds.
Displacement thickness ranges from 2 to 4 m in crosswinds conditions, compared to 1-2.5 m in weak

crosswinds (35).

At heights below the flow on the roof (meaning below 4 m frem-tep-ofra{ TOR)+nFlynn-et

ak (30)), slipstream amplification only occurs on the leeward side, while no significant amplification
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is observed on the windward side. In particular, the DDES analysis byFlynn-et-al—(5) showed that a
severe slipstream amplification can occur on the leeward side of the nose region, making it a critical
region of the slipstream regarding the safety of bystanders.

4.2.3 Stability of bystanders in slipstream

Strong slipstream velocities pose a challenge to the safety of passengers on platforms and railway
workers because they risk losing balance because of the air flow. The slipstream velocity (see Eq. 6
equation—(6)) is one of the most important and most often used parameters to quantify this risk for
passenger trains, but for freight trains the current TSIs do not prescribe any standardized threshold
for this value. Freight trains can generate values of Apgse; exceeding the threshold prescribed for
passenger trains travelling at speeds up to 249 km/h, even when they travel at much lower speeds
such as 85 km/h;seeFlynn-etal: (36). In this same reference, values of uos«; close to the TSIs threshold
are reached by freight trains.

The most critical region is again the nose-peak region, where the velocity magnitude of the
flow reaches up to 120% of train speed. Scaling this result for the speed of 120 km/h (which is
currently the maximum service speed for freight trains in the UK), these gusts would have sufficient
intensity to cause people to lose balance (Seperetal—(39)).

The slipstream caused by a freight train is typically more turbulent than the one generated by a
passenger train. Correspondingly, the velocity values of 1 s gusts in the slipstream are considerably
higher for freight trains compared to passenger trains, although still under the TSIs thresholds in the

current range of service speeds (Seper-and-Baker(76)).

4.3 Ballast flight

Ballast flight is the phenomenon in which ballast stones are projected by air flow from the ballast bed
and hit the underbody of the train or the rail. This occurrence is understood to be the consequence of

two consecutive events (9). Eist-At first, the vibrations induced by the train cause the particle to be
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set loose from contact with the other particles,—Fhen; then the displaced particle encounters a wind
flow having with enough momentum to carry it Girgetal—(9)). It should be noted that the mechanical
and aerodynamic contributions are difficult to quantify, and several factors are at stake, including
weather conditions and geometry of the particles. In this regard, a full-scale study-bySeperet-al: (86)
concluded that in well-maintained tracks the mechanical and aerodynamic forces are of the same
order of magnitude.;-while The same study showed that in poorly maintained tracks the mechanical
contribution to vertical forces acting on particles is prevailing, leading to a substantial increase in the
risk of initiating ballast flight.

Freight trains typically have rougher geometries in the underbody (especially compared with
high-speed passenger trains), producing a highly turbulent flow between the track and the train.
However, the velocity of freight trains is well below those typical for ballast flight (300 km/h or
higher) so it remains unclear whether ballast flight will become a problem at the relatively modest
speed of 160 km/h.

The investigation of this problem is particularly complicated: full-scale measurements of the
underbody flow are expensive and difficult to perform, so scaled models and CFD methods are more
often used instead (87). However, the particularly irregular geometries involved in these flows pose
challenges for these methods too.-Seper-et-al{8FH-cempared- Comparing the results of a moving-
model train and CFD with full-scale experimental data (87) and it was found that a moving model
can be used to replicate the flow velocity and pressure field between the train and the rail (although a
particular upside-down rig had to be used). The CFD results instead were able to replicate the flow,
but consistently overpredicted the pressure field: this finding has been explained by the fact that the
surface of the ballast bed had been modelled as a flat plane, and thus ballast roughness considered in
the simulation was lower compared to the real case, allowing the flow to conserve its total pressure

Seperatal—-(87)). Attempts have been made to formulate methodologies to address this issue. One
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of these methods uses CFD with a sliding mesh to simulate the flows under the train while including
the sleepers in the geometry of the tracks, instead of using a flat moving ground. The results show
that the combined effect of strong vertical fluctuations at the height of the ballast bed and the lift
induced by the pressure field could lift particles having a diameter up to 10 mm larger than previously
thought (Pazetal-(88)). LES simulations have also been used to address this same issue, attempting
to simulate the underbody flow of a train using the scanned 3D surface of an actual ballast bed instead
of a flat surface. As expected, a more chaotic and turbulent flow was found close to the ballast bed
without major changes to the flow close to the train surface (Paz-et-al-(83)).

4.4 Freight trains in tunnels

Another example of confined flow is the flow around trains in tunnels. In this situation, the train acts
as a piston pushing the air out of the tunnel and creating a compression wave that travels to the
opposite end of the tunnel. Depending on the length, the blockage ratio and the roughness of the train,
a portion of the air may flow back in the opposite direction of the train because of the pressure gradient
created by the piston effect, thus relieving some of the pressure built up at the nose. Freight trains
tend-to-have-higher blockageratios-and have rougher shapes than passenger trains, giving rise to a
more severe piston effect (Negri-et-al—(77)) and their sharp corners cause separation bubbles that
effectively increase their blockage ratio (58). The gaps between containers play a role in the piston
effect too, increasing the roughness of the train and favoring the pressure build-up in front of the train
tsee Belet-al—(7)). Numerical 1D methods have been proposed and used in literature to carry out
simulation of the propagations of the pressure waves within tunnels (59,60). The application of these
methods to freight trains is sometimes problematic because of the bluff shape of the wagons and of
the discontinuous blockage ratio. However, novel 1D methods have been proposed addressing these

difficulties with improved accuracy (61).
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The increase in pressure caused in front of the train because of the piston effect of trains passing
through tunnels has the effect of increasing the drag of freight trains in tunnels. Cross-et-alA58)found
that-Drag in tunnels is predominantly pressure drag, and the blockage ratio is a major factor in
determining it (58). For a blockage ratio of 0.85 the drag was found to be 50% greater than for a train
in open air when running at constant speed and the increase in drag was even more significant during
train acceleration.

Slipstream effects raise safety concerns in tunnels too: in this regard, the magnitude of flow
velocity that freight trains produce in the slipstream is different compared to conventional and high-
speed passenger trains because the inhomogeneous shape causes discontinuous growth of the
slipstream. As a result, the peak velocity for freight trains typically occurs near the nose, while it is
in the near wake for passenger trains (Negri-et-al—(77)).

Finally, the pressure field in the tunnel as the train passes by is also affected by the propagation
of pressure waves and their reflections. A compression wave is created as the nose enters the tunnel
and an expansion wave when the tail enters the tunnel. These waves propagate in the tunnels reflecting
(with phase inversion) at each end until the energy is dissipated due to air viscosity. For freight trains,
the maximum amplitude of the pressure wave is typically reached in correspondence to the initial
compression wave, but if the loading efficiency is low (33%) in-thesimulation-byHiadisetal34))
then other peaks are present, suggesting that one-dimensional models may be unsuitable for this
analysis (34).

5. Open points and further research
As outlined in previous sections, the rough shapes of freight wagons and locomotives have important
repercussions on many aerodynamic aspects that cannot be ignored if freight trains must be operated

at high speed. The strongly turbulent and transient nature of the flow makes the use of both numerical
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and experimental methods particularly challenging. Consequently, some questions concerning
freight-train aerodynamics remain open at present and are outlined in this section.

It is evident from the analysis of the scientific literature that research on freight-train
aerodynamics has so far mostly addressed intermodal container trains (with few exceptions
(42,43,68,81,82,84,89)) {among the few exceptions. Naveri et al £423 and Watkins et al. ¢433). Onc
reason for this is that intermodal freight transportation takes the largest share of rail freight transport.
However, this fact alone does not justify scarce interest in the aerodynamics of other freight train
types, given that the intermodal share of rail freight transport ranges from 10% to 45% in European
countries, which means that in all likelihood the study of aerodynamic effects remains presently
unaddressed for the majority of the transported freight (in terms of tonnage times mileage) (18). To
understand the global impact of an increase in the speed of freight trains, a more comprehensive
approach is needed, encompassing other freight train types.

Data on the prevalence of wagon types needs to be considered when selecting the train
geometries for future studies, especially for goods that would benefit from high-speed rail transport,

such as low-density high-value goods (4)-f3}. Additionally, trains are not always composed of only

one wagon type, therefore models with realistic mixed compositions {such-as-these-inthe-geemetry

database-propesed-byCorntantet-al—(89)) should be studied to understand the impact of diverse

wagon geometries on the flow while still focusing on cases of practical interest for operators.

It is standard practice in both numerical and scaled experimental investigations to simplify the
geometry of the model, and one hypothesis that is ubiquitous in these works is that container
corrugation does not affect the overall flow, so cuboids with flat surfaces are used to replace the actual
geometry of the containers. To the knowledge of the authors, no works exist in the literature that
investigate the impact of the container corrugations on the flow, despite the contribution that the

increased roughness of the surface could have on the flow in the slipstream. Regarding this point, as
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discussed in section 0, a—reeent-work-by-Quazi-et-al{(27)provided-apractical-ease-in—-whiech-CFD

simulations and wind-tunnel tests can largely overpredicted the drag coefficient of a full-scale test
wagon (27).

Finally, further research is needed to understand the stabilization of the boundary layer and of the
drag coefficient, specifically at what distance from the nose of the train they can be considered
stabilized. In section 0, different indications are provided for the length at which the boundary layer
stabilizes and their impact on drag is discussed.

5. Conclusions

This review provides a summary of the State-of-the-art on the aerodynamics of freight trains. It can
be stated that research in this field has been so far mostly focused on intermodal container trains, so
the applicability of the results presented here to other types of freight trains is questionable.

Significant efforts have been made to study the aerodynamic forces on freight trains, some robust
findings emerge from the literature, but other points remain open. The most important point of
consensus is the general desirability of keeping small gaps between containers, to reduce drag
resistance and mitigate overturning and derailment risk (as reflected in the recommendations listed in
section 0). More research is needed, instead, to understand the relation between slipstream and drag,
and particularly at what distance from the nose of the train can the slipstream and the drag be
considered stable. Flexible and fast tools for the estimation of the drag in realistic conditions (different
geometries, varying gap sizes, yaw angle, etc.) would be highly desirable, and some attempts were
made to define simple analytical formulas fitting the results of experimental and numerical analyses.
However, the complexity of this task is such that none of the proposed laws has found wide
application so far.

Safe operation of freight trains requires not only the mitigation of the aerodynamic forces acting

on the train, but also of the slipstream and pressure build-up in tunnels. The bluft shapes of freight
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trains cause greater slipstream velocities, leading to greater risk for people standing near the railway
line. Given that the service speed of freight trains has always been relatively low, the TSIs do not
prescribe any regulation concerning the slipstream of freight trains. However, results from section 0
suggest that if the speed of freight trains is increased to the target value of 160 km/h, slipstream effects
would represent a substantial risk to bystanders. It is then expected that the elaboration of regulations
concerning the slipstream effects for freight trains will be needed in the near future.
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Abstract

The study of the aerodynamics of freight trains is important for managing the aerodynamic
phenomena that take place while operating freight trains, especially the aerodynamic drag.
Computational Fluid Dynamics (CFD) is often use for investigation of these flows. The majority of
the studies made in this field, have regarded container wagons, but many more wagon types are used
in the industry.

To address the need for efficient production of these geometries, a database of representative wagon
and locomotive geometries is needed (similarly to what has been done with the DrivAer project in the
automotive industry)

In this work, the production and characteristics of this database are presented, and some simulation
results with the database geometries are reported and discussed to showcase their use.

Keywords: train aerodynamics, freight trains, database, container, CFD, URANS

1 Introduction

In its white paper (REF), the European Union outlines its goals to for shifting the transport of freight
from road to rail of waterways (both responsible for less CO2 emissions for each tkm than trucks
(REF)). The pursuit of this goal entails the eventual increase in the speed of freight trains to at least
160 km/h (Geischberger et al. [1]).

Aerodynamic forces grow approximately with the square of the velocity of the flow, thus
increasing the train speed results in greater aerodynamic forces on the vehicle. At current freight trains
speeds, aerodynamic forces can already contribute for the majority of the overall resistance to forward
motion (REF), at 160 km/h they would be paramount.

Research from Quazi et al. [2] and Alam et al. [3] shows that freight trains encounter wind from
yaw angles mostly below 20° (this would be even more true at higher speeds), and therefore the main
component of the aerodynamic force on a moving train is drag. This means that the increase of service
speed has direct consequences for the cost and environmental impact of the operation of the train,
since the mechanical power spent by the locomotive is proportional to the overall resistance to motion.
Other components of the force are also of interest, since both lift and side force generate overturning
moment on the wagons and must be contained to reduce the risk of derailment.

A subject of intense study directly linked to drag is the effect of empty wagons and of the size of
gaps between containers, Maleki et al. [4] showed that the pressure component of drag is closely
related to the size of the gap between containers.
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Slipstream is also linked to drag, because a greater transfer of momentum to the surrounding air
by the vehicle will generate stronger winds in the air surrounding it. Thus, like with drag, slipstream
velocities generated by a freight train tend to increase for larger gaps (Flynn et al. [5] and Li et al.
[6]).1 In the absence of crosswind, these velocities are not sufficient to put a person stability at risk,
but crosswind amplifies this effect enough to destabilize large portions of the population (Flynn et al.
[7]).

Unlike streamlined passenger trains, freight trains behave as bluff-bodies and thus the flow around
these vehicles is more turbulent and intrinsically unsteady. The study of freight train aerodynamics is
further complicated by the fact that they can be composed of a variety of wagons with diverse
geometries. These differences between passenger and freight trains call for an investigation of the
flow around the latter as a separate endeavour.

The aerodynamics of freight train has been studied in the literature with both numerical and
experimental methods. Experimental methods measure actual physical properties of the flow, and
thus are often considered more realistic, however different sources of error exist such as the error of
the measurement instruments.

Most experimental studies on freight trains are conducted in wind tunnels. Alam et al. [8]
performed a wind tunnel test on a 1:15 model scale of a double stacked container wagon in isolation.
Subsequent studies by Giappino et al. [9] (AGGIUNGI a study of slipstream... DEL 2008), Kocon et
al. [10] and Alam et al. [3] focused on the risk of overturning caused by crosswind on freight trains
at different yaw angles and gap sizes. Wind tunnel tests have also been used by Soper et al. [11] and
Sterling et al. [12] to study the slipstream velocities generated by freight trains and found them to be
much greater than what was observed in passenger trains.

In all wind tunnel experiments that involve freight trains, the Reynolds number of the test is much
lower than in full-scale experiments and this makes the latter more reliable, however the former is
still often preferred for the lower costs. The independence of the flow from Reynolds number for
values of Reynolds number greater than 2.5-:10° has been established in different works (e.g.
Bocciolone et al. [15]). Soper et al. [16] used full-scale experiments to compare the aerodynamics of
passenger and freight trains and found that freight trains at low speed generate slipstream velocities
higher than the passenger trains (although not in violation of the TSI regulations). The measurement
of a full-scale underbody flow has been used by Soper et al. [17] to conclude that on well-maintained
tracks the aerodynamic forces on ballast and the inertial ones due to track displacement are
comparable, but poorly maintained tracks may increase the risk of ballast flight significantly.

Numerical studies allow to evaluate the flow in every point of the domain; however, the results are
also affected by different sources of error, such as the physical modelling of the problem.

One of the most significant decisions to make in CFD is the modelling method for turbulence.
Different works have been published comparing the accuracy and cost of different methods (Wang et
al. [18], Wang et al. [19] and Maleki et al. [20]) and they agree on the fact that RANS is unsuitable
for the simulation of freight trains because of the pronounced unsteadiness of the flow. The expensive
LES (or more often in recent works ELES, DES or DDES) are generally agreed to be the most
accurate methods, predicting flow topology and aerodynamic coefficients in line with experimental
results. URANS has shown an intermediate level of accuracy between RANS and LES. It should be
noted however, that while RANS methods fail to predict the numerical value of aerodynamic
coefficients, they predict their trends and are suitable for comparing the performance of different
geometries (Maleki et al. [20]). This last consideration is particularly important for the industrial
sector, where RANS and URANS methods are still preferred despite their limitations. This is of
course because of the limited availability of computational power that make the LES variants
unfeasible for the industry.
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The Academics4Rail research project, funded by the European community under the Europe’s Rail
funding programme, has launched a comprehensive investigation on the aerodynamics of freight
trains. The objective is to define guidelines for the creation of CFD models of freight trains, analyse
different realistic operation scenarios and synthesise the results in guidelines for safer and more
efficient operation of freight trains in regard of aerodynamic effects.

Given the breadth of the problems addressed, the need for the efficient definition of geometric
models for single vehicles (locomotives and wagons) and for complete freight trains becomes
apparent. Therefore, a first part of the research is devoted to creating a database of geometries for
vehicles and vehicle parts in formats that are compatible with software for CFD simulation. In this
way, complex geometries representative of realistic freight operation scenarios can be efficiently
created. In the creation of the database, vehicle geometries are designed with different levels of detail,
allowing the efficient creation of simpler and more detailed CFD models, in view of finding a trade-
off between accuracy and computational efficiency.

This paper presents the database already exposed at the RAILWAYS 2024 conference (REF) and
further shows a case use with geometries representative of a typical container train with the lowest
and highest level of detail.

The paper is structured as follows: in section 2 of the paper a detailed description of the geometries
and the process by which they have been created and stored in the database is provided. In section 3
an exemplary CFD analysis is presented, analysing the mesh independence and a comparison between
levels of detail. Finally, in section 4 conclusion and final remarks are drawn.

2 The database of freight train geometries

Rephrase, compact the figures

Unlike passenger trains, freight trains exhibit a wide variety of geometries both because of different
wagons that make them up and because of the many different compositions (what type of wagons
they are made of, and in what order) that they can have.

The study of the aerodynamics around these vehicles therefore is only possible if an efficient and
versatile method for producing diverse freight train geometries is developed. The aim of the proposed
database is to address this need while allowing the user to balance between higher levels of detail and
computational cost.

In order to organize and navigate the database, a categorization of freight wagons needed to be
chosen. While no official classification exists, freight wagons can be broadly distinguished according
to these categories: Open wagons, Covered wagons, Flat wagons, Dump cars, High-capacity wagons,
Special wagons, and Tank wagons. This way of distinguishing freight wagons has been also adopted
with minor variations elsewhere in literature, however, these specific categories have been taken from
Principe [21]. Locomotives are more homogenous in their geometry, so they have not been classified
in a similar way, instead three versions meant to resemble slight variations in existing locomotives
are proposed.

All wagons are composed of three parts: a wagon plane, bogies, and cargo (where cargo refers
to the geometry above the wagon plane). In Figure 8, the components of the dumpcar wagon (on the
right) and the components of the B version of the locomotive (on the left) are shown.
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Figure 8, components assembly of wagons (left) and locomotives (right)

The advantage of the modular approach is three-fold: it allows the user to select different levels of
details for parts of the vehicles, it allows the possiblity of better comparisons between various cases,
and finally, it allows for faster production and update of geometries.

The database, as presented at the RAILWAYS 2024 conference in Prague (REF) includes
geometries of both locomotives and wagons. The locomotives are made of three parts: the main body,
the underbody, and the roof. What differentiates one locomotive version from another is the main
body, since the underbody and roof are designed so as to be interchangeable.

The design of the main bodies for all locomotive versions followed the same workflow: first,

a basic structure is defined through the use of a certain number of parameters as shown in Errore.
L'origine riferimento non é stata trovata., then the volume enclosed in the structure is extruded
and the edges are rounded (with the radii being parametrically defined as well), and finally, the surface
of the main body is obtained from the volume.
After the modelling of the geometry of the main bodies of the locomotives, the surfaces were trimmed
along well-defined curves. The final result is an open surface with boundaries that match those of
other components of the locomotive, so that when they are all assembled, they constitute a closed
surface again.

Roof and underbody geometries in real locomotives are very different from model to model, ,
however, some parts of these geometries are standardized. Pantographs have been modelled to
resemble the actual dimensions reported by Baker et al. [22]. Figure 9 (on top) shows the roof
geometries, from left to right in increasing level of detail.
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Figure 9: Roof components and underbody components in different levels of detail.

The final component of the locomotive geometry is the underbody (shown in Figure 9 at the bottom).
Similarly to the roof, the underbody geometries of actual locomotives are very diverse, and so the
same strategy has been adopted; the dimensions of standardized parts have been taken from Principe
[21] to make the geometry broadly realistic. Figure 10 shows the complete (assembled) locomotive
geometry.

Figure 10: Assembled locomotive, version C, medium level of detail.
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Like for other parts, the geometries of the roof and underbody have been made available in
different levels of detail. The process of removing details from the geometries is referred to as
defeaturing. When designing a vehicle geometry for CFD, all details have some effect on the flow,
however some may well be negligible depending on the objective of the simulation. Therefore, a
balance needs to be struck between computational cost and accuracy.

Experimental and numerical work is being undertaken to assess the effects of greater level of
geometrical detail for the measurement of drag in freight trains, for the present work the following
general rule has been employed: features that changed the front area of the geometry were deemed
more impactful on the flow than features that did not, so the former were removed only in the last
iterations of defeaturing, and the latter were removed immediately. Similarly, the more voluminous
features were deemed more impactful on the flow than smaller ones.

As shown in Figure 8, all wagons are composed of three components, of which two are the same for
all wagon types. It should be noticed that not all wagon types have a cargo, indeed flat wagons may
carry one container, two container, or be empty, in the latter case the wagon is composed by plane
and bogies alone.

All wagon components have been designed as closed surfaces and feature planar faces that act as
interface between components. This means that all components at all levels of detail must be present
planar surfaces in the right places to allow for the faces to overlap in one interface.

Figure 11 shows in red the interfaces between bogies and plane and in green the one between plane
and cargo.

Figure 11: Components of a covered wagon with its interface surfaces highlighted.

The geometries in the database have been designed to be realistic, but do not replicate any existing
rail vehicle, with the exception of the bogies. The bogies geometries, in its highest level of detail,
accurately replicates the geometry of the Y25 bogies. Figure 13 shows the bogies and the wagon planes
in three levels of detail.
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Figure 12, roof components in different levels of detail (top) and underbody comopnents in different levels of deatil (bottom)

Figure 13, Y25 bogies modeles in different levels of detail

All the geometries showcased in this work have been made available in STEP format in a public
GitHub repository. Preassembled full wagon with consistent levels of detail among the components
have been prepared and uploaded, as well as the single components in all levels of detail.

The database presented thus far is a useful starting point for the study of aerodynamics around
different freight trains, including all the most used types of wagons, however, further improvements
have been made since its first presentation at the RAILWAY'S 2024 conference. More geometries of
tanks (and their surrounding frames) have been added to the database together with model-scale CAD
files for use in model-scale experiments (both with force scale and pressure taps).
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Further additions are still possible (e.g. double stacked containers, longer versions of covered and
flat wagons). Another way of improving on the present work would be to simplify the process of
composing a train of chosen composition, a software to manipulate the coordinates within the files
would be the most suitable tool for this.

3 CFD use cases: single wagon

In this section, some use cases of some of the database geometries will be provided. First, the simple
case of a single container wagon with a 40 ft container moving at 160 kmh™ in steady air is
considered, secondly, a train of one locomotive and two wagons will be considered. In the latter case,
the first wagon behind the locomotive will be composed of a less-detailed flat wagon and container,
to compare the results with the single wagon.

The simulations on the single wagons have been carried out using the open-source software
OpenFoam v10.In order to reduce computational time, a first steady simulation was run to allow the
develop a wake. This flow solution was not realistic, given that the transient nature of the actual flow,
but it was more similar to a realistic flow than the the potential flow solution (which instead was the
starting condition for the steady simulation). The steady state simulation was carried out with the
SIMPLE algorithm using the linear scheme for the gradient of velocity and the upwind scheme for its
divergence.

Starting from the solution of the steady solver, the unsteady simulation was run with the k-w SST
turbulence model (the same model was adopted for both steady-state and transient runs). The
unsteady simulations were carried out with the PIMPLE algorithm, with the same settings as before
(except of course for the time-derivative, for which the implicit Euler scheme was chosen).

Figure 14 shows the domain dimensions in terms of lengths (L), widths (W) and heights (H)
of the wagon.For the ground and the wagon patches, a zero-gradient boundary condition was chosen
for pressure and a no-slip condition for the velocity. The inlet velocity was set to 160 kmh and at
the outlet pressure a zero-gradient was imposed. Zero-gradient for pressure and slip condition for
velocity were set on all remaining patches.

Figure 14: Simulation domain.

The meshes were all structured and have been obtained with the inbuilt OpenFoam application
snappyHexMesh, with a refined region around the wagon.

A convergence study was carried out on the single wagons (the same settings and refinement
level will be deemed adequate for the multiple-wagons simulations). Table 3 reports the aerodynamic
coefficients for lift and drag determined with meshes of different level of refinement in a steady-state
simulations. The coefficients have been calculated using a reference area of 10 m? according to
expressions (1).
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Where D is the pressure drag, L is the pressure lift, S is the pressure side force, p is the density of
the air, A is the reference area and U is the freestream velocity of the air (44.44 ms™)

Table 3 shows the force coefficients for drag and lift on the single wagon. As can be observed, the
coefficients show remarkable convergence despite the stationary solver. It can be noticed that the
variations of aerodynamic coefficients remain below 1% beyond the 11.9 million cells grid, thus the

results are deemed to be mesh independent beyond this level of refinement. It will be assumed in this
work that this level of refinement is suitable for the unsteady solver as well.
. The convergence of the force coefficients to a given value is not sufficient to infer the accuracy of

that value, indeed, because the flow around freight wagons is strongly unsteady it should be expected
that the steady-state solver will not be able to accurately predict the value of the aerodynamic forces.
This is a well know limitation of the RANS method that has been demonstrated before by Maleki et
al. [20].In the same work however, it is shown that the RANS method remains capable of predicting

trends in aerodynamic forces (although the values of the forces are not accurate) and is useful for
comparative investigations.

Number of cells Co C ACo/Co AC/CL

[millions] [-] [-] [%] [%]

2.9 0.809 -0.207 +0.24% -6.94%
4.4 0.811 -0.192 +0.44% +5.84%
6.3 0.814 -0.204 +0.65% +8.04%
8.9 0.819 -0.220 -0.06% +1.08%
11.9 0.819 -0.222 -0.53% -0.63%
15.6 0.815 -0.221 +0.59% -0.44%
20.1 0.819 -0.220

Table 3: Convergence of aerodynamic coefficients for with different grids

The URANS method, is more capable of capturing the unsteady nature of the flow and therefore is
more suitable for the simulations of flows around bluff bodies such as this container wagon. The
greater accuracy of the URANS method with respect to steady RANS has been shown in the literature
before (altough they share similar limitations in the prediction of the flow topology, see Wang et al.

[18] and Maleki et al. [20]).

In Table 4 the results of the URANS runs on a sinlge wagon with two levels of detail are shown.
These results show a significant improvement in accuracy with respect to the RANS method, and in
fact are comparable to results in the literature obtained with much more accurate methods (see for

example Osth et al. [23] who obtained a drag coefficient value of 0.90).

Finally, Figure 15sErrore. L'origine riferimento non é stata trovata. shows the magnitude velocity
field on the xz-plane and the longitudinal velocity profiles on top of the container in correspondence
to the white lines, which demonstrate that the simulation captured the recirculation of the flow.

Co C. Cs

[-] [-] [-]
Less detailed wagon 0.862 -0.218 0.011
Medium detailed wagon 0.878 -0.170 0.006

Table 4: Time-averaged aerodynamic coefficients from unsteady, single-vehicle simulations.
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Figure 15, (a) Magnitude velocity field of the unsteady simulation, (b) Longitudinal velocity profile within recirculation bubble

4 CFD use cases: multiple wagons

After the single-wagon simulation, multiple-wagons use case is presented. In this simulation, a train
composition of three vehicles is used: a locomotive followed by two wagons, as shown in Figure 16.

Locomotive Wagon_1 Wagon_2

Figure 16, Train composition of multi-vehicle simulation

In this simulation the effects of vehicles upstream on the force coefficient will be investigated, with
special attention on the trailing wagon.

The first wagon (indicated in Figure 16 as wagon_1) has been composed of the least detailed
components, while the trailing wagon (indicated in Figure 16 as wagon_2) has been composed of
medium-detailed components. This decision is motivated by the fact the vehicle of interest for this
use case is wagon_2, while wagon_1 and the locomotive are useful only for producing a sufficiently
realistic wake. This is an example of how the availability of different levels of detail in the geometries
could allow the user to customize the setup in order to balance the computational cost and accuracy
of the simulation.

The locomotive used is the version C, while the wagon_1 and wagon_2 are respectively the less
detailed version and the medium-detailed version of the flat wagon. The gaps between locomotive
and wagon_1 and between wagon_1 and wagon_2 are both approximately 4.8 m in length (equivalent
to 2 times the wagon width).

The mesh used for this simulation was constructed with the same level of refinement as the
one deemed adequate for the previous case, while the settings of the solver were left unchanged.
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The aerodynamic force coefficients on all the vehicles involved were calculated, and are
reported in Table 5

Vehicle Cob Cs CL

[-] [-] [-]
Locomotive 0.450 -0.005 0.025
Wagon_1 0.477 -0.025 0.006
Wagon_2 0.294 0.004 0.0132

Table 5, Aerodynamic force coefficients on vehicles of multi-vehicle simulations

It can be observed in Table 5 that for both wagons, the drag coefficients are lower than the ones
obtained in the single-vehicle simulation. This is to be expected because of the effect of the wake
caused by upstream vehicles, which slows down the flow and leaves it with less momentum for when
it meets the wagons. The first wagon encounters the flow after only the locomotive, and its drag
coefficient is reduced by 45% with respect to the same geometry in free flow. The first wagon slows
the flow further, causing the drag coefficient to be even smaller in the second wagon. In fact, the drag
coefficient of wagon_2 is only 33% of the drag coefficient of the same geometry in free flow.

Particularly bluff bodies like container wagons experience high drag because they slow they tend
to carry more air with them as they pass through it. This follows from the conservation of momentum,
since the aerodynamic drag experienced by the wagon is equivalent to the rate of momentum
transferred by the wagon to the surrounding air.

In Figure 17 the time-averaged total pressure coefficient (Cp) field is shown. This quantity is defined
in equation 2 and it quantifies the variation in the total pressure of the flow with respect to the

freestream.
1
p—ps +5pU?
Cpe = T, 2)
pr +5pUr

Where p is the static pressure of the flow, ps is the static pressure of the freestream flow (in the
simulation, this quantity was set to zero) and U is the magnitude of the speed of the flow.

Cpt
-1.0e+00 06 04 -02 0 02 04 06 1.0e+00
' C ‘

Figure 17, Time-averaged total pressure coefficient field in unsteady multi-vehicle simulation

Observing Figure 17 it is possible to identify the regions of the flow where there are losses of total
pressure and thus identify regions of high turbulence. All three vehicles display a flow separation at
the upstream top edge, however, the separation is visibly smaller in the downstream wagon that in
wagon_1. This is explained by the reduced velocity in the flow.

Figure 18 and Figure 19 show the time-averaged pressure coefficient in the flowfield and on the
vehicle surface respectively (see equation 3).
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The Cp coefficients shown in Figure 18 and Errore. L'origine riferimento non e stata trovata.Figure
19 are consistent with the diminishing drag coefficient of the wagons. High-pressure regions are
present upstream of all vehicles, however, the effect is less pronounced as the vehicle is further from
the train nose. Additionally, the last wagon is followed by a low pressure region that increases the
drag, while the locomotive and first wagon are not. This occurs because the second wagon is not
followed by another vehicle, allowing the wake to develop fully. If more vehicles hade been added,
the drag coefficient of the second wagon would have presumably been lower.

Ty N 1

.y

Figure 18, Time-averaged pressure coefficient field in unsteady multi-vehicle simulation

1.0e+00

-1.0e+00

Figure 19, Time-averaged pressure coefficient on the geometry surface in unsteady multi-vehicle simulation

In Figure 19 regions of low pressure are visible immediately downstream of the corners of the front
face of each vehicle. These regions show the presence of recirculation bubble that take place where
the air flow away from the stagnation region in the front, and causing flow separation at the corners.

5 Conclusions and Contributions

In this work, a database of realistic freight wagons and locomotives geometries has been proposed,
with the purpose of offering a quick and efficient way of producing geometries for CFD. The proposed
geometries are representative of different realistic vehicles but can also be assembled with custom
levels of detail in different parts. Different types of wagons and locomotives are made available in
the database, allowing for the simulation of trains that are realistic in composition too (instead of
being only composed of container wagons).

In this work, some CFD simulations were also conducted as demonstration of the use of the
database. The flow around single wagons has been simulated (with steady and unsteady solvers) and
has been compared to the flow around the same geometries in a train. In the multiple-vehicles
simulation, a lower level of detail has been chosen for the upstream wagon than the downstream one,
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further demonstrating the versatility of the database for the construction of geometries that balance
accuracy and computational cost.

Finally, the flow around the vehicles has been shown and discussed, particularly the flow around
multiple vehicles. Some of the major structure expected in the flow (e.g. the recirculation regions at
the corners of the vehicles or the stagnation regions in front of them) have been identified and the
drag coefficients have been found to decrease as the vehicle was placed further from the nose of the
train.
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