tukasiewicz
Poznanski
Instytut
Technologiczny

1-2/2022

e-ISSN: 2719-9630
ISSN: 0138-0370






Editorial

Rail Vehicles/Pojazdy Szynowe

www.railvehicles.eu

tukasiewicz

A Scientific Journal

No. 1-2, 2022
Poznan
Institute of ISSN 0138-0370
Technology eISSN 2719-9630
Publisher Editorial

YLukasiewicz Research Network

— Poznan Institute of Technology
ul. Ewerysta Estkowskiego 6

61-755 Poznah

e-mail: office @pit.lukasiewicz.gov.pl

Rail Vehicles/Pojazdy Szynowe
Lukasiewicz Research Network

— Poznan Institute of Technology

ul. Ewerysta Estkowskiego 6

61-755 Poznan

phone +48 693 091 240

e-mail: redakcja.dbt@pit.lukasiewicz.gov.pl

Editorial Board

Editor-in-chief

Prof. Ireneusz Pielecha, DSc., DEng.
Lukasiewicz Research Network — Poznan Institute
of Technology

Deputy editor-in-chief

Zbigniew Durzynski, DEng.

Ltukasiewicz Research Network — Poznan Institute
of Technology

Editorial Secretary

Agnieszka Lewandowicz, MSc.

Ltukasiewicz Research Network — Poznan Institute
of Technology

Editorial Board Member

Krzysztof Kolodziejczak, MEng.

Lukasiewicz Research Network — Poznan Institute
of Technology

Prof. Krzysztof Magnucki, DSc., DEng.
Lukasiewicz Research Network — Poznan Institute
of Technology

Ass. Prof. Odrej Stopka, DSc., DEng.
Institute of Technology and Business
in Ceské Budeéjovice

Rail Vehicles/Pojazdy Szynowe

The scientific quarterly journal dedicated to problems of designing,
construction and researches of rail stock

RAIL VEHICLES/POJAZDY SZYNOWE 1-2, 2022



Contents

Contents

Stowinski M. The characteristics of the selected types of wheel wear and their effect on the

rail vehicle — track INLETACTION .....c.cueevuiriuieriiiiitirteete ettt ettt sttt ettt ettt sbe e st sttt eeteenbeesbeesaeesane e 3
Pielecha I., Engelmann D., Czerwinski J., Merkisz J. The characteristics of the

selected types of wheel wear and their effect on the rail vehicle — track interaction ...........cccccceceerveerneee 10
Kuczyk M., Jedrzejewski P., Zatuski P. Stress analysis of suspended rail vehicle

DOZIE ettt h e s st et b et b et e ae e ettt b e s be e sae e st sat e e bt e b e e 20
Urbanski P., Gallas D., Stachowicz A., Jakuszko W., Stobnicki P. Analysis

of the selection of the auxiliary drive system for a special purpose hybrid rail vehicle ............cccccoccee. 30
Miklasz R., Dawid S., Wojtukiewicz P., Grzegorski M. Bogie design of 227M type rail

VEIECIE .ottt sttt et st et a e s h et s he e b e e ea e neennes 40
Urbanski P. Review of freight high speed railway (HSR) ......c.oooiiiiiiiiniiieeeeeee e 49

Nagorny B., Mackowiak A., Rokossowski M., Sieczkarek K., Szczepanski R., Warzynski T.
Implementation of the test method for trackside emissions of magnetic disturbances

from rolling stock according to ERA/ERTMS/033281 ....c..ooiiiriiiiiiiiinienteneeeteereeieeieeee e 62
Pielecha I., Dimitrov R., Mihaylov V. Energy flow analysis based on a simulated drive

of a hybrid locomotive powered by fuel CElIS .........cociiiiiiiiiiiiiiii e 68
Matusiak K., Goliwgs D., Kaluba M. Adsorption dryer for use in raillways .........ccccccevevververnerneenieeniecnicnnnens 77

Warzynski T., Sieczkarek K., Mackowiak A., Nagorny B., Szczepanski R., Rokossowski M.
Propaedeutic of the methodology of improving electromagnetic compatibility
of railway traffic control systems in relation to the implementation of the EMC4CCS —

BRIK PIOJECE -ttt ettt ettt st sttt s e st et et e bt e s beesaeesanesateeaneeneenne 86
Scientific Board © Copyright by
Andrzej Chudzikiewicz — Poland Y.ukasiewicz Research Network
Jan Czerwinski — Switzerland — Poznan Institute of Technology
Andrzej Formaniak — UK All rights reserved.

Stanistaw Guzowski — Poland
Tomasz Hueckel — USA
Valeriy Kuznetsov — Ukraine
Otmar Krettek — Germany

No part of this publication may be reproduced, stored in a
retrieval system or transmitted, photocopied or otherwise
without prior consent of the copyright holder.

Janusz Mielniczuk - Poland

Pawet Piec — Poland L.
Adam Szelag — Poland Subscriptions

el s omrrenslsl —IAolizad Send subscription requests to the Publisher’s address.

Cost a single issue PLN 34.78.

Declaration of the original version Typesetting: Marcin Tomkowiak

The original version of the Rail Vehicles/
Pojazdy Szynowe journal is the printed version. Circulation: 100 copies

Printing: Wieland Drukarnia Cyfrowa

Rail Vehicles/Pojazdy Szynowe quarterly is ul. Zigbicka 17, 60-164 Poznan, Poland
covered by the patronage of the Transport

Committee of the Polish Academy of Science Cover: Marcin Tomkowiak

The journal is registered and listed in the Polish and international database

RAIL VEHICLES/POJAZDY SZYNOWE 1-2, 2022



Article citation info:

Stowinski M. The characteristics of the selected types of wheel wear and their effect on the rail vehicle — track interaction. Rail Vehicles/
Pojazdy Szynowe. 2022, 1-2, 3-9. https://doi.org/10.53502/RAIL-147440

Rail Vehicles/Pojazdy Szynowe

www.railvehicles.eu

The characteristics of the selected types of wheel wear and their effect on the rail

vehicle - track interaction

Marcin Stowinski * *

& Poznan University of Technology, Institute of Transport, Poznan, Poland

ARTICLE INFO

The aim of this paper is to present the selected types of rail wheel wear and their influence

on vehicle-track interaction. The first part discusses the wheel-rail interface and presents

Received: 23 January 2022
Revised: 14 March 2022
Accepted: 17 March 2022
Available online: 21 March 2022

KEYWORDS

interaction is discussed.
wear

rail vehicle wheel
polygonisation
wheel flat
shelling

the essential information about the wear of rail vehicle wheels. Differences in the nature of
the wear of rail and tram wheels are pointed out. Then, characteristics of typical forms of
wheel wear are presented, together with the description of the mechanisms of their occur-
rence and the existing technical measures leading to their reduction. In the last part of the
text, the impact of the previously described forms of wheel wear on the vehicle-track

This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/)

1. Introduction

Wear is a significant problem in the operation of
rail vehicle wheels. While the wear process itself in
friction pairs, of which the wheel-rail contact is an
example, is inevitable, the attempts made to reduce it
or to eliminate its serious forms are the key issues
concerning the improvement of the rail transport sys-
tem operation. Reducing the rate of wheel wear pro-
cesses or preventing critical defects is possible by
identifying the causes of their occurrence and at least
minimizing them. This leads to an extension of the
service life of the rolling stock and the infrastructure,
providing a measurable improvement in the function-
ing of the rail transport system. For the operators of
these systems, this results in benefits connected with
improved driving comfort, traffic safety and finally,
reduced financial costs. Because of the technical pro-
gress made in the construction of rail vehicles, higher
dynamic loads are acting on the vehicles and the track.
For this reason, limiting wheel wear is undoubtedly an
important engineering challenge that determines the
correct operation of the rolling stock and the infra-
structure.

The process of wheel wear in rail vehicles is
a function of many factors such as the dynamics of the
rail vehicle or the mechanics of the wheel-rail contact,
creating a research problem of many origins. There-
fore, the division of types of wheel wear is not always
unequivocal, whereas, in the present study, wheel
wear types were divided into three basic groups:
wheel wear occurring in the transverse direction of the
wheel rolling surface, resulting in a change of wheel
profile (its evolution), deviations of the rolling circle
shape from the ideal wheel (out-of-roundness defects)
and rolling contact fatigue wear by shelling and spall-
ing. Wheel wear, which is the subject of this study,
has a negative impact in the vast majority of cases,
both on vehicle dynamics and on the technical condi-
tion of rolling stock and infrastructure. Due to its con-
sequences, which affect the functioning of the rail
transport system, it is important to distinguish be-
tween these types of wear, to understand the mecha-
nisms of these defects, and to develop technical
measures to prevent intensified wear of rolling stock
and infrastructure.

* Corresponding author: marcin.slowinski @put.poznan.pl (M. Slowinski)
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2. The wear of rail vehicle wheels

The wheel-rail interface is an important area be-
cause it affects the dynamic behavior of the vehicle,
the emission of sound, vibrations, and finally the
wear. This means that the level of wheel wear both
influences and is influenced by the phenomena occur-
ring at the wheel-rail interface. Assuming that the
radius of the wheel and the curvature of the rail head
are constant at the point of contact, the contact patch
has an elliptical shape and has an area not exceeding
1 cm? For this reason, large values of the contact
stresses occur at the wheel-rail interface, often as high
as 1500 MPa.

Three main types of contact can occur between
wheel and rail. Wheel-rail contact at a single point
(area) provides relatively better vehicle dynamic char-
acteristics than other types of contact, such as self-
steering ability and reduction of rolling resistance
between wheel and rail. Due to the small contact area,
high values of the contact stresses occur and create
conditions for escalate wheel and rail wear. Multipoint
contact (usually in the form of a two-point contact)
takes place when apart from the nominal contact
point, there are additional contact areas, e.g. between
the flange root and the rail gauge corner, for instance
in case of curving. Multipoint contact is undesirable
because the contact points are located on non-identical
rolling radii of the wheel, which causes different roll-
ing speeds. This results in creepages, which intensify
wheel and rail wear and lead to increased noise emis-
sion [10]. Conformal contact appears when the wheel
or rail is worn so that their contact patch is spread
over a large area due to the similarity of their geome-
tries. It limits the wear of the wheel and rail, however,
it worsens the dynamic properties of the vehicle, such
as lowering the critical speed or increasing the fre-
quency of hunting motion.

The characteristic of wheel-rail interaction create
the conditions for wear mechanisms, of which three
basic ones can be listed [2]:

1. Rolling Contact Fatigue (RCF) — this type of wear
mechanism can be characterized as fatigue wear
caused by cyclic contact stresses of variable val-
ues at the wheel-rail interface. It can occur on or
underneath the wheel running surface and has the
character of spalling or shelling wear [7].

2. Adhesive wear — it is related to the roughness of
the wheel and the rail. The roughness vertices of
the wheel and rail surfaces stick together and, due
to the relative velocity, they are plastically de-
formed or sheared.

3. Abrasive wear — it is caused by a third party be-
tween the wheel and the rail or by the wheel and
rail surfaces rubbing against each other resulting

in subsequent localized material loss. In the
wheel-rail system, abrasive wear is very often cre-
ated by grains of sand used to increase friction be-
tween the wheel and the rail (distributed by sand-
box) and metallic wear products which are emit-
ted from the brake system.

There are also fundamental differences between
wheel wear of tram vehicles and wheel wear of rail
vehicles. The most important of them are those which
are the outcome of the differences in the construction
of those vehicles. The narrower flange width of tram
wheels causes more frequent contact with the side of
the rail head, whereas the smaller diameter of the
wheel results in a smaller contact area and thus higher
stress in that area. It also affects in an increased num-
ber of rolling cycles. In addition, the presence of small
radius curves in tram tracks (the minimum radius of
a curve in the tram network is 18 m) gives a rise in
a more intense and more frequent generation of creep-
ages between the tram wheel and the rail.

3. The evolution of the wheel profile

As a result of wheel-rail contact accompanied by
normal or tangential forces, abrasive and adhesive
wear of the wheel profile and the rail occur. For this
reason, the original (nominal) contour of the wheel
rolling profile is lost. A comparison of the nominal
and worn PST profiles is presented in Fig. 1.

Fig. 1. The comparison of nominal and worn PST wheel profiles

The most important and the most frequent changes
in the wheel profile are those related to the flange,
namely reduction of its inclination, as well as changes
in the width and geometry of the flange root. Addi-
tionally, the height of the flange increases as an out-
come of the wear of the rolling surface [1]. In tram
vehicles, a decrease in the flange width of leading
wheelsets is observed, whereas in the case of trailing
wheelsets its increase is a frequent phenomenon be-
cause of the smaller values of acting forces. Another
important phenomenon that originated from the evolu-
tion of the wheel profile is hollow wear, which is
caused by uneven material wear in the central area of
the rolling surface [9]. This gives rise to the increase
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of the value of the equivalent conicity, which de-
scribes the ratio of the difference of the inner and
outer wheel radii related to the lateral displacement of
the wheelset. As the wheel wears (and thus its con-
formality increases), the value of this parameter rises
due to non-uniform wheel wear, resulting in a differ-
ence in length of the rolling radii on the inner and
outer wheels.

The change in the shape of the rolling profile is in-
evitable, but there are technical measures to minimize
it. The most important is to ensure that the shape of
the rolling profile is optimal with regard to the intensi-
ty of wear, so as to eliminate as far as possible creep-
ages or to reduce impact loads and the values of the
contact stresses at the wheel-rail interface. Another
technical measure is the flange or rail lubrication,
which is used for counteracting abrasive and adhesive
wear. Rail or wheel lubrication is very often used on
tight curves to reduce creepages intensity (and conse-
quently squealing noise). A routine method of restor-
ing the original rolling contour of a wheel is reprofil-
ing, which is applied at specified intervals. The
amount of reprofiling is limited by the material range
allocated for it. For example, the nominal wheel di-
ameter of the Tramino S105p tram is 610 mm and the
minimum is 520 mm.

4. OOR defects

4.1. Polygonisation

Polygonisation of wheels is manifested by devia-
tions of radius length occurring on the circumference
of the wheel, which can be described as the loss of
round shape by the wheel and its transformation into
a polygon. This form of wear is seen in every segment
of rail vehicles and, of all the OOR-type defects, it is
considered to be the one that most adversely affects
vehicle-track interaction [8, 12]. Figure 2 shows typi-
cal forms of polygonisation — eccentricity, ovality,
and trigonality. Under operational conditions, several
different forms of polygonisation may coexist [6].

Fig. 2. The typical forms of polygonisation

The effect of wheel polygonisation is the induction
of impact loads at the wheel-rail interface, which has a
negative effect on the dynamics of the rail vehicle and

increases the wear of vehicle and track components.

Although the mechanisms of polygonisation are very

complex and depend on many variables, based on the

information presented in the literature, the following

causes of polygonisation can be listed [8, 12]:

— impact loads on the wheelset (unsprung mass),

— resonant frequencies acting on the wheel, which
may originate e.g. from track or vehicle excita-
tions,

— stick-slip phenomena between wheel and rail,

— the elasticity of the wheelset and track,

— the action of pad brakes,

— wheel flats,

— dimensional and shape inaccuracies of the support
rollers of the lathe,

— stress formation during reprofiling of a wheel by
a rotary lathe,

— instability of the wheelset.

As a way of preventing polygonisation, more fre-
quent wheel reprofiling is suggested, which would
remove non-heterogenic microstructure from the sur-
face and thus inhibit the initiation of this type of wear.
Another method to reduce this type of wear is to min-
imise the unsprung mass of the wheelset. This is
achieved by reducing the mass of the axle, e.g. by
hollowing it out, while disc shapes optimised for this
purpose are used to reduce the mass of the wheel.
Another way to reduce polygonisation can be to check
the dimensional and shape accuracy of the support
rollers of sub-track lathes more frequently [11].

4.2. Wheel flat

According to [15], a wheel flat can be defined as
a local abrasion occurring on the wheel rolling sur-
face, causing the loss of its original contour (Fig. 3).
Wheel flat occurs as a result of sliding between the
wheel and the rail, which is most often generated by
wheel locking during braking due to poor technical
conditions of the brake or improperly selected braking
force. Other factors that contribute to wheel-rail slip
are third-party bodies between the wheel and the rail
(e.g. leaves, snow) or contamination of the rail sur-
face. Fig. 4 shows a wheel flat on the wheel running
surface.

Fig. 3. Wheel flat [16]
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The formation of the wheel flat is related to abra-
sive wear and a martensitic transformation of the
wheel rolling surface material. In this case, the mech-
anism of the wheel flat formation can be described in
the following points [6]:

1. The occurrence of full slip between the wheel and
the rail which is caused by an inappropriate brak-
ing process.

2. Local temperature rise at the wheel-rail interface
because of the frictional energy dissipation.

3. Rapid cooling of the wheel running surface due to
rotation of the wheel and conduction of heat into
the wheel.

4. Generation of residual stresses and the formation of
brittle and hard martensite on the wheel running
surface.

5. Development of a flat spot as a consequence of
cyclic contact stresses leading to abrasion of the
martensitic layer.

After the formation of the martensitic layer and the
resulting wheel flat, stresses due to rolling loads build
up deep into the material. It is reported that, in an
extreme case, a wheel flat 40—60 mm long and 1 mm
deep can evolve into an area up to 500 mm long and
5 mm deep [6].

Avoiding sudden braking, removing the martensit-
ic layer from the rolling surface or regular detection of
wheel impact loads are proposed as effective ways to
prevent the initiation of wheel flat. It is worth noting
that due to the specific nature of tram lines, frequent
and often sudden braking takes place. On this account,
tram vehicle wheels are strongly exposed to the for-
mation of wheel flat [9]. Importantly, the contact of
the brake pad with the wheel rolling surface, as in the
case of a pad brake, reduces the formation of the
wheel flat by cyclic abrasion of the surface layer of
the rolling surface. As a result, the wheel regains its
round shape.

4.3. Scaled wheels

The scaled wheels phenomenon can be defined as
sticking of the fragments of material to the wheel roll-
ing surface. The first mechanism of its formation
mentioned in the literature is related to sliding be-
tween the wheel and the rail, due to the complete
wheel blocking during sudden braking [4]. In such
a case, by the increase in the wheel temperature, the
material becomes more plastic and is detached from
one region of the rolling surface. After that, it sticks to
another fragment of this surface. The result is an area
with adhered material (Fig. 4).

Usually, during the scaled wheels formation, the
plasticised wheel material is mixed with contaminants
from the track or the brake system. The mechanism
involves both a wheel flat and a scaled wheel genera-

tion — respectively a wheel flat is formed on the
wheel, which releases material to the rail, and a scaled
wheel is formed on the wheel, to which the material
adheres.

Fig. 4. Scaled wheels [17]

The second mechanism of scaled wheels creation
is connected with wheels that interact with pad brakes
[6]. The essence of this type of wear is the loss of the
original wheel outline due to metal filings from the
brake system pressing into the material of the rolling
surface. During braking, when a brake pad contacts
with the tread, hot spots occur. Their plasticity leads
to the sticking of small particles coming out of brake
pads.

Important ways to prevent this type of wear are to
avoid sudden wheel-rail slippage by, among other
things, suitable braking processes and to limit the
formation of material particles which are emitted from
the braking system. It can be achieved by replacing
classic cast-iron brake pads with composite brake
pads [6].

5. RCF wear

5.1. Shelling

Wheel wear by shelling is manifested by the loss
of a piece of material of the wheel tread [3]. Two
basic types of this form of wear can be distinguished,
which differ in the formation mechanism — shelling
caused by fatigue of the rolling surface material and
shelling generated by a slip between the wheel and the
rail [14]. This type of wear is illustrated in Fig. 5.

Fig. 5. Shelling wear [18]
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Shelling, caused by material fatigue, occurs as an
outcome of plastic deformation originated from the
cyclic contact stresses at the wheel-rail contact. When
the yield point of the material is exceeded, fatigue
cracks appear. Because of the continuous contact
stresses, the cracks grow and merge with each other,
resulting in either a cumulative crack or shelling of
the wheel rolling surface material [5, 14].

Shelling originated from wheel sliding, unlike
spalling wear, is generated by heating the entire sur-
face layer of the wheel rolling surface above 300°C
for an extended period of time. Due to the prolonged
thermal effect, the surface layer of the tread is weak-
ened and more susceptible to thermal cracks. The
presence of contaminants such as sand or water be-
tween the wheel and the rail can promote the propaga-
tion of cracks deep into the cross-section of the sur-
face layer [7].

In order to limit shelling wear, it is proposed to ex-
ploit conformal wheel and rail profiles, more frequent
reprofiling, or to use steel with fewer impurities as
a wheel construction material [3].

5.2. Spalling

The essence of spalling wear is the loss of material
particles from the component. Spalling wear on the
wheel rolling surface is shown in Fig. 6. The specific
feature of spalling wear and the main difference from
shelling wear is the martensitic transformation, which
occurs on the wheel rolling surface [13]. In the case of
rail vehicle wheels, the mechanism of spalling wear
formation can be presented in the following two stag-
es:

1. A local temperature rise in the surface layer of the
wheel rolling surface due to the dissipation of fric-
tional energy and, as a consequence, the formation
of martensite.

2. Spalling of shallow martensite scales as an outcome
of cyclic contact of the rolling wheel with the rail.

Fig. 6. Spalling wear [19]

It is pointed out that the spalling phenomenon, es-
pecially in the case of tram vehicle wheels, does not
lead to abrupt wear of wheel rolling surfaces due to its
surface character, because as a result of the frequent
wheelset reprofiling, it is possible to inhibit this type

of wear [7]. Apart from reprofiling, a way to eliminate
the spalling phenomenon is to control the technical
condition of the brake in order to prevent wheel
blocking during braking [3].

6. The influence of wheel wear on vehicle-track
interaction

The wheel-rail interface is an area in which occur
phenomena that determine the exploitation of the ve-
hicle and the infrastructure. For this reason, any form
of wheel or rail wear will cause a change in the nature
of the interaction between those two elements. This
change may not always be negative, for example, the
wheel-rail conformation, because, unlike single point
contact, the contact stresses between wheel and rail
have lower values. However, in most cases, wheel
wear has a negative effect on both the vehicle and the
infrastructure. Table 1 summarises the types of wheel
wear and their impact on the track and the vehicle.

Of the consequences of wheel wear listed in Table
1, three basic changes in the interaction between vehi-
cle and track can be singled out:

1. Impact loads at the wheel-rail interface — a com-
mon feature of wheel defects concerning the loss
of round shape is the generation of forced periodic
vertical vibrations at the wheel-rail interface. In
particular, polygonisation of the wheels results in
an increased level of vibration emission, both
negatively affecting the passengers or loads and al-
so spreading to the environment, e.g. the ground.

2. Increased noise emission — wear and defects in the
wheels increase the rolling noise. Rough surfaces
and their contact cause oscillations in the vertical
direction of the wheel and the resulting noise. Im-
pact noise is a special case of rolling noise, which
is not only emitted during normal operation, e.g.
when running over rail joints, but also as an out-
come of defects in the OOR wheels.

3. Change in vehicle dynamic behavior — the evolu-
tion of the wheel rolling profile, e.g. as a result of
hollow wear or change in flange root geometry,
causes a deterioration of the vehicle dynamic be-
havior and consequently in an increased level of
loads acting on the rails, mainly in the direction
transverse to the track axis. An increase in the
hunting motion frequency, caused by wear on the
wheel rolling surface, leads to longitudinal track ir-
regularities. OOR defects also worsen the dynamic
of the vehicle in the track due to the loss of wheel
conicity and also increase the susceptibility to de-
railment through wheel underload. Positive chang-
es in the dynamic behavior of the vehicle are con-
tributed to by, for instance, a reduction in flange
width, which reduces the susceptibility to the de-
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Table 1. Types of wheel wear and their effect on the track and the vehicle

Wear type Impact on the track Impact on the vehicle

The Reduction of the Contact of the flange with the side of the rail Increased susceptibility to derailment

evolution inclination of the head, increased impact loads

of wheel flange

profile Reduction of the Increase in contact stresses values between Increase of the lateral displacement of the wheelset, reduced
width of the flange tip and the groove of the crossing (tram susceptibility to derailment
flange vehicles)
Change of the Increased impact loads, multipoint contact with Increase of the displacement lateral displacement of the
geometry of the the wheel wheelset, reduced susceptibility to derailment
flange root
The increase of Increase in impact loads Reducing the critical speed, increase in the frequency of the
equivalent conici- hunting motion
ty value

OOR Polygonisation Increased risk of rail and sleeper fracture, crea- Deterioration of dynamic vehicle behaviour, intensified load-

defects tion of vibrations in the track, increased rail ing of wheelset axles and bearings, fatigue wear of wheels,
Wheel flat . .2 . .

roughness bending of wheelset axles, emission of rolling and impact

Scaled wheels noise, increased susceptibility to derailment

RCF wear | Shelling Dynamic overloading which can lead to fracture, | Vibration reducing driving comfort, the possibility of wheel

increase in rail roughness breakage

Spalling Increase in rail roughness Vibration reducing driving comfort

derailment, or an increase in wheel-rail confor-
mation, which results in a reduction in the contact
stress acting at the wheel-rail interface.

7. Summary

In the article, the characteristics of typical forms of
wheel wear and their influence on the interaction be-
tween the vehicle and the track were presented. When
analysing the origins of the forms of wear of railway
vehicle wheels, one can notice a certain relation that
the vast majority of defects are caused by the creepag-
es between the wheel and the rail, both those resulting
from the processes of braking and kinematic guidance
in the track. It confirms the theoretical assumption
that, in order to ensure the best
possible interaction between the vehicle and the track,
the contact between the wheel and the rail should be
as rolling as possible. This implies the need for design
solutions in the construction of rolling stock that min-
imize the occurrence of creepages, such as new, opti-
mised rolling profiles or springing characteristics,
which enable passing tight curves in positions as close
to radial as possible. When considering the design

challenges from the infrastructure side to minimise
wheel wear, for instance, rail lubrication is suggested.
Preventive measures for RCF wear could be more
frequent wheel reprofiling, while OOR defects could
be limited by reducing impact loads at the wheel-rail
contact.

An important conclusion is that wheel and rail
wear is strongly related to the nature of the wheel-rail
interaction. The wear of this friction pair both deter-
mines the quality of wheel-rail contact and is strongly
dependent on it. In addition, it should be noted that
different forms of wear are dependent on each other —
wheel flat may cause polygonisation, while the mech-
anism of wheel flat generation may be related to
scaled wheels formation. An important observation is
that not all forms of wheel wear have a negative im-
pact on the vehicle and the track. For example, the
evolution of the wheel profile, which manifests itself,
among other things, in the reduction of the flange
width, reduces the susceptibility to vehicle derailment,
while the conformality of the wheel and the rail de-
creases the contact stresses values at the interface
between these two elements.

Nomenclature

OOR out-of-roundeness

RCF rolling contact fatigue
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The search for substitutes for modern fossil fuels incentivises the use of new propulsion
systems (hybrid or electric) and the use of new fuels (gaseous, mainly hydrogen). The
article discusses the basic issues related to hydrogen fuel: from its extraction, through the
discussion of its properties to its use and applications. Analyzes of the energy consumption
involved in its extraction or production were presented, classifying hydrogen in those
terms. Great emphasis was placed on design solutions for the use of hydrogen in internal
combustion engines, together with discussing the concept of its combustion. The methods
of storing hydrogen in a condensed and compressed form were also presented, indicating
at the same time the most modern solutions available, such as mixed systems — storage in
cryo-compressed form. It has been shown that the combustion of hydrogen in internal
combustion engines increases their efficiency, and at the same time significantly reduces
the exhaust emissions of toxic gases — including the emission of nitrogen oxides.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/)

1. Introduction

The increasing need to reduce the consumption of
fossil fuels drives the search for alternative energy
sources for transport means. Currently alternative
fuels can be divided into different types, one of which
being gaseous fuels, which due to their properties can
be used in new combustion systems (such as Turbu-
lent Jet Ignition (TJI) [6, 25], homogeneous charge
compression ignition (HCCI) [34] and reactivity con-
trolled compression ignition (RCCI) [36]). Among
these fuels, methane, which is a component of natural
gas, is currently the most widely used. Its use in con-
ventional combustion engines is quite common (in
heavy-duty vehicles), especially due to its storage
options. Storing natural gas in compressed form is
a technology that is already widely developed and
established. Despite the high compression pressure
(up to 20 MPa) [11], such fuel is injected into the
intake manifold at a pressure of up to 0.9 MPa. The
storage of natural gas in liquefied form (LNG, tem-
perature —162°C, pressure approx. 100 kPa) is much

less popular [37]. Despite the fact that its energy po-
tential is greater, the technology being too expensive
has resulted in it not gaining the necessary interest in
the market so far to reach widespread use.

Currently, a much more environmentally advanta-
geous solution is to supply internal combustion en-
gines with hydrogen, with the combustion products
being mainly water vapor and nitrogen oxides as
a result [31]. Trace amounts of other exhaust compo-
nents, which are the products of combustion of engine
oil, can also be observed in these solutions [27, 38].
Nevertheless, such engines can meet stringent exhaust
emission norms.

Another future-proof solution for powering means
of transport (including rail transport) is the use of
electric drives. The rapid development of lithium-ion
batteries (including for rail vehicles) [23, 32] and the
announcements of the promises of solid-state batteries
production [24, 26] resulted in continued interest in
such energy sources.

A comparative analysis of the energy storage costs
was shown in Fig. 1. The energy potential of hydro-
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gen, as well as conventional fuels, is still significantly
greater than that offered by batteries. In 2020, these
costs in the case of hydrogen were over 20 times low-
er (in €/kWh) than in the case of Li-Ion batteries.
A further reduction in these costs is expected in the
coming years (much faster in the case of hydrogen
than batteries). This may result in these costs reaching
about 30 times the share of the existing costs by 2025,
with a much greater advantage for hydrogen than be-
fore. Along with the reduction of hydrogen storage
costs, one can expect an increase in the energy density
of hydrogen (in kWh/kg) at a pressure of 35 MPa
(currently hydrogen is stored at a pressure of 70 MPa).
This energy density is about 20 times lower for Li-Ion
batteries. Hence it is possible that hydrogen may be-
come more advantageous alternative as a fuel to elec-
tric drives in vehicles.

Fig. 1. Energy density of hydrogen and Li-Ion batteries [35]

The analysis of modern vehicle drives efficiency
has shown, however, that the efficiency of the electric
drive (over 90%) is more than twice as high as that of
the combustion engine (over 40%). If the over 20
times greater value of the mass energy density is also
taken into account, the result is an approximately 10-
fold increase in the effective range for a hydrogen-
powered vehicle (Fig. 2). Such considerations lead to
the conclusion that hydrogen, being a clean and eco-
logical fuel, can be a direct alternative as a viable
choice in fuel supply for combustion engines as well
as fuel cells in modern vehicles.

Fig. 2. Energy density of hydrogen at the pressure 35 MPa com-
pared to Li-Ion batteries [35]

The production of hydrogen is still largely related
to fossil fuels, and the cheapest method is still steam
reforming of natural gas (the so-called grey hydrogen)
— Fig. 3. Currently, 75% of the world's production of
hydrogen comes from natural gas. Steam reforming
with CO; capture is an interim production method. It
is possible to use CCS (Carbon Capture Storage) or
CCU (Carbon Capture Utilization) technology.
Thanks to them, the produced hydrogen can be almost
emission-free (referred to as blue hydrogen). The use
of black coal for the process results in what is called
black hydrogen to be produced while brown coal is
used to make brown hydrogen (production of both
these types of hydrogen results in CO; emissions).
The production of hydrogen from methane in the py-
rolysis process (often called turquoise hydrogen) re-
sults in the production of hydrogen and carbon in
solid form.

Another, more modern method of hydrogen pro-
duction is obtaining it through a nuclear reaction pro-
cess. Such hydrogen is referred to as red hydrogen (or
sometimes as pink or purple hydrogen).

The most desirable color of hydrogen is green —
produced in the electrolysis process, the electricity of
which comes exclusively from renewable sources.

If the energy comes from solar energy, the hydro-
gen produced is called yellow, and if the hydrogen
production is powered from natural geological
sources, it is referred to as white hydrogen.

Fig. 3. Methods of hydrogen production and the associated
“colors” of hydrogen made [15]

The characteristics of the types of hydrogen were
presented in Table 1. Currently, 96% of hydrogen is
produced from fossil fuels [13]. It is estimated that
about 25% of net global warming in recent decades
was caused by the release of methane. The production
of 1 kg of hydrogen (grey) produces 13.3 kg of carbon
dioxide. The efficiency of this process does not ex-
ceed 60%. The production of blue hydrogen produces
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Table 1. Properties of different “colors” of hydrogen [3]

Characteristic Green Blue - Red ‘_ Brown ‘
Energy source Renewables Natural gas or coal Natural gas or Nuclear Natural gas Brown coil
coal
Feedstock Water Natural gas, coal, Natural gas Water Natural gas Brown coil,
oil, biomass biomass
Technology Electrolysis Reforming + CCS, Reforming, Electrolysis Pyrolysis Gasification
Gasification + CCS Gasification
By-products Oxygen CO, CO, Oxygen, nuclear Carbon CO,
waste (as a solid)
Motional envi- Minimal; Low Medium or high Minimal GHG, Medium High
ronmental foot- nuclear waste
print products

only 1.7 kg of CO», with a process efficiency of 50%.
Hydrogen from electrolysis accounts for only 4% of
world production. The production of green hydrogen
only causes 0.5 kg of CO,.

The efficiency of the process is about 60-80%,
however, its production (1 kg) requires about 9 dm? of
water and an energy input of 50 kWh. The production
of blue hydrogen causes CO- emissions of 1 kg (when
produced from natural gas), and 2.4 kg (when pro-
duced from coal). Much higher values of carbon diox-
ide emissions are obtained in the production of grey
(8.5 kg) or black (20 kg) hydrogen [39].

The consumption of hydrogen in the European Un-
ion in 2018 was 8.3 million tons [21]. The largest
share of this was used by refineries (44%), ammonia
production took about 34%, chemicals — 12% and
other industries — about 10%. The largest producers of
hydrogen in Europe are Germany (2.5 million tons per
year) and the Netherlands (1.5 million tons). Annual
hydrogen production in Europe in 2018 reached 11.5
million tons.

The Polish Hydrogen Strategy up to 2030 with
a perspective of 2040 is a strategic document that
defines the main goals of the development of the hy-
drogen economy in Poland and the directions and
actions necessary to achieve those goals. Hydrogen
has been classed by type into conventional, low-
emission and renewable. Its detailed characteristics
have been shown in Fig. 4.

Fig. 4. Polish classification of hydrogen fuel [29]
2. Properties of hydrogen

Hydrogen is the lowest density gas (of all gases)
being about 14 times lighter than air. In terms of ener-

gy density, it is the most efficient of all currently used
fuels. Unlike other fuels, its combustion does not pro-
duce any other harmful by-products (however, it com-
bines with atmospheric nitrogen to form nitrogen ox-
ides). It can be stored in a liquefied or compressed
form (Fig. 5). Hydrogen can be stored in compressed
or liquefied form (at a temperature of —253°C). The
curves relating to the change in volumetric energy
density show much higher values for hydrogen stored
in a liquefied form. The maximum storage values for
compressed hydrogen are 70 MPa (composite tanks).
Such tanks contain 71 kg/m® of liquefied hydrogen (at
a temperature of 20 K, and pressure of 0.4 MPa),
a value that is greater than when storing compressed
hydrogen (39.1 kg/m* — at 70 MPa and room tempera-
ture).

Fig. 5. Physical parameters of liquefied and compressed
hydrogen [20]

Modern hydrogen storage solutions also use hybrid
approaches in mixed systems, which use the features
of cryogenic systems (LH: — liquefied hydrogen) and
compressed hydrogen systems (CH: — compressed
hydrogen) described in Fig. 6. In such conditions,
hydrogen is kept at a temperature of about —233°C.
Additionally, it is possible to use modern hydrogen-
absorbing materials. Their applications increases the
variety of hydrogen storage. At ambient pressure, the
density of hydrogen is 0.3 g/dm?, at 15 MPa it is 10
g/dm’®, at 35 MPa — 28 g/dm’, and at 70 MPa — 40
g/dm’. Liquefied hydrogen has a density of about 71
g/dm’, however, hydrogen-absorbing materials may
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offer similar values or even exceed them: such as ad-
sorbents (MOF-5 < 70 g/dm®), metal hydrides — com-
plex hydride (70-150 g/dm?), chemically bound —
chemical storage (70-150 g/dm’) and water (111
g/dm®) [30].

Fig. 6. Characteristics of hydrogen storage [14]

A comparative analysis of specific energies of var-
ious motor fuels shows high values of the volume
density of liquid fuels (diesel oil, gasoline) — Fig. 7.

Fig. 7. Energy specifications for liquid and gaseous fuels (includ-
ing hydrogen) [14]

Methanol and ethanol containing oxygen in their
molecule have significantly lower values. Liquefied
fuels (propane, methane) have similar values of volu-
metric density. Gaseous compressed fuels, such as
hydrogen, exhibit the lowest volumetric density val-
ues. However, their mass indicators are completely
different: the maximum values can be obtained using
liquefied and compressed hydrogen. This is partly due
to the nearly three times higher calorific value of hy-
drogen than other fuels. Gaseous fuels (even when
compressed or liquefied) require a storage tank with
a greater volume than needed for an equal mass of
liquid fuels.

3. Hydrogen storage in vehicles

The outlined storage of hydrogen in liquefied or
compressed form can be supplemented by intermedi-
ate conditions. These make it possible to limit the
pressure of hydrogen (when compressed) with a sim-
ultaneous increase in its temperature (when liquefied).
This is known as cryo-compressed hydrogen. Hydro-
gen in the liquefied form can reach a density of 63
g/dm? (Fig. 8). During its compression to 70 MPa and
at t = 15°C, its density reaches the level of 40 g/dm’.
By limiting the pressure to 30 MPa while maintaining
a temperature of 38 K (-235°C), it is possible to ob-
tain a hydrogen density of 80 g/dm’. This value is
twice as high as during its compression (70 MPa). It is
also a value greater than the previously indicated val-
ues for storage density in metal hydrides.

Fig. 8. Hydrogen storage conditions [5]

Steel tanks can be used for storing hydrogen com-
pressed up to 35 MPa while also making it possible to
use the cryo-compressed form of hydrogen storage
(Fig. 9). The time it takes to refill hydrogen tanks is
about 5 minutes, at the supply pressure: compressed
gas (CHa: 320 bar), or cryo-compressed gas (32 MPa).
For example, in the considered vehicle tanks (Fig. 9),
260 kWh of energy (7.8 kg of hydrogen) can be stored
in the cryo-compressed form, while in the compressed
form this is only 83 kWh (2.5 kg H»). Tank leakage
losses are below 3 g/day (which is less than 1%/year).

Fig. 9. Hydrogen fuel tanks [22]
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Hydrogen is the fuel with the highest calorific val-
ue among all fuels for the transport sector, amounting
to 120 MJ/kg (Fig. 10) and that value is independent
of how it is stored. The volumetric energy of liquefied
and cryo-compressed hydrogen are similar (the latter
is 4% lower). Cryo-liquefied hydrogen densities are
the highest (80 kg/m?), about 15% greater than that of
liquefied hydrogen, and about 50% greater than that
of compressed hydrogen. The calorific value of me-
thane is more than 2 times lower than that of hydro-
gen, and its storage may take a compressed or lique-
fied form. The energy differences of typical transport
fuels were shown in Fig. 10.

[Fusl _| Compositon | E Wikl | EMJcm’] | plkgin®] | Plbar] | _TPCl ]

Diesel Co-Cypp 41 34 820-845 ambient ambient

Gasoline C,-Cyy 43 32 710-770 ambient ambient

GTL Cy-Cyy 43 34 775 ambient ambient

LPG Propane, 46 25 540 2-8 ambient
buthane

CNG Methane 50 © 160-190 200-250 ambient

LNG Methane 50 400-500 -170/-130

21
CGH, Hydrogen 120 4 2 250-700 amblent
CcH, Hydrogen m
Hydrogen m 10 es -240
Fig. 10. Fuels as energy sources for transport means [2, 7]

The transport performance indicators of the ana-
lyzed fuels were visualized in Fig. 11. The specific
energy of hydrogen in liquefied and compressed form
is similar, however, it is 7 times greater than the spe-
cific energy of Li-lon batteries.

8.90

©

H2-ICE

ICE > 45%
Gear > 90%

41%

EV 2> 93%
Battery > 95%
DC > 97%

FC > 60%
EV > 93%
DC > 97%

KWhikg

o

-

kWh/dm?

Genergy density [kWh/kg; kWh/dm?]
N

o

Gasoline
(70 MPa; 120 dm?)

Fig. 11. Hydrogen vs. batteries in vehicle propulsion systems [18]

However, the scale of the technological progress to
date has been determined by the energy density of
gasoline, amounting to 8.9 kWh/kg. It should be noted
that liquid fuels have an over four times greater ener-
gy density value. The comparison of the volumetric
energy density leads to similar results. The benefit of
using hydrogen comes from the analysis of its use in
fuel cells and internal combustion engines. As a fuel it
allows for zero-emission propulsion for means of
transport along with high efficiency of drive system
components.

4. Uses of hydrogen in combustion engines

Hydrogen supply for combustion engines has been
a well-known topic since the 1950s. Currently, with
the level of combustion systems development, hydro-
gen can be supplied in the form of direct or indirect
injection (Fig. 12). Modern designs of hydrogen-
powered engines exceed conventional units in terms
of power, while achieving a similar level of torque.
This is because direct hydrogen injection makes it
possible to increase the density of the dose supplied to
the cylinder. Indirect hydrogen injection displaced
a part of the supplied air with fuel (even in a liquefied
form) — Fig. 13. Direct injection enables full air intake
with additional injection of the liquefied fuel. As
a result over 20% more energy can be supplied, com-
pared to conventional petrol injection in the standard
PFI (Port Fuel Injection) system.

Fig. 12. Combustion engines concepts [17, 19]

Concepts of high-pressure and cryogenic injection
of hydrogen into the cylinder are currently in deve-
lopment (Fig. 14). High-pressure hydrogen injection is
to be performed at a pressure of 15-30 MPa and
a temperature of —40-120°C. Such conditions make it
possible to increase the energy density of the fuel.
Cryogenic injection is considered as an indirect injec-
tion into the intake manifold.

In such conditions, injection is performed at
a pressure of 3—6 bar (similar to typical PFI systems)
and a temperature of —220-60°C. This eliminates the
fuel dose losses due to hydrogen expansion (previous-
ly described for indirect gas injection).

Modern fuel injection in spark ignition engines is
performed with the injector on the side or in the cen-
tral location of the chamber (Fig. 15). Side injection
(air-guided) allows lean loads to be burned to a lim-
ited extent. Spray-guided injection allows the com-
plete combustion of lean liquid mixtures and is con-
sidered a future-proof solution in internal combustion
engines.

14

RAIL VEHICLES/POJAZDY SZYNOWE 1-2, 2022



Use of hydrogen fuel in drive systems of rail vehicles

PFI iport fuel inj.) intake manifold insulated intake manifold high press.  intake manifold
: gaseous
gasoline
vapor f/}(;; hydrogen
\ [
gaseous liquid
X hydrogen hydrogen
air
liquid gaseous hydrogen liquid hydrogen high pressure
gasoline pre-mixed pre-mixed gaseous hydrogen
injection

Fuel 17 cm® 300 e’ 405 cm’ 420 cm’
Air 983 e’ 700 e’ 965 cm’ 1000 cm®
Energy 3.5k] 3.0kJ 4.0KkJ 42Kk
% of energy 100 % 85 % 115 % 120 %

Fig. 13. Hydrogen injection systems for combustion engines [2, 4, 17]

Figure 15 shows a view of the combustion system
that can be supplied using gas and cryogenic (indirect)
injection. The presented mean indicated pressure
characteristics point to a much greater potential of
cryogenic fuel doses. 30% higher maximum p. values
(mean effective pressure, IMEP) were obtained with
cryogenic fuel supply.

Modern hydrogen-powered combustion engines
operate using lean mixture combustion (Fig. 16). This
means that the characteristic peak in nitrogen oxide
formation is skipped over. The air excess ratio (A = 2)
is achieved when burning hydrogen with a large ex-
cess of air (34 kg of air and 1 kg of fuel are needed for
stoichiometric combustion). The hydrogen combus-
tion conditions at A = 1.8-2.0 require the use of an
exhaust gas recirculation system to reduce the produc-
tion of nitrogen oxides. For higher values of the air
excess ratio, no additional exhaust aftertreatment sys-
tem is required. Characteristic areas of engine load
(intermediate and maximum) were also shown in Fig.
16. Hydrogen supply to the engine results in high

overall efficiency values of the internal combustion
engine — about 44% in terms of the engine torque and
power curve. By comparing the nitrogen oxide con-
centration in a compression ignition engine and an
engine fueled by hydrogen, significantly lower NO
values have been observed when supplying the engine
with hydrogen. With increasing engine rotational va-

Fig. 14. Hydrogen supply systems in combustion engines [10]

Fig. 15. Solutions for direct and indirect injection of hydrogen in an internal combustion engine [16]

RAIL VEHICLES/POJAZDY SZYNOWE 1-2, 2022

15



Use of hydrogen fuel in drive systems of rail vehicles

Fig. 16. Hydrogen injection and combustion in an internal combustion engine [33]

Fig. 17. Hydrogen combustion process in a combustion engine [33]

lues have been observed when supplying the engine
with hydrogen. With increasing engine rotational
speed, the NO concentration in the diesel exhaust
gases decreases, while it remains almost constant in
the hydrogen-powered engine, at about 6 times lower
concentration level.

Combustion systems in piston engines have been
adapted for the combustion of hydrogen. This solution
results in a wide range of hydrogen flammability and
a high combustion rate, about 5 times greater than the
combustion of gasoline. Ignition requires very small
amounts energy, and at the same time a high diffusion
coefficient is achieved, which favors the formation of
homogeneous mixtures. Low emission of nitrogen
oxides and high resistance to engine knock was
achieved by using a relatively large share of recircu-
lated exhaust gases in the engine. This made it possi-
ble to lower the maximum combustion temperature as
a result of limiting flame propagation in the cylinder.
Other systems allowing for optimal hydrogen combus-
tion have been shown in Fig. 17.

Combustion of hydrogen in an internal combustion
engine requires a direct or indirect injection system to

supply the hydrogen fuel (Fig. 18). Direct injection
improves combustion quality resulting in better torque
characteristics. The mean value of the rated power
was found to increase by about 20% with the concen-
tration of nitrogen oxides remaining at a constant val-
ue. The specific exhaust emission of nitrogen oxides
related to the engine power will be lower as the engine
power increases in such a scenario.

Increasing the engine power with direct hydrogen
injection typically increases the concentration of ni-
trogen oxides. A significant reduction in their emis-
sion at the cost of a slight reduction in engine power
can be achieved by using an exhaust gas recirculation
system. Adequate fuel injection and ignition control
(usually ignition delay) further reduces NO creation in
the combustion chamber. Another step in NO exhaust
emission reduction can be achieved by using exhaust
aftertreatment systems. As a consequence, adoption of
direct hydrogen injection can be expected to contrib-
ute to increasing engine power while reducing the
exhaust emissions of nitrogen oxide.
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Fig. 18. Solutions for direct and indirect injection of hydrogen in a combustion engine [8, 28]

Combustion engines supplied with hydrogen fuel
are used by Keyou. Modernized Deutz engines were
chosen for this modification. Zero-emission heavy-
duty combustion engines are defined as engines
whose exhaust emissions are below 1 g CO,/kWh
(proposed in the EC Regulation No 595/2009). The
vehicles shown in Fig. 19 are equipped with internal
combustion engines with a stroke volume of 7.8 or
13.5 dm? (for those equipped with PFI systems) or 15
dm?® (for those equipped with the DI — 40 t truck sys-
tem).

Fig. 19. Hydrogen for transport applications [33]

These vehicles consume approximately 10 kg of
H; per 100 km. The minimum range of the vehicles is
over 350 km while running on 35 MPa hydrogen
tanks. Improving the design of hydrogen-powered
engines increases their operational indicators. Chang-
ing the fuel injection method (indirect injection re-
placed with direct injection) not only increases the
engine power, but also increases the torque. Changing
the fuel delivery method not only increases the opera-
tional indicators of the engine, but also reduces the
fuel consumption, which ultimately results in an in-
creased efficiency of the entire drive unit (Fig. 20).
A direct injection engine can mostly run at an air ex-
cess ratio of A > 2. The exhaust emissions are, there-
fore, very low. A comparison with a compression
ignition engine (the first value with diesel fuel, the
second with hydrogen) shows significantly lower ex-

haust emission values (in g/lkWh) for: CO, — 1.0:0.08;
NOyx — 0.46:0.04; PM: 0.01:0.002; HC: 0.16:0.01 and
CO: 4:0.01. Such low emission values indicate an
exhaust emission reduction at a factor of 10 from
a hydrogen-powered engine as compared to a diesel-
powered engine.

Fig. 20. Development of hydrogen powered engines [33]
5. Conclusions

The use of hydrogen in internal combustion en-
gines is an alternative to the combustion of fossil fuels
(gasoline, diesel oil). The use of hydrogen makes it
possible to significantly reduce the exhaust emissions
of not only carbon dioxide, but also other components
of the exhaust gas.

Hydrogen as a fuel for the internal combustion en-
gines (ICE):

a) is used in demonstration vehicles such as pas-
senger cars, trucks and buses (engines displacement
about 1.5-15 dm?),

b) is used in ICE with small displacement and
power, does not make it suitable for railway applica-
tions at present.

The use of hydrogen as a fuel for vehicles to be
converted into power in fuel cells also enables further
propagation of hydrogen in vehicle propulsion sys-
tems and the transport sector. It should be noted that
1 kg of hydrogen produces 33 kWh of energy, while
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that value from fossil fuels is 2.4 times lower. This
difference in energy potential indicates the desirability
of using hydrogen-based propulsion systems and of
hydrogen as fuel in means of transport. Contemporary

alternative fuel supply projects indicate an increased
interest in propulsion systems using fuel cells as well
as hydrogen-powered internal combustion engines.

Nomenclature

CcH; crio/compressed hydrogen
CCS  carbon capture storage

CCU  carbon capture utilization
CH, compressed hydrogen (CGH>)

CI compression ignition
CNG compressed natural gas
DI direct injection

EGR exhaust gas recirculation

GHG greenhouse gas

GLT gas-to-liquid

HC hydrocarbons

HCCI homogeneous charge compression ignition
IMEP indicated mean effective pressure

LH, liquefied hydrogen

Li-Ion lithium-ion battery

LNG liquefied natural gas

LPG liquefied petroleum gas

Mo engine torque

Ne engine power

NO  nitrogen oxide

PFI port fuel injection

PM  particulate matter

RCCI reactivity controlled compression ignition
SCR  selective catalysts reduction
SI spark ignition

TJI turbulent jet ignition

Vss  displacement

A air excess ratio
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were conducted with different types of materials. The finite element method was used for
verification of bogie frame construction and loads applied on the frame were calculated
according to the PN-EN 13749 norm. The bogie is a part of suspended electric multiple
unit which was main matter of authors’ master thesis: ,,The concept of suspended railway
engine wagon”, conducted on Mechanical Engineering Faculty of Gdansk University of

This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/)

1. Vehicle description

Suspended railway is an unusual means of
transport used in urban areas. Characteristic feature of
such vehicles is that car body hangs several meters
above the ground level, so it’s completely independent
from traffic system. Currently, there can be highlight-
ed two distinctive suspended monorail systems in the
world that function as an urban means of transporta-
tion: SAFEGE system that originated in France but is
used in Japan (the vehicle uses bogies with rubber
wheels which move in a closed guidebeam) and Eu-
gen Langen system from German city of Wuppertal
(the vehicle is asymmetrically suspended under bogies
equipped with a pair of double-flanged wheels coop-
erating with a single rail). In general, the suspended
monorail can be treated as a cheaper alternative to
underground railways with a slightly smaller capacity
[12, 14].

Considering the above, it seems that vehicles of
this type have a greater potential than their marginal
use in public transportation. That is why the authors
decided to propose their own solution — bidirectional,
three-section electric multiple unit (Fig. 1).

Proposed vehicle is suspended symmetrically un-
der the guideway beam which accommodates two

steel rails, so the rolling stock uses wheel-rail guid-
ance system (Fig. 2).

Fig. 1. View of proposed suspended railway vehicle [6]

In such a case rail surface is protected from weath-
er conditions that ensures relatively high and stable
value of adhesion coefficient. A current collector de-
vice is used to supply the rolling stock in electrical
power from a third rail. However electrical circuit
must be closed and that function is done by wheel-rail
contact (a detailed description of proposed solution
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can be found in other authors’ publications [7-9]).
Authors’ vehicle, in comparison with existing solu-
tions, is characterised by high: capacity, velocity and
dynamics. Chosen properties of the rolling stock are
presented in Table 1 [6].

Fig. 2. Rail vehicle bogie in guideway beam [6]

Table 1. Technical specification of suspended EMU

Feature Unit Value | Feature Unit Value

Overall mm 32 580 Max1mal. /s 1.30

length acceleration

. Maximum

Zﬂfg d"f hel m | 2500 |braking ms | 3.60
Y deceleration

Height of Axle 1IA+H1IA+

the car body mm 3025 arrangement B 1A°

Empty

carriage kg 43611 Wlheel mm 700/750

mass diameter

Maximum Bogie centre

vehicle kg | 71811 |08 mm | 10680

mass distance

Z:;il y - 376 | Wheelbase mm | 1600

:S:aes:cni%y - 80 Track gauge mm 1435

Total vehi- W 340 Total mass of ke 5 475

cle power the bogie

Maximum Pressure

speed km/h 70 of the wheelset t 11,97

P on a track

For the authors the most important and interesting
part of the rolling stock is the bogie (Fig. 3), which
could be characterized by:

» low weight, which was achieved by the use of in-
board bearings and short wheelbase;

» good running characteristics in a curved track,
thanks to: a short wheelbase, elastic wheelset guid-
ance in the bogie frame (quasi-radial adjustment of
wheelset in curved track) and wheel flange lubrica-
tion system;

* low unsprung mass, which results from the fully
sprung gear unit and traction motor, moreover an
axle length reduction (inboard bearing);

» high passenger comfort, through two staged sus-
pension system (especially air springs in the sec-
ondary suspension);

» good dynamic properties in consequence of using
high power motor which also helps the vehicle to
move on a steep gradient track.

The rolling stock car body is suspended under
three identic two-axle, motor bogies with only one
powered axle. Such unusual axle arrangement of the
rolling stock is a consequence of using simultaneously
double-stage gear and high power motor in bogie with
inboard bearings and short wheelbase. Moreover, the
lack of space in the bogie frame results in low and
longitudinal arrangement of the motor, so its shaft
axis lies on the plane passing through both railheads.
As key components in terms of safety, bogie frame
and wheelset axle was chosen by the authors for the
strength analysis. The following chapters present
method of load and stress calculation with a short
description of the results. At this point it should be
noted that the literature devoted directly to suspended
monorail vehicles is sparse and largely focuses on
issues related to vehicle dynamics (e.g. [3] or [5]) and
safety (e.g. [1]).

Fig. 3. Bogie construction [6]
2. Axle strength analysis

Inboard bearings, beside mentioned advantages, al-
low a reduction in bending moment acting on the axle
that permitted diameter reduction. However, axlebox-
es must be fitted onto the axle before the wheels, so
access to them is limited. To reduce maintenance ac-
tivities on the bearings, in the axlebox was used
a compact tapered bearing unit with integrated seals
and sensors. Only on the wheelset axle strength analy-
sis was conducted and it was based on the analytical
method. Wheelset load was defined by calculation
methodology according to [11] and [15]. The unusual
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construction of the presented vehicle (the centre of
gravity significantly below the upper surface of the
rail head and the location of the bearings — support
points, between the wheels) forced the authors to
adapt the formulas to the obtained computational
model Fig. 4 — by transforming the moment equation
taking into account the opposite turns of moments
generated by individual forces.

2.1. Determination of wheelset load

In the calculation was considered stress in five

cross-sections (Fig. 4):

e« T and V — wheel-mounted area of the axle, diameter
0.12 m;

e II and IV — axlebox-mounted area of the axle, dia-
meter 0.13 m;

e III — centre of the axle, diameter 0.15 m.

Fig. 4. Calculation model of wheelset [6]

Furthermore, the calculation considered only the
worst-case scenario where vehicle is fully loaded.
Necessary for load determination were following val-
ues (determined on basis of the 3D CAD model of the
vehicle prepared by the authors, presented in [6-9]):

» mass of the vehicle per wheelset axle — m; =
11,969 kg (in static case and with assumption that
vehicle weight is equally distributed between ax-
les);

» distance between axlebox centre plane and the
centre of gravity — b = 0.497 m;

+ distance between wheelset axle and the centre of
gravity — h; = 2.750 m;

» wheel rolling radius — R = 0.375 m;

 distance between wheel centre plane and the centre
of gravity — s = 0.748 m;

 vertical acceleration — o = 2.423 m/s?;

+ horizontal acceleration — B = 1.472 m/s>.

The forces from the Fig. 5 were defined and calcu-
lated in the following manner:

» P, — vertical force acting on the axlebox, represents
empty vehicle:

_ B'myh;—my-b-(g+a)

P
1 2:b

= 24608 N (1)
» P, — vertical force acting on the axlebox, represents

fully loaded vehicle:

_ Bmyhi+myb(gta) _

P
2 2:b

122 155N 2)

* Y, - transverse guiding force acting between
wheel flange and rail on the side of less loaded ax-
lebox, during motion along a curved track:

Y, =0.15-m, -g=17612N A3)

* Y, — transverse guiding force acting between
wheel flange and rail on the side of more loaded
axlebox, during motion along a curved track:

Y, =030-m, -g=35223N )

* H - horizontal force balancing transverse guiding
forces:

H=Y,-Y, =17 612N )

* Q; — reaction force acting on the less loaded axle-
box:

Q

* Q — reaction force acting on the more loaded ax-
lebox:

Q.

The addition of a vertical reaction forces and forc-
es acting on the axleboxes is equal, so obtained results
are correct.

__ Py (s+b)+P3(s=b)+R-(Y1-Y3)
25

= 45403 N (6)

__ Py (s+b)+Py-(s=b)+R(Y-Yy)
2's

101360 N (7)

2.2. Determination of axle load

The calculation model (Fig. 5) considers all forces
acting on the wheelset, but it assumes that transverse
guiding forces are represented by bending moments.
Moreover, whole length of the axle was loaded by
a torque, which value was equal to tractive torque (it’s
higher than braking torque even when the highest
value of adhesion coefficient has been assumed).The
calculations considered three different types of mate-
rials of the axle: EAIN, EA4T and 30NiCrMoV12.

The first one is normalized carbon steel and it’s the
most commonly used material. The second one is
quenched and tempered low alloyed steel and it’s used
for more loaded axles. The last one is high strength
alloyed steel which is used in hollow axles of a high-
speed railway rolling stocks. High properties of such
material permit reducing axle diameter, so unsprung
mass of a vehicle is lower. The most important prop-
erties, for the strength analysis, of mentioned materi-
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als are presented in Table 2 (this and the following
tables are at the end of the article), based on [11].

Fig. 5. Calculation model of the wheelset axle [6]

Values of an allowable stress and safety factors
was determined by fatigue tests. Additionally, there
were considered hollow axles (bore diameter 60 mm)
which lower the weight of the wheelset, so it is also
a decrease of unsprung mass of a whole bogie. Ob-
tained results were presented in Table 3 [6] and on
their basis there could be made only one conclusion —
that, with such specified dimensions, it must be solid
axle made of EA4T steel or hollow axle made of
30NiCrMoV12. Application of second, more expen-
sive material, allows only for relatively low mass re-
duction, that it is more reasonable to use a solid axle
made of EA4T steel. Additionally in the context of the
presented results, it should be noted that the place-
ment of the bearing nodes on the inside of the wheels
(troublesome in the context of the operation and
maintenance of the vehicle) reduces the value of the
maximum torque acting on the axle, and thus also
reduces the stresses occurring in it.

3. Frame strength analysis

Fig. 6. Bogie frame [6]

The frame weighs only 604 kg. Shape of the side-
sills permits chevron springs to wheelset guidance.

Bogie frame strength analysis was based on the
standard PN-EN 13749 [10], so there were done static
calculations with exceptional and service loads. Addi-
tionally, in the calculations were considered cases
with frame attachments loads.

3.1. Static analysis

In order to determine the loads acting on the frame
following values were used (on the basis of the 3D
CAD model of the vehicle prepared by the authors,
presented in [6-9]):

+ total mass of empty vehicle — M, =43 611 kg;
* mass of maximal load — m, = 28 200 kg;

» mass of real service load — mp. =21 075 kg;

* mass of the bogie — m* = 4 800 kg;

» number of axles in the bogie — n, = 2;

» number of bogies in the rolling stock — n, = 3;
e roll coefficient — a = 0.1;

» Dbounce coefficient — f = 0.2.

In carried out calculations on the bogie frame acted:
 vertical forces caused by suspended mass accelera-

tion, with:

— exceptional load:

_ 14-g(My+mp-ny'm*)

lemax - namp (8)
The bogie frame (Fig. 6) is an internal, closed )

three-section, welded construction which consists of: — service load:

» two closed box-shaped construction side-sills (Fig. F. = g(My+1.2'mpe—np-m*) 9
6, No 1) made of 10 mm thick plate of the S355 = - ®)
1S\E[epel)(yleld point — 355 MPa, tensile strength — 520 — transverse forces resulting from:

a); .
’ - tional load:

* two central cross-bar pipes (Fig. 6, No 2) which exceptionat fod

are characterized by an outside diameter of 100 Fymax = 2 (104 +M) (10)

mm and inside diameter of 70 mm; 3mahp
* two pipe headstocks (Fig. 6, No 3) which are — service load:

characterized by an outside diameter of 60 mm Mot12mes).

and inside diameter of 30 mm; Fy=2- (%) (1)
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 longitudinal forces resulting from:
— exceptional load:

Fymax = 0.1- (2 *Fiimax + m"* - g) (12)
— service load:
F, =0.05-(2:F, +n,-m*-g) (13)

— forces resulting from a track twist.

Previous formulas were based on calculation
methodology presented in the [2] and [16]. Consider-
ing that the above calculations relate to the case of
a static frame load, the location of the center of gravi-
ty of the vehicle below the rail head (with the use of
a special suspension of the car body — forces resulting
from the weight of the vehicle are applied to the upper
surfaces of the side-sills), does not affect the calcula-
tion method, which directly allows on the adaptation
of formulas from the cited sources. All load cases,
with number values of applied forces, were compared
in the Table 4 [6]. Different values of the vertical
forces in service cases are caused by a and B coeffi-
cients, so value of:

* 62376 Nreferto F,q/5- (1 —a—B);
e 80198 Nrefer to Fyy /5 (1 4+ a — B);
* 98020 Nreferto F,q/, - (1 —a+ B);
e 115842 Nrefer to: Fq/, - (1 + a+B).

In the calculation model (Fig. 7) were imposed
boundary conditions, so all planes supported on the
chevron springs in primary suspension were fixed. In
cases which considered a track twist, half of the sup-
ported planes were left free and they were loaded with
rail reaction forces.

Fig. 7. Load of the bogie frame in exceptional and service cases [6]

Vertical and a part of the transverse forces were
applied on the interfaces between bogie frame and
secondary suspension. Rest of the transverse load was
applied on the car body movements limiter. Longitu-
dinal load was applied on the place of traction rods
fastened (Fig. 8).

Fig. 8. Assembly of traction rod in the bogie frame [6]

Those rods are attached to the frame central cross-
bars by additionally screwed parts, so in strength
analysis of the frame every longitudinal force was
replaced by equivalent bending moment. Bogie frame
model mesh consists of tetrahedral solid elements in
parabolic order and it’s characterized by: number of
fine elements 452 077 and number of nodes 872 906.
This settings was not changed for all considered load
cases also for two additional cases with frame attach-
ments loads. In addition, the calculations did not take
into account the strength of the welds in the welded
joints in the frame, assuming therefore, that if proper-
ly made, these areas will not have worse strength pa-
rameters than the original material. Table 6 [6] con-
sists of chosen results of the static analysis. On their
base we could observe that stress values slightly ex-
ceed safety limit of 200 MPa only in individual calcu-
lation nodes (as already mentioned, the yield point of
used steel is 355 MPa, which translates into a mini-
mum safety factor of 1.8), and the area of their con-
centration is the central part of the side-sills. Also
bogie frame displacements values are fully acceptable.
The biggest displacement was concentrated around
attachment points of the secondary suspension, where
forces were attached. The exception from this princi-
ple were cases, which additionally considered loads
resulting from twisted track, where the greatest values
of the displacement where concentrated at the ends of
side-sills (in which fixed boundary were replaced by
rail reaction forces). In the same time stress is concen-
trated around primary suspension seats, therefore
there is need to change calculation model or side-sills
construction.

3.2. Attachments loads

Two additional cases in the bogie frame static
analysis were considered with forces and moments,
which resulted from attachment units work. Case M1
refers to breaking fully loaded vehicle with maximal
deceleration by disc brake and track brake systems.
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Case M2 refers to hypothetical situation of a speed
increase with maximum acceleration in a curved track.

The calculations considered loads (Fig. 9) coming
from:

» magnetic track brake — vertical force generated by
electromagnet Qpus and bending moment resulting
from friction force between drag shoe and rail
Munsi;

» disc brake — bending moment Mgy, resulting from
multiplication between friction force Fr and dis-
tance from that force to reference point Rgy;

» gear unit and motor — in case M1 it’s gravity force
and in case M2 it’s gravity force enlarged by dy-
namic reactions, which result from drive system
work;

* anti-roll bar.

Fig. 9. Frame load from the operation of the braking system [6]

The last load was calculated as follows [4]:

Ke-arcsinantiSine
s

Fanti = 2L [N]

. 2
L . Lantjsina
anti 2L

where: k; — torsional rigidity of the anti-roll bar
[Nm/rad], L. — length of the torsion bar [m], L —
length of the torsion arm [m], o — permissible tilt an-
gle of the car body [°].

The calculation model with applied additional
loads is presented in the Fig. 10 (Table 4 and 5 [6]).
Obtained results, in a graphic form, are listed in Ta-
ble 7 [6]. In case M1 stresses are concentrated on
a brakes equipment attachments points, especially in
the elements of track brake mount that results from
relatively large distance between them and frame side-
sills. Case M2 shows asymmetrical load of the bogie
frame which is a result of only one powered wheelset
in the bogie.

(14)

Table 2. Characteristics of steels for wheelset axle

Fig. 10. Loads on the bogie frame attachments [6]
4. Recapitulation

In this article authors focused on the bogie frame
and wheelset axle strength analysis, so in the same
time description of the whole vehicle was strictly lim-
ited, and it can be find in another authors’ publica-
tions: [7-9]. Aforementioned bogie elements were
chosen, because they are crucial for vehicle safety.
Generally, obtained stress and displacement values
are acceptable, which confirms appropriate construc-
tion of inspected parts. Moreover, use of internal
frame resulted in bending moments reduction. It is
important to state that the authors restrained strength
analysis only to static cases. In the further develop-
ment of the bogie construction dynamic loads and
fatigue strength should be taken into account which
probably would impose some changes in original
structure. Fatigue calculations are especially important
when we consider that bogies which use chevron
springs in wheelsets guidance, sometimes has prob-
lems with fatigue cracking of bogie frame in the area
of aforementioned springs. Good example of such
situation is 37 AN bogie [13]. In such cases there is
a necessity to use additional element which would
fasten bogie frame parts from both sides of axlebox.
Moreover, the authors didn’t exclude the possibility of
using one bogie between each section of the vehicle
(in such case it would be suspended under four bo-
gies), that would reduce the force value distributed on
both elements.

Feature EAIN EA4T 30NiCrMoV12
Yield strength [MPa] 320 420 834
Tensile strength [MPa] 550 650 932
Allowable stress on the solid axle body surface [MPa] 200 240 300
Allowable stress on the bore surface of hollow axle [MPa] 80 96 120
Allowable stress on the fitted areas of solid axle [MPa] 120 144 b/d
Allowable stress on the fitted areas of hollow axle [MPa] 110 132 175
Allowable stress on the bearings mounting places of hollow axle [MPa] 94 113 120
Permissible safety factor [-] 1.20 1.33 1.22
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Table 3. Results of the strength calculations of the railway axle

No. | Feature EAIN EA4T EAA4T (d) 30Ni...(d)
- Permissible safety factor [] 1.20 1.33 1.33 1.22
Torsional stress [MPa] 38.81 38.81 41.40 41.40
Bending stress [MPa] 38.93 38.93 41.53 41.53
I Equivalent stress [MPa] 77.68 77.68 82.86 82.86
Allowable stress [MPa] 120.00 144.00 132.00 175.00
Actual safety factor [—] 1.54 1.85 1.59 2.11
Torsional stress [MPa] 30.53 30.53 31.98 31.98
Bending stress [MPa] 11.93 11.93 12.50 12.50
11 Equivalent stress [MPa] 54.20 54.20 56.78 56.78
Allowable stress [MPa] 120.00 144.00 113.00 120.00
Actual safety factor [—] 2.21 2.66 1.99 2.11
Torsional stress [MPa] 19.87 19.87 20.39 20.39
Bending stress [MPa] 25.69 25.69 26.37 26.37
111 Equivalent stress [MPa] 42.95 42.95 44.08 44.08
Allowable stress [MPa] 200.00 240.00 96.00 120.00
Actual safety factor [—] 4.66 5.59 2.18 2.72
Torsional stress [MPa] 30.53 30.53 31.98 31.98
Bending stress [MPa] 67.00 67.00 70.18 70.18
v Equivalent stress [MPa] 85.35 85.35 89.40 89.40
Allowable stress [MPa] 120.00 144.00 113.00 120.00
Actual safety factor [—] 1.41 1.69 1.26 1.34
Torsional stress [MPa] 38.81 38.81 41.40 41.40
Bending stress [MPa] 77.86 77.86 83.05 83.05
\% Equivalent stress [MPa] 102.86 102.86 109.72 109.72
Allowable stress [MPa] 120.00 144.00 132.00 175.00
Actual safety factor [-] 1.17 1.40 1.20 1.59

Table 4. Load cases in static analysis

Case F. [N] Fo [N] F, [N] F [N] T, [N]
N1 131414 131414 98 274
N2 131414 131414 98 274 55 005
Exceptional loads
N3 131414 131414 30992 55 005
N4 131414 131414 98 274 30992
El 89 109 89 109 75102
E2 89 109 89 109 75102 55 005
E3 89 109 89 109 15974 55 005
E4 89 109 89 109 75 102 15974
E5 115 842 62 376 75102
Service loads
E6 115 842 62 376 -75102
E7 80 198 98 020 15974
E8 115 842 80198
E9 62 376 98 020 -75102 55 005
E10 80 198 115842 15974 55 005
Ml 131414 131414
Attachments loads
M2 89 109 89 109 75 102 15974
Table 5. Attachments load cases
Case My [Nm] Fus [N] Mugsi [Nm] Fai [N] Fpis [N]
Ml 5696 36 000 1452 97 397 11978
Attachments loads
M2 97 397 310 000
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Table 6. Results of the strength analysis of the bogie frame

Von Misses stresses [MPa]

Displacement [mm]

N1

N2

N3

N4

E5
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Table 7. Results of the strength analysis — cases M1 and M2

Von Misses stresses [MPa] Displacement [mm]
M1
M2
Nomenclature
b distance between axlebox centre plane and the centre mp,  mass of maximal load
of gravity mpe  mass of real service load
Fy«s  load caused by work of population system m mass of the vehicle per wheelset axle
Funi  force resulting from anti-roll bar m*  mass of the bogie
F« longitudinal forces resulting from service load N, number of axles in the bogie
Fxmax longitudinal forces resulting from exceptional load N number of bogies in the rolling stock
Fy transverse forces resulting from service load P, vertical force acting on the axlebox, represents
Fymax transverse forces resulting from exceptional load empty vehicle
F.i  vertical forces caused by suspended mass P> vertical force acting on the axlebox, represents fully
acceleration, with service load loaded vehicle
F.imax vertical forces caused by suspended mass Qi reaction force acting on the less loaded axlebox
acceleration, with exceptional load Q>  reaction force acting on the more loaded axlebox
g gravitational acceleration R wheel rolling radius
H horizontal force balancing transverse guiding forces S distance between wheel centre plane and the centre
h; distance between wheelset axle and the centre of of gravity
gravity Tw force resulting from track twist
ks torsional rigidity of the anti-roll bar Y transverse guiding force acting between wheel
L length of the torsion arm flange and rail on the side of less loaded axlebox,
Lani  length of the torsion bar during motion along a curved track
Mape bending moment caused by work of disc brake Y2 transverse guiding force acting between wheel
Munsi moment resulting from friction force between drag flange and rail on the side of more loaded axlebox,
shoe of magnetic track brake and rail during motion along a curved track
M, total mass of empty vehicle
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there is an increase in the use of alternative sources of propulsion, including rail
transport. The article presents unconventional solutions of drive systems in rail vehicles
using hybrid systems and fuel cells. The concept of the realizing project of a special-
purpose rail vehicle, which is to be able to be driven from three different sources, was
presented. Considerations concerning the selection of the internal combustion propulsion
system, which is to be used as an auxiliary in the vehicle, are described. The possibilities

of installing the power unit on the vehicle were also presented.
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1. Introduction

The rolling stock comes in many forms and is de-
signed for numerous tasks, which are often highly
specific and different from those of other vehicles.
These differences result in a significant divergence in
the operating characteristics and parameters of these
vehicles. This significantly complicates the selection
of key components and assemblies, which are limited
by their specific range of work and parameters. The
main aspect that determines a new vehicle design is
the drive system and its components. Thus, the criteria
for selecting drive units and their parameters depend
on the type of work expected to be carried out by the
designed vehicle. For example, a passenger rail vehi-
cle will typically be significantly different from
a freight or shunting locomotive. Special-purpose
vehicles often require all the more specific and unique
characteristics and parameters. Depending on the op-
erating conditions, the use of rail vehicles with elec-
tric drives may not be possible, mainly due to the
limited level of electrification of railway lines in Po-
land, estimated at over 60% [10]. As a result of these

limitations, along with the need to reduce exhaust
emissions and the demand for hydrocarbon fuels on
the market of rail vehicles, new alternative or mixed
solutions are emerging, based on electric supply from
electrified lines, with the possibility of driving and
operating the vehicle outside the reach of catenary for
a limited period of time or without such limitations.
Such solutions allow to reduce the need for rail vehi-
cles to operate powered by the combustion engine.
This means that it is possible to use the internal com-
bustion engine only when it is necessary or in an
emergency. Another solution is to incorporate vehi-
cles with alternative drives into a larger consist in
order to reduce its environmental impact. Such an
effect can be obtained by using the alternative propul-
sion actively when the internal combustion engine
reaches operating points with low efficiency or high
emissivity. Another approach is to use batteries or
other energy storage systems that allow the vehicle to
temporarily operate on the non-electrified lines. How-
ever, this solution does not allow the vehicles to be
fully independent from electrified railway lines. All
the discussed solutions are intended to replace the
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existing technologies of rail vehicles propulsion,
which usually require electric traction or pose a health
risk to people in their vicinity through the emission of
toxic compounds in the exhaust gases.

The negative impact on the environment and the
growing awareness of the problems related to the
emission of carbon dioxide and other toxic com-
pounds influencing global warming results in the de-
velopment of new, more ecological technologies in all
branches of transport. The results of this development
can mainly be observed in road vehicles, but it is pos-
sible to use similar solutions in rail vehicles as well,
provided appropriate adaptations are made. As the
estimated age of the rolling stock is high, especially in
Poland, where it is around 33 years for locomotives
[1] changes in the drive system technology of these
vehicles will be reflected by a gradual reduction of
exhaust emissions. This means that in order to achieve
notable reduction in exhaust emissions from rail vehi-
cles, changes to the rolling stock available on the
market have to be introduced well in advance. While
the environmental performance of the vehicles pur-
chased over the last two decades were characterized
by better environmental indicators (in line with the
tightened legal requirements for exhaust emissions),
they will still have a negative impact on the environ-
ment, which will continue until they are withdrawn
from service and decommissioned. The necessity to
replace the vehicles in use currently with modern roll-
ing stock leads to the development of new, less envi-
ronmentally harmful solutions for vehicle drive tech-
nology, including special-purpose vehicle propulsion
systems, which are discussed in this article.

2. Examples of alternative drive systems in modern
rail vehicles

2.1. Hybrid drive systems

Hybrid drive systems are more commonly associ-
ated with road vehicles. Popularity of the electrifica-
tion [21] of transport means is increasing due to its
ability to limit the negative impact on the natural envi-
ronment by reducing the operation time share of the
internal combustion engine. This trend can also be

found, to a lesser extent, in the non-road vehicle sec-
tor [14], as well as in rail transport [25].

About 62% of Polish Railway Lines are electrified,
and in five voivodeships this share does not exceed
40% [20]. In the case of the EU-27 countries, this
average is 56% [11]. As a result it is not possible to
use rail vehicles that depend only on the overhead
contact line in all sections for power. In this case, it is
reasonable to use vehicles with their own propulsion
source, such as an internal combustion engine. How-
ever, the use of this solution is associated with the
inevitable local emission of harmful exhaust com-
pounds. A rail vehicle with a hybrid drive system is
a solution that combines the advantages of using the
overhead contact line, where available, and the inde-
pendence of the diesel powered drive system.

Rail vehicles designs with hybrid drive systems
have already been developed in Poland. One of them
is a passenger railcar designed by Lukasiewicz Re-
search Network — Rail Vehicles Institute “TABOR”
and produced by H. Cegielski-FPS. The 227M vehicle
is a design consisting of two segments: combustion
and electric (Fig. 1 and Fig. 2). Each segment is spe-
cially designed for the use of a specific drive system
type, i.e. in the combustion segment there are two
power generators that enable driving in the combus-
tion mode (Fig. 3) [8], and in the electric segment
devices necessary for the collection and processing of
electric energy from overhead electric traction. Table
1 shows the 227M vehicle technical parameters.

Table 1. The technical parameters of the 227M vehicle

Parameter Value
Length of the entire multiple unit 53 100 mm
Total empty vehicle mass 110t
Total mass of the vehicle at full 127¢

passenger capacity (4 persons/m?)
Number of seats: fixed/foldable 80/3
Number of standing places

(4 persons/m?) ®
Vehicle speed when powered from the 160 km/h
overhead catenary

Vehicle speed when powered by 120 km/h

on-board power generators
Combustion engines power
Combustion engines max. torque
Power of electric motors

2 x 400 kW @1900 rpm
2 x 2500 Nm@ 1200 rpm
4 x300 kW

Fig. 1. Type 227M rail vehicle consisting of two segments: diesel and electric [28]
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Fig. 2. Location of generating sets and motor bogies [8]

Fig. 3. Built-in powerpack generator in the type 227M rail vehicle [8]

Fig. 4. Layout of equipment on the 111DE locomotive, 1 — power generator, 2 — a set of SCR catalytic systems, 3 — combustion engine cooling unit, 4 —
pantograph, 5 — main air tanks, 6 — compressor module, 7 — board module, 8 — power inverters cabinet, 9 — cooling column with braking resistor, 10 — HV
cabinet, 11 — ETCS cabinet, 12 — LV cabinet with electric motors ventilator, 13 — line choke, 14 — battery box, 15 — fuel tank, 16 — air conditioning unit [19]
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Another example of rail vehicles that can use two
power sources for propulsion are the double-drive
locomotives type 111DE (Fig. 4) and 111Ed (Fig. 5),
designed by Lukasiewicz Research Network — Rail
Vehicles Institute “TABOR” , and manufactured by
Rail Vehicles PESA Bydgoszcz S.A. [3]. Depending
on their type, these vehicles can use two drive sys-
tems: one powered from the overhead catenary and
one powered by a power generator. This solution
makes the four-axle locomotive universal. The vehicle
can be used on any section of the railway line, wheth-
er it is electrified or not. In addition, such a vehicle is
highly versatile as it can perform various transport
tasks in freight and passenger traffic as well as shunt-
ing work where the lines are not electrified. Vehicles
of this type are dedicated especially to Undertakings
involved in intermodal transport and dispersed goods
transport [19].

Fig. 5. Type 111Ed locomotive [12]

2.2. Fuel cells

Hydrogen is one of the most promising forms of
energy storage and production. It is an environmental-
ly friendly solution due to its usage having close to
zero emissivity. Contrary to the combustion of hydro-
carbon fuels, where the combustion products, in addi-
tion to steam and heat of combustion, include such
harmful compounds as: CO,, CO, HC, NOx as well as
particulate matter (PM) [4, 17], the combustion of
hydrogen result in the production of water vapor [26,
27] and when the temperature is high enough also the
formation of NO, compounds. Hydrogen can also be
used in fuel cells, the so-called Fuel Cell Hydrogen
(FCH) [5, 24]. In this case, the products of the chemi-
cal reaction are just water vapor, heat and electricity,
which is then used to drive electric motors [9]. Ulti-
mately, hydrogen is considered the future application
for these types of solutions. According to estimates,
replacing trains equipped with CI engines operating
on the Gdynia-Hel-Gdynia section with trains pow-
ered by hydrogen fuel cells, where the hydrogen is

produced from renewable energy sources, could re-
duce the annual CO; emissions from this service by
2505 tons [23].

Fuel cells are already used in rail transport [16,
22]. One of the most recognizable implementations of
hydrogen cells in rail vehicles is the Alstom Coradia
iLint vehicle (Fig. 6). The train was used commercial-
ly for the first time in September 2018. At the same
time, these vehicles replaced the combustion vehicles
used so far on the 100 km route running through Cux-
haven, Bremerhaven, Bremervorde and Buxtehude in
Lower Saxony, Germany [6]. Coradia iLint vehicle
data and parameters is shown in Table 2.

Fig. 6. Coradia iLint [6]

Table 2. Main parameters of the Coradia iLint [9]

Parameter Value
Max travel speed 140 km/h
Range at full tank 1000 km
Service mass of a single segment 49t
Hydrogen tanks volume 94 kg

In Poland, the project concerning hydrogen drive
for rail vehicles was undertaken by the Bydgoszcz
manufacturer of rail vehicles PESA [7]. Work is cur-
rently underway on a hydrogen-powered shunting
locomotive, and more precisely, the modernization
and adaptation of the SM42 locomotive to a hydrogen
powered drive system. After the works are completed,
the locomotive is to receive the designation SM42
6Dn (Fig. 7). Basic vehicle data was presented in Ta-
ble 3.

Table 3. Operating parameters of the SM42 6Dn hydrogen shunt-
ing locomotive [9]

Parameter Value
Max. speed 90 km/h
Service mass <70t
Fuel cell power 85 kW x2
Expected fuel consumption < 0.08 kg/kWh
DC voltage supply <800V
Battery capacity > 160 kWh
Hydrogen tanks capacity 175 kg
Operating temperature range of the fuel cell —40°C to +85°C
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Fig. 7. The hydrogen locomotive SM42 6Dn and hydrogen fuel cells
powering it produced by PESA Bydgoszcz presented at the International
Railway Fair TRAKO 2021 [9]

Projects concerning the use of fuel cells in shunt-
ing locomotives have also been appearing abroad. An
example is the conceptual project of the MaK G1206
diesel shunting locomotive conversion into an FCH
locomotive (Fig. 8). The project team calculated the
necessary parameters for the vehicle drive and energy
storage systems, which included components such as
a battery energy storage, a fuel cell system, a cooling
system for both batteries and fuel cells, and a hydro-
gen tank. The paper also presents the calculations of
energy demand and data on components for the dis-
cussed drive system ensuring that at least three heavy
shunting tasks can be performed (Table 4). The
weight of the entire new drive system was 9900 kg
and its total volume was 16.5 dm® [15].

Table 4. Component layout for the most demanding profile com-
bination (3% heavy shunting) [15]

Installation

Side-view

Top-view
o WEg U Y
YU RO A Byl .
W ESEEMEE | L ERRANEND . 1.
PR |F = '| i s T

Fig. 8. Arrangement of the components on a MaK G1206 locomotive [15]
3. Special purpose rail vehicle

The development of sustainable transport in Poland
plays an major role in the steps taken towards im-
proved environmental protection. Therefore, ZPS
LLC (Railway Vehicle Plant), together with
Lukasiewicz Research Network — Rail Vehicles Insti-
tute “TABOR” (now Lukasiewicz — Poznan Institute
of Technology, Center of Rail Vehicles) are imple-
menting a project as a part of the Fast Track competi-
tion entitled "An innovative, special railway vehicle
with a hybrid drive, equipped with energy storage
systems, as vehicle base for the assembly of devices
intended for the construction, diagnostics and meas-
urements of railway infrastructure", project no.
POIR.01.01.01-00-1601/20 concerning the construc-
tion of a new, innovative special railway vehicle with
a type S01EH hybrid drive system. The vehicle will be
equipped with elements such as a crane with workman
basket and basket platform, a workshop compartment

Component Designation Quantity size and a social compartment (Fig. 9). The most important
Fuel cell Hydrogenics HD 30 18 540 kW challenges for an environmentally friendly special
F“ell cell AKG W40 18 780 kW purpose vehicle include:
cooler . . . .
Battery Akasol 18 AKM 46 10 368 KWh — designing the vehicle's powered bogies adapted to
?Oa(ﬁgy Technotrans zeta.line 450 1 45 kW the tr.avel‘ Speed of 160 kII]/h,
v — hybrid drive system,
ydrogen Luxfer W320H 13 100 kg
tank
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Fig. 9. The initial concept schematic of a SO1EH special purpose vehicle; 1 — driver's cabin, 2 — cherry picker basket and arm, 3 — crew
rest compartment, 4 — combustion engine, 5 — cherry picker platform, 6 — workshop compartment, 7 — electrical module, 8§ — pantograph

— implementation of new, environmentally friendly
systems for processing and storage of electricity,
such as battery energy storage,

— reduction of harmful exhaust compounds emis-
sions,

— modern and intuitive driver's interface.

One of the more interesting design developments is
the new hybrid powertrain. Ultimately, in convention-
al travel conditions, i.e. driving on electrified sections,
the vehicle will draw electric power from the traction
network through a pantograph. Upon arrival at the
place of work, the vehicle shall be capable of operat-
ing using energy from its energy storage devices. The
selection of the energy storage system with the re-
quired operational parameters will take place at fur-
ther stages of the project, however, the use of modern
battery stacks or supercapacitors would be considered.
These solutions would also allow the use of a braking
energy recovery system. This would increase the
overall energy efficiency of the vehicle in operation.
During braking, the generated electricity would go to
the energy storage system, and should the system
capacity be full, the energy would be sent back to the
traction network.

The rolling stock vehicles that serve technical sup-
port and maintenance roles are typically powered ex-
clusively by compression-ignition (CI) combustion
engines. The use of such a vehicle to carry out sta-
tionary works leads to the emission of toxic com-
pounds such as HC, CO, NOy as well as particulate
matter (PM) from the combustion of hydrocarbon

fuels in the area where it is located, which in turn
increases the health risk of employees working in that
area and has a negative impact on the local environ-
ment. For this reason, the vehicle described in the
article will be equipped with an internal combustion
engine, the main task of which will be to power the
vehicle in emergency situations, i.e. failure of the
primary power supply (electric traction and energy
storage). During the failure, the engine will work to-
gether with the generator as a power generator.

The selection of an appropriate combustion engine
was one of the key stages of the vehicle design pro-
cess. This article presents only preliminary considera-
tions for the engine selection, based on the engine
units used in previous projects. The actual engine
units will be selected at a later stage through tender-
ing. The article gives consideration to drive units used
in vehicles designed by the ZPS company in the past
based on the previously obtained experience in engine
selection. Due to the nature of the vehicle's operation,
its weight, available space for equipment and the ve-
hicle's demand for power during combustion mode —
based on the experience of the rolling stock manufac-
turer, among other things, which was gained during
the implementation of previous projects — two internal
combustion engines of an American engine manufac-
turer Caterpillar were taken into account. More pre-
cisely, they were the C9.3B and C13B engines. The
design of the two engines is similar, both are four-
stroke inline six-cylinder units. The difference results
mainly from the displacement volume, and thus the
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performance (Table 5). The most important differ-
ences are the engine nominal power and torque val-
ues. The C9.3B engine reaches 340 kW of maximum
power and a torque of 2,088 Nm, while the C13B,
which is larger by 3.2 dm?, achieves a power output of
430 kW and a torque of 2,640 Nm.

Table 5. Technical parameters for CAT C9.3B and CAT C13B
engines [2]

Parameter C9.3B C13B Unit

Engine 6 In-line, 4-stroke | 6 In-line, 4-stroke ]

configuration engine engine

Bore 115 130 [mm)]

Stroke 149 157 [mm)]

Displacement 9.3 12.5 [dm?]

Aspiration Turbocharged- Turbocharged- -]
P Aftercooled (TA) | Aftercooled (TA)

Engine power 340@2000 430@1800-2100 | [kW@rpm]

Peak torque 2088 @1400 2640@1400 [Nm@rpm]

Compression 17:1 15.8:1 [-]

ratio

Fuel type Diesel Diesel [-]
. Compression Compression

[gnition type Ignition Ignition (-]

Max operating

altitude 2240 2037 [m]

(Combustion Direct Injection Direct Injection [-]

system

Turbo . .

configuration Single Single (-]

Turbo quantity 1 1 [-]

Exhaust emis- . .

sion standard Stage V/Tier 4 Stage V/Tier 4 [-]

The difference in the swept volume between the
engines also affects their dimensions and mass. The
C13B engine is notably bigger and 260 kg heavier
than the C9.3B (Table 6). It should be remembered
that an internal combustion engine also requires
a cooling, lubrication and exhaust aftertreatment sys-
tems. The larger the engine, the more efficient and
bulky the supporting systems need to be.

Table 7. Stage V emission norms for non-road engines (NRE) [13]

Table 6. Dimensions of CAT C9.3B and CAT C13B engines [2]

Parameter C9.3B C13B Unit
Height 1068 1134 [mm)]
Length 1125 1274 [mm)]
'Width 791 994 [mm]
'Weight — Net Dry — Basic Operat-

ing Engine Without Optional 865 1125 [kgl]
Attachments

For Non-Road Mobile Machinery (NRMM) vehi-
cles, which also include rail vehicles, the latest emis-
sions standard in Europe is Stage V [13]. The consid-
ered engines belong in the non-road engines (NRE)
group, which are dedicated to be mounted into
NRMM vehicles. In the certification process, these
units are required to pass the Non-Road Stationary
Cycle (NRSC) and Non-Road Transient Cycle
(NRTC) exhaust emissions tests, and the specific
emission for the relevant harmful compound must not
exceed the legal limit. These engines can provide
a maximum power of 340 kW and 430 kW respective-
ly, which places them in the NRE-v/c-6 category. The
emission limits for Stage V engines were shown in
Table 7.

Meeting the increasingly demanding exhaust emis-
sion limits often necessitates the use of exhaust after-
treatment systems (ATS). In order to meet the latest
exhaust emission norm for proposed engines — Stage
V — it was necessary to use a complex exhaust after-
treatment system consisting of a set of catalytic con-
verters and particulate filters. The following elements
were used for both engines:

— an diesel oxidation catalytic reactor (DOC), which
helps reduce the exhaust emission of selected toxic
compounds through their oxidation. This reactor
can oxidize the following exhaust compounds:
HC — CO; + H,0, CO — COz and NO — NO,

— a diesel particulate filter (DPF), which helps re-
duce the exhaust emission of particulate matter
(PM) by oxidizing the particles,
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— selective catalytic reduction (SCR) reactor, which
reduces NOy emissions by injecting 32.5% urea so-
lution into the exhaust gas [18].

In order to effectively use a well designed and de-
veloped exhaust aftertreatment system a significant
amount of free space is needed in the vehicle for its
installation and mounting. Table 8 presents the size
dimensions of the whole sets of exhaust aftertreatment
systems designed for the CAT C9.3B and C13B en-
gines, in order to allow them to meet the current ex-
haust emission norms.

Table 8. Exhaust aftertreatment systems for CAT C9.3B and CAT
C13B engines [2]

Parameter C9.3B C13B Unit
ﬁ/f:g:;fignjfé . | DOC+DPE+SCR |DOC+DPF+SCR | []

Height 432 460 [mm)]
Length 925 896 [mm)]
Width 694 807 [mm]
Mass 96 100 [kg]

The engine unit, along with the supporting systems
mentioned above, requires adequate space on the ve-
hicle for its placement. Therefore, making the right
choice when selecting the engine unit to use for the
vehicle is a key part of the vehicle design phase, espe-
cially when noting the extra space needed on the rail
vehicle to install other systems needed by the engine
assembly. On the other hand, the engine should have
enough power to enable smooth operation along with
having some power reserve. Figure 10 is a comparison
of the CAT C9.3B and C13B engines, and Fig. 11
shows their dimensions including all the attached
systems.

Fig. 10. A list of internal combustion engines proposed for
installation on the 501EH vehicle. Blue color CAT C9.3B
engine, yellow color CAT C13B

A special-purpose vehicle is ultimately to be
equipped with devices intended for repair and mainte-
nance operations. For this reason, the space that can
be used for compartments on the vehicle's undercar-
riage frame is very limited. This also applies for the
selection of a combustion engine and all its support
systems as well as a generator. One of the solutions
for placing the generator set, which has already been
used in other vehicle designs, was the use of space in
the structure of the undercarriage. These types of
structures make it possible to utilize the unused space,
to lower the center of gravity of the vehicle, and to
allow for more ergonomic placement of parts, devices
and compartments on the undercarriage. Such a solu-
tion also significantly increases the available space for
the placement and mounting of the main engine and
generator systems, i.e. the systems related to electric
traction and energy storage, including electrical cabi-
nets, e.g. a high-voltage cabinet, where it was more
accessible. It should also be noted that the described
vehicle will only use the internal combustion engine
in emergencies, by which it is meant that its use will
be occasional. An example of the aforementioned
design solution on another vehicle was provided in
Fig. 12.

4. Conclusions

The presented theoretical analysis of the engine
unit selection in a special-purpose vehicle with
a 501EH hybrid drive system was determined on the
basis of multiple parameters. Among the most signifi-
cant of those were the engine operating parameters,
i.e. its characteristics, power and torque, as well as the

Fig. 11. List of internal combustion engines proposed for installation
on the 5S01EH vehicle with dimensions provided. Top image shows the
side view, bottom image shows the top view. Blue color CAT C9.3B

engine, yellow color CAT C13B
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Fig. 12. An example of a CAT engine mounted in the free undercarriage space of a different type special purpose rail vehicle

parameters and operating conditions of the vehicle
itself based on its expected operations, including vehi-
cle ergonomics, reliability and stability. Due to the
space limitations associated with using a larger, more
powerful engine, which required larger and more effi-
cient supporting systems and components, including
the exhaust aftertreatment system, it was necessary to
use modern design and production methods, as well as
modern materials and technologies in the presented
analysis.

It should be noted that the internal combustion en-
gine in the discussed vehicle concept was assigned the
role of a backup or emergency power supply, which is
why its frequent use was not considered. Hence, as-
pects such as the reliability and efficiency of the en-
gine unit were taken into account to a limited extent.
Changes to the hybrid drive design were expected to
achieve measurable environmental gains, such as low-

er exhaust emissions and lower environmental impact.
As a result, it was possible to avoid more invasive
changes and overcomplicating the drive system,
which can further improve the servicing and mainte-
nance of the vehicle. Depending on the customer re-
quirements regarding such vehicles, the solutions used
may be subject to change.

Acknowledgements

The article was written in connection with the pro-
ject entitled "An innovative special hybrid drive rail
vehicle improved with independent power storage
designed to transport equipment for building, diagnos-
ing and measuring of rail infrastructure". The project
is implemented under Sub-measure 1.1.1 Industrial
research and development works carried out by enter-
prises, co-financed by the European Regional Deve-
lopment Fund.

Nomenclature

ATS aftertreatment systems
CO carbon monoxide

CO; carbon dioxide

DOC  diesel oxidation catalyst
DPF diesel particulate filter
FCH fuel cell hydrogen

H» hydrogen

H,O water

HC hydrocarbons

NO nitrogen oxides

NRE non-road engine

NRMM non-road mobile machinery
NRSC non-road stationary cycle
NRTC non-road transient cycle
PM particulate matters

SCR selective catalytic reduction
TA turbocharged-aftercooled
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The article presents the running parameters and construction of the 41MN and 46MN

hybrid traction units (HZT). Design solutions were presented and described, attention was
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1. Introduction

One of the design goals assigned to the 227M ve-

hicle is to meet the TSI (Technical Specifications for
Interoperability) specifications for the vehicle. The
designed 41MN and 46AN running gear systems, in
order to comply with the TSI, have to meet specific
requirements, which include:

3. running gears systems

— bogie frame (EN-13749)

— parameters of wheelsets EN 13103, EN 13104

— wheel profile geometry EN 13979:1

— minimum curve radius of the track

— positioning the rail scrapers above the rail head

4. brakes

— braking performance — emergency and service braking,

L en"ig’nmemal requirements — Ly heatloads. parking brake EN 15431-1, EN 154316

;V(;) er SH% temperature zone, humidity acc. to — adhesion index — adhesion coefficient depending on
1 . ) the type of vehicle, anti-skid systems — EN 15595
— PO utlop resistance ) — brakes independent of adhesion force UIC 541-06
2. interaction of the vehicle on the track . .
— requirements for brakes in the event of an emer-

— track gauge (EN-15273-2) gency

— axle l.oad (determined by the category of the rail- Two types of bogies have been designed for the
way line) . _ needs of the 227M (FPS PLUS) vehicle:

~ running  gear parameters affecting trackside  _ 410N — motor bogie, with subtypes 41MNa and
equlpment (EN‘—IS 437-2) ) 41MND differing in the arrangement of sensors on

~ dynamic behavior of the vehicle on the track [6] the bearing housings and, consequently, in the ar-
. safety against dpraﬂment EN 14363[10] rangement of electric wires (Fig. 1)
* running dynamics EN 14363 — 46AN - rolling bogie, with the subtypes 46ANa
* vehicle running safety EN 14363 and 46AND, differing in the arrangement of sen-
: trac.k load EN .14.363 sors on the bearing housings and, consequently, in
* equivalent conicity the arrangement of electric wires. They are located
* wheel p.rofﬂ.e parameters [8, 9] on the edge of the vehicle (Fig. 2).
* the service life of the wheelset [7]
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Table 1. Basic parameters of 44MN/46AN bogies

Fig. 1. Driving bogie type 41MN

Fig. 2. Rolling bogie type 46AN

Parameter 46AN rolling bogie 41MN motor bogie
Design speed of the vehicle 176 km/h

Track gauge 1435 mm

Wheelbase of wheelsets (bogie base) 2500 mm

Wheel diameter (new/ worn) @50/@780 mm

Vehicle weight (empty) ~100 000 kg

Bogie weight 7.05t+3% 92t+3%
Engine power - 2 x 300 kW
Gear ratio - 5.98
Maximum load of a wheelset on the track 18t

Wheel rim width 135 £1 mm

Maximum permissible wear of the brake block 30 mm

Maximum permitted wear of the brake disc 7 mm

Permissible radial wheel wear 35 mm

Center distance of wheelset axial bearings 2100 mm

Axial bearing

TBU130 x 230 x 160

Primary suspension bumper clearance (vertical)

40 mm (+Z) 30 mm (-Z)

Secondary suspension bumper clearance (vertical) 64 mm
Lateral movement of the bogie in relation to the body of the vehicle 50 mm
Minimum permitted radius of track curve 150 m
The maximum steering angle of the bogie in new condition 4°40°

Largest lateral movement of a wheelset relative to the bogie frame (per side) 3 mm

Axle journal dimensions:

@130 x 217mm

Brake:

disc brake mounted

disc brake mounted on a wheel (pneu-
matic-mechanical); rail brake; parking
brake

on a wheel (pneumatic-
mechanical); parking brake

Additional equipment

lubrication of the wheel flanges togeth-
er with the reservoir
cleaning brake block

heated sandblasting nozzles
and sand tanks
cleaning brake block

Bogie gauge

according to the UIC-505-1 (p. 5.2) card
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The bogies are characterized by good running
properties in terms of safety and driving comfort, min-
imized wear of the running surface of the wheels,
maintenance-free nature of the operation of individual
components and simple design. The basic parameters
of the bogies are presented in Table 1.

2. Bogie design

2.1. Bogie frame

The frame of the bogies is a spatial, open-type
welded structure that has been unified as much as
possible so that the differences between the rolling
bogie and the motor bogie are insignificant. The frame
consists of two longitudinal side beams connected by
a crossbar and four small end beams. All its elements
are made of S355J2 + N low-alloy structural steel
with increased strength, which chemical composition
is presented in Table 2.

Table 1. Chemical composition of S355J2 + N steel

C 0,2
Mn 1.5
Si 0.2-0.5
p <0.04
S <0.04
Cr <03
Ni <03
Mo -
%Y —
Vv —
Al <0.02
Cu <0.03

All beams form a closed box structure. In the cen-
tral part of each side beam, an air spring support is
welded on its upper flange. On each of the side beams
there are vertical shock absorbers and link-arm
mounts. End beams located at the ends of each side
beams act as a brackets for the installation of sand-
blast nozzles or supports for the scraper and the wheel
flange lubrication system. The brackets for the brake
caliper mechanisms are located on the end beams as
well. On the crossbar there are supports for the drive
system, bumpers, horizontal shock absorber and the
tractive force transmission system. The differences
between the types relate to the presence of the drive
system and the rail brake. Figure 3 shows:

— gray — common frame structure elements for both
types

— red — frame structure elements present only on the
motor bogie (propulsion suspension brackets)

— green — frame structure elements present only on
the rolling bogie (rail brake suspension brackets
and its longitudinal buffers).

Fig. 3. Complete bogie frame with brackets
2.2. Wheelset

Each bogie is equipped with two forged and rolled
wheelsets with rimless wheels with a rolling circle
diameter of @850 mm in new condition and the wheel
outline S1002/h28/e32.5/6.7% in accordance with PN-
EN 13715:2008. The permissible diameter of the
wheel when worn is 9780 mm. The rimless wheel is
adapted to the installation of brake discs. The wheel-
sets of the motor bogies have been adapted to the in-
stallation of axle gears (Fig. 4).

Fig. 4. Isometric view of the wheelset of the motor bogie
2.3. Wheelset steering and primary suspension

The wheelset is guided in the bogie frame by
means of two casted link-arms consisting of three
parts (three-piece design), i.e. the upper part, lower
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clamp and bearing housing. Castings are common to
both types of bogies (rolling and motor). The link-arm
is connected to the bogie frame through a rubber-
metal joint (Fig. 5) manufactured by Contitech, the
stiffness of which is shown in Table 3.

Table 2. The stiffness of the rubber-metal joint

Stiffness value
21.2 kN/mm +14%
25.2 kN/mm +14%

Stiffness

radial in the X axis

axial in the Y axis

radial in the Z axis 3.7 kN/mm +20%

cardanic about the X axis 660 Nm/grad +13%
torsion about the Y axis 250 Nm/grad +15%
cardanic about the Z axis 2770 Nm/grad £15%

Fig. 5. Isometric view of a rubber-metal joint

The transfer of vertical forces is performed by a set
of three coil springs (Fig. 6). The use of as many as
three springs results from the necessity to ensure safe-
ty against derailment for a wide range of vehicle loads
and a small amount of space available for the installa-
tion of the springs. The springs are made of
52CrMoV4 + HH spring steel in accordance with the
PN-EN 10089 standard.

Fig. 6. Primary suspension of 41MN and 46AN bogies

The required distance between the bogie frame and
the rail head is achieved by the use of adjustment
washers, which are placed on the upper guiding spac-
er. The springs stand on the lower metal-rubber spac-
er, which not only serves as a spring guiding element,
but also compensates for the non-parallelism of the
bases resulting from the work of the link-arm (reduces
the buckling tendency of springs) and act as a counter-
current insulation. The properties of the primary sus-
pension and the wheelset steering of 41MN/46AN
bogies are presented in Table 4.

Table 3. Properties of the primary suspension and the wheelset
driving on bogies type 41MN and 46AN

. Value
Parameter Unit
41MN 46AN

Diameter of outer/middle/ mm | 3828195 | 38.5/29120
inner spring bar
Pitch diameter of outer/ mm 255/176/ 255.5/175/
middle/inner spring 112.5 113
Total number of turns of - 49/6.5/93 | 5/6.5/9.2
outer/middle/inner spring
Number of active turns for - 3.4/5118 | 3.5/5/1.7
outer/middle/inner spring
Length of outer/middle/inner mm 309/309/30 318/310/
spring unloaded 9 314
The length. o.f the springs mm 236 236
under receiving load Py
Height of the springs loaded mm 19 200
to the maximum

pring mm 113 114
mum
Compliance of the outer/ 2.76/4.52/ 2.67/3.82/
middle/inner spring mm/kN 7.78 7.08
Primary suspension springing
stitfness for empty/ loaded kN/mm 1.12/1.16 1.21/1.25
conditions
Damping force of a vertical
damper at V = 0.1 m/s (ten- kN 0.55/0.45
sion/compression)
Damping force of the vertical KN L1
damper at V = 0.3 m/s ’
Maximum cross movement
of the wheelset relative to the mm 3
bogie (per side)

Vibration is damped by a vertical hydraulic shock
absorber. Limiting the vertical movement of the
wheelset is realized in the form of a metal bumper
installed between the link-arm and the frame, and a
pin preventing the wheelset from falling onto the track
while lifting the bogie. These limiters also protect the
drive system against damage resulting from excessive
displacements.

2.4. Secondary suspension

The secondary suspension (Fig. 7) consists of two
sets of air springs with rubber-metal springs of the
emergency body support. The springs carry out lateral
movement and rotation of the bogie in relation to the
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car body. The power supply and pneumatic spring
control system is built on the body of the vehicle. The
constant height of the springs, irrespective of the load,
is maintained by weighing valves installed on the
vehicle's frame and articulated with the bogie frame.
Adjusting the height of the vehicle body from the rail
head is possible through the use of adjustment wash-
ers under the rubber-metal springs of the emergency
backrest. The maximum load of one set of springs is
170 kN with a supply pressure of 5.8 bar.

Fig. 7. Secondary suspension assembly for 41MN and 46AN bogies
2.5. Drive system

The bogie drive system (Fig. 8) consists of two
sets: traction motor — diaphragm clutch on the motor
side — gear mounted on the bogie frame: on one side it
is mounted by a gear wheel and a bearing and suspen-
sion system by means of a flexible segment coupling
on the wheel set axle, on the other sides attached by
rubber-metal elements to brackets welded to the frame
of the bogie.

The traction motor is a 3-phase asynchronous mo-
tor with a squirrel cage rotor designed for operation
with a frequency converter. The motor is equipped
with rotational speed sensors and with Pt100 thermo-
metric sensors for temperature measurement of the
stator windings (temperature setting values: warning
170°C, disconnection 180°C). The traction motor has
external cooling. Cooling air is supplied from the
vehicle by a corrugated bellows and discharged from
the engine through ventilation grids. The basic param-
eters of the traction motor are shown in Table 5.

The traction motor is flange-mounted directly to
the gearbox, thus no motor bearing is needed on the
gearbox side. The rotor shaft is connected to the
transmission input shaft by a flexible diaphragm cou-
pling. There is a sliding roller bearing on the gear
side. The traction motor with the transmission is sus-
pended on the trolley of the vehicle by means of rub-
ber-metal connectors.

The basic parameters of the traction gear are
shown in Table 6.

Fig. 8. Drive system of the 41MN bogie

Table 5. Basic parameters of the traction motor

Parameter Unit Value
Operating mode - S1
Power kW 300
Voltage \% 2340
Current A 96
Rotation speed min™! 2139
Frequency Hz 72
Efficiency % 94.3
Power factor cos ¢ - 0.82
Torque Nm 1339
i\gltcz)r;l:ll;(;f inertia of the kem? 21
engine without accessories —
Weight kg . 629
diaphragm clutch — 31
rotor — 191
VPI impregnation,

Insulation - thermal class 200 according

to IEC 349

Table 6. Basic parameters of the traction gear
Parameter Unit Value
Type of transmission - two-stage
Gear ratio - 5.98
Maximum rotation speed min™! 6570
Maximum transmittable torque Nm 2846
. 580 (gear with clutch

Weight ke 8(5g(clutch only) )

2.6. Traction force transmission

The longitudinal and transverse forces between the
body and the bogie are transferred by means of a tor-
sion pin bolted to the vehicle frame and then through
the lower part of the towing device assembly to the
bogie frame (Fig. 9). The towing apparatus unit is
built on the steering pin on tapered roller bearings.
Forces are transferred to the frame by means of two
parallel guides with ball joints. In the longitudinal
direction, the connection is backlash-free. In the
transverse direction, after exhausting the allowed free
play, the assembly cooperates with the rubber-metal
bumpers. If it is necessary to lift the car body with the
bogie after exhausting the vertical play between the
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bogie frame and the towing unit, the bogie is lifted
through the pivot pin with the towing device assem-
bly.

Fig. 9. System of transmission of tractive force in bogies type 41MN and
46AN

2.7. Brake actuators on bogies

The 227M vehicle for which the motor and rolling
bogies have been designed is equipped with the fol-
lowing types of brakes mounted on the bogies:

— electrodynamic brake (ED) using the braking force
from shifting the traction motor to generator opera-
tion - acting on the driving bogie

— direct type electro-pneumatic brake (EP-B)

— pneumatic combined brake (PN)

— asystem of blocks that clean the rolling surfaces of
the wheels, improving traction (KC)

— electromagnetic friction rail brake (Mg) —mounted
on a rolling bogie

— parking spring brake (PS) — mounted on a trolley.
Two @80/390 % 135 mm brake discs are mounted

on each axle of the vehicle. The brake disc consists of
two friction rings, called internal or external, depend-
ing on their position in relation to the wheel rim. The
friction ring thickness and the number and geometry
of the cooling fins are designed to keep the friction
ring temperature within the acceptable range and min-
imize thermal and mechanical loads. In addition to
heat dissipation, the cooling fins also support the fric-
tion ring on the wheel. Brake discs mounted on the
wheels of the vehicle provide greater braking power
compared to the classic solution consisting in the in-
stallation of the disc on the axle. It is directly related
to the larger dimensions of the disc, which enable
obtaining large friction radii.

Each axle of the vehicle is equipped with two
brake calipers. Two types are used, the first has only
an air brake cylinder, the second has an air brake cyl-
inder and a spring brake cylinder. The compressed air
pressure creates the braking force in the air brake cyl-
inder. A "low" force spring serves to loosen the clamp
when the pressure is released. In the spring brake cyl-
inder, the braking force is generated by a "large"
spring force. Applying compressed air creates a coun-

ter force. When the pressure is exceeded, the spring
brake caliper is completely released. Each brake cali-
per is equipped with a stroke adjuster to minimize
wear on the brake linings. The vehicle uses JURID
878 organic brake linings in accordance with UIC
requirements — 200 cm? (400 ¢cm? two halves) with
a nominal thickness of 35 mm. In the vicinity of each
wheel, pneumatic blocks are installed to clean the
wheel tread from possible stickers, ensuring the opti-
mal wheel-rail friction coefficient.

All elements of the braking system are controlled
and powered from appropriate pneumatic panels. The
actuators of the brake installed on the 41MN/46AN
bogies are shown in red in Fig. 10.

Fig. 10. Braking system of the 41MN type bogie (above) and the 46AN
type bogie (below)
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2.8. Anti-roll bar

The anti-roll bar is an element connecting the bo-
gie frame with the vehicle body. It consists of a tube
connected to the arms and adjustable levers attached
to the vehicle's underframe. The torsional stiffness of
the stabilizer is 1.5 MNm/rad. The levers have articu-
lated ends enabling the stabilizer to rotate in relation
to the trolley. The shape of the stabilizer arms allows
for its collision-free operation when the body is fully
turned in relation to the bogie.

Each of the bogies is equipped with two anti-roll
bars. The use of this in the vehicle reduces the roll
coefficient of the body and ensures the correct fit of
the pantograph to the vehicle gauge by increasing the
angular stiffness of the suspension. Its use allows to
maintain the aforementioned coefficient of body roll
in the range of S < 0.4. The simulation tests carried
out showed that the coefficient value was 0.36 in the
loaded state and 0.25 in the empty state. The installa-
tion of the tilt stabilizers is shown in Fig. 11.

Fig. 11. Body anti-roll bar
2.9. Axle bearing housing arrangement

Axle bearing housings perform several functions:

— they are a housing for axial bearings, in the pre-
sented bogies, maintenance-free sealed bearings of
TBU type are used,

— they are the mounting of the wheelset through the
rocker arms to the frame of the bogie,

— devices and sensors responsible for the safety and
driving of the vehicle are fixed to the front of the
bearing housing body.

All axial bearing housings (Fig. 12) are equipped
with temperature sensors. Each axle of the wheelset in
the driving and rolling bogies has one axle bearing
housing equipped with a grounding device (stiffening
brush), in addition, one axle box on the axle has
a built-in sensor for the anti-skid brake system, the
other axle bearing housings are equipped, depending
on the needs: with sensors for ETCS system and
speedometer transmitter for the recorder.

Fig. 12. Axle bearing housings

2.10. Elements of additional equipment

— Flange lubrication system

The vehicle is equipped with an oil lubrication sys-
tem for the rims of the wheelsets supplied by the DE-
LIMON company, shown in Fig. 13. The system is
built on the rolling bogie wheels — the extreme ends of
the vehicle. The trailing axle of the end bogies has
nozzles on both the left and right side. Lubrication
only takes place on the trailing axles in the direction
of travel. The system has a sensor for the rotation of
the trolley in relation to the box, therefore, when driv-
ing in a curve, additional lubrication of the wheel
flanges may be activated. Each end bogie has an indi-
vidual lubricant reservoir with a capacity of 6.5 liters.
A plunger metering pump is mounted at the bottom of
the tank.

Fig. 13. Flange lubrication system of the 46AN bogie

— Sandblasting system

The vehicle is equipped with sandboxes of the
SD1 type (Fig. 14). Each wheel of the driving bogie
has a separate sand tank, which is heated by a heater
with a thermostat. From each sandbox there is a flexi-
ble pipe leading the sand into the immediate vicinity
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of the wheel-rail contact with the use of a nozzle. The
sandbox nozzles are also electrically heated. During
normal vehicle operation, the sanders are activated
automatically when a slip is detected when braking or
starting. The amount of sand discharged from the
sandbox depends on the value of the given pressure.
The pressure value at the regulator outlet is deter-
mined in such a way as to ensure the amount of sand
poured out at the level of 400 + 100 g/30 s of work. A
sight glass is built into the sandbox reservoirs to as-
sess the sand level. Additionally, the system has a
sand level sensor informing the driver about the low
sand level.

Fig. 14. Sanding system of the 41MN driving bogie

— Arrangement of electric wires on the bogie

In the construction of bogies, we can distinguish
two types of electrical installation. The first of them —
high-current one, supplies the actuators of devices
with a safe voltage of 24 V. These elements include
heaters for sand dosing nozzles of the sanding system,

the wheel flange lubrication system, and the rail brake
system.

The sensors mounted on the bogie constitute a sec-
ond separate installation. These include sensors relat-
ed to the braking system (anti-skid sensor), truck di-
agnostics and the Vehicle Safety System (ETCS).

The entire electrical installation is tight, i.e. all
connecting elements and casing pipes are made of
elements with a water-tightness class of IP68. In order
to ensure the convenience of handling the box-bogie
connection, all cables have been connected to a com-
mon connector located in the central part of the bogie,
both the rolling and the driving bogie. The cable lay-
outs on the bogie in question are shown in Fig. 15.

Fig. 15. Electric wiring for the 41MN (above) and 46AN (below) bogies

— Arrangement of pneumatic hoses on the bogie

The system of pneumatic conduits (Fig. 16) is
made of stainless pipes, flexible connection conduits
and bulkhead couplings. STAUFF clamps were used
to attach the pipes to the trolley frame, which in turn

Fig. 16. The system of pneumatic hoses on the 41MN bogie
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were screwed to the profiles using system T-nuts,
allowing the clamps to move freely along the length
of the profile. Pneumatic installation — just like the
electric one, it has its connection in the central part of
the bogie.

4. Summary

The 41MN and 46AN bogies have been developed
for use in the 227M, 228M (FPS Plus) family of vehi-
cles. The applied solutions of the running gear enable
driving at a maximum speed of 160 km/h.

The unified structure of the frame allows for its
easy adaptation to the installation of both components
of the driving and rolling bogies. The basic bogie
systems are designed to transfer the loads resulting
from the pressure of the wheelset on the track,
amounting to 18 tons. The appropriate selection of the
primary and secondary suspension as well as the trac-

tive force transmission and wheelsets guiding systems
translates into good running properties of the bogies.
This allows for a high level of safety, driving comfort
and minimization of wheel tread wear. The use of the
brake discs in the wheels made it possible to make
good use of the space in the central part of the axle for
the installation of the drive system.

When defining new development conditions for the
designed running gears, one should take into account
the criteria that must be met. The criteria should be:

— mechanical compatibility

— electrical compatibility

— pneumatic compatibility

— adequate material strength, analytically confirmed
by means of calculation methods

— safety against derailment and dynamics proven by
analytical calculation methods.

Nomenclature

ED electrodynamic brake

EP-B electro-pneumatic brake

ETCS European Train Control System
HZT hybrid traction units

PN  pneumatic combined brake

PS  parking spring brake

S body roll
TBU Tapered Bearing Unit
TSI  Technical Specifications for Interoperability

UIC Union Internationale des Chemins de fe

(International union of railways)
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The e-commerce market is gaining popularity globally every year. This market also entails
the need to deliver the purchased goods at a time that is affordable for the user. One of the
solutions is the use of High Speed Railway (HSR) for freight purposes, which is character-
ized by a relatively low rate of environmental nuisance. Based on the latest available
market data and a literature review, an extensive review of the use of HSR, including for
cargo transport, has been performed. The article presents an analysis of the demand for
express freight transport. The potential and the demand for freight HSR have been demon-
strated. The activities and analysis concerning the use of HSR for freight transport were
described. Rail freight transport in Poland, Europe and China are characterized. Data on
the use of the HSR infrastructure in the world are presented. HSR vehicles use for the
transport of goods were presented. The potential and possibilities of using freight HSR in
Europe were described. Based on the data, the use of this type of transport seems justified
for LDHV shipments when the delivery time is crucial for the user and when the railway
infrastructure and rolling stock are properly adapted.

railway infrastructure
high speed railway
high speed train
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1. Introduction

According to the data of the European Environ-
ment Agency from 2022 [12, 25], transport in the EU
(European Union) is the only sector in which CO;
emissions did not decrease comparing to 1990. More-
over, comparing the years 1990 and 2019, the amount
of emitted compound increased by 25%. Considering
GHG (Green House Gases) emissions in the EU from
means of transport, the largest share of emissions
come from road transport (71.7%), which mainly con-
sists of emissions from cars (60.6%) and heavy duty
trucks (27.1%). This state of affairs is caused by the
availability of internal combustion vehicles and the
well-developed road infrastructure in Europe [49].
Rail transport has by far the smallest share in GHG
emissions in the EU, accounting for 0.4% [12], alt-
hough it accounts for 8% of passenger and 19% of
freight transport in Europe [42]. Despite the lowest
share of harmful compounds emission among all
means of transport, intensive works are being made in
the railway sector to use more efficient propulsion
systems [41, 44] and alternative fuels [8, 48], includ-
ing hydrogen [18, 19, 24, 40] to reduce exhaust emis-
sions [38].

Considering the emission of toxic compounds,
such as heavy metals, in the EU-28 countries from
non-road transport (air, rail, sea and in-land water
transport), the increment factor of the described indi-
cator, dividing into passenger and freight transport,
has been growing since 2000 in both cases [25]. How-
ever, in the case of passenger transport, this increase
is much bigger. In relation to the initial value, the
indicator for passenger transport increased by almost
50%. Freight transport contributed to an approximate-
ly 10% increase in the emission of harmful com-
pounds during 18 years. All of the above means that
the transport of goods by rail has the lowest negative
impact on the environment.

Additionally, a continuous increase in the demand
for transport is noticeable, including rail transport as
one of the most CO emission and energy efficient [4,
29, 55] and cost-effective [31]. An example of a rea-
son why the demand for the implementation of
transport services is increasing is the e-commerce
market. All over the world there is an increase in the
number of transactions taking place via the Internet
and online purchases. China is one of the largest rep-
resentatives of this type of trade. An example is the
increase in the express transport services provided in
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this country, where in 2016 the number of transported
volumes increased to 31.28 billion, and the revenues
from the provision of this type of services increased
10 times since 2008 [58]. In turn, in 2020 “express
transported” volume in China already reached the
level of 83.4 billion pieces (Fig. 1). This means that
the demand for services of this type is not only in-
creasing but is accelerating at a dizzying pace [14,
59]. In order to cover the general demand for express
transport of goods, railways are more and more often
used, which on many levels can effectively compete
with other means of transport.

For this reason, plans, considerations, simulations,
optimizations [2, 54], predictions and real solutions
for the use of HSR (High Speed Railway) for high
speed freight transport [20, 35, 51, 52, 60] have been
developed. Including comparative analysis of the use
of air transport and HSR [47, 56], as well as the punc-
tuality of express parcels transport by various means
of transport [32] and the selection of optimal locations
of consolidation centers to reduce GHG [9], mainly on
China example. Works related to Freight HSR also
include the development of tracking of transported
goods [57], intelligent management systems [6],
monitoring and calculations related to the rolling
stock [3, 16] and issues related to the aerodynamics of
HSR vehicles [50].

This paper describes an overview of data on freight
transport in Poland, Europe and China. The key HSR
railway lines in the world, on which HSR freight
trains already run, were also presented, and the num-
ber of which will increase in the coming years due to
a number of benefits.

Fig. 1. The volume and income of express delivery during 2008—
2020 in China [59]

2. Rail freight transport

2.1. Characteristics of rail freight transport in Poland

In order to correctly illustrate the structure of the
rail market in Poland for freight transport, the data for
the years 2011-2020 are presented below. The most
important indicators are the mass of transported loads
(Fig. 2), transport work performed (Fig. 3) and opera-
tional work (Fig. 4) [45].

Analyzing the data from 2011-2020, it can be seen
that 2018 was characterized by the highest values for
all three indicators, and years 2017-2019 were the best
since 2011. In the case of the mass of transported
goods, in 2018 it was 250.3 million tons, where the
increase from 2016 was 12.6%. Then there was a de-
crease in 2019 to a value of 236.4 million tonnes.
2020 was the second least favorable year in the ana-
lyzed time period (only 2016 was characterized by
a lower value of transported goods — a difference of
1 million tonnes). The decrease in cargo mass after
2018 could have resulted from a change in the struc-
ture of the transported groups of goods. With the same
length of freight trains, the difference in weight be-
tween intermodal and mass trains is completely dif-
ferent. Additionally, drastic decrease in the described
indicator in 2020 (-10.8% compared to 2018) was
caused also by the outbreak of the COVID-19 virus
pandemic, which affected not only the Polish, but also
the global rail transport market [28, 46].

Fig. 2. Mass of cargo in rail freight transport in Poland
in 2011-2020 (in million tonnes) [45]

Fig. 3. Transport work performance in rail freight transport in
Poland in 2011-2020 (in billion tonne-kilometers) [45]

Fig. 4. Operational work in rail freight transport in Poland in
2011-2020 (in million train-kilometers) [45]
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Transport work performance in 2011 amounted to
54 billion tkm (tonne-kilometers). Then, in the years
2012-2016, a stabilized situation was noticed, where
the annual values were between 49.1 and 50.9 billion
tkm. After this period, an increase to the value of 59.6
billion tkm was noticed in 2018 (an increase of 17.8%
compared to 2016). From this year, the annual
transport work performance has decreased to a value
of 52.2 billion tkm in 2020.

The characteristic of the curve for operational
work in 2011-2020 in Poland is very similar to the
curve for transport work. In this case, the value in
2011 was 79.3 million train-kilometers. In 2012-2016,
the value ranged from 74 to 74.9 million train-
kilometers. Then, there was a two-year increase in the
described index to the value of 88 million train-
kilometers, which is the highest in the described time
period. From 2018, a decrease to the value of 77.5
million train-kilometers in 2020 is visible.

Figure 5 shows the average speed for rail freight
transport in general and for intermodal transport in
2013-2020 in Poland. The average speed for freight
transport in 2020 was 25.9 km/h, which is the highest
value in the analyzed time period. In the case of in-
termodal transport, the average speed was 30.3 km/h.
This means that this value is one of the lowest during
considered period. The lower average speed may re-
sult from the terracing of short border sections where
the average commercial speed of trains is only
10 km/h. Nevertheless, intermodal transport in Poland
is characterized by a higher average transport speed
than conventional rail freight transport.

Fig. 5. Average commercial speed of freight trains in general and
intermodal trains in Poland in 2013-2020 (km/h) [45]

Figure 6 presents the share of trains carrying out
intermodal transport in particular speed ranges. Half
of the transports were performed at a speed of less
than 30 km/h, and almost 30% of the number of trains
were going with an average speed within the range of
30—40 km/h. Only 7.66% of intermodal transports
were carried out at speeds greater than 60 km/h.

Fig. 6. Share of the number of trains performing intermodal
transport in individual speed ranges in 2020 [45]

Figure 7 shows examples of intermodal trains with
average speeds between reloading centers in 2020.
Maximum and minimum values have been achieved
on border routes. The highest speed is on the connec-
tion: Frankfurt Oder—Rzepin, where trains between
Germany and Poland cover the route at an average
speed of 90 km/h. In turn, the lowest value belongs to
the connection: Brest-Mataszewicze. The average
speed of intermodal trains on the Belarusian—Polish
border is 4 km/h. Average speeds of domestic routes
are varied and range from 27 km/h on the Gdansk—
Radomsko route to 63 km/h on the Gadki-Dabrowa
Gornicza route.

Fig. 7. Examples of intermodal train speed in Poland in 2020 [45]

Intermodal transport in Poland uses a rolling stock
consisting mainly of platform wagons, of which there
are over 13,000 in Poland. Trailed vehicles are also
used for this type of transport to carry containers. In
2020, there were over 5,800 such vehicles. Consider-
ing the possibility of achieving the maximum speed of
platform wagons for container transport, the speed
higher than 100 km/h can only be reached by 23% of
wagons (max 120 km/h). The other vehicles are de-
signed for a maximum speed of 100 km/h.
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2.2. Characteristics of rail freight transport in Europe

The transport work performance in rail freight
transport in Poland against the background of Europe-
an countries for the years 2010, 2019 and 2020 is pre-
sented in Fig. 8 [43]. In Europe, only in Germany in
above-mentioned years transport work performance
was greater than in Poland. In 2020, Germany was
responsible for 30% of the total transport work per-
formance in the European Union, amounting to 108
trillion tkm (twice as much as in Poland — 50 million
tkm). In almost all countries, the described indicator
increased in 2020 compared to 2010.

One of the indicators in rail freight is the transport-
ed mass of goods. In Europe, the leader in this ranking
is also Germany. However, when comparing the years
2019 and 2020, it can be stated that the COVID-19
pandemic had a significant impact on the mass of
transported loads. Only five EU countries noticed an
increase in this indicator. In other cases, declines were
noticed. Taking into account the number of transport-
ed mass, the most severe situation was related to
Germany, where the decrease amounted to 20 million
tons year on year, while the relatively largest decrease

was recorded in Latvia, where the decrease amounted
to 42% (Fig. 9).

Taking into account the characteristics of the
goods transported in the EU, the classified goods that
were transported in the greatest amount in 2020 were
metal ores, which accounted for 12.8% of the total
number, taking into account tkm. Coke and refined
petroleum products, second in the ranking, accounted
for 9.8%. The largest part, however, were goods that
can be characterized as: other or not identified
(38.2%) (Fig. 10).

In the case of goods counted in tonnes, in this case,
classified goods also had the largest share of metal
(15.6%). Coal and crude petroleum was second
(12.1%), and the third major commodity was coke and
refined petroleum (12.1%). As in the case of transport
work performance, the products other or not identified
constituted the largest part in the summary, as they
comprised 1/3 of the share (Fig. 11). One of the solu-
tions used in the transport of goods in Europe is also
intermodal transport applied to the so-called LDHV
(Low Density High Value) goods [7, 30].

Fig. 8 Rail freight transport for main undertakings, 2010, 2019 and 2020 (billion tonne-kilometres). Countries are ranked based on 2020
data. Cyprus and Malta have no railways. (*) 2019 and 2020 data not available. (?) 2010 based on quarterly data [43]

Fig. 9. Rail freight transport for main undertakings, 2010, 2019 and 2020 (million tonnes). Countries are ranked based on 2020 data.
Cyprus and Malta have no railways. (1) 2019 and 2020 data not available.(?) 2010 based on quarterly data [43]
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Fig. 10. Rail freight transport by type of goods for main undertak-
ings, EU, 2020. Share based on tonne-kilometres [43]

Fig. 11. Rail freight transport by type of goods for main undertak-
ings, EU, 2020. Share based on tonnes [43]

3. High Speed Railway

High speed railway is a form of transport that is
gaining more popularity all over the world every year
[33]. Thanks to this form of transport, including more
and more easier access to high speed communication
for ordinary passengers, the possibilities of daily
commuting of employees from distant regions to the
place of employment increase significantly [17]. Eve-
ry year, multi-million investments are made to expand
the railway network adapted to moving at high speeds.
According to UIC (International Union of Railways)
[5] data, there are 20 countries in the world that have
high speed railways, and the total length of HSR lines
in the world is 56,130 km.

The country with the most extensive HSR is China.
It is a world leader in this area with 38,283 km of
lines. For comparison, the second country in the world
with the longest HSR line is Spain with 3,487 km,
which is over 11 times less than China. Asian coun-
tries with HSR lines are also Japan (3,041 km) and

South Korea (893 km). Considering such an extensive
infrastructure, especially in China, HSR in Asia ac-
counts for 75% of the total length of HSR in the
world. In Europe there is 21% of the total length of
the HSR in the world (11,819 km), in the Middle East
it is less than 2.1% (1,173), in North America (USA)
1.3% (735 km), and the rest of the lines (186 km) are
located in Africa, more precisely in Morocco (Fig.
12).

Fig. 12. Length of the high speed railway network in commercial
operation by country [5]

Currently, the HSR line in the world is being ex-
panded and according to the available data, 22,562 km
of the line are under construction. This means that
after the completion of construction, the network of
HSR lines in the world will be 40% longer than today.
The largest part of the expansion takes place in Asia,
where 16,515 km of HSR lines are currently under
construction. 3,079 km of lines are built in the Middle
East, 2,405 km in Europe and 563 km of lines in
North America.

It is worth noting that since 1990, when the total
length of the HSR lines in the world was 2,767 km,
the length of this type of lines has increased 155
times. One of the main reasons was the launch of in-
tensive operations in China, where, among others, in
2008, the fastest railway route in the world those days,
Beijing-Tianjin, was put into use with a maximum
speed of 350 km/h. So far, it is still the fastest railway
line in the world. Countries with the fastest railway
lines having a maximum speed limit of 320 km/h are
Japan, France and Morocco (Fig. 13).

Due to the length of the HSR lines, China is in first
place. However, taking into account the density of the
HSR network, the index of HSR lines per km? of the
country, China is 8" in the ranking (3.989 m/km?).
This is due to the enormous area of the country and
a significantly developed infrastructure, especially in
the east of the country. South Korea has the densest
HSR line (8.911 m/km?), while Japan is in second
place (8.045 m/km?). European countries with the

RAIL VEHICLES/POJAZDY SZYNOWE 1-2, 2022

53



Review of freight high speed railway (HSR)

highest density index are Spain (6.892 m/km?) and
Belgium (6.846 m/km?). Among the countries with
HSR, the lowest value of the described index are coun-
tries outside Asia and Europe, i.e. Morocco (0.417
m/km?), Saudi Arabia (0.209 m/km?) and the USA
(0.075 m/km?) (Fig. 14). Figure 15 and Fig. 16 show
the HSR network in Asia and in Europe, respectively.

Fig. 13. Maximum speed of high-speed rail network
by country (2020) [5]

Fig. 14. Density of the high-speed network in 2020 (meters of
high-speed lines/country area in km? [5]

Fig. 15. Japan, South Korea and China Railway High-Speed
(CRH) lines [5]

Fig. 16. High-speed railway lines in Europe [5]
4. Freight high speed trains

Rail transport using HSR was designed with pas-
senger transport in mind. This is also confirmed by
statistics, which say, among other things, that in China
in 2020, despite the COVID pandemic, 2,357.7 mil-
lion passengers used these services, and in Japan —
354.6 million passengers. This means that this type of
transport has become a generally accessible form of
transport for passengers. Due to the fast travel time,
this type of railway has a significant potential for the
transport of goods. The use of HSR for freight ser-
vices is not only a plan, but is already being imple-
mented on certain sections of the railway lines. Ex-
amples of the use of HSR in freight transport are pre-
sented below.

4.1. ETR.500 M-01 rail vehicle

The world's first high speed freight line was put in-
to operation on November 7, 2018 by the Italian oper-
ator Mercitalia Fast (Gruppo FS Italiane). The line
connects the Maddaloni-Marcianise terminal in Caser-
ta with the Bologna Interport (approx. 550 km) (Fig.
17), one of the most important logistics hubs in north-
ern Italy [36, 37]. Trains used for this operations (Fig.
18) are specially modernized and designed to
transport time-sensitive products for customers such
as couriers, logistics operators, manufacturers, distrib-
utors and developers.
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Fig. 17. Italian high speed rail route used for freight transport [36]

Fig. 18. The Italian high speed freight train ETR M-01 Fast,
a modernized version of the ETR 500 vehicle [39]

For this special and innovative service, the ETR
500 multiple unit rail vehicle (currently classified as
ETR M-01 Fast) was used, consisting of two multi-
system drive units — E.404.514, E.404.516, and 12
passenger units. Adaptation of passenger units for
freight transport was made in workshops in Vicenza
and Voghera. The air conditioning system and 220
volt static transducers for passenger services and elec-
trical sockets have been removed. This operation had
to be performed to compensate for 3.6 tons of ballast
in order to maintain stability. The wagons (units) are
equipped with a fire suppression system compliant
with the TSI 2014 specification by means of two fire
extinguishers and special ceiling smoke detectors.
Each vehicle also has two cameras connected to a
screen in the driver's cab. The lighting is made of
neon tubes placed on the ceiling alongside the vehicle.

The transport capacity of the modernized vehicle is
equal to 18 road semi-trailers or two Boeing 747 air-
planes. The cargo space is divided into 12 sections,
called wagons after modernization. Each wagon has
17 load spaces (boxes) called "racks" and numbered in
ascending order from 1 to 17 (Fig. 19). In total, in one
wagon there is space for 60 containers with dimen-
sions of 71x80x180 cm (Fig. 20).

Fig. 19. Scheme of the internal division of each wagon with
17 boxes designed to put the containers on wheels and to mark the
12 wagons in the MO1 train [22]

Fig. 20. Freight space in one of the wagons of the ETR M-01 Fast
train by Mercitalia [36]

One container takes up a space of about 1 m* and it
is possible to transport up to 250 kg of goods in it.
The shipping unit is designed for easy and quick load-
ing and unloading due to the use of wheels (Fig. 21).

Fig. 21. Loading of containers on wheels to the high speed freight
train ETR M-01 Fast [34]

In terminals, the loading and unloading of wheeled
containers is carried out by means of 12 removable
platforms that connect the warehouse dock with the
level of the train floor. The operations are therefore
only performed through one door (Fig. 22). The use of
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such a solution allows to maintain 17 tons of load per
axle, which is a value required on high speed lines.

Fig. 22. Loading platform in the ETR M-01 Fast vehicle [34]

The yellow tubular structures are a frame for secur-
ing the containers and allow the containers to be fas-
tened with special belts (Fig. 23). The standard load
capacity is 7 tons per wagon, however, in the case of
transporting heavier goods, it is possible to re-
move/adjust the ballast.

Fig. 23. Containers in the cargo area secured with belts and pre-
pared for transport [36]

The train runs between the Maddaloni-Marcianise
terminal (Caserta near Naples) and Bologna Interporto
in 3 h and 20 minutes (average speed 180 km/h).
A truck covers the same route in about 67 hours.
Although the vehicle is adapted to a maximum speed
of 300 km/h, it was decided to limit the driving speed
of the ETR.500 M-01 to 250 km/h. Data on the ETR
500 train and the modernized version of the ETR.500
M-01 are presented in Table 1.

Mercitalia estimates that its new service could re-
move nearly 9,000 trucks from the heavily congested
Al motorway, which would reduce carbon dioxide
emissions to the atmosphere by around 80% compared
to road transport.

4.2. Fuxing CR400BF

The Chinese State-owned Rolling Stock Manufac-
turer — CRRC — provided transportation services for
the Double 11 Shopping Festival 2020 from Novem-
ber 1 to November 20, 2020, it was a worldwide
online shopping festival. In order to improve opera-
tional efficiency, the Chinese National Rail Admin-
istration has allowed the CRRC to convert Fuxing
CR400BF trains (Fig. 24) from passenger to freight
trains, ensuring that trains can be completely convert-
ed back [15].

On November 1, 2020, the Fuxing CR400BF-3087
high speed train, the first to convert to a freight elec-
tric multiple unit, took off with 40 tons of packages
and crates from Beijing and Tianjin shipped to the
Double 11 Shopping Festival (Fig. 25). Friction belts
and pulley systems were temporarily used on the train
and on the platform, not only to prevent damage to the
floor and packaging, but also to improve loading effi-
ciency. The train reached the Hankou railway station
in Wuhan in five hours, traveling over 1,100 km be-
tween Beijing and Wuhan. Carrying out the transport
proves the feasibility of the service.

Table 1. Technical data of the ETR 500 and ETR.500 M-01 units [21, 36]

(for 1st generation single system sets)

ETR 500 (passenger) | ETR.500 M-01 (modernized freight)
Producer Trevi (Alstom, Bombardier, AnsaldoBreda consortium)
. 30 complete multiple units + 60 drive units
Production 1

Number in use

59 passenger multiple units 1

drive unit + 11 intermediate units + drive unit
(originally-2004, 201 1-present)

System drive unit + 12 intermediate units + drive unit (2004-2010) drive unit + 12 intermediate units + drive unit
drive unit + 8 intermediate units + drive unit (ETR 500 F,
Turin-Milan)
Carrier FS/Trenitalia Mercitalia Rail
Maximum speed 360 km/h 250 km/l;(g(l)l Tﬁg (fr?(r) iféi?sl)reamm)
Continuous power 2 x 4400 kW
Number and type of motors 8 asynchronous electric motors
Mass 598t
Gauge 1435 mm

Transport capacity 575 passengers

| from 7 t to 10.6 t — per intermediate unit
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Table 2 presents the most important data concern-
ing the CRRC Electric Multiple Unit (EMU) — the
Fuxing CR400BF vehicle. The vehicle is adapted to
travel at a speed of 420 km/h, but the usable speed
is 350 km/h.

The Fuxing CR400BF high-speed train is charac-
terized by the ability to carry out high speed journeys,
punctuality, safety and with environmental protection,
which corresponds to the modern requirements of the
large-scale transport and logistics sector. According to
the CRRC, in the future, the company will continue to
research the EMU rapid delivery service [26].

Fig. 24. CR400BF train at Beijing South station [23]

Fig. 25. Load space of the CR400BF high speed train adapted to
the freight transport [26]

Table. 2. Technical data of the CR400BF vehicle [13]

Fuxing CR400BF
CRRC Changchun Railway
Producer Vehicles Co., Ltd. -
Production 2016-present [years]
System 8 units (4 drive units, 4 driven units) [-]
Maximum speed 420 [km/h]
Usable speed 350 [km/h]
Traction power 10 140 [kW]
Electric motors YQ-625 3 Phase AC @duction Motor 4
(Zhuzhou CRRC Times Electric)
gg?g?ﬁ;irs 8 asynchronous electric motors [pes]
Width 3360 [mm]
Height 4050 [mm)]
Length 211 [m]
Gauge 1435 [mm)]
Axle load <17 [t]
Type of traction 25/50 AC from overhead power lines [kV/Hz]
Water cooled Inverter control IGBT-
Traction system VVVEF (Zhuzhou CRRC Times Elec- [-]
tric)

4.3. China's first high-speed freight train

A new generation of high speed freight trains that
can carry up to 110 tons of goods rolled off the pro-
duction line in Tangshan, Hebei Province in northern
China (Fig. 26). The new trains, developed by CRRC
Tangshan Co Ltd, a part of China Railway Rolling
Stock Corp, the country's largest rolling stock produc-
er in terms of production volume, can travel at a max-
imum speed of 350 km/h [10, 27, 53].

Fig. 26. Chinese high speed freight train in a production hall [11]

Equipped with eight units, the EMU is also charac-
terized by an increased ability to adapt to weather
changes. The vehicle can operate in temperatures from
—25°C to 40°C. Unlike air and road transport, the high
speed freight train is less exposed to the elements,
such as heavy rain and strong winds. Train is able to
cover 1,500 km distance in five hours [11].

A high speed freight train uses technologies such
as big data analysis, Beidou satellite navigation sys-
tems, virtual information storage in the cloud, ultra-
wide range solutions, precise weight control of trans-
ported goods and advanced algorithms for intelligent
storage goods and load distribution in the cargo space.
These systems are also helpful in working procedures
such as accurate identification and positioning of car-
go during cargo loading and unloading operations.
Each wagon has a pair of loading doors 2.9 m wide,
which means those train cargo doors have the largest
degree of opening in the world (Fig. 27).

Fig. 27. Loading door — 2.9 m wide [11]
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In the cargo spaces is designed floor system with
built-in conveyors (Fig. 28), which automatically dis-
tribute the goods on the vehicle (Fig. 29). Filling the
cargo space with transport units thanks to this system
reaches the level of 85% (Fig. 30). The system used is
similar to that used in transport aircraft.

Fig. 28. Automatic floor conveyor system for cargo [1]

Fig. 29. Platform for automatic distribution of transported goods
in the cargo space [1]

High speed freight trains meet the demand for high
speed freight transport over medium and long distances

ranging from 600 km to 1,500 km. This type of train
has significant advantages such as transport on time,
high frequency of goods handling, low transport costs
and operational capability regardless of the weather.
The front end of the high speed freight train uses the
bionic structure of the Chinese sturgeon (fish) skeleton,
which increases the slimness of the front of the vehicle.

The results of the wind tunnel tests showed that the
shape and design of the vehicle nose are very advanced
and significantly reduce the running resistance com-
pared to the existing models (Fig. 31).

Fig. 30. Loading space with transport units [1]

China is seeking to increase its global competitive-
ness in the rail sector by expanding rail networks with
a wider range and higher speeds. The Chinese rail
operator China State Railway Group plans to build
200,000 km of railroads by the end of 2035, and big
part of this will be HSR. All cities over 200,000 resi-
dents will be connected to the rail network by 2035,
and cities larger than 500,000 will have access to the
HSR network [14]. It means that such express vehi-
cles will be more and more needed.

5. Summary

The transport of goods, especially express
transport, becomes a determinant of modern trade and
enables the efficient development of the economy.
The rapid development of the e-commerce depart-
ment, which makes online trading possible, contribut-
ed significantly. Ordinary users have the opportunity
to buy or sell items that reach the recipient in record
time. Meeting such demanding time standards is ex-
tremely complicated and requires the involvement of
a well-developed transport infrastructure. On the other
hand, the use of a high speed means of transport gen-
erates significant costs. This means that in some cases
express transport may not be an effective solution.

Fig. 31. First, specially designed Chinese high speed freight train [11]
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The examples presented in the article show, despite
the increased costs, a significant increase in the popu-
larity of express freight transportation. For this reason,
the use of HSR - classified as the top of the most ex-
pensive form of rail transport, until recently reserved
only for passengers — becomes an interesting prospect
with great potential for the implementation in freight
transport.

The most developed country in this area is China,
which, having the longest HSR network in the world,
is intensively working on express freight transport.
The solutions of the high speed passenger train Fuxing
CR400BF were developed, which, after being adapted
to the transport of goods, became a cargo vehicle.

A special EMU vehicle is the recently developed
by CRRC Tangshan Co Ltd. It is unique because it is
the world's first rail vehicle designed from the begin-
ning for freight transport at speeds of up to 350 km/h.
The vehicle also has an automated cargo space, which
significantly contributes to increasing the efficiency of
the transport. It seems that China, planning huge in-
vestments related to the expansion of the HSR net-
work, will increasingly look for solutions in freight
transport using HSR.

In the case of Europe, a fairly well-developed HSR
network is used so far for passenger transport. The
exception is the solution in Italy, where the carrier
Mercitalia Fast adapted the Italian high speed train
called ETR M-01 Fast for freight transport. The vehi-
cle regularly running on a high speed route with
a length of over 500 km is intended for the so-called
LDHYV shipments and is an advantageous alternative
to other modes of transport.

Mercitalia Fast uses the HSR line dedicated to pas-
senger transport and runs through two important
transport terminals. Interporto Bologna, one of the
largest intermodal logistics hubs in Europe, is home to
more than 120 industrial and freight logistics compa-
nies and three rail terminals. Interporto Maddaloni-
Marcianise, near Caserta is big terminal 30 km from
Naples. Due to the location of the terminals and the
HSR line connecting them, it was decided to use the
HSR train for the transport of goods.

The reasons for the lack of use of HSR in Europe
on a larger scale are mainly financial reasons, as well
as the nature of the goods transported. In the EU, rail
transport mainly transports goods with large dimen-
sions and weight. Such goods do not require transport
at high speeds, which is confirmed, inter alia, by the
average transport speed of freight trains in Poland (the
second country in Europe in terms of rail freight
transport work performed) of 25 km/h.

In the event of an increased demand for express
freight, the railway infrastructure in European coun-
tries with HSR is well-adapted. Therefore, it seems
necessary to establish regular long-distance connec-
tions while maintaining the profitability of transport.
Additionally, the development of logistics centers
adapted to this type of transport would be needed.

Such created line for freight HSR would be used
for the transport of light goods inside the country due
to the small number of connections of the HSR net-
work between countries. An alternative to internation-
al connections for the transport of freight HSR would
be international connections with a reduced average
shipping speed, with only sectional increased speeds.

Nomenclature

CRH china railway high-speed HSR high speed train

EMU electric multiple unit LDHV low density high value
ERTMS European rail traffic management system UIC international union of railways
EU European Union tkm tonne-kilometers

GHG  green house gases
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of emissions of magnetic disturbances coming from rolling stock. It is dedicated for
oscilloscope card and RSAL 5340, RSAH 5324 rolling stock antennas for axle counter. The
indicated algorithms of proceeding coming directly from the standards, additional own
methods of fast data analysis was made. Communication between the measurement cards
and computer using USB with self-power USB hab was used. The software is fully compat-
ible with the requirements contained in the ERA/JERTMS/033281.
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1. The general background

The growing demand for the comfort and diagnos-
tic capabilities of rail vehicles has resulted in the need
for a wide use of electronics. At the same time, traffic
control devices are changing along with the develop-
ment of the railway infrastructure. These are both
modern station systems, line blockades and train de-
tection devices. The increasingly complex rolling
stock is a source of potential interference that may
affect the operation of rolling stock detection devices
[1-3]. The issue of ensuring the interoperability of
rolling stock and railway infrastructure is important
for the implementation of a single European Railway
Traffic Management System — ERTMS, and as part of
it, for the dissemination of the use of the European
Train Control System — ETCS safe train control sys-
tem.

A number of different types of track vacancy meter
systems are used on European railways, operated by
only one or more infrastructure managers, while roll-
ing stock is usually prepared and released for opera-
tion over a larger area of the European rail network,
which causes a significant complexity of the compati-
bility problem [4]. Determining the permissible levels

of interference for individual frequencies in the oper-
ating band of rail sensors is the subject of the so-
called frequency management process, covered in
particular by the European standardization activity.

Before new rail vehicles are allowed to operate,
verification of their Electromagnetic Compatibility —
EMC with rail traffic control devices is carried out.
One of the element of the research is the assessment
of disruptive variable magnetic fields produced by the
rolling stock. In terms of the subject matter of this
article, the main document defining the requirements
for rolling stock is ERA/ERTMS/033281 [6], which
presents, i.e., the limits of magnetic field strengths for
AC traction and the method of measuring these fields.
Example of measurements results to previous of the
document are presented in [7]. It is worth mentioning
that the authors of this work are asked if the research
methodology according the two documents ERA/
ERTMS/033281 and CLC/TS 50238-3 is good enough
for confirming compatibility of rolling stock with
train detection systems. These documents do not take
into account the case where two trains pass each other
near the wheel counters.

As representatives of the Lukasiewicz Research
Network — Poznan Institute of Technology (£-PIT),
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Radio Technologies and Electromagnetic Compatibil-
ity Laboratory we have created a portable measuring
stand for testing magnetic fields generated by railway
vehicles, regardless of their power supply method.

2. Theoretical basics

2.1. Research on magnetic fields generated by rolling
stock

In accordance with the requirements of the
CLC/TS 50238-3 document [3], the measurements of
the magnetic fields generated by rolling stock should
be carried out with an antenna with standardized di-
mensions (length 15 cm, width 5 cm and height 5 cm)
independently for three measurement planes: X, Y, Z

(Fig. 1).

Fig. 1. Rail-mounted measuring antenna with the indicated direc-
tions of the plane

The limit values for the magnetic field strength
from traction vehicles are defined for three frequency

ranges:
- 27-52kHz
— 234 -363 kHz
— 740-1,250kHz

The values of the limits for all separated axes are de-
fined in table 10 of the ERA ERTMS document [6].

Lukasiewicz Research Network — Poznan Institute
of Technology has measuring equipment that meets
the applicable European requirements for this type of
research. Our portable test bench consists of:

— two measuring antennas (Schwarzbeck RSAL
5340 and RSAH 5324), each with three output
signals for X, Y, Z planes

— laptop (Lenovo, ThinkPad)

— three oscilloscope cards with USB communica-
tion (PicoScope series 4000)

— self-powered USB hub (D-Link)

— own measurement and data analysis software
(PPM_210820_1.1.8.vi)
Test set-up for magnetic fields measurements in
accordance with standard is shown in Fig. 2.

Fig. 2. Set-up for magnetic fields measurements

The voltage values induced in the antennas are reg-
istered by three oscilloscope cards with sample interval
400 ns and sensitivity of voltage measurement 500 mV.
Each card has two inputs channels and one output
channel for signal generator which was not used for
measurements. The registration results are saved on
the measurement computer, where the next analysis is
carried out in accordance with the ERA/ERTMS/
033281 guidelines, using dedicated, own software.
The result of this analysis are the characteristics of the
intensity values of the magnetic fields strength as
a function of frequency, compared with the limit val-
ues for each of the measured planes.

2.2. LabVIEW software

A graphical development environment for data ac-
quisition, analysis, and presentation from National
Instruments is called LabVIEW (Laboratory Virtual
Instrument Engineering Workbench). The main dif-
ference between LabVIEW and other applications like
C or Pascal is that LabVIEW does not use text-based
languages to create lines of code. LabVIEW uses
a graphical programming language, G, to create pro-
grams in block diagram form. LabVIEW programs
appearance and operation imitate physical instru-
ments, such as oscilloscopes and multimeters because
of that this programs are called virtual instruments.
LabVIEW contains a comprehensive set of tools for
acquiring, analyzing, displaying, and storing data, as
well as tools for debugging.

All LabVIEW programs have a front panel and
a block diagram. The front panel is the graphical user
interface. This interface collects user input and dis-
plays program output. The front panel can contain
knobs, push buttons, graphs, and other controls and
indicators. The block diagram contains the graphical
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source code of application. In the block diagram one
can program an application to control and perform
functions on the inputs and outputs created on the
front panel. The block diagram can include functions
and structures from the built-in LabVIEW libraries. It
also can include terminals that are associated with
controls and indicators created on the front panel [5].

The front panel of application generating sine
wave is shown in Fig. 3, its block diagram is shown in
Fig. 4.

Fig. 3. Front panel of LabVIEW application
3. Measurement application

3.1. General information

The PPM is a software application for capturing
and evaluating EMC signals fully developed in

1 —PIT. The design of the measurement application
is based on the Laboratory's many years of research
experience and made according to ERA/ERTMS/
033281 requirements. After loading the main program

window appears (see Fig. 5). All menus are pro-
grammed as easy as possible. During start up the USB
devices are checked. A message box will appear if
some USB devices are not connected correctly. Before
reconnection the operator should check correct ca-
bling including the connection cables to the USB hub.

Fig. 4. Block diagram of LabVIEW application shown in Fig. 3

The program is divided into three tabs:
— Description

— Acquisition

— Results

Fig. 5. Program panel — view of the acquisition mode
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Fig. 6. Part of the block diagram of LabVIEW application shown in Fig. 5

In description part general information about
functionality of the application are describe.

The screenshot of the PPM software for capturing
and evaluating EMC signal panel is shown in the
Fig. 5. The part of the block diagram of our software
is shown in Fig. 6.

3.2. Acquisition mode

The main menu acquisition shows all important
parameters. Each time when application is run a de-
fault parameters are set. In the main window the pa-
rameters can be changed. Approval of the new set-
tings is done by pressing the button “Apply Settings”.

The huge memory of each sampling devices (Pico
Scope) samples the whole data into the internal buffer.
After the data will be transferred and store to the local
or external hard disk.

The connection with Pico Scope is initialize after
pushing button “Start connection”. Pushing button
“Measure” will start measurement. Pushing button
“STOP” will stop measurement.

The measurement results (raw data) are directly
stored as a txt file. Each axis (x, y and z) is stored in a
separate file with the extension *.txt. The saving path
of the data can be pre-configured in the acquisition
section of the application. The measurement settings
are saved as a doc file separate for each axis.
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3.3. Results mode

The main part of the results panel are the meas-

urement visualization components, on which the data
appears after the finished measurement.
On the graphs are shown the broadband evaluation
using Fast Fourier Transformation — FFT with Han-
ning window (green lines). The result are presented
for each axis in a separate graphs. The Figure 7-9
shows the result of many thousand FFT during 15 s
sampled data. The analyzed data are directly stored as
a txt file in three separate file for each axis. The sav-
ing path is the same like for measurement raw data.

Fig. 7. Program panel — view of the results mode for X-axis

Fig. 8. Program panel — view of the results mode for Y-axis

Blue dash line indicate out of band region where
FFT with Hanning window, 50% overlap is used as
evaluation method. Red solid line indicate in-band
limits. These regions are demonstrated by broadband
evaluation using FFT with Hanning window, 75% of
time overlapping and time windows of 1 ms for Band
1, 0.5 ms for Band 2 or Band 3. More details are pro-
vided in the document ERA ERTMS [6].

Fig. 9. Program panel — view of the results mode for Z-axis

The visible discontinuities in the spectra in Fig. 7
and Fig. 9 are the result of different mounting of the
two antennas on the rail, resulting from different posi-
tioning tolerances for each of the antennas.

3. Summary

The aim of work described in present article was to
create software for the measurement of magnetic field
emission for railway applications. The applications
were created by use of LabVIEW (version 2020 SP1)
graphical development environment. This choice was
dictated by the universality of the libraries available in
LabVIEW, which ensure relatively easy communica-
tion with the majority of electronic measuring devices
operating on the market. Additionally, creating an
application in LabVIEW environment does not need
advanced programming skills.

The PPM program is fully compatible with the re-
quirements contained in the ERA/ERTMS/03328]1.
The main advantage of our program is possibility of
easy modification following the changes in [6]. This is
not provided by the commercially available programs.

The program created within this work were put in-
to practice in Radio Technologies and Electromagnet-
ic Compatibility Laboratory at Lukasiewicz Research
Network — Poznan Institute of Technology, Poland.
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the development of locomotives. The paper presents an energy flow analysis in a hybrid
locomotive powered using fuel cells. The parallel hybrid drive system consisted of fuel
cells, batteries and an electric motor. The simulations and analyzes were performed with
the use of AVL Cruise M software. A simulated route, with a length of approximately 300 km,
was used as basis for the analysis, taking into account a typical speed profile of a locomo-
tive in passenger traffic. The energy flow and consumption values were estimated, and
mean hydrogen consumption values were determined.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/)

1. Introduction

The number of locomotives powered by electricity
has increased in recent years. In 2019, diesel was used
as the main source of propulsion for locomotives only
in Estonia, Latvia and Lithuania [10]. Electricity was
the main source of power supply for traction vehicles
(except locomotives) in Spain (87.4%), France
(78.7%), Latvia (76%), Austria (72.9%), Poland
(87.7%), Portugal (78.6%) and Sweden (96.8%) [10].

The densest rail networks in the EU in 2019 could
be found in regions of Germany and the Czech Re-
public such as: Berlin (698 km/1000 km?) and Prague
(491 km/1000 km?). High rail network densities (of
about 120 km/1000 km?) were also recorded in other
regions of the Czech Republic, Germany, the Nether-
lands and Poland — Fig. 1.

Implementing hybrid drives for use in rail vehicles
is a trend that allows the reduction of the negative
environmental impact of the transport sector. The
share of hybrid drives in rail vehicles rose to approx-
imately 4,900 units in 2020 and a further increase to
8,400 units is expected to take place by 2030 (this is
an annual increase of approximately 5.5%) [13, 16].

Some companies, including: Alstom, Bombardier,
Siemens, Wabtec Corporation and others, are investing
in the development of trains powered by alternative
fuels. Alstom was one of the first companies to present
a locomotive with PEM (Proton Exchange Membrane)
fuel cells powered by hydrogen fuel [4]. The hybrid
battery-hydrogen system was equipped with fuel cells
with a capacity of 400 kW and batteries with a capacity
of 111 kW and an operational voltage of 800 V. Each
of the traction motors had a power of 314 kW. Hydro-
gen was stored in special tanks with a hydrogen mass
capacity of 2 x 94 kg at a pressure of 35 MPa [20]. In
March 2018, Alstom received two orders for a total of
25 Coradia Lint hydrogen regional trains in southern
Germany. As of today, these trains operate among oth-
ers in: Italy, France, the Netherlands, Sweden and Aus-
tria [5]. In September 2018, Bombardier launched their
own new Electro-Hybrid Train called Talent 3 [17].

The Japanese proposal for a hybrid drive rail solu-
tion with fuel cells was the HYBARI project, which
was the result of cooperation between Toyota, Hitachi
and the Japanese railways (JR East — East Japan Rail-
way Company) [14, 15]. The vehicle uses two electric
motors with a power of 95 kW each and a stack of
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PEM fuel cells (four cells with a power of 60 kW)
forming a Toyota Mirai module, and are supplement-
ed by two Li-lon batteries with an energy storage ca-
pacity of 2 x 120 kWh.

In Poland, the Corantia iLint locomotive was first
presented in 2021 [8]. It is assumed that replacing one
regional diesel train with a hydrogen train would re-
sult in the equivalent of retiring 400 cars from regular
traffic on the roads [5].

Siemens offers the Mireo Plus H vehicle which
runs on a battery-hydrogen drive. The system uses
200 kW fuel cells from Ballard. The vehicle range is
estimated to be 600 km (for the two-unit system) and
1000 km (for the three-unit system) [22].

There are currently several projects for the use of
fuel cells in various forms of transport:

1. IMMORTAL (IMproved lifetiMe stacks fOR heavy-
duty Trucks through ultrA-durabLe components);

a project focusing on the development of fuel cells

and their applications in heavy-duty vehicles
2. Flagships; a project to build a cargo ship powered

by fuel cells
3. FCH2RAIL (Fuel Cell Hybrid Power Pack for Rail

Applications); a project in which Belgium, Germa-

ny, Spain, Portugal and Toyota (as a supplier of

fuel cells) participate to develop a zero-emission
locomotive propulsion system

4. H2Haul (Hydrogen fuel cell trucks for heavy-duty,
zero-emission logistics); testing of 16 heavy-duty
vehicles equipped with fuel cells.

Fig. 1. European railway lines density in 2019 (in km of railway line per
1000 km?) [10]

2. Fuel cells in rail vehicles

Using fuel cell systems to power locomotives is
a fairly modern trend in their development. Low-

temperature fuel cells are the ones most often used in
transport means as a power source for electric motors
[19]. In fuel cell (FC) systems, batteries are a neces-
sary systems used for powering the fuel cells (in the
first phase of their operation) and to generate supple-
mentary power when driving in dynamic conditions,
along with supercondensator (SC) due to their much
higher power density values compared to batteries
(BAT) [7, 11]. Research with the use of SC + BAT +
FC conducted for vehicles of various classes (tram,
passenger train, light rail vehicle, locomotive — tram,
passenger train, railcar and freight locomotive) al-
lowed for the optimal selection of power sources and
energy storage [11, 12].

Simulation tests of hybrid rail vehicle systems with
fuel cells can prove to be a significant source of in-
formation about the energy flow. Such studies enable
the assessment of energy and hydrogen consumption
in a locomotive traveling on a simulated route [1]. The
simulation model presented in [1] included five mod-
ules: batteries, fuel cells, vehicle dynamics, power
distribution and a controller. SOFCs (solid oxide fuel
cells) require much higher temperature values to en-
sure their proper operation (to enable the flow of ions
through the electrolyte). One of the proposals is
a SOFC system with a Brayton turbine and a Rankin
cycle [3]. Such a solution has made it possible to ob-
tain an overall system efficiency of about 80%, while
the efficiency of the cell itself was between just 45%
and 65% [23]. The constant pressure to reduce the
consumption of energy and fuel (including hydrogen)
leads to optimization works in the field of eco-driving
of such drives [6, 18], and the potential use of ammo-
nia to power SOFC cells [2].

3. Aim of research work

The aim of the conducted research was to analyze
the energy flow in the hybrid drive system of a loco-
motive equipped with fuel cells and high-voltage bat-
teries. The analysis was performed on a typical route
simulating traffic at speeds of up to 130 km/h. Energy
consumption by drive systems and hydrogen con-
sumption were all determined. The presented model
enables the analysis and evaluation of hydrogen con-
sumption on typical routes serviced currently by die-
sel locomotives.

4. Research method

4.1. Drive system model

The simulation test drives were carried out with the
use of AVL Cruise M software. This software enables
the simulation of energy flow processes in propulsion
systems, including hybrid drives.
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Fig. 2. Locomotive drive system model

The article presents an energy flow simulation in
a locomotive (without carriages) that was equipped
with fuel cells, batteries and an electric motor (Fig. 2).
Some of the data included in the model was based on
other papers [9, 21].

The locomotive, weighing 80 tons (Table 1), was
equipped with an electric motor with a power of 2,600
kW. As shown in Fig. 2, the torque is transferred from
the drive to the two axles. A low-temperature fuel cell
system with a capacity of over 3 MW was connected
in parallel to two batteries (connected in series) with a
capacity of 1.7 MW as well as two DC-DC voltage
converters. The fuel cell operated at a voltage of
4000-5000 V, the battery at about 2000 V and the
electric motor at about 2000 V. Additionally, a brak-
ing resistor (power consumer) was included in the

Table 1. Technical data of locomotive

Locomotive
Distance from hitch to front axle m 16
Wheel base m 12
Height of support point at bench test m 0.5
Distance from point of force application to front axle mm 4000
Curb weight t 80
Gross weight t 90
Reference vehicle for driving resistance
Frontal area m? 10
Drag coefficient — 0,75
Weight t 82
Transmission ratio - 5.5
Mass properties
Moment of inertia | kgem®> [ 50
Wheel properties
Friction coefficient of tire - 0.7
Reference wheel load kN 100
Wheel load correction coefficient - 0.01
Rolling radius
Static mm 546
Dynamic mm 550

system. It was activated when the braking power was
greater than a specified maximum regenerative power.
The locomotive had a wheelbase of 16 m and was
equipped with a permanent gear with a ratio of 5.5
between the electric motor and the wheels. The func-
tion of resistance to motion is described by:

F=A+BxV? (1)

where: a = 143 N, b = 03399 N/(km/h)?, V — driving
speed in km/h.

4.2. Scope of research

The energy flow tests were carried out on a regular
locomotive route with a travel distance of 328 km.
The simulation runtime was 14,225 s. The tests were
carried out taking into account the locomotive mass of
82 t. The analysis covered the operating conditions of
the fuel cell, the high-voltage battery and the electric
motor. An analysis of energy flow, energy recupera-
tion, and average energy consumption per 100 km was
carried out.

5. Hybrid drive system with fuel cells

5.1. Fuel cells operating conditions

In the simulation model, 4,500 individual fuel cells
with a total cell area of 2,720 cm? were used. The
technical parameters of the fuel cell model were in-
cluded in Table 2.

Because it is necessary to adjust the voltage value
of the cells stack and the electric motor, the stack of
fuel cells was connected to a DC-DC voltage convert-
er (at 95% efficiency) (Fig. 3).
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Table 2. Technical data of fuel cell

Number of cell - 4500
Cell area cm’ 2720
CCL proton conductivity A/(V cm) 3

Ideal open circuit voltage \ 1,23
Cat. layer thickness cm 0.001
GDL thickness cm 0.025
Maximum current A 2500

age value was in the range of 3-5 V. The full specifi-
cation of the battery cells was included in Table 3.

Fig. 3. Fuel cell model with measurement conditions and DC-DC
voltage converter

The characteristics of the fuel cell stack used were
shown in Fig. 4. The maximum power value was ob-
tained with a current of about 1 kA. The cell voltage
was limited to approximately 3.2 kV with these oper-
ating parameters. The operating temperature range of
the cell stack was 30—-80°C, at an air pressure of 1 bar
and a humidity of 70%.
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Fig. 4. Current-voltage characteristics of the fuel cell stack

5.2. Battery operating conditions

The locomotive system used two battery modules
connected in series (Fig. 5). Each battery consisted of
4 rows of 262 cells connected in series. The cell volt-

Fig. 5. Model of a high voltage batteries connected in series with

a DC-DC voltage converter

Table 3. Technical data of battery

Number of cell per cell-row - 262
Number of cell-rows - 4
Minimum voltage v 3
Maximum voltage v 5
Maximum charge Ah 25
Initial charge % 60

The characteristics of a single battery cell were
shown in Fig. 6. Assuming the battery state of charge
(SOC) was in the range of 20-80%, the battery volt-
age was found to be in the range of 3.6-4.0 V.

4.6

a4

4.2
4.0

v

3.8
3.6
3.4

U_BAT

3.2

=~ " Temperature T=25deg.C ~ |

Fig. 6. Characteristics of the battery cell voltage depending on its
charge level

The characteristics of resistance changes were
shown in Fig. 7. It was assumed that these values dur-
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ing the battery charging and discharging were the
same.

00045 -~~~ T~ 7~ - Temperature T =25 deg.C — —
I I I I I

R [Ohm]

Fig. 7. Characteristics of the cell's resistance during charging and
discharging

5.2. Electric motor operating conditions

The system used an asynchronous electric motor
design operating in two quadrants (the first and the
fourth). The torque characteristics were shown in Fig.
8. The maximum value of the torque was maintained
up to the speed of 3000 rpm. The maximum engine
speed was 7500 rpm. The engine was characterized by
high efficiency values (over 90%) in the range of
2200-2500 rpm. When acting as a generator, howev-
er, the motor efficiency does not exceed 80%.
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Fig. 8. Electric motor torque characteristics
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Fig. 9. Electric motor power characteristics

The electric motor power characteristic (Fig. 9) in-
dicates constant power values in a fairly large range of
rotational speeds. The maximum power of 2,240 kW
can be obtained at a speed of 3,000 rpm.

5.3. Energy flow analysis

The route, simulated in the AVL Cruise M soft-
ware, was used to analyze the energy flow. The 328 km
route connects Helsingor in Denmark with Karlskrone
in Sweden. The duration of the trip was 3 h 57 min.
The maximum speed of the locomotive was 120 km/h.
The driving speed profile of the locomotive was
shown in Fig. 10.

1 1 I I I
0 2500 5000 7500 10000 12500

t[s]

Fig. 10. Locomotive speed profile along with the distance covered

The data in Fig. 10 shows that the initial route was
characterized by frequent stops. Longer sections of
uniform drive speed can be found in the central part of
the route. The final part of the route consisted of vary-
ing driving speeds, but without stopping the locomo-
tive. As the profile shows, the first 30% of the route
distance was covered more slowly, with frequent lo-
comotive from stops. On the remaining 70% of the
route the locomotive was travelling at a nearly con-
stant speed. The mean travel speed was calculated to
be about 83 km/h.

The values of the locomotive traction force and the
power loss were also determined. These values were
compiled into Fig. 11. The data shows that the aver-
age, maximum traction force was about 100 kN. The
instantaneous, maximum power losses were measured
at about 200 kW (the mean values results were deter-
mined by analyzing only the peaks of the values in
Fig. 11).

T T T T T 700

Z 20— —1—— == [N [ [ 4-——-1-600 =
E‘1337——————‘——————‘—————‘— ————— o1 a0 E
@ | | | | —
g o L] ety o
o

‘=100 [ I}”————i‘ ot T s00 2
2200t H HEH o] -4 -H--200
L aililiin s Riniai kI - M—wof{

400 \ \ \ \ T 0
0 2500 5000 7500 10000 12500
t[s]

Fig. 11. Locomotive traction force and power loss

Because the fuel cell is the main source of the lo-
comotive’s propulsion, its power was more than twice
that of the batteries. The operating conditions of the
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fuel cell were shown in Fig. 12. The frequent change
of the locomotive travel speed caused the cell current
intensity to jump up to about 1000 A at certain points.
As a result, the voltage drops to about 3200 V. Idle
operation of the fuel cell (not providing power) caused
the voltage to reach its maximum value. At steady
speeds (approx. 120 km/h), the power drawn from the
fuel cell was measured at 180 kW. The power drawn
from the battery, however, was only 11 kW.
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Fig. 12. Fuel cell operation characteristic when travelling on the
simulated route

The drive system characteristics indicated that the
maximum instantaneous power of the fuel cell stack
reached 3 MW. About 1 MW of power was used in
the final phase of the route, without stops but with
a changes in travel speed. The total fuel cell energy
value in the simulation was estimated at 0.875 MWh
(Fig. 13).

5000 —
4000 -
- =
<. 3000 =
5 =
L 2000 -| e
b4 I_“I
1000 —
0- L 0.0

I
0 2500 5000 7500 10000 12500
t[s]

Fig. 13. The fuel cell power characteristics and its total energy
consumption on the simulated route

A detailed analysis of a single acceleration (Fig.
14) after the locomotive stopped showed an almost
two-fold decrease in the fuel cell voltage, with an
increase in the current consumption to about 1000 A.
This was mirrored by a slight decrease in the battery
SOC. Subsequent locomotive braking caused this
value to be greater (SOC = 0.61) than before braking

(SOC = 0.60). This means that when the locomotive
brakes, it was possible to increase the SOC by 1%.
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Fig. 14. Analysis of an individual speed profile change, including
acceleration, constant speed and braking until the locomotive
came to a stop

The voltage-current characteristic of the battery
has shown much higher current values used during
braking than during acceleration (Fig. 15). As the
current value increased, the voltage value also in-
creased. The density of test points increased at points
of vehicle acceleration and braking. The characteris-
tics in Fig. 15 show that the same current values (posi-
tive during braking and negative during acceleration)
meant that the respective power values may be higher
when the locomotive was braking. During braking, the
voltages were found to be about 10% greater than the
corresponding voltages during acceleration of the rail
vehicle.
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Fig. 15. Battery current-voltage characteristics

Analyzing Figs 14 and 15 indicated low values of
the battery current used to drive the locomotive. Much
higher currents (about 8 times) were used during brak-
ing of the vehicle. The highest currents occurred in the
initial braking phase (Fig. 14) with the highest voltage
values occurring at the same time. Under such condi-
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tions, the maximum recovered power was approxi-
mately 1.7 MW.

The battery characteristics indicated its continuous
recharging for the whole driving profile. This is due to
an increase in the battery voltage (Fig. 16). The value
of the current during the constant driving speed was
about 200 A. Such values were obtained during the
test time t = 7500 s. Each braking with the rail vehicle
increased the charging current. The driving profile
showed that the battery voltage increased by 110 V
during the 320 km trip, which resulted in an increase
in the battery charge level from 60% to over 90%
(Fig. 17).
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Fig. 16. Battery current-voltage characteristics for the simulated
route

The maximum power drawn from the battery was
about 1.8 MW (Fig. 17) when the locomotive was
accelerating to a speed of 120 km/h. The value of the
absolute increase in battery energy (including its dis-
charge during acceleration) on the entire route was
determined as 0.071 MWh (based on positive and
negative current value from Fig. 16):

E_BAT = |_BAT - U_BAT - At 2)

Almost 50% of this energy was obtained after trav-
elling just the first 30% of the route distance. Thus
proving that the hybrid drive solution used was very
efficient.
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Fig. 17. Characteristics of battery power and total energy con-
sumption throughout the simulated route

Although quite a large portion of the locomotive
braking energy was recovered, the energy consump-
tion of the fuel cell was nevertheless much higher and
amounted to 0.875 MWh. The difference in energy
consumption was therefore over 12 fold (Fig. 18).
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Fig. 18. Changes in energy consumption along with an increase in

the battery charge level during the simulated journey

The hydrogen consumption during the fuel cell op-
eration equaled 40.6 kg. Thus the average hydrogen
consumption was 12.2 kg/100 km of the travel dis-
tance of a 82 t locomotive. Taking into account the
energy used by the fuel cells and the energy recovered
by the battery, then an average energy consumption
value was of 245 kWh per 100 km of travel.

By taking into account the current values that were
related to the battery power output, it is possible to
determine the value of energy consumed by the bat-
tery.

The battery energy discharge value (only positive
current value from Fig. 16 and eq. (2)) was 0.052
MWh.

This means that the energy recovery was 36%
greater than the energy loss of the batteries for the
locomotive drive (0.071 MWh/0.052 MWh % 100% =
=36%).

6. Conclusions

The AVL Cruise M simulation environment is

a software that enables a complete analysis of the

energy flow in the drive system of a hybrid electric

motor, fuel cells and batteries.
Based on the performed analyses, it has been con-
cluded that:

1. The hybrid drive system (fuel cell, battery and
electric motor) can be an alternative to electric or
diesel drive systems of locomotives and passenger
trains on passenger routes. Hydrogen storage and
transportation remain an issue, however.
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2. The 82 t locomotive can be powered by a 2.2 MW mained true even after taking into account the bat-
propulsion system without losing its drive proper- tery power used to move the vehicle; the energy
ties up to a speed of 120 km/h. recovery for the batteries was 36% greater than the

3. The average energy consumption value of a loco- energy used to the locomotive drive.
motive weighing 82 t was 245 kWh/100 km; fuel

. Acknowledgements
cell hydrogen consumption was 12.2 kg/100 km. . S
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4. Recuperative braking of the locomotive increased Partnership Proeram
the absolute value of the battery SOC; this re- p rrogram.

Nomenclature

BAT battery

CCL  cathode catalyst layer

DC direct current

E energy

EU European Union

FC fuel cell

GDL  gas diffusion layers

I current

JR East East Japan Railway Company

Li-Ion Lithium-Ion battery

PEM Proton Exchange Membrane
R resistance

SC supercondensator

SOC  state of charge

SOFC solid oxide fuel cell

time
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Pneumatic brake, which use compressed air as a working medium, is the main brake of
rail vehicles. The equipment used in the braking system requires sufficiently clean, without
water vapour medium to work properly. Removing water vapour from the air prevents
condensation and ice formation during winter, which guarantees correct brake operation.
For this purpose, adsorption dryers are used in the railways to ensure the required
pressure dew point value. This article includes an overview of available compressed air
drying methods, the results of calculations and bench test of the dryer prototype developed
at the Institute. Assumptions and requirements for the device intended for use in railways
are based on European standards and UIC cards.

compressed air dryer
railway pneumatic brake system
brake system
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1. Introduction

Due to the railway industry development and in-
crease speed of the railway vehicles, the safety re-
quirements are more stringent for them. Bearing this
in mind, it is quite obvious that the overall objectives
must be searching new solutions and achieving better
parameters.

Compressed air is working medium necessary for
the proper working of railway vehicle. Unit of com-
pressed air generation and treatment supplies systems
such as: pneumatic brake, self-levelling air suspen-
sion, toilet, pantograph lifting, door opener, sandbox-
es, sirens. The role of the pneumatic brake is of ut-
most importance. The brake system is one of the criti-
cal components in ensuring the safety and reliability
of the railway vehicle.

The right compressed air purity is key to safe, eco-
nomic and reliable pneumatic system. It is also re-
quired to provide the right amount of compressed air,
considering changing work environment.

Three primary contaminant types as prevalent in
a compressed air system can be identified: particles,
water (liquid and vapour), oil. Removal of water con-
tamination is singularly important for proper operation
of the vehicle. Insufficiently dried compressed air can
shorten the useful life of a vehicle. In order to ensure

appropriate purity class for compressed air, water
should be removed from the working medium imme-
diately after the compressor. Compressed air dryers,
filters, separators and cyclone separators are used to
separate water from the compressed air [6].

2. Literature review

Adsorption dryers are subject of the contemporary
studies and are being still intensively improved.

In 1979, Litchfield et al. [10] developed an analyti-
cal model for freeze dryer that included both sublima-
tion and adsorption. Moreover, numerical experiments
were carried out by the authors and the results were
compared with the experimental data. Compressed air
systems with adsorption dryers used in rail vehicles
were described by Schaumann and Stanley [18] in
2008. In this article the results from experimental
researches were published. In 2008, Djaeni et al. [5]
presented the results of numerical calculations of mul-
tistage adsorption dryer. The authors considered the
profiles of water and vapour in the dryer and also its
thermal efficiency. An automatic regenerative adsorp-
tion aerosol dryer was presented by Tuch et al. [21] in
2009. The authors conducted experiments to optimize
the efficiency of particle transmission. This adsorption
dryer has found its application in monitoring networks
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where the aerosol is dried below 50% r.H. Drying
methods in railway were considered by Ripol-
Saragosi [15] in 2010. The author presented the most
reliable way of drying compressed air. In 2000,
Mobley published a 12-chapter book [11] in which
author considered the basics and problems of hydrau-
lics and pneumatics. Chapter 15 of this book is devot-
ed to air dryers. In 2011, Atuonwu et al. [2] developed
a methodology for designing an energy-efficient ad-
sorption dryer. The author compared a conventional
dryer with an adsorption dryer designed in accordance
with the developed methodology. It turned out that the
energy consumption of the adsorption dryer decreased
by 55%. In 2011, these authors [3] presented a proce-
dure for optimizing a low-temperature adsorption
dryer. Research on saving energy from the adsorption
dryer was conducted by Kang et al. [7] in 2016. The
authors considered an adsorption dryer, which was
used in a process of air purification in a one company’
room production. Based on experimental data, re-
searchers searched for the optimal operating condi-
tions for the adsorption dryer. In 2019, Ripo-Saragosi
et al. [16] considered the main problem of compressed
air systems- water freezing. The authors focused on
the potential dangers of frozen water in railway air
braking systems. In this article intelligent adsorption
dryer was proposed in the aim to solve the problem of
water freezing. In the same year Zhang et al. [23]
presented the technology of automatic identification
of a regenerative adsorption dryer. The technology
proposed by authors analyzes the time curve of regen-
eration process, thanks to which the detection of the
problem is very fast. Numerical studies of the drying
and regeneration process of the air dryer adsorbent
were made by Kozlov et al. [9] in 2020. The author
conducted research on an exemplary scheme of an air
dryer with separate processes of drying and adsorption.
The results showed that such an air dryer provides
a stable dew point. A double tower dryer for applica-
tion in railway, pneumatic braking systems were con-
sidered by Xu et al. [4] in 2021. The authors presented
the designed dryer and emphasized that its use in rail
vehicles most effectively removes moisture from com-
pressed air. In 2022, Sureshkannan et al. [19] devel-
oped a design procedure of adsorption dryer with
a heatless regeneration mode. The proposed dryers can
be used in applications requiring a dew point from —40
to —70°C and in which air pressure ranges from 5 bar,
and inlet pressure temperature from 25 to 45°C.

3. Solutions overview
In this article the author focuses on machine de-

signed to remove the humidity content of compressed
air — compressed air dryer. There are many of com-

pressed air dryers on the market, depending on the
mechanism they use to eliminate water. Current com-
pressed air dryer types include the following:
refrigeration with separation (refrigerant dryer),
overcompression,

air flows through membranes (membrane dryer),
adsorption (adsorption dryer),

absorption (absorption dryer).

Each of these dryer types will be discussed in some
detail.

SNl

3.1. Refrigerant dryer

Refrigerant drying means that compressed air tem-
perature is lowered below the dew point temperature.
As a result of the cooling process, water vapour in
compressed air is condensed and then separated. Wa-
ter in the form of condensate is stored in reservoirs
from which it is removed into the ambience. Refriger-
ant dryers consist of two heat exchangers: an air-to-air
and an air-to-Freon.

Refrigerant dryer includes two heat exchangers.
Compressed air flows through air-to-air heat exchang-
er, which is designed to cool the warm air coming
from the compressor using of the cooled dried air.
Cooling the warm air separates the condensate from
vapour. Separated water is stored in reservoirs. And
them compressed air flows through the air-to-Freon
heat exchanger, where it is cooled again (precipitating
water again). In the next stage compressed air temper-
ature in air-to-air heat exchanger is increased using
warm air from the compressor. Increasing temperature
of compressed air to a room temperature prevents re-
condensation of the dried working medium in the
pneumatic system [1].

Fig. 1. Operational principle of a refrigerant dryer [1]: A — incoming

compressed air, B — air/air heat exchanger, C — air/coolant heat exchanger,

D — water separator E — dry compressed air, F — compressor, G — conden-
ser, H — expansion valve

Advantages:

1. the cheapest method of removing water from com-
pressed air,

— simple design,
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— low pressure loss.
Disadvantages:

— limited dew point capability (up to 0°C),

— an increase in the ambient or compressed air tem-
perature results in drop in performance of a device.

3.2. Overcompression

Compressed air drying using of overcompression
consists in compressing working medium to a pressure
higher than the operating pressure required in the
pneumatic system. As a result of air compression, water
vapour concentration increases. Then, after cooling the
compressed air, it is saturated and condensed. In the
next stage, the air expands to working pressure required
for proper system operation. In this way achieving
a lower pressure dew point temperature [22].

Fig. 2. Operational principle of an overcompression [22]

Advantages:

— the simplest method of drying compressed air.
Disadvantages:

— low efficiency,

— low flow rate,

— expensive method.

3.3. Membrane dryer

In the membrane dryer, the process of drying the
compressed air is handled by a membrane cartridge.
Cartridge consists of thousands of polymer tubes.
Membranes ensure proper water vapour permeability,
as a result of which water from the compressed air
stays at the inside of the tubes.

In a membrane dryer wet air flows through the mid-
dle of the dryer case, in which there is membrane car-
tridge. Drying is caused by the counter flow of wet
compressed air and regenerative air (10-15% of all
dried compressed air). The regeneration air is expanded
to the atmospheric pressure, which reduces its humidi-
ty. During the drying process, water vapour molecules
pass through the walls and then are condensed on the
outer surface with the fiber. Due to the humidity differ-
ence between dry compressed air and the regeneration
air, the condensed water diffuses into the regeneration
air. The dried air of the required quality feeds the
pneumatic system and a small amount of it is directed
to the membrane insert as regeneration air [1, 6].

Fig. 3. Operational principle of a membrane dryer [1]

Advantages:

— dew point temperature up to —40°C,

— requires no external power source,

— simple design and high reliability,

— resistance to high and continuous pressure.
Disadvantages:

— low efficiency,

— loss of efficiency due to the consumption of 10-
15% of the regeneration air,

— low resistance to sudden changes in pressure,

— highly sensitive to oils and aerosols.

3.4. Absorption dryer

Absorption drying is a chemical method of separat-
ing water from compressed air. Water is removed by
passing air through a reservoir filled with absorbent
and as a result the water vapour is bound with the
desiccant. The most commonly used substances re-
sponsible for the process of binding water from com-
pressed air are sodium chloride and sulfuric acid.

Compressed air is supplied to the reservoir filled
with absorbent, in which the process of chemical
binding of water molecules with the absorbent takes
place. After flowing through absorbent, the dried air
rises to the top of the reservoir and then flows through
the outlet to further devices of the pneumatic system.
The water-saturated absorbent is regenerated. In the
second reservoir, absorbent is heated, so that the water
contained in it is evaporated and flows into the atmos-
phere. The regenerated, unsaturated absorbent is di-
rected back to the drying reservoir [1].

Advantages:

— constant efficiency regardless of the temperature,
— simple operation and design.
Disadvantages:
— low efficiency,
— high value of a pressure dew point of the dried air,
— require frequent replacement of the adsorbent ma-
terial.

3.5. Adsorption dryer

Adsorption drying involves the removal of water
from the compressed air on the surface of the desic-
cant material — the adsorbent. Adsorption can be di-
vided into physical adsorption and chemical adsorp-
tion. Chemical adsorption is related to ionic or cova-
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lent bonds, while physical adsorption is related to the
forces of intermolecular attraction. Physical adsorp-
tion (in which moisture migrating to the driest medi-
um possible) is used in adsorption dryers. The adsor-
bent is highly porous material with a large specific
surface area. A significant specific surface allows
water vapour to accumulate on its surface.

The adsorption dryer has two columns filled with
the adsorbent, which operate alternately: drying and
regenerating. Depending on the work cycle to one of
the columns is incoming compressed air. The second
column regenerated adsorbent at the same time. In the
drying column, the adsorbent collects the humidity
contained in the flowing compressed air. Dried and
purified compressed air leaves the dryer column. Part
of the dried compressed air is directed to the regenera-
tion column. In the regeneration column dried air is
decompressed, so that the medium absorbs the water
contained in the adsorbent. After flowing through the
regeneration column, the wet air is directed to the at-
mosphere. A cyclic process change is implemented
after adsorbent saturation in the drying column and ad-
sorbent regeneration in the regeneration column [1, 6].

Depending on the adsorbent regeneration method,
there are four different types of adsorption dryers:

— cold-regenerated adsorption dryers,

— heat regenerated adsorption dryers,

— blower regenerated dryers,

— heat of compression dryers.
Advantages:

— very low pressure dew point,

— slight pressure drops,

— no thermal influence on the environment,

— reliability.
Disadvantages:

— unstable dew point value,

— require regular adsorbent replacement,

— drop in efficiency due to the intake of regenerative
air,

— sensitivity of the adsorbent to contamination from
oil aerosols.

4. Requirements

Adsorption dryers are mainly used in traction vehi-
cles because of very low pressure dew point achieved
and the low pressure drops. Currently, membrane
dryers are also increasingly used, mainly due to their
small size and the lack of an external energy source.
The dryer used in traction vehicles should meet the
following requirements [8, 12—14, 20]:

— in accordance with ISO 8573-1 the dew point
should be lower than —40°C,

— in accordance with UIC 612-2, the operating pres-
sure should be between 8 and 10 bar,

— correct operation with variable humidity level (0-
100%),

— correct operation with temperature ranging from
—25°C to +45°C — for the T3 zone,

— high dust and dirt resistant in the working envi-
ronment,

— significant vibrations resistance,

— proper maintenance susceptibility,

— protection against water freezing in the dryer.

5. Construction of adsorption dryer

The prototype of the adsorption dryer made by the
Rail Vehicles Institute "TABOR" consists of three
basic elements: inlet control valve covers (item 1),
outlet covers (item 2) and columns (item 3). It is
a cold-regenerated compressed air adsorption dryer.

Fig. 4. Construction of the adsorption dryer

The purpose of the inlet control valve cover as-
sembly (item 1) is to direct and control the flow of
compressed air through the valves. Depending on the
drying cycle of the dryer, the stream is distributed to
the appropriate columns for the drying or regeneration
task. The purpose of the outlet cover assembly (item
2) is to direct a portion of the dried compressed air
(approx. 10-15%) into the regeneration column and
exhaust the remaining dried compressed air to other
devices of the pneumatic system. Columns (item 3)
are filled with adsorbent. Depending on the cycle car-
ried out, in the drying column, the air flowing through
the drying material is dried, while in the regeneration
column, water condensed on the surface of the adsor-
bent is removed. The dryer has heating elements
which protect against water freezing in plate ducts.

The adsorbent selected for the dryer is a nanopo-
rous molecular sieve which belongs to the group of
aluminosilicate materials (zeolites). The high adsorp-
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tion capacity of the desiccant material allows it to
achieve a pressure dew point down to —80°C. The
advantage of zeolites is a wide range of application
temperatures, high abrasion resistance and low air
flow resistance.

6. Working principle

The pre-dried air reaches the valve assembly of the
inlet control plates, which, depending on the current
cycle of operation, directs the medium to the appro-
priate column. The desiccant collects the water con-
tained in the compressed air flowing through the col-
umn. Then the dried air leaves the drying column. The
non-return valves built in the set of outlet covers en-
sure the flow of dry air to the outlet and prevent the
flow of regeneration air to further elements of the
pneumatic system. The dryer prototype designed by
the Railway Vehicle Institute "TABOR" uses pre-
dried compressed air (approx. 10-15%) in the regen-
eration process. The regeneration air expands in the
regeneration column, increasing its ability to accumu-
late water vapour. Then, as it rapidly flows through
the adsorption bed, it binds water and push it into the
atmosphere. At the end of work cycle, each column
switches tasks.

Fig. 5. Adsorption dryer IPS "TABOR"

Fig. 6. Pneumatic diagram of the developed adsorption dryer: 1 — dryer
column, 2 — electro-pneumatic valve, 3 — non-return valve, 4 — nozzle, 5 —
noise damper, 6 — heating element

7. Methodology of calculations

To determine the required adsorption capacity of
the dryer, it is necessary to calculate the mass flow
rate of water vapor remaining in the compressed air
after pre-drying in the cooler. For this purpose, a cal-
culation methodology is proposed to check ensure this
requirement.

In subsection 7.2 “Assessment of the required ad-
sorption capacity” calculations were carried out ac-
cording to methodology.

Properties of atmospheric air

Before proceeding with calculations, it is necessary
to determine the conditions in which the adsorption
capacity of the dryer will be tested. For this purpose, it
is necessary to determine the values of the following
parameters:

— atmospheric air pressure p; expressed in hPa,

— atmospheric air temperature T; expressed in °C,

— relative atmospheric air humidity ¢, expressed in %,
m3

T.

Based on the Enthalpy—entropy chart (Mollier dia-
gram) and the values of the parameters of atmospheric
air pressure p;, atmospheric air temperature Ty, rela-
tive atmospheric air humidity ¢; should be deter-
mined:

— humidity content in atmospheric air x; expressed

.8
mn—
kg’

— atmospheric air density p; expressed in

— compressor capacity Vg expressed in

kg
E.

The next stage is to calculate the mass flow rate of
atmospheric air intake by a compressor ni,, expressed

.k C g
in f, which is calculated as follows:

i, = Vg py ey
where V; is compressor capacity and p; is atmospher-
ic air density.

The next stage is to determine the amount of water
vapor in the intake atmospheric air. For this purpose,
it is necessary to calculate the mass flow rate of water
vapor in the intake atmospheric air my, o(p) expressed

kg,

in—:
h

My, 0(p) = X1 * Mp 2)

where x, is humidity content in atmospheric air and
my, is mass flow rate of atmospheric air intake by
a compressor.

Properties of the compressed air after the cooler

Next, it is necessary to determine the values of the
properties of the humid compressed air after the cool-
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er (directly behind the dryer). For this purpose, it is
necessary to determine:
— compressed air pressure p, expressed in hPa,
— compressed air temperature T, expressed in °C,
— relative compressed air humidity ¢, expressed in %,

Based on the Enthalpy—entropy chart (Mollier dia-
gram) and the values of the parameters of compressed
air pressure p,, compressed air temperature T,, rela-
tive compressed air humidity ¢, should be deter-
mined:

g

— humidity content in compressed air X, expressed in e

Water vapor in compressed humid air

Compression of air by the compressor raises the
temperature of the compressed air and lowers the rela-
tive humidity of the air. In the cooler, the temperature
of the compressed air is lowered and condensate is
condensed.

In the first step, determine the amount of con-
densed water behind the cooler. Determine the differ-
ence Ax of the humidity content in atmospheric air x4
and humidity content in compressed air X, expressed

-
in e
Ax = xX; — X, 3)
Then calculate the mass flow rate of condensed
. .k
water behind the cooler my, o1y expressed in f:
mHZ'O(l) = Ax- rrip “4)

where Ax is difference of the humidity content in at-
mospheric air x4 and humidity content in compressed
air x, and my, is mass flow rate of atmospheric air
intake by a compressor.

Water vapor remaining in compressed humid air
my,op1) I8 calculated as the difference mass flow
rate of water vapor in the intake atmospheric air
my,o(p) and mass flow rate of condensed water be-
hind the cooler my, o(1):

My, 0(p1) = M,0(p) ~ MH,0(1) )
Maximum adsorption capacity of the dryer

The adsorption capacity of an adsorbent depends
on the properties of the adsorbent and the capacity of
the vessel in which it is placed. To calculate the ad-
sorption capacity, the following data are required:

— capacity of the vessel filled with the adsorbent V,,
expressed in m3,

. .k
— adsorbent density p, expressed in m—g3,
— adsorbent  capacity Vy,oq)  expressed in
kg Hzo

100 kg adsorbent’

The mass of the adsorbent in vessel is calculated as
follows:

My, o0k = Vo " Pa " VH,000 (6)

A single drying cycle takes about 4 min. The max-
imum adsorption capacity of the dryer my, o) can be

calculated. It is determined by mass flow rate and

.k
expressed in f:

my, (k) %)

mHZO(k) - 4 min

where my, o) is mass of the adsorbent in vessel.
Required adsorption capacity of the dryer

In the order to check whether the purity of the
compressed air is sufficient, the condition according
to which the value of the maximum adsorption capaci-
ty of the dryer my, o) 1s greater than the value of the
condensed mass flow water vapor remaining in com-
pressed humid air my, o(p1) must be met:

My, o) > My,0p1) ®

Fulfillment of the above condition indicates correct
operation of the dryer.

8. Research and simulations

Tests and calculations were carried out to verify
the correctness of the structure of prototype.

Fig. 7. Vibration accelerations in the axis X, Y, Z

A numerical strength test was carried out — modal
analysis of free vibrations of the external rod. Finite
element method was used to perform a modal analy-
sis. The test concerned the flaccid external rod con-
necting the upper plate with the lower plate. This the
most exposed element to the negative effects of vibra-
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tions. Failure to meet the requirements for resistance
to vibrations may cause unwanted noise and reso-
nance, which in turn may lead to damage to the dryer
components.

Fig. 8. Modal analysis for 150 Hz

The obtained results meet the requirements of the
PN-EN 61373 standard [14]. Modal analysis results
indicate a high durability of the device [17].

As part of the prototype, tests were carried out on
the adsorbent. The basic quantities necessary for the
correct operation of the device were checked:

— selection of dryer operating parameters,
— assessment of adsorption capacity,
— pressure dew point test.

8.1. Selecting key algorithm parameters

The parameters of the dryer operation algorithm
were selected based on the determination of the times
of individual dryer cycles. These parameters ensure
proper drying of the compressed air in the drying col-
umn and regeneration of the adsorbent in the regen-
eration column. The test allowed to determine the
operation time of a single drying cycle, the adsorbent
drying time and the adsorbent regeneration time.

8.2. Assessment of the required adsorption capacity

In order to determine whether the dryer properly
removes water from compressed air, it should be
checked whether the adsorption capacity of the dryer
is higher than the amount of water vapour remaining
in the pre-dried air. Using the Mollier graphs (H-X),
the properties of air saturated with water vapour in-
take by a compressor were determined:

— pressure: p; = 1013.25 kPa,

— temperature: T; = 30°C,

— relative air humidity: ¢, = 100%,
— air density: p; = 1.15 %,

— humidity content in air: x; = 27.1 kég.

Based on the above data and the assumed compres-

. 3
sor capacity of Vg = 62 mT, the air mass flow was
calculated:

. ; 3 ki k
mip = V- p; = 627+ 1.15-% = 71.3F )

The water vapour mass flow contained in the in-
take air was calculated:

’ = m. = g . kg kg
Myjop) = X My = 27.1;. 7137 = 193277 (10)

In the next stage, the content of water vapour in the
compressed air was determined. For this purpose, the
properties of compressed air saturated with water va-
pour were determined:

— pressure: p, = 9 bar = 9000 kPa,

— temperature: T, = 50°C,

— relative air humidity: ¢, = 100%,
. . K

— air density: p, = 9.65 m—g3,

g

kg’

Then, the difference in the humidity content of air
intake from the atmosphere and compressed air was
determined:

— humidity content in air: x, = 8.6

— . — oy = £ _gg68 = £
AX =%, — X, = 27.1 e 8.6 e 18.5 e

1)

Based on the different values for the humidity con-
tent of air intake from the atmosphere, compressed air
and the calculated mass flow of the intake air, the
amount of condensed water behind the cooler was
determined:

. , ) )
myjoay = Axmiy = 18527137 = 1326 ¢ (12)

The residual water vapour content in the com-
pressed humid air was calculated:

. . . k; k;
M, 0(p1) = My, o) — Mu, o) = 1.932 f - 1.326f =

= 0.606% (13)

The adsorption capacity of the dryer was then de-
termined. It should be higher than the calculated
amount of water vapour that is remained in the com-
pressed humid air. The calculations were performed
for the following data:

— inner diameter of the dryer column: dy = 116 mm,
— height of the dryer column: hy = 519 mm,

: K
— adsorbent density: p, = 800 m—g3,
- P _ kg H,0
adsorbent capacity: Vi, o) = 19.5 700 kg adsorbent

Capacity of single dryer column:

VO=n-(d—k)2-hk=n-(m%)2-519mm=

2
=0.00548 m® (14)
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Adsorption capacity of the adsorbent contained in
the column

k
My,000 = Vo * Pa * Vir,o0 = 0.00548 m* - 800 % -

195kg _

rooke = 0854 kg (15)

A single drying cycle takes about 4 min, so the va-
pour adsorption capacity of the new dryer is:

. __ My,0(k) _ 0,854kg . _
Mi000 = min — amm 12780 > Myy001) =
(16)

= kg
= 0.606 o

The water vapour adsorption capacity of the adsor-
bent is sufficient for the proper operation of the de-
vice. During compression in the compressor small
amounts of oil enters the dryer column. This clogs the
pores of the molecular sieve and reduces the adsorp-
tion capacity of the adsorbent. A much higher value of
the adsorption capacity ensures reliable operation of
the device and the maintenance of correct operating
parameters over a long period of time (1-2 years of
operation).

8.3. Pressure dew point test

The pressure dew point test consists in measuring
the pressure dew point temperature of the dried air
coming out from dryer. The measurement is made
with a specialized device.

In railway practice, the pressure dew point temper-
ature should be at least 30°C lower than the ambient
temperature. The test lasted 5 minutes and was carried
out for the new dryer and regularly during its opera-
tion. Measurements for the described dryer were car-
ried out using a portable CS INSTRUMENTS DP 510
meter. The tests showed that the new dryer achieves
a pressure dew point of —70°C, while during operation
the observed dew point is from —-60°C to —40°C.
These values meet the requirements of ISO 8573-1.
The achieved dew point value guarantees high-purity
compressed air and ensures proper operation of the
dryer, even when part of the adsorbent bed is worn.

9. Summary

In traction vehicles, compressed air is essential
medium for proper operation. Ensuring proper purity,
and in particular removing contaminants such as hu-
midity and water, is essential for correct vehicle oper-
ation.

In the dryer market there are many designs with
different drying methods. Adsorption dryers and
membrane dryers are used in traction vehicles.

The adsorption dryer prototype designed by the
Railway Vehicles Institute "TABOR" meets the re-
quirements of railroad standards, UIC cards, as well as
requirements for installation and serviceability.

The prototype was subjected to bench tests and
calculations. Tests showed that the device was proper-
ly designed and meets the requirements. Modal analy-
sis of the normal mode of the outer bar proved that the
values of vibration acceleration are lower than the
values allowed by the standard.

Selection of the dryer operating parameters made it
possible to determine the working cycle times of the
dryer. The determined working cycle times allow for
proper drying of compressed air and regeneration of
adsorbent. The evaluation of the required adsorption
capacity proved that the amount of adsorbent in the
column is sufficient for proper operation of the device
for at least one year. The conclusion of the pressure
dew point test is that the pressure dew point value
increases during operation.

The adsorption capacity of the desiccant decreases
during operation because the pores of the adsorbent
are clogged with oil and dust from the abraded adsor-
bent.

In the future, the dryer designed by the Institute of
Railway Vehicles "TABOR" can be modified or new
elements can be added. Further work should be ori-
ented towards:

— adding a device for measuring the humidity of
dried compressed air,
— looking for a new adsorbent.
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terms of electromagnetic compatibility, the implementation of the OEE indicator was

This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/)

1. Introduction

The definition of the railway infrastructure as
a distributed system is included in the definition of
a system, understood as a set of autonomous technical
components connected in such a way that the user has
the impression of using a single system [1]. In exten-
sive railway structures, this is what is intended to be
preserved. An example is Centralized Traffic Control
(CTC), a railroad signaling system that operates in
North America, which combines train route mapping
decisions that were previously carried out by local
signaling operators. One of the elements influencing
the achievement of such an assumption is the interop-
erability of the system — its ability to ensure the safe
and uninterrupted movement of trains. Directive (EU)
2016/797 of the European Parliament and of the
Council [3] provides guidelines and constituting es-
sential requirements, including electromagnetic com-
patibility between the devices of the system, as well as
the system and its operating environment. By meeting
these requirements, the expected compliance can be

achieved. It is a factor that causes that the risk of loss
of functionality of a distributed system is at the
ALAREP level — as low as reasonably practicable. To
keep them in the changing environmental conditions
and quality requirements of the user and functions,
technical procedures are necessary, an example of
which, in the field of electromagnetic compatibility, is
the project BRIK — research and development in rail-
way infrastructure [2].

The research and organizational experience and
practices applied during the implementation of the
BRIK project prompted the team of authors of this
article to prepare a proposal for a universal methodol-
ogy for improving electromagnetic compatibility. It
no longer applies to a single device — for example an
axle counter, not only to an installation — for example
a railroad crossing. It concerns systems that are inter-
connected in an interoperable structure.

Detailed results of the BRIK project are available
through the entities that ordered its implementation —
NCBR and PKP [2]. Their discussion is the subject of
prepared separate publications.
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The methodology of increasing the EMC (Elec-
tromagnetic Compatibility) level, according to which
the BRIK project was implemented, described in
chapter 2.1, is linear, with the result included in the
last stage of the process. The proposed new method-
ology with a performance indicator, described in
chapter 2.2, has a solution based on the principle of
internal feedback.

2. Methodology

2.1. Methodology according to the BRIK project

The aim of the BRIK project was to develop tech-
nical guidelines for the creation of a working envi-
ronment for railway traffic control devices that are
particularly exposed to disturbances from modern
rolling stock in the form of electromagnetic fields
with a wide frequency spectrum. Based on the re-
search and analyzes, technical criteria were proposed
in three aspects: emission limits for disturbances gen-
erated by railway equipment, immunity levels for
these devices, and methods of shielding and limiting
the interactions of disturbances propagated by on-
board equipment of rolling stock and track-side
equipment. The results of the technical tests carried
out were compared with the existing environmental
conditions and the applicable normative documents.
The project consisted of several stages:

1. Environmental interview and polling, in order to
determine the broadest possible spectrum of prob-
lems in the operation of devices that may have
a genesis in the case of incompatibility between
trackside devices and rolling stock devices.

2. In-situ tests and laboratory tests were carried out
based on the interview data in order to determine
the model of disturbances from the rolling stock.

3. Analysis of the obtained test results in the context
of the applicable standards listed in the mandatory
regulations.

4. Testing the sensitivity of devices with the use of
a designated model, susceptible to disturbances
from the operating environment.

5. Specification of relevant technical guidelines hav-
ing for improving the compatibility between traffic
control equipment and rolling stock.

Regarding point 1 — the implementation of this
stage of the process consisted in collecting data by
means of questionnaires and conducting interviews
combined with an on-site inspection in places of rail-
way infrastructure where there were incidents indicat-
ing the lack of electromagnetic compatibility. The
milestone of this stage is the classification of the
probable cases of electromagnetic incompatibility
between the rolling stock and railway traffic control

devices and the selection of sites for field tests and
recommending types of devices for laboratory tests.

Fig. 1. The process of improving electromagnetic compatibility of
distributed system according to the BRIK project

2.2. Methodology with an efficiency index

Using the methodology proven in the BRIK project
— understood as a set of principles concerning the
methods of improving the electromagnetic compatibil-
ity of the railway network, this article proposes a gen-
eralization that can be applied to all distributed sys-
tems. A significant change in the procedure of this
method is the addition of an indicator monitoring the
quality level of the system's operation that generates
appropriate scenarios of operations.

The catalog of solutions used for local systems,
mainly manufacturing systems, includes the Overall
Equipment Effectiveness (OEE) [5] indicator, which
can be implemented in the proposed solution.
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Fig. 2. General diagram of the proposed EMC improvement
procedure in distributed systems
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Overall Equipment Effectiveness is the gold stand-
ard for measuring productivity. OEE is the single best
metric for identifying losses, benchmarking progress,
and improving the quality.

By measuring OEE and base losses, you can gain
important information on how to systematically im-
prove your production process.

OEE is calculated as the product of its three con-
stituent factors:

OEE [%] = Availability x Performance x Quality

— Auvailability score of 100% means the process is
always running during Planned Time. In particu-
lar, availability is degraded by failure states

—  Performance takes into account Slow Cycles and
Small Stops. A Performance score of 100%
means when the process is running it is running
as fast as possible.

—  Quality takes into account defective products/
services. A Quality Score of 100% means no de-
fects.

In order to calculate the OEE indicator, it is neces-
sary to collect data, process it, and then prepare the
results in a useful form.

These processes can be carried out using the "pa-
per" method, the method manually supported by soft-
ware, but also the Manufacturing Execution System
(MES) or the OEE calculator [4, 5].

There is a tendency to replace the manual form of
recording and calculating performance coefficients,
including OEE, in favor of the use of specialized IT
systems, thanks to which it is possible to monitor the
effectiveness of processes in real time and their re-
porting for any period and in any context [6].

Selected categories proposed by the concept of
"Six Big Losses" [7] can be used to analyze the EMC
state of an interoperable system. It is consistent with
the idea of determining the OEE indicator and may be
the target of activities aimed at improving the quality,
reliability and efficiency of distributed railway sys-
tems.

Examples of detectable and monitorable loss fac-
tors for EMC:

— Availability Loss: Setup and Adjustments, Break-
downs — e.g. downtime resulting from a failure
caused by loss of immunity to SURGE, EFT or
ESD disturbances;

— Performance Loss: Reduced Speed, Small Stops —
e.g. operation of automatic locks in systems with
axle counters under the influence of magnetic
fields from rolling stock, in situations that do not
require intervention;

— Quality Loss: Production Rejects, Startup Rejects —
e.g. emerging interference in radio transmissions
due to incorrect installation of power supply sys-
tems.

3. Conclusions

Electromagnetic compatibility not only between
devices but also between installations and, as shown
by the implementation of the BRIK project — in the
railway infrastructure, is of great importance for the
quality and functional safety of a distributed system.
As shown in the article, by using real-time monitoring
of the system performance index — you can get a tool
to achieve higher quality of services or products. The
aspect of electromagnetic compatibility, as a factor
influencing the quality of organizational and technical
solutions, should be taken into account by designers
of distributed systems.

Nomenclature

CTC Centralized Traffic Control
EFF Electrical Fast Transients
EMC Electromagnetic Compatibility
ESD Electrostatic Discharge

OEE Overall Equipment Effectiveness
MES Manufacturing Execution System
SURGE high energy disturbance
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