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Executive Summary

This project studies the feasibility of using Digital Displacement hydraulics4in non
passenger rail vehicle applications in order to reduce emissions from diesel powered
vehicles and provide more efficient transfer of povism future alternative fuel and
electric powered vehicles.

Artemis Intelligent Power is the global leader in Digital Displacement hydrgwaics
fundamental innovation which offers a radical increase in efficiency and control for a
wide range of applica@iy a® LG OFy 6S RSt AGSNBR &
hydraulic pumps or can be integrated to bring systetde benefits including improved
control and reduced fuel consumption. Artemis is working closely with majority owner
Danfoss Power Solutis to further develop the core technology and bring a number of
groundbreaking, sectospecific applications to the rail, diighway and industrial
markets.

The project wasompletedin two phases, an initial research phase lookihgach
application aea in nonpassenger rail, followed by a moredepth study of three
chosen applicationgEach of the three applications included a packaging, fuel and
carbon saving analysis and business case study:

1 Development of a modular drive system concept for stoalbmotives and track
maintenance vehicles WP6

1 Specification of a DD pump hydrostatic cooling system for a large locordtRé

1 Investigate pump swap opportunities for roaail and track maintenance vehicles
WP8

The modular drive system concept femall locomotives and track maintenance vehicles
could lead tduel and carbon reductioaround30%dependant on specific vehicle and
duty cycle Furtherrefinement of this estimatecoud be madewith further input from
OEMs and operators.

Secification of a DD pump hydrostatic cooling system for a large loconmuiivd lead
to annualfuel savinggorresponds to 250Q 5000 litresper vehicleand 6 ¢ 13 tonnes of
CO2emissionglepending on duty cycle

Thepumpswap opportunities for roadail and track maintenance vehiclésat we
investigated indicated that fuel savings of 20% could lead to 7,200 litres fuel saved per
vehicle per year, corresponding to CO2 savings of around 19 tonnes per year.
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Abbreviations

BSFC BrakeSpecific FueConsumption
DD Digital Displacement

DDP Digital Displacement® Pump
DMU Diesel Multiple Unit

DVT Driving Van Trailer

KERS Kinetic Energy Recovery System
MPV  Multi-Purpose Vehicle

NPV Net Presenwalue

RPM Revolutions Per Minute

TSU Traction and Supply Unit

RS5B ¢

A Better,
Safer
Railway



Table of Contents

1. INErOAUCTHION......ceeiei e e 4
1.1 Digital Displacement Technology...........cccceevveviiceemeenennn, 7
1.2 ENergy StOrage.......ccovviviiiiiiiiisieeme e e 10
ACCUMUIALOIS. ... eeee et eree bbb e e e e e e e e 10
FIVWRNEEIS ... et e 10
1.3 Potential Application Areas in Rail................ccoovvvee. 11
1.4 Methodology........ccuiiiiiiieie e 13
e (0 TT=Tod A o] = o PPN 15
List of stakeholders, meetings and conferences...........cccvvvviiccccveeevinnnnnnn. 16
2. Initial Study........ccoviiii e 18
2.1 Small locomtive transSmISSIONS...........uevveerieeiiiiiemma e, 18
1ol Ui 1 o] o AU 18
Background re@SEarChl..........ccooovi it 18
How DD could be applied.............ouiiiiiiiiiceeeie e e 19
INItAI ANGIYSIS.....coiiiiiiiiiiii e crmm e 19
Environmental IMPacCL..........oooiiiiiiiiiiitceee e 20
2.2 Light Intermodal Freight (additional area)..................... 20
2.3 Large locomotives transmissSions...........cceeevvveevcemennnnn. 22
1o T U111 o 1 22
Background reSEarChl..........ccooovii oot 22
VERNICIE TaYOUL.........ei e erre e mmmm s 24
01T 1 7= o T 25
(@ o1=T = 110 o F= NPT PSP UROPPPPP 25
How DD could be applle..........coovvviiiiiiiiiiceee e e 26
AREINALIVE FURIS. .. .ueiiii e 27
INItAI ANGIYSIS. ... crmm e 27
Commercial @NalYSIS.........coouiiiiiii e 28
2.4 AUXIIIArY DIVES.. .o eeee e 29
Background re@SEarChl..........coooviiiiiiiii e 29
How DD coulddapplied...........cooouriiiiii e 31



A Better,
RSSB ° Safer

Railway

INItAl ANGIYSIS. ..o emmm e e 31
Environmental IMPACL............cooiiiiiiii e 31
2.5 Track Machinery.......cooovvueiiiiii e 32
Background re@SEarChl...........coooviiiiiiii e 32
How DD could@appli€d..........ccoeuuuiiiieeiiiiceeeie e mmmm e 35
INItAI ANGIYSIS. ..o emmm e e 36
Environmental IMPacCL..........oooiiiiiiiiiiiceee e 37
2.6 Initial CONCIUSIONS........covviiiiiei e e 37
3. Modularpowertrain study..........cccccoeviviveiniccennnn. 38
3.1 INErOAUCTION. ... e 38
3.2 How DD can be applied.........ccccoocvviiiiieeenieeeeinnnnn 40
Phase on@ pump only SWap.............eeeiiiiiiiiicccceeeeeececeeeeeeieeee . AL
Phasdwo - complete DD POWEIIaIN.........ceuuuuuuuiiiiiiimmmm e e 41
3.3 On track machine applications............ccccoeevvvvieeeeennnnn. 41
USP 5000 RT..euniiiieee et ettt oot e e e e e e 42
TechnOlogy ANaAlYSIS......ccoiiiiiiii e ceee e mmmm e e e e e 44
Environmentalmpact...........ooooiiiiiiiiiiceee e 46
3.4 Large locomotive powertrain application...................... 46
TechnNOlogy ANaAlYSIS.....cccoiviiiii i ceee e e e e e 46
PacCKaging STUAY........cooviiiiiiiiiiimmmm et e e e a7
Environmental IMP&E.............oiiiiiii e 48
Proposal for fUrther WOIK ..............uueei e 48
4, Class 68 Auxiliary Drive Study............c.covuvevvnceas 49
4.1 INErOAUCTION. ... e 49
4.2 How DD could be applied..........ccccooeviiiiiiceeeieee 49
4.3 ANBIYSIS . .eei e e 50
Calculation aSSUMPLIONS. .......uuuuuiiie st mmmm e 54
4.4 Packaging StUdy..........ccoeuviiiiiiiiii e 54
Fall DACK MOTE. ... e 55
4.5 Environmental impact..........ccooooeiiiiiiiien 55



4.6 BUSINESS CaSe . e et 56

Benefit Cost ANAlySIS (BCA).....ciieeiiiieeieeieeemm et e 56
AV = 1 = PR SURP 58
INCENTIVES. ... eere et eree bbb e e e e e e e e e e e eees 59
4.7 Proposal for further work............cccoooviiiiiicceeii e, 59
5. Track equipment pump SWap.......cccoceveeeevnieennanas 60
51 INErOAUCHION.....coeie e e 60
5.2 Roadrail machines..........ccooovvviiiiiiee e, 61
How DD could be applied.............uuiiiiiiiiiceeeiee e e 61
TechnOlogy ANaAlYSIS......ccoviiiiiii i ceee e mmmm e e e e e e 61
Commercial @NAIYSIS.........ooieiiiiiiii e 62
Environmentalmpact...........ooooiiiiiiiiiiceee e 63
5.3 Ontrack plant.........coooooiiiii e 63
How DD could be applied.............uuiiiiiiiiiceeee e e 63
TechnOology ANaAlYSIS......ccoviiiiiii i ceee e mmmm e e e e e e 63
Commercial @NAIYSIS.........oiiiiiiiiiii e errn e 65
Environmental IMPacCL..........oooiiiiiiiiiiitceee e 66
6. Conclusions and Next steps..........ccceeveveviniccenen. 66
7. DiSsemination...........c.oovveiiiiiiiicee e, 67
8. ReferenCes......ccooviiiiiii e 67



' A Better,
RSSB ° Safer

Railway

1. Introduction

This report describeafeasibility study into the use of Digital Displacement technologies
in non-passenger rail vehicles. The main aansto reduce emissions from diesel
powered vehicles and to provide more efficient transfer of power from future
alternative fuel and electric powered vehicles.

Decarbonisation is a fundamental challenge facing all industries and is essential in order
to tackle climate change. It means reducing and ultimately eliminating carbon dioxide
emissions. In February 2018 the Minister for Rail challenged the rail industry to remove
all dieselonly trains from the network by 2040 and to provide a vision for homilit
decarbonise.

Although removing diesanly trains from the network is the lorAgrm goal, there is

also a need for technologies that can reduce emissions in the short to medium term, for
example, by recovering braking energy or improving transmigsificiency. It is also
important to look at the overall picture particularly in reducing CO2 emissions through
modal shift from road freight haulage to rail, which is three times more energy efficient.
Aligning with targets for delivery of a green eiécity grid, wider electrification of the

rail network remains the key enabler for decarbonising the rail network, however,
interim solutions are required whilst electrification programmes are rolled out, and to
address the decarbonisation challenge $ections of the rail network that may not be
wholly electrified.

In addition to carbon dioxide emissions there is also a need to reduce emissions of other
damaging exhaust gasses and particulates. In 2012, diesel locomotive emission
requirements in Europwere set out in the EU NeRoad Mobile Machinery Directive

bt Kk cy k 9/ {dGr3S LLL. ®

1.1 Digital Displacement Technology

In response to the low patbad efficiencies and limited controllability of conventional
highpressure, ol K @ RNJ dzZf AO YIFI OKAyS&azx ! NISYA&d LyGStftA3aSy
has developed a new kind of pump and motor. These Digital Displacement® (DD)

machines can be used in many processes which were previously out of bounds to

hydraulics and offer energy savings and performance improvements when swapped into

most existing applications.



In DD machines, the flosommutating and displacemertiontrolling mechanisms of
ordinary hydraulic machines are replaced by soleramitlated valves that are triggered,
as required, by embedded software running ideadicated electronic controller.

Figurel-Lef t-dy WE 966 D Dbhcpnirolier. Right: 3.5 MW DD motor.

As illustrated irFigurel, Digital Displacement pumps (DDP), motors (DDM) and pump
motors (DDPM) have been built with powers randign tens of kilowatts for industrial
and transport applications up to the multiegawatt scale for a new class of offshore
wind-i dzND A Yy S 0 dzA f -\ pagnericémpanNMlitSulsighidHeavy Intlustries.

DD machines comprise one or more banks of faditinders. In the example of the
twelve-cylinder pump, shown on the left #ligurel, the twelve are deployed as three
banks of four cylinders, whilst the design oétB6-cylinder, 3.5 MW motor shown on

the right, comprises six banks of six cylinders. The radial format allows valves to be
placed around the perimeter of the machine where there is space for generously sized
fluid-galleries. Compared with traditional macly Sa > g KA OK WONBI 6 KSQ (KNP
commutator and porplate passages near to the shaft, this cuts down the energy losses
caused by flowhrottling. Figure2 illustrates tte fundamentals of a single bank of DD
pump. In this case, the active lggvessure valve (LPV) and the passive {pigissure

valve (HPV) are separate components. In more recent machines, the two functions are
integrated into a single screim componentinthe default idling state (left) the low
pressure valves (LPV) remain open to a surroundingpl@ssure volume. If the LPV is
closed at bottoradead-centre (right), the fluid is pressurised and delivered through the
high pressure valve (HPV).
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Figure 2 - Single bank, 6-cylinder DD pump.

If no contribution is required from an individual cylinder of a spinning DD pump or DD
Y2U2NE AlGa LAaldz2y Oe Of A Qdrebsuré sotwae N Fetiiris3ta Q F f dzA R
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rated power.
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Whenever an individual cylinder is needed to contribute actively tootitput of the DD
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the appropriate valve(s). Full pressurisation then takes place and energy is transferred

from shaft to fluid or viceversa. At any time, the maate can go from idle to full power,

or to any fraction of it, within half of a shaft revolutigrtypically within 20ms.

The plots irFigure3 compare the measured effiarey of a DD pump across its full load
range along with that of a swagilate pump of comparable flow capacity. It shows why,
in many applications including rail, it may be worth examining the case for the
replacement of conventional variabliisplacement pmps by their DD equivalents.

100 -
Overall 'E-dyn 96' DD pump

Efficiency 4, |
( %) /

80 -

Swash-plate pump
70

60 |

50 +
0 20 40 60 80 100

Relative displacement (%)

Figure 3 - Comparative efficiency (hydraulic fluid power divided by
mechanical shaft power) of a 96 cc/rev DD pump and swash-plate pump of
the similar capacity. The test was conducted at 1500 rpm and a pressure of
200 bar.



DD has other benefits aside from efficiency. Direct digital control of thedpgkd

solenoids means that many control modes (flow control, pressure control etc.) are
readily available and tuneable through software paramst& he technology is very
modular and scalable and has been demonstrated at power levels up to 7MW. Like
other hydraulic machines, DD machines are compact and robust. Connection of
machines with pipes or flexible hoses, rather than driveshafts, givesfigability in
packaging options. The machines are made primarily of steel with a long service life and
are easily recyclable.

1.2 Energy storage

Accumulators

Accumulators can be used to store energy in a hydraulic system in the form of
compressed nitrogenas. They consist of a steel or composite vessel containing either a

Charging -1 Charging
Valve ¢ Valve
™ Gas Cap

Shell
Bladder Body
Poppet Piston
Sprin
g Hydraulic
Hydraulic Cap
Port

BLADDER PISTON Gas

Figure 41 Cross-sections of bladder and piston accumulators.

piston or a flexible bladder. On one side of the piston/bladder is nitrogen gas and the
other side is filled with oil connected to the hydraulic system. When oil is pumped in the
gas is copressed to store energy. The oil can subsequently be released back into the
hydraulic system providing energy to the circuit as the gas expands. This can be used in a
hybrid vehicle to store braking energy for example. Accumulators are good at handling
high power levels but have a relatively low energy density. They are relatively cheap,

have a long service life and are easily recyclable.

Flywheels

Flywheels have a larger energy density than accumulators but are more complex to
integrate in a vehicle application. In the case of a hydraulic drive, the flywheel is coupled
to a hydraulic pumpnotor to store/return energy to the hydraulic system. Carliilme
flywheels operating at extremely high speed in a vacuum theoretically offer the best
energy density but require extreme precision and high levels of manufacturing
technology, as well as a large reduction ratio to the motor. Another approach used in

10
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some light rail vehicles, such as Parry People Mover, is a substantial steel flywheel which
can be coupled directly to a hydraulic pummtor without the need for a gearbox.

1.3 Potential Application Areas in Rall

DD pumps and motors can be combined to cremteydrostatic transmission suitable for

a vehicle. DD motors operate equally well in either direction of rotation, which is
especially important for rail vehicles. Hydraulic accumulators or a flywheel can be added
to provide energy storage (e.g. for powamnoothing or braking energy capture). A

simple schematic of a hydraulic hybrid rail transmission is shown below.

Accumulator Isolation

valve

Nitrogen Qil
L Wheels

Final

EEE drive

Figure 57 Simplified schematic of hydraulic hybrid rail transmission.

Note that the hydrostatic transmissiorifers an infinitely variable gear ratio so that the
engine can be operated at the optimum speed for the power required. Packaging is very
flexible as the engine/pump is coupled to the motor via pipes or flexible hoses. There
can be multiple motors or evemultiple engine/pumps.

With DMU applications in mind, a version of this transmission was demonstrated by

I NISYAd AY Hamy Ay | O2y@SNISR 5+x¢ @OSKAOf SE
was powered by two JCB 129kW ecoMax engines meeting the latest emissions

standardsThe hydraulic motors were installed in a bogie. Test results were used to

validate a simulation model, and this predicted a fuel saving of around 30% if applied to

typical DMU duty cycles.

11
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Figure 6 1 DVT vehicle equipped with Digital Displacement series hybrid
transmission by Artemis in 2018.

DD can also be used to power the auxiliary systems on trains. In 2018 Artemis
completed a project with ScotRail to demonstrate using a DD pump to replace the
conventional pump powering thiaotel loads in a Class 170 DMU. Results indicated a
fuel saving of 6.7%. The project led to a foHowproject with Unipart Rail collaborating
with Danfoss (who now have a majority share in Artemis) to trial a commercial version
of the system. In this sty we will investigate the use of DD for auxiliary drives in-non
passenger rail vehicles. One area where hydraulics systems are already extensively used
is ontrack maintenance equipment. This includes-baifne excavators, rail grinders,
tamping machins, ballast cleaners etc. In general, any application which uses a
conventional hydraulic pump would benefit from swapping to a DD pump to reduce
energy consumption and carbon emissions.

12
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Tandem pump Fan/radiator Reservoir Alternator

Electric
motor
simulating
engine

Figure 7 - DD pump swap on a 16-tonne excavator.

I NISYAa LyGdSttA3aSyd t26SNI It NBI Rdd KFa SEGSyaa
machinery thanks to its work on excavators, fifktrucks and wheel loaders. The

excavator modification consisted of swapping a conventional swashplanp with a

DD pump. Both simulations and real testing were performed through this project. The

image below shows the Artemis DD excavator under test.

1.4 Methodology

Based on Artemis prior knowledge and the scope of the RSSB compétitiomain
areas were initially identified to be studied in this project:

5
X ey i 7 ’ 7 o 'l ;“N e — L
Figure 8 1 Tandem pump used for ScotRail Class 170 auxiliary drive project,

installed on development rig for testing.

9 Small locomotive transmissions
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Large locomotive transmissions
Auxiliary drives

Track machinery

the first phase of the project, background research was carried out on each of these

areas. This involved identifying and contacting industry stakeholders, attending trade
shows and carrying out research online. The research aimed to cover both tdcdmica
commercial aspects. Apart from the four main study areas, we also aimed to be open
minded about other opportunities that presented themselves during this phase.

This research allowed us to conduct an initial analysis of each application area and the
conclusions identified which areas were to be investigated in more detail in the second
phase of the project.

Trade shows that we attersdl during the project included:

T

14

Railtex on 14th May 2019. Held at the Birmingham NEC and exhibiting railway
equipment systems and services. It covered all four areas of research fer non
passenger rail and has led to several good contacts which are covered in the relevant
sections of this report.

Railworx on 11th June 2019. An outdoor event as part of the larger Plantveae
show. The visit was not very productive due to heavy rain, many Railworx stands
didn't setup and there were only about a dozen to start with. It seems that Railworx
is a new addition that is not yet established. We did make a couple of conthath w
are covered in the relevant sections of this report.

Rail Live on 19th June 2019. Held at Long Marston rail depot this issiteon
exhibition including live demonstrations. Fortunately, the weather conditions were
favourable, and many good contaetere made especially in the track maintenance
sector which are covered in this section of the report.

EXPO Ferroviaria on 2nd October 2019. Held in Milan and exhibiting railway
equipment, systems and services including track maintenance equipment andeser
providers and locomotive manufactures based in Europe. Several contacts were made
which are covered in the relevant sections of this report.
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Project plan

TheFigure 9 balw shows the overall project plan that was followed. The plan was
regularlyreviewed and revised to allow the work packages to be defined after the
conclusions of the first phase of the project. The detailed work packages selected for
phase two were:

WP6¢ Modular powertrain study
WP7¢ Locomotive auxiliary drive study

WP8¢ Track equipment pump swap study

Apr-19 | May-19 | Jun-19 | Jul-19 | Aug-19 | Sep-19 | Oct-19 | Now-19 | Dec-19 | kn-20 | Feb-20
WP Shunting locomotive initial study|
WP1.1 Background research
WP1.2 Initial analysis
wp2 Large locomotive initial study
WF2.1 Background research
WP2.2 Initial analysis
wp2 Auxiliary drive initial study
WP3.1 Background research
WP2.2 Initial analysis
wWr4 Track machinery initial study
WPa.1 Background research
WP4.2 Initial analysis
WPs Initial report
WPS.1 Initial re port writing
D1-4 Initial reportsubmission
WPE.2 Phase 2Planning
WPs Modular powertrain study
WPE.1 Packaging study
WPE.Z Simulation study
WPE.3 Business case analysis
Wp7 Locomotive auxiliary drive study
WF7.1 Simulation study
WF7.2 Businesscase analysis
WF7.3 Packaging study
WPS Track Equipment pump swap study
WPE.1 Research and networking
WPE.Z Simulation study
WPE.3 Business case analysis
WPE.4 Packaging study
wpg Final reports
WP3.1 Final re port writing
05 Interim report
D& Final report
Wp10 Expl oi tation
WP10 Project management
WP10.1 Project meetings, admin

Figure 91 Project plan.

15



List of stakeholdes, meetings and conferences

Artemis presented their work on DD ngassenger rail applications at the following

meetings andtonferences:

Table 1 - stakeholder meetings and conferences

Ltd

Event Organisation Location Date
Meeting Gmeinder Getriebe Artemis, 24" April 2019
GmbH Edinburgh
Meeting, site visit Direct Rail Services| DRS, Carlislg  2"May 2019
Ltd
Presented at Freight | Rail Delivery Group London 8" July 2019
Policy Group meeting
Presented at RSSB Cro RSSB London 16" July 2019
Project Meeting
Presented at Freight RSSB Derby 12" September
Technical Committee 2019
meeting
Meeting Voith UK Artemis, 19" September
Edinburgh 2019
Rail (and UK) IMechE Glasgow 17" October
decarbonisation 2019
presentation
Meeting RSSB Artemis, 239 October
Edinburgh 2019
Presented at Traction RIA, Bombardier Derby 31 October 2019
and Rolling Stock
meeting
Presented at Plant RSSB London 7" November
Standards Committee 2019
meeting
Presented at UKRRIN UKRRIN Birmingham | 215 November
annual conference 2019
Meeting, vehicle survey| Direct Rail Services DRS, Carlisle 4" February 2020
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The table below shows a list of stakeholder organisations that were of interest and
contacted during the project.

-l Category
Company Contacted? Large Loco Small Loco Auxiliaries = Machinery

ot = = = =

Brodie Engineering X
CAF

CER

Chrysalis Rail Services
Clayton Equipment
Colas

CZ Loco

DB(GmbH)

DB(UK)

Deutz Italy Srl

Direct Rail Services
Freightliner

G.0.S

Gmeinder Gears
Gmeinder Lokomotiven
G-Volution

Harsco Rail

Hunslet Engine Company
IPE Locomotori 2000 Srl
M&EE Group

Matisa (UK) Ltd.

Network Rail

Network Rail (R&D)
Nordco

Nuova Ralfo Srl

Perkins Engines

Plant standards committee
Plasser UK

Racine Rail

Rail freight group

Rail Plant Association
Rail Products

Railoc Srl

Rexquote

Ricardo

Robel (Plasser UK)
RSSB

South Cave Tractors (Unimog Deale:
SRT

Stadler Rail AG
Steamology

Total Rail

UNIFE

Unipart Rail

UK Private Wagon Federation
Van Elle

Voith

Volker Rail (Kirow)
Vossloh Locomotives GmbH
Wabtec

Windhoff

Zephir Spa

x
x
x
X X X X X

K<< << << <<=
x
X X X X

& <<
x
x
x

X X X X X

<< << << << <=<=<=<=<<
x

X X X X

Figure 1071 List of companies of interest.
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2. Initial study

2.1 Smallocomotivetransmissions

Introduction

The nature of this application, as envisaged in the study, is one where wheelset loading
is somewhat less than the maximum of 21.5 Tonnes permitted by Network Rail in the UK
for RA7 i.e. light axmad.

The immediately obvious vehicle that this wouldbgpto is shunting locomotives. But

there have also been developments in intermodal freight where lightweight, self

propelled, multiple units for freight have been employed in place of conventional heavy

locomotives (as will be explored in a separate &gt In both cases the driveline

configuration is likely to be very similar. A driveline, which uses Digital Displacement

hydrostatics, is very likely to be configured in the same way that Artemis opted to drive

the DVT(seesectionl.3). This is effectively a hydraulic analogue of the common EMU

driveline, with an enginglriven pump replacing the generator and a hydraulic motor

driving each wheelsetviaaredugfio S+ NJ Y2dzy i SR 2y (KS 6KSSt aSiac

Whilst it was felt that there was very limited technology development needed for this
application, there were concerns over the commercial prospects.

Background research

The focus from the start was determining thetgotial market which could be
addressed in conventional shunting engines. To this end we spoke to several
manufacturers, both in the UK and in Europe.

Following conversations with shunter manufactures in the UK it became apparent that
the number of new shinting locomotive$eing manufactureavas very smallOur
collaborator Andy Martlew of DRS informed us that shunting in the UK was largely
carried out by timeexpired mainline freight locomotives or old British Rail shunters,
which very much limited the arket for speciapurpose small locos. Gmeinder
Locomotiven make small numbers of shunters in Germany. Our conversation with their
associated company revealed that they had applied their limited R&D budget toward
developing battery powered locomotive3hey expressed no interest, and had no
resources, to explore dieshldraulic drivelines. New, loaost, conventional shunters
are available from Turkey, which severely damages the market for producers in high
wage countries, eg. Tulomsas DH7000.

Shuntingduties are also carried out by radad vehicles such as the Unimog reader
BlueTec 6, which is capable of shunting 1,000 ton loads. This option provides lower cost
and fuel use over locomotives as well as the versatility of skipping on and o#itke r

and onto the highway. This type of commercial vehicle modification will be discussed in
more detail inSection2.5.

18
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Figure 117 Unimog road-railer carrying out shunting work.

How DD could be applied

The small locomotive driveline is envisaged to be a variant of the system Artemis
created for the DMU driveline. This would use a commercial diesel engima wower
rating of 100¢ 200kW and modern emission controls. It would drive an Artertigri®6
pump, either single or tandem, depending on power rating. The flow from the pumps
would be routed to a powered bogie which would have both wheelsets diiyen
hydraulic motors through a single stage reduction gear. The bogie architecture would
be extremely similar to that of an EMU, with the significant difference being the
substitution of a hydraulic motor for the electric equivalent. The high torque tleasi
hydraulic machines, coupled with their inherent satfoling (through the hydraulic

fluid), allows the hydraulic machine to be both smaller and lighter for the same torque
rating. Regenerative energy storage could be deployed but, given that neglgtfr
applications would make little use of this feature, it might be installed only on an as
needed basis. The DD driveline is modular, so additional engines and driven wheelsets
can be added as required for the desired traction levels needed in thelgehi

Initial Analysis
Technology analysis

The Artemis modular driveline would package well in a conventional shunter layout,
with the compact hydraulic motor easily fitting in next to the wheelset. The
conventional single primenover could be replaced witseveral smaller and cheaper

high productionvolume engines, each mounted in a removable skid that could be slid in
from the side, above the frame rails. The skid would be entirelyceealfained with the
engine driving an Artemis-dn96 pumg providingfor all necessary functions, such as
cooling, exhaust, etc. The skid would be bolted down to the chassis and have only fluid

19



connections for fuel supply, hydraulic hoses for the transmission and electrical signal
and power cabling. This muéthgine appoach has been successfully trialled (at least on

a technical basis) in the US. Hydraulic transmissions make power sharing between
multiple engines very much easier than it would be with mechanical drives. The
stop/start nature of shunting operations niigalso make the use of regeneration

attractive, again the system of gas accumulators that we developed for the DVT could be
adopted.

The TRL level of the Artemis system for this application is relatively high. The-engine
driven pumps will be released asproduct very shortly by Danfoss, the majority owner
of Artemis. The gas accumulators are well proven. Conventional hydraulic motors of
sufficient rating are available from several manufacturers to drive the wheelsets.

A threecylinder version of whawill be a larger 12 cylinder, 500cc, Artemis Digital
Displacement motor (needed to complete a full DD transmission) has just completed a
test - running successfully for 620 hours at 1000RPM and 350 bar. This machine will
need further development to reagbroduction, but is already meeting performance and
durability targets.

Commercial analysis

As related earlier, there is currently a very small market for shunting locomotives in the
UK. The existing suppliers are not of sufficient size to undertakesel@pment of a

new product range with this form of driveline. The same would seem to apply to
Europe. Howeveiin future, the growth of intermodal hubs means that this market is
likely to increase. It is difficult to tell if the market would be big erotajustify the

cost of development of new shunter transmissions. Furthermore there may be stiff
competition from roadrail solutions such as that shownhigurell.

Environmental impact

Because of limited commercial prospects, this aspect has not been explored in detail. It
is expected that the fuel and carbon reduction inherent in the switch to DD regenerative
drivelines would be in the range of 30%. Further,ddeption of clean modern diesel
engines would make a significant impact on,d@d particulate emissions.

2.2 Light Intermodal Freight (additional area)

During a meeting with DRS, exploring the nature of freight transport in the UK, Andy
Martlew stressed thericreasing importance of intermodal freight to fill the network
capacity arising from the demise of coal. Intermodal freight offers huge benefits in
terms of lowering energy usage (1/3rd as compared to road hauled), reducing the
volume of lorry traffic ortrunk roads and significantly affecting the wear and tear on our
highway system. Currently UK rail freight haulage is largely confined to main trunk
routes. There should be opportunities to increase the rail freight volume through
development of the irtrmodal network. As approximately 60% of the UK rail network
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is not electrified, this spread of freight distribution will need to be powered by hon
electric means. The fact that much of the relectrified system is on the periphery of

the network also reans that it is likely that smaller trains would be needed to provide
the appropriate intermodal services. Containerised freight is a global phenomenon, so
this need might well be more widespread than just in the UK.

A potentially promising means of dedring this vision was first demonstrated by the
Windhoff CargoSprinter of 1996 and the later, autonomous, Siemens CargoMover of
2002 (which was, in fact, a modified CargoSprinter). These used a driveline similar to
the one commonly used in DMUs to prapkeemselves, as well as unpowered wagons,
which carried the intermodal container freight. The type of driveline that Artemis
developed for the DVT would have appropriate power and traction capabilities for this
type of application on nowlectrified raik.

The barrier to the wider adoption of the autonomous CargoMover wagons in the 2000s

seems to have been the track control systems in place at thatwihieh were not

sophisticated enough to accommodate therhere appears to have been some

adoption ofthese systems in closed networks on mineral extraction facilities. The

opinion of DRS is that the network control system remains too limited for this to be

adopted in the UK at this present time, particularly in mixed trafR&SB is aiming to
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Figure 127 Windhoff CargoSprinter

Followingdiscussionsvith operators and manufacturedf this type of vehicleve learnt
that in generakhe technologywas successfuéxcept whendriving axles weraot fully
loaded due towvheelslip. Commerciallyt was a failure, with all but two sets
subsequently converted to other amack equipment uses. Andy Martlew similarly
cautioned us on the difficulties ofiaking an economic case for light freight trains like
the CargoSprinter.
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It is perhaps notable that the vehicle originally developed for this purpose has been in
continuous production with over 200 units built to date. The two remaining

CargoSprinter 4e are in Australia, where they continue to carry freight on a daily basis.
Their owner Colin Rees is on record as promoting higher capacity CargoSprinters in 2005
b, We have contacted Colin and expect to have further dialogue with him. He is still very
keen on this technology. It could prove to be easier to introduce it outside of the UK.

2.3 Large locomotives transmissions

Introduction

The Artemis DMU DD transmission, describeSedntionl.3above, has the potential to

be scaled up for higher power locomotives. Several engines could be usedomith s
engines shut down when power demand is low, reducingdickr losses. In addition,

due to an infinitely variable transmission (IVT) system, the engines speed would be
optimally controlled for maximum operating efficiency. Some regenerative brakirig cou
also be included using accumulators. Auxiliary loads could be powered by energy
recovered during braking. The challenge in this application is developing the DD
transmission technology readiness level at the MW scale required.

Background resealc

Our main source of research material this area was from our collaborator in this project,
DRS. They have provided us with information on large freight locomotive specifications
for current and earlier generations of freight locomotives that have beeruf@rpn the

UK over the last 50 years. DRS have also provided some information on more global
trends in North America and Europe. Below is a brief description of some more recent
UK large locomotives.

The Class 66 was built between 1998 and 2015, therexa#e500 of these in the UK

and it is the primary freight locomotive in the UK. They were manufactured by GM in the
USA, though built in Canada. These vehicles became popular as they were very reliable
and economical to operate. Their major weakness araall DC system with drive to
motors equal at all times. In the event of wheel slip, all axles must have their torque
reduced. They are limited to 75MPH, particularly by the fact that the traction motors

and gearboxes are attached to the axle (rathenthengie). DRS own 19 of these

vehicles.

We had an opportunity to be shown around one of these vehicles during a tour of the
DRS Carlisle depot. Engine to wheel efficiency is estimated to be 82% by operators. The
industry will be looking to replace thesehicles in the next 1@ 20 years
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Figure 13 - Class 66 locomotive

The Class 70 was built between 2008 and 2017. They were manufactured by GE in the
USA. These vehicles were fitted with-AC drives which can regenerate brakamgrgy

to drive auxiliaries, however excess energy is not stored but dumped as heat through
brake resistors. The AGC drive system allows individual axle torque control, providing

a massive advance in traction technology. DRS have never operated th@dClas
locomotive.

Freightiiner
70006

Freightiner

Figure 14 - Class 70 locomotive

The current UK fleet of Class 68 vehicle were built between 2013 and 2017. They were
manufactured by Stadler Rail (previously Vossloh Rail). These vehicles fitted with four
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ACACdriven axles and blended rheostatic electropneumatic braking. 34 vehicles are
operating in the UK by DRS.

The Class 88 is a dual mode version of the Class 68 also manufactured by Stadler in
Spain These units can operate either by overhead lines or bggian onboard diesel
engineg the body shell and octh of the equipments the same as the Class. 68

Both the Class 68 and the Classs@8e designed for higher speed and lighter loads
(lower torgue) than previous locomotives due to changéypical loads, a move from
heavy coal to lighter high value commercial goods. Vehicle components were selected
for their compactness and lower weight. This also explains the move from 6 axles to 4
axles.

- Class 68 locomotive

Figureul
Vehicle layout

All but the most recent locomotives had the same general layout of drive train. A large
diesel engine driving one or more electrical generators or a high voltage electrical
system sitting amidships and large cooling radiators to@mak of the power unit

standing vertically and longitudinally in a parallel configuration such that they drew air
in from the sides of the loco and expelled it upwards from a cavity between the two
radiators. At the other end of the power unit, varyingaés/of control and power
electronics cabinets are located. Fuel tanks and batteries are sited on the underside of
the vehicle. The figure below shows the layout of a Class 88 dual mode locomotive.
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Figure 16 7 Layout of a Class 88, dual-mode locomotive

Powertrain

The four or six axles of UK freight locomotives can be loaded at 21 tonnes each to
comply with rail limits. A design friction coefficient of 0.37 is envisaged in dry conditions
between wheel and rail. The means a maximum usable tractive force of 79 kiXlpe

the wheels generally being 1100mm in diameter giving a maximum torque at the axle of
44 KNm. This effectively defines the requirements of the driveline. There is no value in
having any more torque available beyond the limit of adhesion. The laligks tend to

be attached to either side of the wheel pans, which means that they are out of the way
of the drive equipment in the centre of the vehicle.

Modern locomotives mount the traction motor to the bogie frame. The weight of the
motor is carried eritely by the bogie frame, to which it is rigidly attached. The axle is
driven through a flexible coupling at the final drive. The far end of the gearbox is
suspended from the bogie frame to allow the gearbox to move relative to the bogie
mounted drive mote. This arrangement reduces the-sprung weight on the wheels

and therefore reduces wear. For the Class 68, the gear ratio between electric motor and
axle is 4.25:1.

Figure 171 Class 68 bogie and axel drive design (left) and approximate
layout (right)

Operations

Reliability and maintainability are very important. The early BR locomotives tended to
make the engines and other components difficult to access, modern designs have all the
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