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Summary

The upcomingzuropeanStage V emissions regulation for N®oad Heavy
Duty Diesel Engines will force OEMs to adopt Diesel Particulate Filters, adding a
further degree of complexity to the aftertreatment system, which in seveesl ca
already includes specific devices for NOx reduction. Since complex aftertreatment
systems can rise packaging problems as well as reliability isaupsject in
collaboration with Kohler, Politecnico di Torino, Ricardo and Deriss been
carried outto explore the feasibilitpf a Stage V compliarBCRfree architecture
for a 90kW Non Road Diesel engirin this scope prototypeenginebased on the
Kohler KDI3404,was equipped witla low-pressureExhaustGas Recirculation
system, a twestage turbochger and a 3000 bar injection pressuoapableFuel
InjectionSystem.

Thisthesisfocusen theexperimental and numerical assessmeenuksiors
and performances of this engine architecture over the Stage V certification
procedure. It will be shen howthehigh-pressurd-uel Injection System is the key
technology to meet the stringent requiremedé&nonstrating how increasing the
injection pressure from 2000 to 3000 bar can dramatically improve the Stk
and NOxParticulate Number traeaff, togethe with engine efficiency, without
adversely affecting the emission of nanopartididsreover the use oextremely
high injection pressures in conjunction with after injection as a soot reduction
technique, was found to be capable of achieumtp50% snoke reduction with a
more than acceptable engine efficiency degradatio

Thanks to a dedicated steady state and transient calibration, the engine was able
to run a complianNRSC and NRTC with more ¢gh 10% margiron NOx and a
level of particulate matteandparticulate number which can be easily managed by
the DOC+DPF aftertreatment systentHowever,somecomponentf the tested
engine such as the turbochargewere found to be far from the optimahus
resultinginto relativelypoor efficiencyfigures.

Therefore, alD-CFD model featuring predictive combustion and emissions
modelswas developedh order to assess tligl potentials of this architecture on a
kind of fivirtual test righ, on which different components could be easily evaluated.

The modetesultsproveal that, with a better design of te&haust and EGR line,
and with a slightly lgher performance turbochargegnsistenengine efficiency
improvemensg could be obtainedmaking the SCRree solution as a valuable
alternativeto theSCRarchtectureto meet the Stage ¥missions regulatian
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Chapter 1

Introduction

Part of the work described in this gbtar has been previously published in

1 Gatti P, Fagg S, Cornwell R, Millo F, Boccardo G, Porcu D, et al.
|l nvestigat Hfoneof sy si 8@Rt o meet the
emissions limitsHeavyDuty, On Off-highw. Engines 2016 11th Int. MTZ
Conf., Ulm Germany: MTZ; 2017, p. 2781. doi:10.1007/973-658
190125 16

1 Queck D, Herrmann QBastianelli M Naoki A, Manelli S, Capiluppi C
Fukuda A, Millo F, Boccardo Next steps towards EGéhly concept for
mediumduty industrial engineln: Liebl J, Beid C, editors. Int. Mot. 2017
Mit Konf. Nfz-Motorentechnologie und Neue Kraftstoffe, Wiesbaden:
Springer Fachmedien Wiesbaden; 2017, pi 325doi:10.1007/978-658
171094 _37.

Air pollution is akey environmental rad social issuewith severe impact on
health vegetation ecosystemand climate Estimates of the health impacts
attributableto exposure to air pollution indicate that Pitoncentrations in 2014
were responsible fabout 428 000 premature deaths in Eureyggle 78000are
correlated to N@ and 14400 to © Other than the social aspeittalso has
considerable economimpacts, cutting lives short, increasing medical casid
reducing productivity through working days l@stross the econonj¥].

Pollution is & issuethat is being addressed globalljhe developed countries
started to enforce thearliest emission regulation in the second lélthe 24"
century while othess industrializedand industrializingcounties are following in
more recent times

In Europe polltant emissions were addressed by various international
conventions, including the 1979 United Nations Economic Commission for Europe
(UNECE) Convention on Lorgange Transboundary Air Pollution (CLRP) and
its various protocols, amomghich the 2012 amended Gothenburg Protocol is key
in reducing emissions of selected pollutants acrospah&uropean regiofi].

The Clean AirPolicy Package for Europe, published by European
Commission in late 2013, aims to ensfuk compliance with existing legislation
by 2020 atthe latest, and to further improve Europe's air quadibythat by 2030
the number opollution-relatedpremature deaths reduced by half compared with
2005
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The emissions regulatisrsucceeded to improve the air quality in Eurape
shown inFigurel.1, howeveia large portion of Europs still exposed to pollutast
concentratios exceedingthe World Health Organization (WHO) Air Quality
Guidelinesandchallerges inemission reductioremainof primary importancél].

The partialfailure of the emission regulatianis relatedto the inadejuacy of
the laboratory testing procedyrespecially for Diesel equipped vehiclet the
transport sector, which is one of the major contribubbgollutant emissions. This
vehicleswere found to producefour or five times higher emissions than the
European standards in thealworld driving with respect tothe certification
procedurg?]. In order tooppose this phenomenoamissios regulatiors in the
power sectorare now being tightened, especiallfor transport applications
adoptng more aggressive cycles anehlworld operation emission verification

procedures.

EU EEA33
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Figure 1.1 - Trends in emissions of air pollutants
EU (left) and EEA-33 (right) [2]

In this contextNon Road Mobile Machines (NRMM), which include any
vehicle or operating machinery non directly devdtethe transportation of people
or goods on the roads better explained in the followirRaragraphplay a role
NRMM are subjected to severe emissions regulatdiraround the worlgwhich
arebeing tighteneavith the targebf improving ParticulateMatter(PM) and NOx
emissions These pollutantarethe most problematic in terms of harm to human



health[2] and arehe primary pollutargproduced by Diesel engineshich is the
dominating technology ithis sector

These new regulations are introducing rehallenging issues the design of
such engines whicmustbe addressed witthe definition of new concepts and
aftertreatment systems.



1.1 Non-Road Mobile Machines context

According tothe definition reporteth the European emission regulati@ron
road mobile machinery means any mobile machine, transportable equipment or
vehicle with or without bodywork or wheels, not intended for the transport of
passengers or goods on roads, and includes machinery installidek @massis of
vehicles intended for the transport of passengers or goods ona{@hds

A broader definition used in the United Kingdastaes Ndiroad mobile
machinery is defined as any mobile machine, item of transportable industrial
equipment, or vehiclewith or withoutbodywork- that is:

1 notintended for carrying passengers or goods on the road
1 installed with a combustion engineeither an internal spark ignition
(SI) petrol engine, or a compression ignition diesel engine

Examples of honoad mobile machinery includbut are not limited to:

garden equipment, such as hedge trimmers and-hataichainsaws
generators

bulldozers

pumps

construction machinery

industrial trucks

fork lifts

mobile craneg[4]

= =4 4 -8 -4 8 -5 2

Within thesedefinitions, the engineselected fothe research projetlls within the
European CommissioNon Road Diesel Enginexiginal category of power rate
between 75 and 130 kW, whidias beerextended in more recent regulations
betweerb6 and 130 kWEU Stage 1V-10/2014) The applicatior of this kind of
enginesareextremely differenvaryingbetween théruck-mounted forklift with a
duty cycle measured in minuteand generatorswith a duty cycles measured in
days or months.

For this kind of power rat®iesel engines dominates the markedntks to its
combination of durabilityreliability, affordability and efficiencyvhich drive the
lowestTotal Cost of Ownership (TCQ%].

1.1.1 User Requirements

As mentioned in the previodfaragraph the field of applicaticof the NRMM
categoryis extremely various anthie user requirements are extremely different.



In this pargraph the most importargillars of thedesign and operational
requirements of these engines amalysedo betterfocus the motivations of this
proect.

1 Productivity
Those engines are normaliystalled on professional machines or in
generators. As far as the professional machines are concerned, they can
beloader,excavatorslifter or any type of agriculturahachinery. Each
of theseapplicatiors has his own duty cycléhat can be extremely
different in terms of loa@nd durationThe main goafor the engine
equipped in these machinerytigr ability to give productivityto the
machine For productivity is intended tr@mount of work which caneb
done in a given amount of tim&his parameter is not regulated by a
standard testind each manufacturer has its how procedu its
evaluation Neverthelessit has a strong dependenoy themaximum
performanceson the transienbehaviourandon theload acceptaility
of the engine (depending on the application).

1 Total Cost of Ownership
Another parametewhich is of crucial importance for this kind of
machinery is Total Cost of Ownership (TCO). This parameter is the sum
of the machine cost and dfe operating cost, which includes theds
consumption (Fuel AdBlueif adoptedl and themaintenance costhe
maintenance timein which the machinery is not productjvie also
considered as a cosherefore the reliability is extremely important
For this reason,the introduction of newengine technologies is
extremelychallengingn this sectarsinceanything thatloes not bring
immediate andsignificant improvement in the productivity does not
worth the engineering effort to guarantee adequate iadlility.
Moreover the fact that those machinery ofteperates in unfavourable
environmersg must be considerdd this regard.
It is worth to highlight thatigher is the size of thengine higheris the
relative weight of the fuel consumptionerthe TCO.

1 Packaging
Normally the design of the chassis of these machineryved
establishedand theOriginal Equipment Manufacturer® EMs) are not
prone to modify theengine bayto accommodatenore bulky engines
or to integratewider air ducts or wider @ exchangersor to
accommodate new tanks for additional fluids.

1 Safety and Fuel availability
Those machingsnormaly operate in unfavourab&vironment, very
dusty and dirtyoften undeextremetemperaturesand are subjected to
hard vibratiors. For this reason, enginehich operateswith low
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flammability and low degree of explosivenedsiels are normally
favoured clearing the way to the succesisDiesd technologyin this

field.

That said, since Diesel fuel is always presantonstruction agaor,

from a broader viewpoint, ithe heavy duty fielgd machineryoperating
with Dieselarefavourable also from the logistic poof view of having
only one type of fuel.

1.1.2 Legislation

Historically the UnitedStates(US) regulationshave been slightlyighterthan
the European UnionEU) counterpartan terms of NOx and PM emissionas
reported inFigure 1.2. NowadaysEU has overtaken US in setting the emission
standarddor this category of engines releasimg tStage V regulation which will
be active in 2020.

This new regultion furtherly pushed the limit for partidate mattemass down
to 0.015 g/kWhand firstly introduced the limit on particle numberltd 0% #/kWh
(details m the difference between Stad¥ and Stage V regulation can be find in
Tablel.1 andTablel.2). Moreovet it would increase compliance aadforcement
by strengthening rules on market surveillariye adopting portable emission
measurement systems (PEMS) to monRarticulateMatter, HC and NOx over
normal duty cycle§].

According to [7] this translatedor OEMs in the mandatory use of Diesel
Particulate Filters (DPF) since no practical way is available to reach this level of
particles emissions with any-gylinder emission control strategy

The introduction of the DPF is particularly critidar NRMM, since it is an
aftertreatmentdevice that affects thengine performance(and therefore the
productivity d the machinery) due to engine backpressucesase and due to the
strategieghat must be put in place fadts regenerationlt is extremely critical
especiallyfor the application which have an extremely short dytfe as the truck
mounted forklifs. Thesemachinesare used to load and unload the trtlukytravel
along with and thg are operatetbr a very short tim@ot giving the DOQDiesel
Oxidation Catalystand the DPREhe possibilityto reachthetemperature needed
activatethe regeneratioprocess The only possibility for the DPF regeneratisn
a stand stilstrategymanually activated by the usen which the machinery is left
offline to complete a cycle of warmp andDPFregeneratiorbefore beingableto
operate again. This kind of reggration strategy that can last for several ®aoth
minutes strongly affects taproductivityof the machine

Moreover, DPF can bringeveralpackagingoroblemsespecially if the engine
is already equipped with other complex aftertreatment system for NOX.
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Figure 1.2 - EU and USA NRVIM NOx and PM Regulations
(56 < Reak Power< 130 kW)[8][9]

Table 1.1 - Stage IV emission standards foNRMM Diesel Engines|[8]

Net Power CO |HC NOx PM
Cat. Date

kW g/kWh
Q 1300P 0560 |2014.01/3.5 |0.19 |0.4 0.025
R 56 O P |2014.10/50 |0.19 |0.4 0.025

Table 1.2 - Stage V emission standards foNRMM Diesel Engines|[8]

Net Power CO| HC | NOx | PM PN

Category| 19N- KW pate g/kwh 1/kwh
NRE-vic-1 | CI P<8 2019 | 8.00 750 0.40 -
NREv/c2 | ClI 8 O P | 2019 |6.60 750+ 0.40 -
NREVc-3| CI | 19 O P| 2019 |5.00 4,700 0.015 | 1x102
NREvic-4 | CI | 37 O P| 2019 |5.00 4,700 0.015 |  1x102
NRE-v/c-5 | All 56 O P| 2020 |5.00| 01| 0.40 | 0.015 1x102
NREv/c6 | Al | 130 O F 2019 |350| 019 | 040 | 0015 | 1x102
NRE-v/c-7 | Al P > 560 2019 |3.50| 0.19' | 3.50 | 0.045 -
aHC+NOX

®0.60 for hanestartable, aicooled direct injection engines
¢A =1.10 forgas engines
4 A = 6.00 forgas engines



https://www.dieselnet.com/standards/eu/nonroad.php#hc_gas
https://www.dieselnet.com/standards/eu/nonroad.php#hc_gas

Type Approval Tests:

The type approval tesequires the measurement of the engine emissiong alon
two cycles: the Non Road Steady Cycle (NRSC) and Road Transient Cycle
(NRTC).

NRSC
The NRSC isa sequence of several steady state medts different
weighting factos asschematicallyreported inTable 1.3. This test is reported
within theinternational staaiard for exhaust emission measurement ISO 8178
with the identification AType Cl0.

Table 1.3 - Non Road Steady Cycl€ISO 8178-Type C1)[10]

Mode number | 1 2 3 4 5 6 7 8 9 10 11

Torque, % 100 75 50 25 10 (100 75 50 25 10 0
Speed Rated speed Intermediate speed Low idle
Type C1 0.15 0.15 0.15 - 0.10|0.10 0.10 0.20 - - 0.15

Referringto Table 1.3 fir at e d identpies thel €peed at which the
manufacturer decl ares the mpxiemowmtpewer
speed corresponding to the maximum torguethe last row the relative
weighting factos of each operating poi@ire reported

NRTC

The NRTC test is a transiedtiving cycle for mobile nonroad engines
developed by the U&nvironment Protean Agency(EPA) in cooperation
with the authorities in the European Union (EU). The test is used
internationally for emission certification/type approval of nonroad engines
[11].

The cyclewas developed byneans of a statistical analysis oétReat
World cycles of dfferent machinges and tries to representtach NRMM
application ag-igure1.3 by AVL shows

The cycle is an engine dynamometer transient driving schedthl@total
duration of 1238 secondsiormalized over thanaximum torque and the
maximum speedt is run twice, with a cold and a hot start, with ariihute
soak period between the tests. The cold start weighting fadt0% in the EU
and 5% in théJS [11], makingthe cold startdefinitely not a concern for i
kind of engines thanksto the relatively low weighting factor and tbe
extremely aggressivenesstbécyclewhich maketheaftertreatment to warm
up quitesoon The cycle, in fact, covers almost all the engine mdp very
frequent operation near the fullad Moreover, it is extremely transient
demandingvith frequentioadsteg from very low loads to full loath less than
two secondsTo give a practical evidence of the aggressivenegstycle a
comparisorwith theload profile of a mdium-size passeger car diesel engine
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over the Worldwide Harmonized Light Vehicles Test CycléWLTC) is
reported inFigure 1.4. Finally, the comparison of the NRTC and NRSC
(assuming sp&keof maximum torquequal to 50%pver the normiized engine
mapis reported irFigure1.5.

NTE

From US Tier I\ NRMM engines must comply also to the Ndto-Exceed
Standad (NTE), which is a furtheinstrument toguaranteghat Heavy Duty
Engines emissionsare controlled over thdull range of speed and load
combinations commonly experienced in .utedoes not involvea specific
testing procedure and carclude any steady or transient operation within the
NTE catrol area.
Thebasic definitons of NTE areaare thefollowing [12]:

1 All engine speeds 15% above the ESC (European Stationary Cycle)
speed$13].

1 All engine load points greater than or equal to 30% or more of the
maximum torque value produced by the engine

1 All speed and load points where the power produced by the engine
is higherthan 30% of the maximum powe

Engines which are certified with regulat®requiring NOx and PMelow 2.5
g/kWh or 0.07 g/kWhespectivelycan apply a factor of 1.5 on the emissions
regulated value when operating in this area.

All the operaing conditionswhich are not covered lifiose test procedurase not
regulated.

Compaing Figure 1.5 and Figure 1.6, it results clear thathe nonregulated
zone and NTE zw applies only at low speed high load, whiglthe only region
of the engine m@ana covered by the more stringent NRSC and NRTC.

T E
& 0 &
: Ll 1
| . | N
*‘;r\ L DA A i
VY W[ |
0 S0 W00 150 200 250 300 350 400 450 500 550 600 650 V00 7S50 600 850 900 950 1000 1050 1100 1150 1200 12!-".‘»
Time [sec]
Backhoe  Rubber-Tire act Arc Skid Steer
Loader Loader Welder Loader

‘ﬁ'\\' % 4& ﬂ Excavators i’% ﬁ
»

Figure 1.3 - Non Road Transient Cycle [AVL]

Source; AL
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1.2 Project Overview

As previously explainedhe European Commissias introducing with the Stage
V regulationthe limit on particle number, forcing the engimenufacturergo
introduce DPF in their aftertreatment syssesinceno practicalway is available
to meet the limit of 1x18 #kWh with ary in-cylinder techniqug7].

On the othehand,NOx limit has been kept constant from Stdge and several
layouts are feasible to meet tivait of 0.4 g/kWh.

Ricardo investigatethreemain enginelayouts to meet the NRMM Stage Yor
engine power rate between 56 and 130 kjulation which are summarized in
Figurel.7.

Low Soot L 3= e - ——"
Spemoren | g8 oo o Q ol o ¢
G EGR

DOC + DPF LowSoot ¢ hon Rail SCR+ ASC
SCR n 2 96% C°5':;';'jr‘r:°“ (16001800 bar) DOC + DPF (12 96%)
Low Soot = 3 - I . F
R - » . - -t o = i £
Combustion System ] m % L : '-g.."-ﬂ )
‘ | N 4 i . u{
10-20% EGR “ | y v W
DOC + DPF Low Soot .
A - ICommon Rail Cooled EGR . SCR + ASC
SCRn 290% C°;;';';r‘r;°“ (1800-2000 bar) WG 1020%EGR rate) DOC*DFF n 2 90%)
Low Soot = m do
Combustion System @ bl i T AT ®
40% EGR [ < Tab S ) l}j,!‘-
DOC + DPF Low Soot CommonRail Cn;oled EGR . SCR
© No sCR Combustion  {>2500 bar) 28age . 40%% EGRrate) COC*DPF
System

Figure 1.7 - Stage V CompliantNRMM Engine Layout [14]

1 Solution A features quitestandardengine layoutcompletelyavoiding
the use oExhaust Gas RecirculatioBGR) anddemanding all the NOx
reduction to a high efficiencgelective Catalytic Reduction(SCR
combineal with an Ammonia Slip CatalystASC). For this kind of
layout,a standard single stage turbocharging systediow to medium
injection pressure Common R&CTR) Fuel Injection Systent(S) is
enough

1 Solution B relaxes the efficiency requirement of NOx cataly
introducing the use of low rate of Cooled E@Rpartially reduce¢hein
cylinder NOxformation.This will require higher boost pressure to keep
Air-to-Fuel Ratio (AFR) and smokeunder control,and increagd
injection pressuré deal with thencreasd charge density and slower
combustiordue to theEGRdilution effect.

1 Solution C avoids completely the use adny aftertreatment for NQx
demandingll the NOx reduction to extremely high rate of cooled EGR.
In order to pursue thisolution a high pdormance boosting system
such as an intercooled two stagarbochargemnust be used in order

12



to guarantee adequate AFR with such amount of EXBR.extremely
high charge density will requiran extremely high-pressureFIS to
guarantee good mixingndaccepable combustion duration.

In the emissiospower bandetweerb5 and 10kW, which representalmost the
30% of the marketkohler have developed the KDI3404, a 3.4 liters, 4 cylinders
Diesel enginecompliant with Stage IV and Tier IVf regulatipsold in different
power configuratiors between 75 and 100 kW. All the applicatdeatureSCR
catalyst for NOx. The introduction of the DPF with the upcoming Stage V pushed
Kohler to start a project in collaboration wiBolitecnico di Torino, Denso and
Ricardq to explore the possibility to meet Stage V emission regulation exploiting
the lastproposed solutian

SCRfree architectures could offer some advantages for this kind of application
since SCR systems typically present several drawbacks, such as significan
packaging issues especially when combined with a DPF, need for an infrastructure
for a second liquid and additional sensors and actuators, at the risk of reducing the
robustness and increasing the cost

As a further support of the packagiogncernsin Figure1.8 the design of the
current production engin&tage IVwith SCR) and the design of thgtage VSCR
free layoutis comparediIt is worth to remind that a Stage V Sd&out would
anyway require DOC andPF.

3404TCR SCR Engine of current project
(SCR, HPEGR) (no SCR, LPEGR only)
Stage IV, 100KW Stage V, 90KW

EGR cooler

DPF

Figure 1.8 7 Packaging comparisonof SCR and SCRfree
architectures[15]

Few examplesof similar architectureare reportedn literature
In [16] the use of extremely high injection pressure in combination with cooled
EGR rate above 40 % was needed to achievenijiee out level prescribed in Tier
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4f with a lambda of..5in a 30 kW/I engine requiring a boost pressure of 5 bar
(absolute).

In [17], a 6cylinders 6 liters MAN Heavy DutyDiesel Engine was modified
with a2500 barfFISto try to meet the Stage IV lingwvithout SCR Without an ad
hoc optimization of thealibration and of theombustion systenthis engine was
ableto reachD.6 g/kWh of NOx with acceptable transient perfornesaiche price
of high smoke emissions

The project was deloped in three phases

1 Preliminary Phase: in this phase which was Ricar@md Kohler
main responsibilitythemain tasks were the folving:

- AFR and EGRtarges definitions to meet the legislative
limits.

- Combustionsystemdefinition: combustion chamber, swirl
ratio and injector nozzles portfolito be experimentally
tested

- Turbochargers matching

- EGRcooler sizingandairpath definiton.

1 First Experimental Phase:in this phase which has been carried out
in the steadystate test bench of th&nergy Department of
Politecnico di Torino(DENERG) the engine was tested with a
provisional design in order to carry out tiNozzle Selectionto
experimentallyconfirm the AFR and EGR targets, and so the
boostingrequirementsandto develop a first steady state calibration.
This part of the project is widely discussed in Chapter

1 SecondExperimental Phase this last phasewhich is extensively
described in Chaptel, was carriecbut with the final engine setup
in the transient test bench @ ENERG The main taskwas the
development o& steady state anthhsient calibration able toeet
the Stage V Emissions standard
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1.3 Engine description

The engine chosen for the project was a modified version of the normal
production KDI3404TCRshown inFigurel.9.

Figure 1.9 - Kohler KDI13404 Engine

This engine is on the market different power ratesince 2014 and it is
compliant with the EU Stage IV standard featuring High Pressure EGR, 2000 bar
Denso Common Rail FIS and single stage turbocharger controlled by a
mechanical wastegate.

The engne wasmodifiedfor the purposes of the project by replacing the single
stage turbocharger with a two stages uhig, HP EGR line was replaced by a LP
pressure pathway, the combustgystem (cylinder head + combustion chamber)
was developedd hoc, and the 2000 bar common rail FIS was replaced with a
Generation Denso Conon Railcapable of 3000 bar injection pressure.

The high level targetsire reported imable 1.4 for what concerns emissians
and inFigure1.10in which the performance of tmormal production Stage IV are
plotted with the targefor this project A modest power derating was aptsd due
to theearly stage of development oktlengine technology

In Tablel.5 the main engine specifications are summarized.
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Table 1.4 - Provisional High-Level targetson certification cycles[14]

NOXx co PM PN
[g/kwh] [g/kwh] [g/kwh] [#/kWh]
'-el?.'s'.a‘ed EU Stage V 0.4 5 0.015 1%10%2
imit
Tailpipe <0.34 15 0.012 8*101t
Emissiors
Provisional Aftertreatment
VISIOT . DOC  DOC >90%
En_lglneerlng Cor_w_ersmn - ~90% DPF >99% DPF>99%
argets Efficiency
Engine Out <0.34 <15 <1.2 <g+10%
Emissions
600 180
500 150
E
Z. 400 120
E g
E - l:l
S 300 % ¢
(8} o
c o
2 2
5 200 60 £
[
Stage V Torque w
100 - = = Stage IV Torque 30
Stage V Power
- = =Stage IV Power
0 -0
1000 1200 1400 1600 1800 2000 2200
Engine Speed [rpm]
Figure 1.10- Full Load Performance
Table 1.57 Stage VEngine Specificatiors
Engine Type | Diesel /4 CylindesIn Line / Cast Iron Crankcase
Valvetrain 4 Valves /Pushrod Rocker with hydraulic tappets
Bore 96 mm
Stroke 116mm
CR 16
Displacement | 3.4 liters
Turbocharger | 2 Stagegintercooler +Aftercooler)
EGR Cooled Low Pressure
Fuel System Denso HP6 Pump / G4S Injectors / 3000 bar Injection Pre
Aftertreatment | DOC + DPF
Performance | 480 Nm @ 1400 rpm / 90kW @ 2200 rpm
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To define the engine layout and properly size each compomdoardo
performeda keypoint analysis of both NRSC and NRibG&lefine the targetalues
for EGR rate and AFRThis was obtainec&head of any detailed 1D or 3D
Computational Fluid Dynamics (CFBjmulationactivity, using a wellestablished
OD modelling approach, whicluses empirical NOx and soot/smoke/PM
relationships to rapidly explore the desggace with minimal computational effort.

The aitpuss of this methodologwrethe AFR and EGRarget over the flload
operating conditionssummarized iTablel.6.

Table 1.6 - Full Load AFR and EGR Targets[14]

Speed rpm | 1000 1200 1400 1600 1800 2200
Torque Nm | 380 446 480 478 451 391
AFR - ‘ 1v5 175 17.7 181 18.6 19

EGR % 10 20 40 38 38 42

Of particular note is the very high EGR rate at full load, coupledtivémeed
of maintaining acceptablainimum AFR. It is tear that this combination of targets
place verystrong demands on the air/EGEB][19][20] and combustion sgems.

In the following Paragraphs a detailed description of the engine components
selected to meet these ambitious targets is presented.

1.3.1 EGR

The ability to recirculate EGR is the key factr this kind of engine layout
Without the correct amount of B& the only way to control NOx emission is to
retard the injection timingp reduce the combustion temperature with big penalty
in fuel consumption. The ability to recirculate E@Rlefinedfrom one side by the
EGR system and its ability to exploit theepsure difference between exhaust and
intake pressure to drive the exhaust gases, and on the possibility to increase this
pressure difference whereeded

On the otherhand,the EGR rate is limited by the necessity of kegp
acceptable AFR to control sbemissions, therefore the EGR toleramm@ease as
the boost pressure increasgaking the charging systesrmparamount component

As widely reported in literaturdeGR reduces NOx mainlgy lowering the
combustion temperaturtherefore the EGR tempeuag is of crucial importance to
fully exploit the EGR ratenakingthe sizing of the EGR coolanother key aspect
of the designMainly three layouts are available for EGR circuits: high pressure
(HP-EGR), low pressurgLP-EGR) and the combination of thevd or dual loop
(DL-EGR).

In the HP architecture, a fraction of the exhaust gases is diverted from the
exhaust manifoldipstream of the turbinéo the intake manifold downstream of the
intercooler forcing the gases through an EGR cooler. The systemtisl@hby
an EGR valve placed downstream of the cooler for obvious thermal concerns.

In the LP architecturensteadthe exhaustgas is sampled downstream of the
aftertreatmenand recirculated upstream of the compressor after being cooled in an
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EGR coole. The system is controlled by an EGR valve that regulates the flow and
a flap that can belaced alternatively in the intake line or in the exhaust line to
increase the pressure differentiafflow the EGR. Numerical analysis have shown
that the exhaustositioning of this valve is more effective from the efficiency point
of view [19].

The HP and LP architectures can also lsembinedobtaining what is usually
called a hybrid or dual loogystem.

Although the HP circuits have been the most widespread up to mai,R
architectureoffers the opportunity to achieve higher EGR rate while maintaining
low intake temperatures and wigerfectmixing. Moreover,the introduction of
DPF and the comsjuent clean EGR being recirculatsdlves the concerns about
compressoivheel damaging and cooler fouling. However LP EGR often shows
poor transient performanead requires more sophisticated confedl].

Ricardocarried out an investigation of the sensitivitykefy EGR hardware
attributes to rated power using their OD modelling approach which confirmed the
selection of LPEGR as the preferred route to going forwarte results of this
analysis are reported iRigure 1.11, which indicates theresponseof various
engine parameteis rated power is varied betweena8@ 100 kW (23.529.4
kw/l, 12.816.0 bar BMEP)f LP or HREGR is usedWith LP-EGR, generally,
the thermal load on compressors, interstage cooler, EGR cooler, and intake
manifold oost pressure are all reduced compared to theEER case.
Additionally the target power of 90 kW is confirmed as being sensibly
achievable within the engine structural Peak Firing Pressurei(RFEXimum
in cylinder pressure) limit, which was initiallytde 170 bar for this application,
even though the hardware can withstand up to 180 bar.

Figure 1.11 - OD model responses to EGR circuit type and rated powef4]
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