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= Cowver Photograph

Thi cover photongraph shows a conceprual image of the Multi-
Eyer System used in a Mitsubishi ASY-2 lsecond-slage Advanced
Salely wehicle) passenger car. Employing radin-Trequancy
racar, infrarad camaras, charge-coupled-device cameras and
other devices, this system monitars tha road envirarmenl, pro-
wirtas the drivar syith information in awdible and wisilile lorms,
and halps the driver take action 10 avoid hazards,
Driver-support technologieg such as the Mulli-Eve System hava
been realized throvgh effons e give vehiclas a degree of arifi-
cial intelligence. By dramatically improving safoty and comfer,
they are likely to play o valuakle mola in the 2180 conlury.

Fuhlizhad by Editorial Committes lor the Technical Bawview
t'a Envirenmental & Techinical Affairs Dopargmen
Car Besearch & Developmeant Qffice (Tamachi Branch)
rAITSUBISHI MOTORS CORPORATION,
33-B, Shika Gochome, BMingto-gu, Tokyo 108-3470, Jepan
Phona: «31-3-5232-T643
Fax: -81-3-5232-T770
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Fravious paga [Top)

Jutta Eleinschmidt of Germany drove & Mitsubishi PAJERD and achioved an &ll-round vic-
tory in the 2001 Paris-Dakar Rally, covaring the total distance of 10,738 km from Paris 1o
Dakar in 70 heurs, 42 minutes, and <ix seconds, Kleinschmidt is the first woman to win the
Paris-Dakar Aally. Her victory is the sixth one achieved by Mitsubishi Motors since the
company Began its Paris-Dakar participation in 1983, The photograph shows the calabration
at the finish,

Previous page (Bottom)

Inv the 7041 Rallys Manta Carlo ithe first leg of this year's FLA World Rally Cham pianshipl, the
Witsuhishi LANCER EVOLUTION of Finnish driver Tormmi Makinen covered the total dis

tance af 284.42 km in four hours, 38 minutas, and three seeonds, eaming Makinen his third
conseeutivie Monte Carlo victory, The phetograph shows the celabration at the Tinisi,
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Forewaord -

At This Juncture of the Turn of
the Century

Yuhiko KIYOTA

Raopresantative Dirsclaor

| am filled with a sense of pride to announce the publicatien of Technical Feview
M. 13 in the first year of the 21st century. Approximatoly 110 years have glapsed sinco
autamabiles propelled by gaseling engines first ran on the roads and the 20th century
will certainly be recognized in history as one of great advancements in sutomotive tech-
nologies. Althaugh this advancemant has brought about affluent society, problems fram
anvironmental and safety perspectives still rermain, At this juncture of the turn of the cen-
tury, | would like to express my opinian abaut what people carrying motar vehicle deval-
npment forward should consider and dao in mind.

First of all, the need for accommodating coaxistence with human society, preservation
af the global environment and conservation of energy are issues which are growing ever-
more larger. Since 19605 we, a group of praple participating in the development wark of
the motar vehicles, have been engaging in the salution of many preblems related to maotor
wehicles, such as reduction of exhaust gas emission, improvements in fuel economy, oocU-
pant pratection, pedestrian protection, preventive safety, recycling technology ete. By
axplaiting our intelligence and experience as well as cambining cur mutual efforts in tech-
nalogical research and studies. We must continue our challenge with & firm determina-
sian for fulfillment of the neads of society which ara being intensified day by day.

Second, the IT society, a generation in which information technology is being avidly and
sxtensively explored, is growing at a speed far exceeding our expectation, Under such
circurnstances, we must expedite the research and development of new technolagical fizlds
that will become a mainstream far vehiclas in the 21st century like technologies that hilat-
arally oxchange data between vehicle information and information autside the vehicle,

Third, we must endeavar to amalgamate cur technelogies inte a product whvich weill
fully satisfy the needs of aur custamers. Devalopment of new technologies and unceas-
ing evelution of vehicles must be pursued continuausly. Hewaver, it is also cssential to
review constantly whether such technologias will bring real benefits to customaers and
gain their satisfaction and whether a product to be produced by employing such technolo-
gies will be worthwhile far sale or not.

Fourth, even though it is in a slow and steady pace, we should carry out fundamental
resmarch and development far in advance. Sinee the resources far research and develop-
ment are always limited and effarts tend to be more centered on today's and tomaorrow’s
profits rather than the day after tomarrow’s anes, it is impartant not to neglect but advance
fundamental research and prier development that foresee the future, Therefare, it is very
impartant not to be lazy abaut carrying out fundameantal research far in advance by retain-
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ing & sharp insight into expected future trends and neads, Such action will surely play &
major role in retaining and enhancing the latent physical strength of an enterprise and its
procducts,

Fifth, we must continue to keep high spirits in challenging an objective which is setat a
highly elevated positian, If an abjective is set 8t a position beyond the scope normally
resulting from comman sense, it may cause the birth of an entirely new cancept, A stary
about the development of the Walkman, the smallest portable tape playver in the world, was
related in last year's Japan Saciety of Mechanical Engineering magazing by a person from
Sony Corporation, whao participated in the project. Explaining their basic philosophy of
development, he said “Itwas our ungnimausly accepted rule that an abjective of a project
should be set withaut giving a serious consideration whether it could be accomplished ar
noet, Ifa preliminary investigation is carrizd out for achievability, an abjective eveantually set
up by this method would be abliged to include a safe margin far the elimination of risks.
Therefare, we did not discuss the appropriateness of an objective but concentrated our
full efforts to find a way to accomplish such an chjective™.

In development, it is essential to cultivate a custormn that no excuse be made for failure
bt ingstead full effarts be concentrated to find a way leading 1o success,

Sixth is the succession of acquired technologies 1o younger generations, When a devel-
opment praject is carried out by human beings, the possihility of arror always axists.
Howewver, the technolagical knowhow acquired in the course of developmeant is of pre-
cious value and the knowhow accumulated in such a manner should be surely handed
down to younger generations engaged in verious development prajects so that they will be
given an opportunity to develep a method of design and experiment which will be free from
flaws.

In conclusion, people participating in the develapment of motor vehicles must not be
afraid of failures but gallantly face the assigned job by harboring an unyielding spirit of
challenge deap in their mind. The execution of job without compramise will eventually '
bring farth the accomplishment of a difficult objective by emploving mistakes and failures
as o apringhoard to auccess. It is my earnest hope that we shall be able to continuously
report success stories reloted to advanced research work in future editions of
sy woroes 17 VL BN
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Innovations in Manufacturing Information Technology

Abstract

Shinichi DKIT Wasara MASUDASS

Information tachnology IIT), which is based on computar and network technologies, has accom-
plished rapid progress and automotive developmeant hos changed axtensively through the applica-
tian of this technolagy. Four years ago, our company began upgrading of the IT enwironrmaent -
including the sharing of product information = in order that IT may be applied fully and practically
to all stages rom production through development. As a follow-en to TECHNICAL REVIEW 1358
M. 11, this paper deseribes the curront condition of the application of IT in the manufacturing
process of digital assemblies and the like. Furthermare, it details both how 1T has changaed manu-
lacturing as we know it and how manufacturing is currently under change.

Koy worda: IT, Digital Assembly, Qigital Mockup, Digital Factory, Freducr Geomelry Assurance, Foti!
Simdation, Enginaening System, il of Process, Vimual Factory

1. Introduction

In an effort 1o allar products that meet the
market's neods a1 campatitive prices and ina
timely manner, automohile manufacturars
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hawve rapidly expanded their uge of IT in the
dizvelapmeant of new models. The specific ban-
aliis of IT inalude the akility (o share informa-
tion with all relavent companies and individu-
als on a global scale irrespectiva of ime and
distance (thus anahling vanious studies Lo ba
condicted simultansously] and the ability to
complete all nessasary studies of objects -
gean 1hose that do mot yet physically exist =in
a virtual-reality environment {thus eliminating the need
{ar reworking and other forms of trial and arror when
production begins).  These benefits translate into
increased efficiency and consistency in new-maodal
dewelopment.

With a wiaw to creating a global development and
production envircnment appropriate foor its 21st-cenlu-
ry needs, MME estehlished in April 1936 a body known
as the Mew Enginaaring Systems Office, This body has
worked on the developmant of o se-called Mows
Enginaaring System - a collection af technalegies tha
centralize computer-aidad-design (CAD) functions, parts
lists, and other dota - and has begun establishing a dig-
ital infrastructure, Computer technologies used in key
areas of automaobile developmant are shown in Fig. 1.

Studies related to product design and production
angineering are major foctors determining 1he efficien-
oy of automaohbile devielopment and production, so the
application of IT to these areas has & significant effecl
on the overall efficiency with which new models are cre-
sted. As o lollow-up to the Technical Perspective papar
in Mitsubishi Motors TECHMICAL BEVIEW NO. 11
(109491, this paper deseribes how 1T is currently used in
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Fig.1 Engineoring systems isad in autormebile dovelopment

thesa and other areas of manufacturing, and it outlines
likely future developments,

2. Use of IT in automobile development

The use of IT in automchile development allows the
creation af a flow within the corporate group of infor-
matian on proprigtany lechnologies amassed 0 oo
Cab, CAE, CAT, Can, B0OM, and infrastruciure fields.
Sharing of this flow of information by factories, suppli-
ors. and all other relevant domestic and owvorseas par-
tigs reveluticnizes all sutomobile develapment process-
e from planning 1o production.

Information on the shapes, mounting struciures,
and all other shape-related aspects of products and
parts are digitized as surlace- and salid-model CAD
data, allowing autormohiles to be assembled in a viru-
al-raglity environment as digital mockup (DMLUL
Releasing necessary parts of the data 1o relevand depart-
mants of the corporation and to relevant oulside com-
panies {including those ovaraeas) allows personngl to
sirmultanaously subject a single, common set of data 10
gnginesring and preduction studies using CAD. CAE,
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and cther aystems before the chjacts being studicd
phyeically exist. Before this arrangoment was ostal
lishiod, it was often impossible to detsct struclural prob-
lerms i an automatdla withour physically building a
prototype. Moy, howsever, any structural problems can
ke detacted at an early stage of the development pro-
gram, allowing Lthe structure study mecting 1o prampily
agroe on design change and reflect the resigions in
drawings. A& further banefit s that englneering veork
necassary to reflect design revisions after tha start of
production preparations can be minimized. Thus, pros
duction preparations can be madoe guickly and ellicien-
Iy and in a manner that ensures hiph product guality.
Examplas of DMUs gre shown in Fig. 2, and the bana-
fits im terms of improwved guality and sharter davelop
ment pariods are illustrated in Fig, 3,
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Drrawings, engineering arcler {ECQ, and e &ngi-
nepering inlarmation msuaed separately by enginearing
deperiments hawve bean replacad with digital parts data,
whose format consists of three-dimansional geomatric.
shape data; shapesupplomental data (for exarmple,
dimensianal tolerances and accuracias) that cannot ba
axpressad as geometry data; and pert-characteristics
data such as names, ratarials, massas, and configura-
tizne. With this arrangament, approwval for EQ s given
wsing alectronic signatures risther than handwritten
ones and approved EC are sent 1o relevant partias by
alectronic mail in the form of computer data. In ling
weith this new approsch to the handling of drawings, the
ariginal mainframe-based BOM systam [known as the
Engineering Infarmation and Contral System (EMICE)
venss replaced with & sarverfcllent systam that allows
shape dats and BOM data to be contrallad and provid-
ed in conjunction with sach othar, The new approach
to the handling of drosvings and ECs i illustrated n Fl'g.

tow drowing concept | Parts daal
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|parts data) and rolated EO

Bafore digital processas ware adopted, it took Tour
to five days to distribute drawings and EQs domestical-
Iy and up te 27 days 1o disteibute them international ly.
It mowes takas only one day to distribute them domesti-
zally end internationally. The digital processes thus
enable shortar developrment periods and contribute Lo
globalization.



Inrereatices in Manutacturing Informatian Tezhralogy

3, Use of IT in production processes

The use of IT in production processes is focused on
digital assembly, & procedurs that brings togethar
DMUs and digital foctories and allows all processes
fram developmant 1o production to be representad and
checkad in the form of digital informaticn. With digital
assembly, all aspects of the creation of prototype and
production wehicles can be showm on @ compuiaer
serean, allowing all necessary studies 1o be completed
before any object is physically produced,

Previously, it was necessary 10 conduct studics
{mainky on paper at &n early stage of the davalopmen
program. Since digitization has allowead objects 1o be
displayed on computer screens in a form almost identi-
cal to the form thoy would take if produced physically,
howeaver, it is now possible for anyone 1o visualize and
understond complex shapes quickly and easily. As a
rasult, infermaticn on preduct structuras that [acilitate
pasy production and high quality can be fed batk into
the product-engineering process befors objects are
physically produced. This information also allows pro-
duction facilities to be designed such that the need for
pguipment to be newly intraduced or modified is kapt
to a minimum, The resulting benciits are reduced
invastment on production fagilitios and shortar produc
tion-preparation schedulas,

For warilication of important, complax pradustion
processes (for example, automated processas using
robots), productien-gngingering depariments mawva for
saveral years produced CAD data for individual prod-
ucts and facilities and used these dete in studies of facil-
itias’ eemmen usability, aperalility, and other factors.
Frodustion-engincering departments also employ thase
data diractly in robet teaching and athar activities,
theraby promoting the rationalization of production-
praperation work. Producing the CAD data unfartunate-
Iy takes many man-hours, so data used in Sludies have
hieen limited to portions vialding particularly grest ben-
efits to the studies. Recant broader application and
geceptance of the Mew Engineering Svstam has, by pro-
maoting the creation of solid models, surface models,
and DMUs from product CAD deta to begin in earnest,
reducad tha limitations; engineering data for planning-
gtage studios can now be accossed easily 86 a common
resource by all relevant departments including thosa
concormed with productien engineering. By way of
gxample, in work perfarmad to confirm the farmability
of pressad parts the use of a CAE system ca pabla of per-
farming analyses directly from praduct CAD data has
anabled product shapes with superior formahility ta ba
praposed to engineering personnel (Fig. B

Improvements in the usahility of CAD data thus
ailowr the studies based on digital data ta be improved
in tarms of both quality and guantity, resulling ina
stronger base on which 1o promete digital assemily.

Fractical adoption of digitel sssembly requires three
groups of information. One group is information on the
planned product. The second group is information on
the ressources (equipment and parsonneld reguired for
produetion. The third group is information en wark pro-

Fig, 5 Pross-farming simulation using GAE technalagy

cadures, movement paths, restrictions, and other
aspocis of the production procass. [The third category
werves to link the first two categories.) All threa cate-
gaorias of infarmation must be produced end apprepri-
gtaly linked before adequate Studies are possible, so
MMC intends to proedyuce them in a planned manner 5o
that they can ba used in verious studies. Flg. 6 illus-
teates the concept of digital assembly by showing the
relationships between tha three catagorias of informa-
tiom and their contents,

| sty prpciniian
wyslem yielded by
azpiesbor el

gl el aassmbiy

Fig. 6 Concopt of digital assambly

The following sections of this paper dasaribe tho
current and planned application of digital assamily 10
body production processes {the corg area of applica-
tiond,

4. Current application of IT to body produc-
tion processes

Production-engineering aperations rélated to body
praduction processes fall into twao main catagories:
(1) studies of production-enginasring structures; and

——
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(2] praduction-praparation operations, |In the former
calegony, IT iz curranily used mainly in productivity
studies, producticn-rethod studies, and production-
mthod planning, o the latter catagary, IT is currently
used mainly in the engineering of facilities and jigs and
inthe ieaching of robots. Details are given in the fol-
lonwing seclions of this peper.

Fig. 7 Production engineering: jab flaws and IT application

41 Studies of productisn-engineersing structures
11 Three-dimensional modals of factory facilitias

AL the imtial stage af body developmant, various
production-raleted factors {these include limilations an
the size and other aspeets of vehicles that can be pro-
duced aon existing lings; auiomatad procassas; and work
gequancas) are choecked and, in acoordancs with tha
findings, proposals lincluding those for the elimination
of items that cannot be produced) are made lor hody
structures that allow eaxpenditure to ba minimized. The
firg1 items necessary for this work are modals of facili-
ligs that represant restrictions upon production (for
m{nmpla, convayors, hody supports, frim-assembling
tonls, and avtomated equipmant),

These facilitias modals are controlled by a shared
sereer such that thoy can be usod also by enginearing
departments, end delails af dais {for pxarmpla, models
and utilizad partal are posted on an intranet such thai
thoy can ba usad as a common resourea for anginasr-
g and productinn-engineering purposas. Important
date naaded by engineers wihe use this resource includa
thosze showing what teols should be wsed inwhal loga-
tions and those showing wheathar required ranges al
rnovement arg satisfied, Howevar, the range of avail-
ahle data does nat currently include all necessary itans.
PMaasuras ta meke the range of daty moere comprehen-
sive are required.

121 Bludies of line passablaness

Each of MMC's production linas is used 1o produce
multiple vehicle models, The intreduction of any naw
model is therefore predicated wpon the use of Tacilities
thot are usad to producs existing models, Further, any
grister-than-planned variation in produstion solumea
mekas il necessary to consider revisions to the alloca-
tion of particular models 1@ particuler factories, For

MITSUBISHI MOTORS | |27 ol 0n L Cadl|2s) 2w

thage reasong, the basic dirmensions {lenath, width, and
haightl, body locating holes, and side-sill shape af any
never mpdal’s body must parmil the use of handling
afquiprant thal is used for existing bodies. Any need
lor significant modification of hody-handling eguipment
o accommodate 8 news model would nat anly increaso
axpenditura; it would alac have o likely Impast aon micd-
els currently being producad. To ensura that new mod-
els can be produced using cxisting facilities, it is assan-
tial 1o perform adequate studies at an carly stage and
to reflect the findings in the new maodel’s body design
such that the unwanted affacts of the new model’s intro-
duction are minimized, To this and, affactive wee is
made of threa-dimensional models to maximize accura-
oy im studies A fecilities medel Tar a study of ling pass-
ablaness is shown in Flg. B.

Fig. 8 Facilities maodel for study of line passableness

12 Froduction-mothod studias

Befora the intraduction of digital assembly, a study
of production methods for & new wehicle modal could
not be parformed until a8 prototype vehicle had been
produced, The stedy wos performed using soteel toals
and cardboard or weoden models of welding guns, and
any problems idantified were fed Back into the product-
enginagring procazs. Unfortunately, the product-engi
neering procass was already well advanced by this
tirme, Te overcome these problems, MMC created a sys-
tem thal allows product CAD data 1o be freely incorpo-
ratad into MU data for use in producticn-engineering
studias from the baginning of eny englnasring-study
process, With this system, any spacified body part o1
all of the pars in a specifiod body area can be called up
G B EAD-E?’E[EIH seréen and combined with data on
eruipment and taals 1o allows aaly studies of & kind that
wpre previously performed using & physical vahicle,
Revigsions to die designs are axtremely difficult to imple-
rnanlt after the beginning of die production. By contrast,
ravisions implemented &t &n earlier stags represent o



innouations in Marufactoring Infeemotics Technology

lighter burden; maodifications te dies and jigs are lass
significent, the fingncial cost is lowar, and lags timia i%
required, Fig. 3 shows the trae strugiure that permits
angineering modaels and facilities modals to b com-
bined in Ok s.
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Fig. % Shared DML tree strecture

In trim-assembling processes, automatic equipment
used for tasks such as installation of heavy items insida
yahicle bodies can impose physical conditions en tha
wehicle bodies. The use of DMUs that combine body
medels and facilitias models makes it possible to per-
form detailed studies such 85 checks for interference
elong patha of movemaent |Fig, 101

Fig, 10 Seat-installntian wimulation

In electrodoposition processas performed to make
vihlcle bodies rust-resistant, it was farmerly impossi-
ble to determine final coating thicknesses without using
an actual bBody, Mow, however, il is possible to perform
CAE analysas based on body CAD data, 50 electrodapo-
sition improvements yielded by rovisions to hole
shapes can he reflected in product designs atan carly
stage,

Sinee three-dimensional models allow bodies to be
visualized aasily. thay allow appasrancas to be verified

10

and thus allow aarly proposals for design improve-
ments. For example, it s possible to implement a pro-
posal 1o concanl a ridge by creating a slight differance
in haight botwaen mating parks, thus climinating tha
need for precise aligrment.

T permit production-engineering, aguality-cantral,
and aseembly personnel to meet and hold disoussions,
MM has astablished digital assembly rooms, aach
eouipped with an enginearing workstation and a pro-
jectar, in o numbar of looations (Fig, 110

Fig- 11 Digital assombly reem

{4] DMU quality eonfirmation meetings

Srructure studies are perfarmed separataly for o
wehicle body's various areas. To prevent problems (for
gxample, incorrectly located holes for installation of
parts; ingufficient space for installation of harnesses]
and ohatructions that provent parts from baing
installad] when a prototype is subsagquently built, the
structure studies must be properly coordinated such
that na impoertant factors are overloo kad. Bolore amy
nhysical construction begins, therefore, assembly is
performed digitally in the sequance of the actual pros
duction prososses to enable confirmation af the DRLIg"

guality.

4.2 Rationalization of production preparations
{11 Production-method planning

On a praduction line, which consists of many
processes, tha time available for each procass is limitad
by thi preduction wvelume, making it nacessary Lo olan
the amount of work to match the production valume, 1€
any oparation 1akes longer than the fixed, permitted
length of time, the process becomos & bottleneck, pra-
wenting the lina from oparating at its full production
capagity. To prevent this preblam, it is nEcessany o
revige the distribution of operations and verify the ben-
gfita of speoding up the eauipment, The length of time
requirad for each operation in each process i5 warifled
usimg simulation lools,  For processes zrmploying
robole, simulations are performed to establish ranges
of robor movemant, making it 2asy to chack whethor
robol-mounted tools can rapch nocessary positicns.
Production-rathod plans can thus be produced with a
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high dagraa of accuracy, A walding-robot simulation is
shown in Fig. 12,

Fig. 12  Welding-robot simulation

(24 Facilities and Jig design

Threa-dimensional visualization has been adopiad
gl=o in the design of facilities and jigs to be usad for pro-
duction {Fig. 131,

Fig. 13  Welding-jig design

Threg-dimensional jig desion is allractive in seweeral
respactss A% wilh vehicle-body design, it allows ade-
fuate chacking for intarferanca bafore abjects are phys-
ically produced. [t affords ease of visualization that
allewss engineors to notice important factors that they
mig ht miss with beeo=dimensional draeings. 10 allows
personnel to gather i digital-gssembly rocms and con-
dust thorough design revieves. And it allows parameat-
ric functions to be used to produce standardized parts
and templates, thus shoraning (he Tirmae requinaed o pro-
duse models, Mavertheless, construction of lacilities

rarsuemsra Mators ETH IR L EEVENY me waiz
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and jigs dosigned using this iechnology st depands
upon twa-dimensional drewings, necessitating thme-
conguming convarsicn of three-dimenasional imagas to
tweo-dimansicnal drawings., A sclution to this problem
must b found.
(3} Robol teaching

With an automated process emplaying rohats, it is
nacessary to teech the robots about the relevant vehicle
body. Praviously, tha teaching was parformed on waak-
ends and public halidays wsing e actual body, Mow,
hovepwer, simulations perdormed for verilication of
rabot movement during the planning of production
miethods serve a5 a source of weaching data that can ba
supplicd directly to the robots. Teaching can thus be
comploted belfore physical praduction beging, The con-
figuration ol 4 teaching system is shown in Fig. 14,

Ording taackieg uing
robon simalalion

Aoiual robon

Flazal poation
rltraticn dala

Fig. 14  QH-ling robat tenching wsing slmulnticon

This type of teaching is particulorly boneficial with
raind rebols: A paint rabal must e taueg bt such 1hat 1he
spray gun remainsg 8t a spacified distance from tha vehi-
cle body &t all timeas, and & proeass of trial and arror was
formmearly necessary to achieve the correct paint-film
thicknass., Mow, hovwewvar, paini-film simulations (Fig
15 can be pordarmed, allowing 1he thicknass o be
chackad graphically. Since any araps of axcessively
thick or thim paint can be idantified easily, it is possibla
to proaduce teaching data that provent paint-film incon-
GIGTENEY,

Fig. 15 Paknt-dllm simulatian

1
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1] InspEction

Three-dimansional measuring systems are used o
measure discrepoancies between the designed eand aciu
al dimensions of hodies an produstion lines {Fig. 16).
Bofore thi: systams can start 1aking maasurements, They
must be 1eught the positions of holas, sections, &nd oth-
er itermna. This work was formerly performed By hand
and involved signilicant tima ond effort. Now, howoew
er, teaching can ba parformed with & simulator using
DOMU data, 1hareby reducing the tima and cffoer neces-
sary for teeching on the shop floor.

Fig. 16 Three-dimansional body measueement

&. Future developments

5.1 Construction of bill af process (BQOP|

Just as o BOM is a datebase containing infermation
an the makoup of a produst, s BOP iz a datobase con-
taining detailed informatinn on tha makeup of proecess-
ps, With today's mixed-flow production lines, it is
pesential to contrel data on & model-by-modal basis.
Similarly, it is essential to employ information on pro-
duction processes’ resources (Tar exampla, pérsonnel,
man-haurs, production facilities, and investment} and
information on actual processes (for example, line con
figuretions, cycle times, and production methodsl on a
product-by-product  basis,  The ability to access
rasource- and process-relatad information in accor-
dance with changes in products is the key to subse-
guent realization of a digital factory. Consagquently.
BOPs and BOMs must ba strangly intarlinkad, nocess-
tating o database structure thal permits process-relatad
information to be rearcanged in accordance with
changes in product makeup.

The parts-related information in an enginecring
BOR must, a5 & metter of course, maich that in the pro-
duction BOM that represents the product makeup. |t
must also be intarlinked with the product CAD data, At
the same time, it is desirable for a BOF to hevae a data
structure that permits access to information on individ-
ual processes st individual domastic and overseas fac-
torios such that comparisons can be made between fac-
tories. The information in the BOP must also be inter-
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linked with CAD models of facilities and personnel.
Flg. 17 shows the relationship between ather data-
basas and the BAOP that MM plans to davalep,

Digltal mockup

(Bl ed Pracass: CAD data

Digital factory

Fig. 17 BOF concept

5.2 Seamless use of process-study information

Cnce an environment in which 80Ms, BOPs, prod-
uct CAD data, facilities CAD data, and production-angi-
neering simulations can be aczassad in a linked manner
in establighed, |l processes can be reproduced using 4
CAD svstem, allowing & single body of data to be used
for production-engineering studies, for the preduction
of off-ling teaching date, and for other production-
proparation aperationg, Constructing an environment
that permits seamless use of the single body of data in
various areas permits a dramatic incregse in the efi-
cignoy of production-engineering studies. Further, it
permits the construction of a detabase that gives instant
access to product-, resourca-, and process-relatad infor-
mation nesessary for studies, allowing any departmant,
via a company-wida network, to bagin studies rapidly
and to draw upon the study capabilities of pans manu-
facturers and facilities manufacturers. The ovarall
ragult I3 an unprecedented akility 1o perform multi-
facaled and repeated studies,

& further pradictable benafit is a dramatic increase
in the spead and guality of production-related studies
necasaitated by design chenges of product and process
additions during production, The ranga of instantly
available infermetion will rapidly expand to include Tac-
tars such as the axtent of the influences of dasign
changaes of product, the exiant of necessary modifice-
tising ta facilities, and the axtent of changas in produc-
tian costs,

k3 Ergonomic studies

Technologios anwhich MWC plans to focus with a
view to maoking process studics more comprezhaensive
include thoge Tor the simulation of human movemeants.
This tyne of simulation will allow verifigation of the sase
with which planned operations can he parformad and
of the physical burdan imposed on workers, Alhough
it will be necessery 1o program computers with infor-
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raEtien o movemenls and workimng  posturegs an
processes 1o ke studiad, improvad simulation technolo-
gies for pravantion of interferanca, optimization of lines
of movemaent, and othar purposes will likely raduce Tha
amount ol work invalvad in defining movements. With
the resulis of simulaticns applied to all processes, itwill
be possible to complately prevent ergonomic problems
vwhan production of new vehicle models begins and to
climinate superfluows moverment within processes,
Also, i will be possible to use the simulations in stud-
las related to optimization of process configuretions, As
o further benefit, it will be possible to coneart finishad
process dato into animated instructions that can be
tramsmittes in real Tiree 10 warkers anthe shop Tloor or
uged a5 training vidsos.,

S.4 Maximizing gquality within processes

Small shape differernces betwean digital inlormation
and the aztual abjects that they represant are inaviteble.
In theory, such discrepancies in CAD data are not sig-
nificant anough to represent a problem. In actual pro-
duction, howoear, errors in the shapes and installation
of individual parts ean translala inlo cumulalide 2riors
that are significant anough to hinder assembly. 11 is
necesgary 1o consider an approach te quality assurance
whareby messuremant of acouracy in finishad vehicles
is suparsodod by moasurerment of ascuracy on 8 Sube-
azsambly-ly-subaszembly bagiz in each process. Pre-
asgambly prediction of arrors in subassemblies based
on aggrenates of individual talerances con Be translat-
zd inta improvamonls in assembly structures and pro-
duction methods. Ta make ralated wark easy [o under-
sramd and perform, MMC Intends (o switeh fram its cur-
rent drawing-based study process to a computarizad,
grophics-based arrangement, MAMC further intencs to
conmbrirnz 1his arrangoement weith accurmulated data lrom
threa-timansional measurement of body frames and
from non-contect thrag-dimansional measurement of
individual pars with a view to anabling data-based
product geormaetry assurance (Fig. 13,

Trm A

—

Dusign ond preducion-
praparziion daparimants

Fig. 18 Concep! of produict geamaley Assichneg

5.5 Process simulation
It is mecessary not only Lo study individual welding
ond assembling processes, painting processes, and

MTsUBIsHI morors 17207 [ [IEE]EY m e

final-zssambling procasses using related shape infor-
mation (in the form of product CAD data and Facilities
CAD datay but also ta verity prodoction-method condi-
tinns affecting the productivity and quality yielded by
the procasses. (This work necessitates interlinking of
information on part imstallation sequences, production
methods, standard work durations, robol teaching, and
nther iterms in the processes.] The first? slen Toward
enahling relevant studies is 1o establish a system that
allowws required data to ke taken from BOMs and BOPs
for datailed studies of individual processes, The next
stap is 1 ostablish definitions Tar the ontice line's
process caonfiguretion, distribution, and process syn-
chronization and to perform line-belance studies and
distribution simulations (Fig. 191 with a view to optimiz-
ing the: factory's owerall productivity.

Fig. 19 Distribulion simulations

It iz likely that Japanesse automobile manufacturers
including MM will perform mush of the planning and
fabricatiocn of their line facilities in-house, macimizing
aecuracy in their plans by actively emplaying process
simulations, An example of a virtual factory {a thraa-
dimansional modal of a factory layaurl is shown in Fig.
20,

Fig. 20 Wirtual tactory [bumpes prodiction line in
Ckazaki plantl
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6, Summary

An automchile manufacturer with digital-factory
capakbility benefils in tarms of ability to accommaodate
the production of new medals and in terms of ability to
implemant subseguent running changes. And since it
possesses all necessany production-relatad information,
the manufacturer 18 Bhle to perferm investment studiss
and gost comparisons accurately and quickly when it
kegins planning the development of subsogquent new
modals and evaluating their commercial wiability,
Scope for application of digital-factory technologies is
not limited 1o projects involving the construction of mew
faclorias: il also encompassas reallocation of modals
ameng factories, expansion of production from domes-
tic 1o ovarseas factories, and all other activities that
today's automobile manufacturers must accommedate
in their business plans. Concomitantly great henefits
gan be expectad. Further, production-process simula-
tionns can be turned into wideos and other training
rasources for shep-floor workers and servica parsonnel
The benefits of IT (especially the ability to transmit digi-
tizod information guickly and globally) have creetad

unprecedantad opporiunitizs for automebile men ufag-
turers to improve efficiancy in all of thair production-
relatad activities.

Wiith a wiew to enabling all parts and processss to
be checked digitally in a syslematic manner before
objects are physically produced, MMC s moving for-
ward with she conatruction of systems that provide clear
visual repreésentations of Factories and allow computar-
ized data to be amployed in & wide range of activities.
A a result, MMO's factories will continue o evalee
toward their iceal fulure form,

Shirichl CK8 Blaszr AASLIDA
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Development of New Technologies
for Exhaust-Emission Control Catalysts
and Advanced Catalytic-Reaction Controls
for Gasoline Direct-Injection Engines

Kaisuke TASHIRO®* Eameo KOGA® Kinichi IWACHIDO®
Yazukl TAMURA® Hiroyuki MAKAJMA®

Abstract

An optimum comhbinntion of catalyst and an advanced catalytic-reaction control method has
baen realized by the design — basaed on the principle of catalytic reaction = of a NOx absorber cata-
Iyst system for a gasaeling direct-injection engine, Through this achievemant, Mitzublshi now pro-
vidas a gazoline direct-injection engine with exhaust-emission control technologies which will
meet the exhaust-emission regulations scheduled in 2005 and the following years in Jopan and
Europa,

A now concept of potassium-capture which improves thermal stability of potassium s incorpo-
rated in washeoat design to enhance NOx adsorbability at high temperature, Furthermore, a naw
TWE with a dual-layer coat has bean developed based on the effective utilization of platinum |Ptl,
and this will enhance HE reduction efficiency in lean burn operations, Tha new catalytic-reaction
contral technologies that have been developed Includa the following: a stratified slight-lean-burn
control process which accelerates earlier catalyst activation; enhancement of NOx-reduction effi-
ciency using MO purge pulse injection; oxygen storage contrel for provisien of an eptimum cat-
alyzing condition through the detection of variations in Lthe output of an oxygen sensor; and assist-
ad tamperature-rise control process that acceleratas sulfur dasarption with minimized deteriara-
tion of fuel consumption. Full and therough application of catalytic performance has been made
possible as a result of these new developmants,

Key words: Calalvsl, Envssion, Gasolng Diec-injechion Engine

1. Introduction

Developmeant of lean-MN0x catalysts {catalysts thal
raduce emissions of nitrogen oxides during lean apara-
tion) is essential for wider adoption of gasoline direct-
injaction (GO engines, Mitswebishi Motors Corporation
[MME} has pursued relevant developments on teen
frants: For Europe, where gasoling with a relativaly
high sulfur [S] content is wsed, MMC has based its
afforts aon selective reduction type lean-MN0x% catalyats,
which are highly resistant to sulfur poisaning. And for
Jdapan, whare gasaline with a ralatively low sulfur con-
tant is used, MMC has basad its offorts on NOx-1rap cat-
alysts, which affer relatively high MOx-reduction affi-
cieney.

In Europe, 8 decigion was made to steadily roduco
the gulfur contant of gasaling from 2000, paving the way
towerd an environment morg cenducive te the use of
MOw-trap cotalysts.

However, convaentional WO=-irap catalysts ara prob-
lermatic in t@rme of limited raduction efficiency during
high-temparature operation and heat resistance. Thay
are thus unsuitable for wsoe in Europe, where high-speed

*  Porwer Tealn Anseareh Dept., Cor Hesoarch & Do, Offico
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driving is fregquent and catalysts become consaquently
hat, These lactors heve delayved the adoption of direct
gasoline injaction angings by Eurcpean automcbile
rmanufacturars,

To address the above mentioned problams, MMC
racenily dovelopaed a group of technalogies centared on
a new high-tampearatura lean-MOx catalyst that offors
superlor reduction afficiancy at high temparalures,
supearior resistance to heat, and suparior resistanca 1o
sulfur peisaning. MMCs new eatalyst system is shown
in Fig. 1.

2. High-temperature NOx-trap catalyst

2.1 Obstacles to imprevement of NOx adsorption at
high temperatures

MOx adsorption takes place under loan-burn condi-
ticns. The process is beliceed to entail a reactlon in
vehich nitrogoen monoxide (MO} in the exhawst gases is
cormveried into nitregen dioxide (NOz} by a precious
retal, afler sehich tha NO; is trappad by an adsorbent
in tha form of 8 nitrata. Materials that can be wsed as
adsorbants includa the alkali metals and alkalina-2arth
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High-lemperature
HOx-rap calnlyst

Improv ed FURK eatalyst

Fig. 1 Catalyst system
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Fig. 2 Chemical squilibriom coenstant
far MO pdsarptian reaction

metals whose respective chemical eguilibrivm eon-
slants for the aforementioned reaction are shaven in Fig.
2. The resulis of experiments in which a precieus metal
was actually used as g catalyst showeesd that potassium
(K and barium (Ba) offered superior parformancs as
adserhents and that the pedormence of K was, as
shiown in Fig. 3, better than thet of Ba at high tempere-
tures. However, Ba has thus far been used as the main
gdsorbent in MOx-lrep catalysts becawse K s problam.
atic in the following raspacts:
(1} Panetration of K into the substrate

K adsorbent carried in the washeoatl penetrates in
the substrate and tande 1o combine with cordierite in
the subsiraie, thus (a) detracting from NOx-adsorking
performanca and (b weakening the substrate by mak-
ing ils coefficiant of thermal expansion inconsisient.
(20 Qutpouring ol K

A5 the catalyst’s temperatuns increasas, the K adsor
bent carsied In the washooat is ineresgingly outpoured,
leading 108 radustion in NOx-adsorbing performance.

2.2 Minimizing the penetration and sutpouring of K
To wtilize the high-temperature eharacteristics of K,
it is necessary ta minimize movemant of the K such tha
tha & pwists in the catalyst laver in an optimally siable
condition, In this regard, K's basicity was forcused on
and retaining the K using an acidic matenal was consid-
gred, The results of a study conducted by means of
chermical-aquilibrium caleulations ara shown in Fig. 4.
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These results ahowed 1hal excassivaly strong affinity
detractad from K's reactivity and that, conversaly,
excassively weak affinity detracted from K's retaining
powar, Therelore a silicon (Sil-based material was
selocted, which had optimurm atfinity with K plus a high
melting point. Added 10 the washcoat was a recline
whose effinity was slightly suppressad, Also, the sub-
strate’s surfoce was coated with a Si oxide whose bond-
ing strenglh was greater than that of the zaalite. As
shown by the post-aging K-cancantration distributions
showen in Fig. 5, these two new tgchnologiss minimizad
penetration of the carrier by K and outpouring of K, thus
improving NOx-adsorbing performance and salving the
substrate-strength pro@lam,

2.3 Effects of high-tempearature NOx-trap catalyst
1) Improvemenst af high-temperaters MOx-raduction

parformance

A5 shown in Fig, B, the addition of the Si-based
materlzl enabled high MOx-reduction performance up
1o 8 catalyst tamperature of 550 °C, making it possible
to expand the range of lean oparation. And as shown
in Fig. 7, heat rasistence also benefited, making it possi-
blg to significantly improwve high-spaad fuel ecanormy in
Europe.
12 Pravantion of sulfur paisoning

Suliur in the fuel becomas 50, as a result of com-
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bustion, but during lean operation i1 is eonverted by tha
precious metal into S05 which displays the sams
Bhavior as MO« and is trapped by the adsorhent in tha
form of a sulfate, Whareas NOx trapped by the adsor-
beent 15 easily displaced from the adsorbont by CO dore
img rich oparation, sulfur s not prong Lo such displaco-
mant by GO, Ower time, therelore, the adsorbent's
dctive points are decreased and MO« storege parfor-
mance deteriarates conscguently, To compare sulfur
Es0rRIcn characteristics, a catalyst carrying K and a
catalyst carrying Be weare subjected to lean'rich aging
using high-sulfur fuel and subsaquantly the catabyar lay-
ers wore chservad, Fig, 8 shoves the results of analyess
perlormed using an electron probe microcanalyzar
(EPMA) befare and after regeneration sullur desorption.
Aftar regenaration the sulfur and Ea distributions were,
a4 shown, approximately equal, but hardly any sulfur
weas dedected in the layer that carrigd K, Thasa resulls
indicate that K is suparior te Ba in ferms of sulfur des-
orption and that it Iz inherantly resistant 1o sulfur poi.
soning. Furthar, adding a titanium |Ti}-based material
to the base matarial to increasa its acidity had, es
showen in Fig. 9. the offect of lowsaring the tamperature
at which sulfur purging hegan. A% reflected in the
EPMA-analysis results showen in Fig. 10, sulfur poisan-
ing was reduced eventual by,
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Ay a rasult, a NOx-trap catalyst with sufficiant dura-
Eeility fear ume wwith fuel containing approximataly 50 ppm
af sulfur was realized. This catalyst had the additional
mearit of recovering its performeance whan the luel's sul-
fur content was returnad to 50 ppm or lower after tem-
parary use of fuel with a sulfur content excasding 50
ppm. Fig. 11 shoors how the NOxstrap catalyst regenar-
ated itsalf after haing sulfur-poisonad by high-sulfur
fugl. Thea catalyst's akility to reganerate itself is a pra-
requisita for the introduction of NOx-trap systems in tha
Europoan market, where the sulfur content of gasoling
varies irom eouniey 10 counlny,

3. MNew dual-layer-coat Pt/Rh TWC

1.1 Problems with TWECs for GDI gngines

A TWE used with & GOl engine, which aparates with
a lean mixture, must provida high hydrocarbon (HC)-
reduction performance during l=an cperation. A palla-
divum (Pdifrhodium (Rhl TWE is effoctive for this pur
pose. Since emissions-reducing technologies employ-
ing large amounts of Pd ofler baiter low-1emparature
HC-reduction parformance than other technologies,
howvepver, damand for Pd has grown rapidly and Pd has
hoecome costly, PLIS rolatively ingxpensive, by contrast,
but convenlional PUER TWECs suffer from o deteriora-
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tullur purge charadtonstics

tian in HC-reduation performancse when expasaed 1o an
meygon-rich avmosphere at high ternparaturas during
lpan operation. Maoting that P1 itself is known 16 offor
high performance during léan-burn opédation, the
authors used enargy-dispergivg X-ray diffraction and
transmission algetiron microscopy o invastigate the
repsons for the abovementionad daterioration in the
HC-reduction parfarmanca ol conventional FYER TWEs,
It was found that oxidired RR éovered the Pt surface,
cawsing the ating poinis desrgase so thal prormancs
deterinsated,

A2 New dual-layar-coat Pt/Rh TWE

With canventional PURR TVACs, aflective yeg of the
fh, which has superior exhaust-emissions-reduction
characteristics with a stoichiomeatric or noar-atoichio-
malric airffusl ratla, is enablod by the addilion of Pt ta
the same layar! the hydrogan-producing prapartios of
tha PLoare vsed (o minirmize axidative deterioration of
thig Hb

With the nove dual-layer-enat Pu/Rh TWE, by con-
trasl, wa conceivad that the Pt and Bh should bé carricd
saparately in ragpactive layers ta minirmize tho docroase

18

ligh neirralion = | c30erimtom

Ti

ot % .
e ] - ; -

(F14) Wi

Figg. 10 Sulur paisaning characteristics af
catalysl with zeclite and Ti cemaund
(EPIA analyais)

Fusl:A40ppms <i—8=8 PFuel:38pams
1.0 Y

0.8

Sullur-pu

0.4

oz

o
2000 000 3200 400 3600 3000

Diathmae driven (&Ml

Cuamily of adsorbod MO [g)

Fig, 11  Sulfur-purge poformance o
sulur-polsened catalyst

af the active paint, As shown ! Fig. 12, tha s carned
irt the autslda layers for aptimum HC-redustion parfor-
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rrvienee during lean operation and the B,
which parforms a three-way reduction
function with a stoichicometric or near-
stoichiometric airffual ratio, is carriad in
thi= inside layer. Further, Fwvas added fo
the inside layer as a promoten 10 mini-
mize R oxidalion. This layer structure
assuras adeguate HC-raduction perfor-
manga during lean oparation, and sinca
it s ther Bh, which is prone 1o oxidative
deterioration, in the inside layar it mini-
mizes cxidative deterioration and thus
also assures adequate performance with
a stoichiometric aic'fucl mixiere,. Forher,
lantanaids wers added to the Pl-carrying
layver 1o optimize thermeal stability. As
showm in Fig, 13, tha resulting TWE has
oxidation performance egquivalent or
supssrior to that of a Pd catalyst during lean operstion.

4. Technologies for control of catalytic reac-
tion

Ta oplimize enging aperating conditions o match
the complax resction mechanism of & NOx-trap catalyst
gnd aneble a TWC to be used effectively to realize clean
exhaust emissions, it is necessary to take an approach
Daasard on the concepl of designing the calalytic resction,
Mo achieve the best possible catalyst performance,
tharafore, wa devaloped combustion technologias for
contral of tha catalytic raaction,

4.1 Stratified slight-lean combustion

Fapid catalyst activation |s essential for minimiza-
tion of axhsust amissions while the eangine is cold
immediataly after startup, With G engines, MMC
EREurns rapidd catalysy wWrmup using Deso-S1g e com
bustion'™, a unigue lechnology thal fakes advantage of
the freadam in mixture-preparation. With tawo-stege
gombustion, additional fuel is, 85 shown in Fig. 14,
injected in the late stage of the expansion stroke into
1he hatl, burmed gases containing a large quantity af
excess oxyien that reault from ultra-leen stratified com-
bBustion (Fig. 141, This fual ignitas and burns in tha
cylingder, raising the exhaust-gas temporature 1o
approximately 700 "C guch that the catalyst wanms up
im a short time. Unfortunataly, most of the Tuel injectad
during the axpansion stroks is consumed only for the
imeraass in axhaust-gas termperature; its consumption
daes ot vield forgue. A shorter periad of two-stage
combustion is thus dasirable for improved Tuel @ficien-
cy. Toovercome this cbhelecle, we developed a catalyat-
warm up tachnology that keaps the two-stage-combus-
ticn poriod optimally shart by making effactive ube of
thue catalytic reaction. This technology is one that con-
trols siratified alight-laan combustion'®,
(1) Mechanism of stratified slight-lean combustion

Fuel injection during the compression stroke craatas
@ hslerogencows mixture pattern in which rich areoas aro
umewenly distributed within lean mixture. I ignitian and
combustlion are subseguantly cawsed with tha avarage
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airffuel ratio slightly on the lean side of stelchiomatre,
carcon monoxida [CO0) s produced in the rich areas and
oxypen exists im the laan areas. As shown in Fig. 15, tha
resulting exhaust emissions contain sufficient quanti-
ties of both CO and oxygen o cause an oxidation reas-
tion on the surface of the catalyst. The sbovementionad
type of combustion is known as “stratifiad slight-lean
combustion”, Owing toits hetareganacus nature, it is
atcompanied by a deteriaration in combustian efficien-
ay.  Howewar, the datrimental effect is small; we

13
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Fig. 15  Siratified slight-lenn cambustion

achieved significantly higher Tuel afficienoy with strati-
figd slighi-lean combustion than is possible with two-
stage combustion,
17} Mechanism and effects of catalyiic reactions

To heat the catalyst to the lowast temparatura at
which the CO-oxidation reaction is possible, tvo-stago
combustion is perfarmed for spveral seconds following
a cold start, The angina then switches to stratified
zlight-laan combustion, causing an immaediale start in
tha CO-oxidation reaction on the catalyst surface (Fig.
16), The catalyst surface is selectively heated by the
heat of this reaction, so an HG-oxidaticn reaction is
simultaneously induced with a high degree of efficlan-
&y, With this arrangement, we significantly sho rienad
the required duration of two-atage combustion (several
tans of seeonds with earlier technologyl and realized
bath higher fuel elficiency and quicker catalyst active-
tiom.

4.2 Oxygen storage support control

A TWC functions effectively with & staichiomatric
airffuel ratic, With airfugl-rotio control empleying an
oxypgen sensor, howaver, the airtfuel ratio warias on
pither side of the stoichiomatric point, maaning that the
storagerelaase function of the oxpgen storage compo-
pent (GBS0} in the catalyst ploys an extremaly imporant
role. When the alifuel misture is fich, oxygen storad in
tha 050 i released and oxidizes axcess GO oand HC:
and simultaneously protects the catalyst's metal surface
from GO poisoning, thus facilitating the NOw-reduction
roaction, Conversely, whan the airffuel mixture 1= lean
the O5C ahsorhs excess oxygen, thus preventing it from
hindering NOx reduction. Once the O8C's active points
harees becoma desreased with deterioration of the cata-
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Iyst, howevar, MOx emissions are, a3 showen in part A
of Fig. 17, seen o increase sharply after a certain peri-
od of s1oichlometric operation. I the catalyst is briefly
given & lean spike &t this time, it immeadiately recavers
ite garlier performanca. This phenomanon sugpasis
that the OSC's owygen storagefrelease function
depends areatly on the state of oxidation of the D50
itsclf, Further, calibration performed for compliange
with regulations shifts airfuel-ratio control slightly 18
she rloh side; this prasumably reduces the mxtent of oxi-
dation of the 052 during stoichiometric operation with
tha airfuel ratio contral. To minimize MO emissions,
therefore, it is nocessery to create a balance beltwean
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Fig. 18  Purge pulse sub-injecticn control

sonventicnal stoichiometric ainfuelratio control and a
naw form of airfucl-ratio control intendad to maintain
the OSCs state of oxidation. The appropriatenass of
the control balance is reflected in the airffuel ratio of
exheust amissions downsiroam of the catalyst, [ the
control balance is inappropeizte, e 0xygen Senser's
output amplitude increases as shown inpart A of Fig.
17, Ltilizing this correlation bateeen the oxygen sen-
sor's oulpul amplitude and the 05C's state of oxidation,
the suthors devaloped an oxyEeEn SEOTHLGE SUQARAIT S0n-
tral technalogy for minimization of NOx emissions (see
part B of Fig. 17). With this technology, an increasas in
1he output amplituda of the oxygen sensor down-
streem of the catalyst is taken to indicate a decrease in
tha OSC's oxygen storagefrelease functionality.  In
responss, tha airdfuel ratio is made 280 Lo rastore the
Q80 state of oxidation. Performing this oxygon stor-
age suppen control @nabled NOx emissions cawsed by
wariation of the airffuel ratin during stoichiometrc oper-
ation wera minirmized,

473 NO¥ purge pulze sub-injaction

Tha MOx-reduction process with the MOx-trap cata-
Iyat consist of with NOx storage and releaga Dialdad by
nitratescarbanate displacement) and a reduction reac-
tinn of the released NOx undergoing  in the down-
siream TWE, At the begining of rich operation, maost of
the CO (the reducing agenil is comsurmed by carbonate
formatiom at this firme, so the reducing agent bacomas
imgullicient for reduction of the releasad NOx and a
large amount of NO= is temporarily cmitted,  IF the
airfuel mixtura is made richer to increass the G0 as a
countermeasure, the amount af NOx released as &
result of the displacement reaction incressee furthar,
making il impaossible to reduce NOx emissions suffi-
clently. YWe thus considerad supplying HCs a5 a redoe-
ing agent whose effect on NOx release s small
Supplying HCs 1o the TWE by additicnal fuel injaction
far an extremely short period during the expansion
stroke had Lthe effects shown in Fig, 18, These offects
were apparantly yielded as follows: K held in the NOx-
trap catalyst and T elecirons in the HCs & pelled each
ather such that adsorption of HEs by the pracious metal
wing restricted. The proportion of the HCs that was thus
mot eliminatad was supplied to the TWE where i1 was
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Fig.19 Eflect of airffuel ratie on sulfur-pange lavesl

convaried imto OO and H;, which reduced the MNOx, By
affecting momantary fuel injection purged in This way,
weiz made significant reductions in MOx emissicns pos-
silfale

4.4 Assisted temparature-rise contral

The now NOs-trap catalysn, which usaes K oas en
adserbent and bas an added Ticompound, is inherantly
less subject to sulfur poisoning. et it noeds tha purg
ing of gulfur, howevar, sulfer agcumulpted during a pro-
lonnad oparation,

An index rellecting the extent of sulfur-poisaning
chiarmage is necessery Tor the creation of a sulfur-purg-
ing algorithm. One possible index is the guantity of
accumulatad sullur. Anothor is the exlent loowhich sul-
fur has heen purged, ie., the catalys’'s dagras of claan-
linegs, The usability of both of these indices was stud-
[E

In principle, the quantity of accurmulated sulfur can
ba infarred by means of analysis taking into account the
concentration of sullur imthe fusl, the setive point of tha
adsorbent, the guantity of fuel consumed, the frequen-
ey of lzan cperation, and the catalyst semperaturs,
Howewar, tha concentration of sulfur in the Tuel varies
according to the type af fuesl and detection of the active
poing of thie adsorbent is affaciad by the extent of thar-
mial degradation, which is difficult 1o ascertain, 1t was
thus detarminad that the quantity of poeumulated sulfue
could not be detarmined with sulliciently high gccura-
oY,

By contrast, tha catelyst's dagree of cleanlinass can
e delined with sufficient accuracy by maans of detec-
ticn and onalysis of the frequencies of catalyst temper-
atures corrgsponding to steichiometiic and rich cpara-
sion, Fig. 19 shows the influence of the ainfuel ratic an
e sulfur-purge speed, and Fig, 20 shows the influgngo
of the catalyst temperature on the sulfur-puarge spead,
As shown, when the airduel misire 15 noet lean the sul-
fur-purge speed increases logarithmical by with respect
to the catalyst temperature. For practical purposes,
therafore, it cen be inferred that the sulfur-purge speed
depends on tha catalyst temperature only. Thos, it is
possible to infer the cotalyst's possibla dagrae of claan-
lirness lram (he eatalyst temperature hystaresis.

To abtain catalyst cleanliness indices from the cata-
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Ivst tamperature hystaresis, the authors used the agua-
tions shown below after working out the raaction spead
at various temperotures using thet at 700 'C jobtained
fram the relationship shown in Fig, 204 as a base and
gssigning as weight the residance tirme to Tha spaad caor-
rasponding o each temperature. The result of the cal-
culation was defined as “sulfur purge fraquancy™.

S-purgea frequency = [k TIETHD + 273)di)/Lisec/km)
dsiTht = Aexpi-AERTHS trapy)  Furga reaction spod
KT} = fezspi-AERTY  Aeaslion sgeed constand

whera

5 ¢ Purged sulfur

& ' Fraquanoy factar

A= » Activation anergy

R ; Gas constant

T : Catalyst tampsrature (K}
(5 trapd ¢ Trepoed sulfur

t : Tima (5oc)

L - Total distance driven k)

Fig. 21 shaws tha relationship between the sulfur-
purga frequency and the quantity of NOx emissions in
Japanese 10-15-mode 1651 cycle. The clear correlation
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sugqests that it s possible 1o minimize sulfur poisaning
by controlling the sulfur-purge frequenay.

To minimize sulfur poisoning during actual vehicle
aparalion, it is necessary to contral the catalyst temper
ature such that the sulfur-purge freguency doos not
drop below a certain target level. Adopted as a means
of eontrolling the catalyst temparaturs wish o lempara-
wre-rise contrel process utilizing ignition-timing ratar
dation, because of the good control ability of the
procoss. Additional fuel consumption reguired by the
wmperatura-rise control process is kept to 8 minimum
by actively assisting increeses in lemperalure only
when tha temperature approaches near 1o the lavel o
which suliur s releasad ifor example, during accelera-
tion, during uphill driving ol o onl.

Fig. 22 shows the effect of the tamparatu re-rise con-
irol procass. This control process enabled us 1o reduce
the amounl of sulfur accumulating in the NOx-trap cal-
alyst and to significantly improve the NOx-Trap cala-
lyst's durabiliny.

b, Summary

To maore fully realize the potential of GO engines
and 1hus enable wider adoption of such engines, MMC
devalopad now catalyats and relotod catalylic-regction
control tochnalogias. Specifically, theses items are a5
Tallows:

{1} & high-temperature MOw-trap catalyst whose cala-
lyst layer is loaded with K, in a stabilized s1ata which
has superior charactoristics under high-temperature
condition

(74 & dual-leyer-sirusturs TWE that offers superior HC-
reduction characteristics during the lean aperation
thal charasterizes GO engines,

(3 Catalytic-reaction control technologies that max-
mize tha banefits of the catalysis'charocternistios,

By devaloping these new catalysts and related tech-
nologies, we realized significant reductions in the
axhaust pmissions of GO engines, Consaquenthy, wie
axpect 1o achieve compliance with striingent new emis-
sinns standards that are planned for introduction in
Japean and Europe from 2005, We plan 10 pay closa
attantion 1o gasaling characteristics in ralevant markets
and to steadily edopt NOw-trap catalysts in place of
selective-raduction catalysts in ling with reductions in
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sulfur content,

6. Afterword

BAMC has faken advantags af the freedom permitted
in mixlura-preaparation with GO o develop combustion-
contiel technologies thal simultanaously maximize out-
put and fual efficiensy. Usilizing advantage of GDs
axcallent contrellability, it has also developed the GDI
SIGMA series of technologies, svhich includes automat-
it stop-and-go integrated contrel with a continuous|y
variable trangmission; and turbocharging, With these
and other dovelopments, MMC has created a frend
toward adoption of GO engines.

Thee catalyst tachnologies and catalytic-reaction con-
trol technologies describad in this paper reprasant a
third weave of technological advances, We are confidend
that thay will cnable even wider adoption of GO
BNEpiru:sG-

In ¢lasing, we wish 1o express aur gratitude to ICT
Co., Lid. amnd MGK Insulators, Co. Lid,, which both coop-
grated axtansively in our developmeaent pragrarm.
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Development of Mitsubishi Innovative Quiescent
Combustion System for Low Exhaust Emissions
from Diesel Engines of Heavy-Duty Trucks

Hirgshi JYOUTAKI® Keonji SAKALS Masayuki TAKAHASHI®

Abstract

Kenji KAWALT Kazuvoshi MORI®

With the ohjective of achieving compatibility of low exhaust emissions with low fuel consump-
tign in the diesel engines of heovy-duly trucks, Mitsubishi pdotors Corporation undertock develop-
ment based on the approach of applying combustion technology, and & new guiescent combustion
system was subsequently realized. This system successfully combings an air intake port with a
low swirl ratio; 0 combustion chamber with a large dinmetaer; and 8 co mmaon-rail type, high-pras:

sure fuel-injection system.

With the help of an EGR system, this new combustion system will ensure com patibility af both
low oxhaust emissions and lew fuel consumption, thereby satisfying the long-term exhaust em is-

sion standard currently applicable within Japan.

Key waords: Digsel Engine, Enging Combustion, Exhics! Gas Ascircwialion, Quisscent Combusion

ESyslam

1. Introduction

A standards on exhawst amissions fram the diegal
engines ol heavy-duty vehicles hecoma incrosasingly
stringent around the world, developmant effarts aimead
at simultanaously reducing exhaust emissions and fugl
consumption continug space! ™,

As part of these afforts, we ol MMC racontly devel-
oped a new-genaration direet-injaction diesel anging.
Taking a combustion-oriented approach, 1he dasigning
staff amployed a quisscent combustion systam (20517,
which is more advantagacus than the widely wsed swirl-
supponed combustion system |SSCS) with regard 10
simultaneocus raduction of exhaust amissions and Tuel
consumption. The Milsubishi Innowvative Guiescant
Combustion Systerm (MIOCS) was realized by combin:
ing the OCS with & common-rail system (CRS] for fuel
supply {2 CRS permits & high degrea of contrel frea-
domb. Indavaloping the MICCS, the MIQCE's potential
was ascartained and differences in eombustion pha-
nomana beteeen the MIQCS and the S5C5 ware clan-
fied,

Further, the possibility of further redusing axhaust
amissions by combining the MICQCS with an EGR sys
tam was varified.

The MIOCS is usad in the terbocherged, intercooled
digsel angine of a heavy-duly truck that was launzhed
by MRMC in Fabruary 2000,

*  Engineg Besearch Dept, Treek & Bus Dev. Offico
*+ Enpine Teabirg Dopr., Track B Bus [hgee. QU2

2. MIQCS development concept

21 Marits af the QGCS

The S5C5, which is used in most diesel engines in
Japanasa haawy-duty wehiclas, amploys in-cylindar
gwirl and squish Tlows and other air flows Lo promete
mixture of 1he fual spray with the air prior to combbis-
tior,

By contrast, the QCS, which combines a low-swirl-
ratio air-intake port with a large-diameter combustion
powl, does not make significant wse of in-cylinder flaws.
Rather, it primarily employs the energy of the high-pres-
sure fusl spray to promaots mixture of the feel spray
with the air prior to cembustion. The QCS is widaly
used in large, high-thermal-effigicnoy marine angines™.

22 Testengine

To ascertain the poetential of the QCS, a tur-
koeharged, intercooled engine of the type usad in
heawy-duty trucks was selected, The specifications of
thiz tast anging are shown in Table 1.

2% Shape of intahe ports

Tha enging’s port layout is shoven in Fig. 1.

To ansure & sufficient air supply, eech cylindor was
provided with two intake walves and fwo exbaust
valvis, And to give the intake port a high flow coafli-
cient, the intake port's shape was devised S0 s to mini-
rize flaw interforence bebwaan the intake valvas,
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Tabl= 1 Engine specilications

the spray 1ip penetratezs during the ignition-lag prericd.
Fredictinong ol Spray-1ip pengiration wereg made using
the eguation devised by Hirovasu et al™. The results
era shown in Fig, 2.

11} Low-load cperation

Deering lowr-lIoad operaticon, the enging's ignitian-lag
poriod is approximaraly 008 mas, Tha sprey-tip panetra-
tion durimg this pericd is approximately 45 mm.

i High-load aperation

Daring high-load oparation, the ignition-lag poriod
i= relatively short so the sk of adhesion al unigmited
fugl 1o the wall s negligible. Howawver, the potantial
effzcis of the large injection amouwnt and long injection
pariod must be taken into account: If the diamelor of
the combustion bowl is tog small, the veeak seeirl Tlove
con allow wnigoiled feel vo intedfare with alraady-
brurnedd gasas, resulting in significent emissions of black
smoke. Thus, the combustion bowl should have an
cptimally large diamaeter,

In aceordance with these considaerations, oL vwas
tleterminad that the MIOCS combustion bowl should
have a diameter of &t least 0 mm. The larga-diamater
toroidael combustion bowl adopted was of the type
shown in Fig. 3,

25 Selestion of fual-injestion aystam

Since the QCS5 depends primarily upon the fual
injaction cnergy to mix the fuclhwith the air, o bigh injoec-
ligm prassure is necessary, With maring engimes and
with the diesel engines of non-Japanasa heavy-duty
vihicles, manufacturera have frequently achievad the
requirad imjaction prassure by comhbining the QCS with
jerktype alestronic uail injectors [ELS) ar
with unil pumps |[PLDs)™.

Bearlng thazse paints in mind, the design:
ing staff considarad the most switable fuel-
injection system for the OCE of the engine in

sl a heavy-duty treck Tor domestie use.

(10 Besulls of tests on QC5 with in-line pumsp
Flg. 4 ahows tha ragulis achievad whan a
convantional in-line fugl-injection pump was
used with the QCS,
[ Recductions in Tuel consumption and
| black smoke were obssrved with high
angine speeds. Sinca the injection prassure
| was linked 10 the engine spoaed, howewver,
| Iowre-spoed aperation made 1he injection

Irgna made G0 (b bechemed end intermbar]
o % i |six in-live cylinds
Kl audpmt arsl g | 17
Fued imjecliar Coriron-1] svlem
Exhaust port
i !
A S RN S N S . . 1
. i :
M- i . .
1 i
=, | ,
4,
] 1 i
Intake port
Figg, 1 Pard layout
60 Mo = 1380 = (Engne lsading 20%]
E Hoexlo hada= @024 lrpaetion pressure = G0MMPa |
E 50 | - i
— 45 mm o |
E e
= 40 F e
i~ - e -, |
O e (Engine loading 809
a i--"" Injeesian pressure =60MPa
= o 1
T
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i
|
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Fig.2 Predicted sproy-tip penetration

2.4 Stody of combustion-bowl shape

Since the in-eylimder swirl flow is weak with the
QCS, any sprayed Tusl that adheres to the wall of the
combustion bowl prior 1o combuostion fails to mix with
thiz @ir, resulting in signilicant emissions of hydrocan-
bans and black smoke.

To prevant this problem, tha diemetar of combus-
tion bowl must ba greater than the distance by which

P
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pressure msuificient, resulting in increasad
emissions of Black smoke.

To minimize emissions of particulate
matter (FM) at all ongine speaeds, it is claarly
necessary o employ a Tual-injection system
that can produce a high injection prassure
aven during lowe-speed operaticn.

(2} Comparizon of characterislics of high-prossure fuel-
injection systems

The characieristics of high-pressure fuel-injastion
systams are compared in Table 2.

in European countrias and tha United Stotes, road
and traffic gonditions permil a signiticant proportion ol
driving 1o teke place at high speeds. For complianesa

25
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Taroidal tyPI:{usEd with MIQCS]

=4 Larger diameter

)

Re-entrant type (used with S30G5)
I

| [

G

Fig. 3 Crogs-section of combustion bawd

' H'n:dtllr._r:-&blznk
armoke and fual
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Fig. 4  Results of QLS test with in-line pump

with thass countries’ exhaust-emissions standards,
tharefore, it is advaniagaous 1o eptimiza the injeation
pressure [or high-speod, high-load conditions.  In
Japan, by contrast, compliance with exhaust-emissions
standards necessitates optimizetion of the fuel-injgction
pressura for low, moderate, and high levels of speed
and loading.

EUls and FLDs offer high maximum injection pies-
sures, but the highest possible injection prassira 6t any
given time is linked to tha current levels of engine spreed
and loading, Conseguently, the injection pressure is
inswificienl during lovw-speed nparation, Cloarly, nei-
ther ELg nor PLDs readily parmit optimization of the
injeetion prassure for 1he whole range of opareting con-
dinions.

Another important factor is controllability: For &
fugl-injeetion system to minimize axhaust emissions
awver the whola rangse of operating conditions, it must,
in addition 1o heing capabla of producing & high injec-
lion prassure, permit optimized control of the injection
pressung dnd injection timing.

In light of thase considerations, a CRS for fuel sup-
ply with tha MIQCS was salected. The CRE is alightly
infarior to ELs and othar systoms in terms of masimam
possible injection prassure, but it offers a sufficiently
high injection pressure ower the whols range of operat-
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Taoble 2 Chorpcteristics of high-pressure
funl-infection syatems
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Flg. 5 Common-rail system

ing conditions and permits independent control of the
injection pressuce and infection Bming.

The CAS is shown in Fig. 5.

MM has used this type of ystam in cenain heavy:
ety trucks since 1996'7

Through this process of selection, the MIQTS was
configured such that it combined a i g h-Flow-coeifi-
cignt lose-swirl-ratio intake port and o large-diameter
tornidal combustion ol and was supplied with fucl
by 8 GRS, which gave the abowe mentionad benefits in
rarms of optimum injection pressure and injestion bm-
ing owver the whala range of operaling condisiong. Than
investinated was the MIOCS s ability to simultanacusly
minimize axhaust emissions and feel consumption aver
tho whaole range of aperating conditions.

3. Results of tests on MIQCS

3.1 Testpoints

For avaluation purposas, two test points lone each
for lowe-load conditions and high-laad conditions; a3
Fig. B} were selected from Japan's 13-maode T88T procd-
dure. These test points wara os Follows:

MITSUBISHI MaToRs |22 ) 0L HE [ oo
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111 Loww-load test point

S-mode point {1320 min™; 20 % loading)
121 High-load 1est point

T0-rmvocdes poml 1320 min 1.' HO % lnading)

3.2 Optimization of in-cylindar swirl ratie and com-
bustinn-how| shape

With o witwe 10 Selecting an appropriate in-oylindor
gadirl ratia for the MIGCS, som parison was made of the
influence of various swirl ratios with tha two sforeman-
ticnad combustion-chambar tyvpes, e, re-entrant (usad
with thie 55CE) and toroidal (used with the MIOCE] The
resulls are shown in Fig. 7.

Dacreases in the swir ratio caused fuel consumjp-
tion to decrease with both combustion-chember 1ypas.
The same decreases in the swirl ratic causad PAM amis-
sions 10 increase with the re-antrant type and 1o
decrease with the toroidal bype.

The toroidal typa combining a low-swirtl-ratic intake
paerl and & large combustion-bow! diameter was clearly
the Besttier choice For simultanaaus minimization of fucl
consumption and FM emissions,

4.2 QOptimization of number of injaction-nozzle holes

Ginge the MIGCS uses the energy of the Tual spray
1o mix e Tual amd air, appropriate fuel-spray disper-
glon, which depands largely an an appropriate number
of nozzla holas, is vital. Consequeantly, varicus numbers
of nozzle hales ware compared in terms of NDx emis-
siong, black-smoke cmissions, and fuel consumplinn.
Constant injaction timing was a precandition far the
tesis, so the nozzle holas' total area was the same with
every number of nozzle holes. The results are shown in
Fig. &,
1T} Lawve-lesad apiEraticon

Increases im the number of nozzle holes were
accompanied by dacreasas im fusl consumption, black-
smake emissions, and MOx cmissions. Thasa docreas-
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Fig. 7 Influgnce of swirl ratio and combustien-bowl shope
on exhaust emissions and fusl cansumption
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amisslans and fueel censumption

e were attributable o impraved mising of 1ho fuel and
gir: Since the nozzle holes' total ares was kepd the same
with ewary numbar of nozrzla holes, aach increase in the
number of nozzle holes coused a decrease in the size of
aach noerle hale. Smaller narzle holes yielded hatter
spray atomization, theraby increasing the rate at which
air was intreducad inta the apray.
121 High-load operation

Fupl consumption and hlack-smoke emissions werg
Iowwest weith gin noezle holes, Fuel consumption and
Mx emissions increased when the numbar of nozzle
holes was incraasad bayond six. The increasas in fuel
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rail pressure was reduced and the injection
period became longer, but the rete of
increase in black-smake emissions was low
ar with a smallar total nozzle-hale area than
with @ larger one. Fuel consumption was
lower with a larger total nozzic-hole arga
1han with a sroisller ane.
|1 High-load opsration

As with low-lood operation, a smaller

= nazela-hole ares yielded & slower inareasa

i bleck-smicke emissions than a larger cne
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Fig, 10 Trade-aff @ MOx prmissions and fuel consumption

wiith MIDCS and 5565

cangumption and exhaust amissions were apparantly
attributaklla to increased initial comibustion and ta inler-
forence whaon sprayed fuel undensant combustion.

Detormined from these findings was that six nozrle
hnles gave the best balance of fuel consumption, black-
srmake emissions, and MOx omissions with the selected
swiirl ratio ond combusticn-bowl shaps.

3.4 Optimization of total nozzle-hole area and injec-
tion pressurs

The total nozzie-hala area has a significant influence
on spray atomization and is @n important factor datar-
mining the injection timing. Therafore, the influence of
the total nozzle-hole area on black-smoke amissions
and fuel consumption with the MIOGCS was invesligal-
o With each noz2zie, MO gmissions warg kepl con-
stant and the eommaon-rail préssure was varied. The
rasults are shown in Fig. 9.
(1} Loww-load operalion

Black-smoke emissions inereased as the cammaon-
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gz the injection paricd was lengthened,
Also as with low-load aperation, fusl con-
sumplion was lower with & larger total noz-
zlp-hale area than wath & smaller ane.
These findings indicated that it Was pos-
sible 1o oprimize the MIQCSe nozzln-hole araa for the
hest balance of fuel consumption, black-smoks emis-
sinng, and MOx emigzions,

35 Summary of MIOCS tests

The MIOCS and 5505 warg compared in terms of
MO amissions and fuel consuemption aftar the number
of norzle holes, the nozzle-hole area, and other injac:
tion-related paremetars had beon carefully selected.
Tha results are shows in Flg. 10,

A1 the low e of the WOx-emissions ronge, the
MIOCS s funl consumption was lower than the 35C5's
during both low-load pporation and high-load operi-
tion; with any given injection timing, the MIQCS's NGx
amissions wore lowar than the 3505's and the degree
ol injeetion-timing retardation was smallar.

Thesa resulls Indicatad that the MIQCS was superi-
oF to the 5505 in terms of the trade-off betwaan NOx
gmissicns and fuel consumption a1 the low end of the
MOx-2missions rangs &nd that it had the potential 1o

WmsurisHl sorons 1= DL FEN] [ e
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anabla further MOx-emission reductions that will be
necassary in the futura,

4. Clarification of MIQCS combustion phe-
nomena

4.1 Comparison of combustion analyses

Axn stated, the MIGCS showed itself suparior fo tha
S5C5 in terms of the trede-off betwaan NDx emissions
and fuel cansumption at the low ond of the NOw-emis-
sions ronge. With a vicw to olorifying the reasens, the
twen cormbestion systems r|f.=:|1|=|_'li'u& fteat-release rates
vepre comparad. The results are shown in Fig. 11

Curing low-load operaticn, tha MIQCS had a rola-
tivaly shaort igniticn-lag poriod, a relatively low pre-
mixed combustion peak, and a relativaly shot combus-
tion parod. Thus, its heat-release-rate peak was rala
thvaly lovw and ralativaly advanced in terms of ignition
timing. Tha MIQCS's suparior ability ta minimize MOz
emissions and fuel consemption R-ir'|‘||.rITF.|r1Ef!lll!’l|'|.I WwWas
apparently attributakle to these factors.

Defferances in heat-release rata babwaen tho bwao
combustion systemns ware smallar during bigheload
operation than during low-laad aperation, but the
MIGCS's slightly shorer ignitlon-lag pariod. slightly
shorter eembustion penod, and earlier starl of combus-
non wiare apparently 1o thank for tha MIGCS's loweer fuel
consumplion. Ressons for the MIDCS S supericr NOx-
reduction performanae were nol possible o inder from
changaes in the heat-raleass rata.

4.2 Comparison bosad en combustion analysas
Since tha repsons far the MIQCS's supenar NOx-

raduction parfarmance cowld not be inferred Trom
changas in the hoat-releass rate, an atbempl was mads
tn do sa by comparing the MIQESs and 55C5's com-
bustion charactaristics vsing a singla-gylinder combus-
tizn-chservation angine of the type showen in Fig. 12,

The imitial combusliaon peak apparently contnibutes
agreaily to MOx formation, Images of the flame at this
tirmie taken simnultanaously from above the piston and
from below the pistonl are shown in Fig, 13 together
with the rasulis of flome-temperature analySes per-
formed using the wo-color b

[Dhwing ta Lhe elfects of unburned fuel thet adhered
1@ e bottor of the combustion chamber, the flame-
remperature analyses reflect only the rosults of obber-
vations made from ahowz,)

It gar b seaen from the results of the flame-temper-
ature analyses that kigh-temperature combuostion
ceeurred in the combustion bowl with the 5505 and
that ralatively lovw-temperature combustion ooturred
throughous the elineder with the MIQGCE,

By muezans of ohservations mads from above, tha
regpastive flame araas of the SSCS and MIQCS wara
further datarminad and comparegd. The resulls are plat-
ted anainst the crank angle in Fig- 14

The MIQCS"s wotal flame arnoa was relativaly small st
the: beginning ol combustion, sugnasting that ralativaly
littla imitial combuation fook place,

Algo, the WMIDCS s flame arca dering high-12mpera-
ture combustion (with t@mperatures in axcass of 2300
El was approximately hall thet of the 55C5. High-tem-
peraturs combustion apparently contributes groatly to
W= formation, so tha relativaly small flarmo area can
be interproted as one reasan for the MIGCS's relatively
Inwe NOx emissions.

43 Comparison basad an numaerical analyses

To further clarify the reasons for the MIQCS's supa-
ricr akbility to reduce emssions of NOx and black smake,
numerical analyses were parformed wsing the K1Y A-
computar program' ™, For the combustion model, the
KIVA softerare’s originml Arrhenius bype was used, anl
for the MO formation model the extended Zeldovich
rmacde] was wsaed, The results are shown in Fig. 15.

The rasults of the calculations showsd that the
region of combustion at or neoar the peak aylinder term-
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parature (2600 = 50 K] ccourring in the first hall af the
combustion cycla was smaller with the MIQCS than
vilth the 5505 and that the 80x formatian rate during
this period was lower with the MICCS than with the
SE08, These resulls were consistent with those of thoe
combustion obseryations,

Furthar, tha results of the calculations showed that
combustion in the second half of the combustion cyelo
Wwas more vigorous with the MIOCS than with the 5505,
Superior recombustion of sool oWwing 10 more Vigoreus
combusiion late in the evele can be interproted as one
reazon far the MIQCS's relatively lowr emissions of black
amaoke.

6. Application of EGR to MIQCS

It was baliewod that EGR M wauld be effective as o
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meang of further reducing MNOx emissions and Tuel con-
sumption with the MIOCS. Therafore, investigation was
rmade into the influence of an EGR system.

5,1 EGR system

Tha EGR system of the test enging is shown in Fig,
16.

The cngine was aguipped with a variabla-geometry
(V3] urbocharger. Control of 1the EGR rate wos eifact-
ad by eoordinated contrel of the VG turbocharger and
EzR walva.

Exhaust gases wara reciroulated wsing & high-pras-
sure-loop arrangemant that drew Lhe gases from the
ppstreem side of the turbocharger and roturned them
ta the downstreamn side of the intarcocler,

AENTEY an
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5.2 Effccts of increases in EGR rate

The results ol tests parlarmed with
EGA tao establish tha possibility of further
raductions in MOx emissions ara shoven
in Fig. 17, During bath lowe-load apera-

(==

f Intersaalar

ticn and high-loed operation, incraases
in the EGH rate ceused MNOx emissions 1o
decrease but causad fuel consumption
and bDlack-smoka emissions to increase,
Meovveriholess, the fuel congumplion and
black-smoke emissions of the MIAQCS

viara Better than those of the S5CS with

gll EGR rates. N was thus clear that the
MIQCE and an EGR systom could be
psed ogethar 10 realize not only supernior
MOx ermssions bul also minimal fuel
consumption and black-smoka amis-
si0ns,

5.2 Optimizatien of fuel-injestion pres-
sure during EGR application

Although EGR is an effective maans
of reducing NOx emissions, it typically
expcerhates the production of  black
smoke and ig thus unfavorable with
regard to PM emissions. With a view 1o
finding @ maans of simultaneously reduc-
ing MOx and FWM emissions during appli-
caticen of EGR 1o the MIQCS, investigation
veis made into the influence of changes
intha fual-injection pressura. The rasults
ara shown in Fig, 18,

During hath lowve-loaed operation and
high-load opaeration, the application of
EGR wes sccompenied by significan:
increases in fuel consumption and black:
smoka amissions. Since tha application
af EGR was alsn accormpanied by sigoifi-
cant reductions in MOx emissions, o
aver, it was possible to retain a M-
reducing effact whila using incroases in
the fuel-injeciion prassurae to achisee Lo
egr fuel eonsurmplion and black-smake
emigsions than those obeservad withoul
EGH.

Those findings indicated thot an effoctive way 10
simultameously reduce sxhaust emissions and luel con-
sumptlon was 1@ combine EGA with an injection syatam
that allowead the imjection pressure and injection timing
to ha controlled freely ovar the antire opaerating range.
The gormmuan-rail high-pressure injeclion system usod
weith B MIIACS allows & high degree ol contral over the
injacticn timing and injection prassure, and it permits
pilot injection and other forms of mulli-stage injaction,
This system thus proved particularly waluable during
the application of EGH,

2 g/kWh

W

Black smoke

Fuil sonsumntion

6. Real-world potential of MIQCS

Ginca it was ostoblished thot application of EGR ta
the BIALCES enabled simultaneous reduction of exhaust
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Fig, 17 Influence of EGR rate with MICKS and 5505

emissions and fugl consurmpiion, full-load and 13-modn
sxhausl-emissions 1esls wara canducted 10 gscartain
the realssorld potential of this tachnology.

6.1 Full-load performance

Coamprarison was rmade al the Tull-load charactornis-
wes aof the MIGCS and S5C5 with eech combustion sys-
tam's fuel-injaction presawra, fuel-injaction timing, tur-
bocharger-vana opaning, and EGR-valve opaning sat
for complionoe with Japan's long-term exBaust amis-
sion standards, The resulis are shaven in Fig. 19.
(1) Fusl consumption

The MIGCS achiaved lower fual consumption than
the 35C5 at all engine speads, 1ts minimum fuel con-
surnpiioen was 2 %% lowor than that of the 5505, and in5
concurrant thermal elliciency was relatively high et 45
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2., The MIQCS alse achiaved a significant reduction in
fuel consumption at the oulput point. Clearly, ihe
MIQCS proved an extremely effactive means of mini-
mizing fugl consumplion.
(20 Black-smoke emissions

Tha MIGCS achieved lowor black-smoke ermisgions
then the 5505 at all engine speads and periormed par-
ticularly well toward the high and of the speed range.
Indeed, it achigved virntually smokelass engine opaera-
fion at most engine speeds. Since black smoke is the
main eentributar 1@ FM, the RICCS is claarly an effec-
tiva means of minimizing Ph emissions,
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Fig. 20 Exhaust emissions and fuel consumption
in Japan“s 13-mode tesi oyile

6.2 Perdormance in 13-mode test cycla

Te mora fully ascertein the MIQCE"s potential for
minimized exhaust amissions, comparisen was made
of the axhaust emissions of the MIQCS and 55CE in
Japan's 13-mode test cyele. The rasulls are shown in
Fig. 20.

Tha MIQCS realized lower PR emissions and fual
consumption than tha S5C5 with any given lovel of NOx
amissionsg. I8 emissions levels wera low enough o sat-
isfy Jopan's long-tarm exhaust emission standards, and
its fusl consumption was lower than that of an engine
enmplying with Japan‘s short-term regulations,

Toward the low and of thie MOw-emission range, tha
WIOCS s meriis with respect to raduction of fuel con-
sumption and PR emissiona will bocome increasingly
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significent. The MIQCS clearly has greater potential
than the S5C5 for further improvements in the
MO x/PMFfucl-consumption trode-off that will be noces
Gary lor (s reductions in Tuel consumpticon and
axNALST BMISSIons,

7. Summary

(10 Tha RIDCE (o QCS combinod with a CRE) is superi-
ar o the widely used S5C5 with regand o simulta-
neous reduction of exhaust emissions and fusl con-
sumptian,

(20 Compired with the 505, the MIQCS aflects loss ini

tial premixed combustion and has a lower combus-

tion tamperature.  These faciors are apparently
rasponsibla for tha MIQCS's lower MOx emissions.

The applicatinn of EGR yiclds greater reductions in

M armissions with the MIOCS than wdlh the 5505,

And cancomitant increases in black-smoke emis-

asigns can be supprasaad maore effactivaly with tha

MIQCS than with the 55C5,

The CRS, which affers a high doegree of fresdom in

control gwer injection characteristios, is particulary

efleclive ga &8 meens of reducing MNOx emissions and
sUpprassing concomitant incraasas in bleck-smoke
amissions when combinad with EGR,

The MIDCS has sufficient potential for futore roduoc-

tions im MOx emissions, and i1 s capable of reduc-

ing fuel consumption sufficiently for compliance
with Japan's long-tarm exhaust emission standards.
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Effects on Reduction of Exhaust Emissions of
Flexibly Controlled Fuel Injection Rate Shape
with Next Generation Common Rail Fuel
Injection System (NCRS)

Abstract

Eiki TAMABE® Swsurmu ROHKETSL®
K ixji rADRIE RKanji KAasa*

A next generatien commaen rail fuel injection system IMCRS] has been designed and the effects
on axhaust emissions and fuel consumption of o contralled fual injection rate shape wers ax¥am-
ined wsing the prototype system. The system comprises two cemmon rails - one for high fuel pres-
sure: Lthe other for low fual pressure - and this allows the shape of fuel injection rate to be optimal-
Iy controlled by switching the pressure of the fuel delivered to fuel injectors from low to high while
said fuel iz belng injected. 1t was confirmead that favorable results could be accomplished with
ragard to both exhaust emissions and fuel consumpticn through the use of this system sinca con-
tral of the shape would make it possible to control the condition of combustion, and consagquently,
to improva the trade-off between NOx and fuel consumption, as well @5 betwean NOx and particu-

late matter,

Koy words: Diesol Engine, Fus! infection, Combusiion, Emissions

1. Intraduction

Srandards on the exhaust emizsions of diesal
gngines are hecoming increasingly stringant araund the
world, necessitating ever-graatar redustions in exhaust
pmissionsg, fual consumptien, and noise. To enable the
necessary reductions, it is necessary 1o employ fuel
injection systems with a wide range of capabilities
inzluding high-pressurg injection, independent control
of the injection prassure and injaction liming, and con-
trzl of thea injaction rate shape.

The comman rail system (CASE which alloves inde-
pendent control of tha injection pressura and injection
timing and is not restricted by the anging spaed and
loading!'"?, is an increasingly popular choice of fuel
injection systam Tor mass-produced automative diese]
angines™, However, it is imporant 1o note that the
CRS gives an almost square fuel injection rale shape
and that 15 initial injection guantity is greatar than that
of systems employing jark type fuel injection system; il
is not nacessarily ideal Tor reduction of NOx cmissions
and combustion noise,

Optimiced control of the fuel injection rate shape is
well known as a highly effective means of reducing
gxhaust emissions, luel consumption, and combusticn
anise™ ¥ Thus, adding seme magns of contralling
the fuel injection rate shape 1o the GRS, which already
sermits a high degree of freedom in control of the injee-
tion pressure and injection tming, waould in theory yicld
greater flexibility than that offared by other fuel injec-

= Epaing REananch Daepi., Truck & Pus Oey. CHico

a4

tion svstems with regard 1o further reductions in por
mitted exhaust emissions and fuel consumpticn,

In light of the above mantioned polential benefits,
the authors conceived a next genaration commaon rail
fual injection system {NCAS) capable of controlling the
fuel injection rate shape. In the developmant of the
MCRS, & prototype suitabla far a singla-cylinder engine
wes first constructed and its influence on exhaust-2mis-
slons characteristics and combustion characteristics
was investigated. The findings from the investigation
showed that appropriate contrel of the injection rate
shape had a significant reducing offect on axhaust pmis-
sinna and fuel consumption. 14 was thus confirmed that
tha MCRS had significant potential Bs a means of reduc-
ing the exhaust emissions and fusl consumption of
dinsel engings and that itwas a viable Tuel injaction sys-
terr der futuns use,

2. MCRS concept

241 Mathods for control of injection rate shape with
CRS

With sz CRS, the injection rata can be controllad by
ghanging the commaon rail prassure but the basic injec-
tinn rate shape cannol be changed frem square, One
conceivabla way te change the injection rate shape as
desirad is to effect control over the injection prassura
during the injection perind. Ona concoivable way to
realize such control with tha CRS is to wary the prassune
of fuel supplied to the injectors during the injection freri-

wrrsuses worons 120 I RS aeowo



Elfezrs cn Hetluctos of Exlanst Emissea ol Fasibly Contiod el Fugd Injecien Fane SR wath Bl Genenation Comiman Bad Fuid Inpechon Sysiem iMCHES)

lyector far LFGH

Salenaid Valvo =
Ghuck Yalvi (——

E - "—Ij

| > [+ L LPCR | .

Orfics

g3

Solenoid Vales for

sartchimg of LPCGHR r
and HRCR )
e 4

i M gh-prossure
Fuel Siupply Pusre

G Common Rai

i High-prozzurs
Injsction

Iniostizn | Lew—
Fiate PrCEMAT
| Ijectian

|
Selorad Wake lor
wilehirng af LFCR
and HPLGEH

rimcier
Selarcid Wabm

Tima

Fig. 1 Schemalic diagean of NCRS

o, Anothear ig o spill off high-pressere fuel dor a fixed
porticn of the injection pericd such that injgction takss
place at o pressure lower than the commaon rail pros
sure. Comparod with injection rate contral methods
that depend on eontral ol the needle il these preéssure
cantral methods are supericr bacause they make it pos-
sible to pravent inconsisient needla-to-saal clearances
and differences in injection quantity between nozzle
hoales and beceuse they make 11 possilale o proventd
deteriaration in fusl spray .

2.2 Owerview of NCRS

The configuration and operating mothod of the
MCRS are shown in Fig. 1. The NCRS has bwo common
rails: ane each for high-pressure and low-pressure fuel.
It controls the injecticn rate shape by swilching tha
saurze of fuel supplicd to the injectors from the low-
prossuee cormiman rail (LPCRE te the Righ-prossure eom -
mman rail IHPCRE during the injection pericd. ln addition
to the LPCH and HPCR, the MCRE"s main alamaonts ara
injeciars; a high-pressure fuel supply pump; a pressera
conteal walve used e contrel the pressors in the LPCR;
and & swditching valve used to change the source of fuel
supplied to the injactars fraom the LFCH to the HPCR.
Tha LPCA, thae LPCR's pressure control valva, and tha
switching valve are not included in the conventional
CRS configuration,

A shown in Flg. 1, tha MCRS cantrals the injaction
rate shape by switching the fuel supplied o the injec-
tors from lowepressura to high-pressura, The injectors
arg supplied with fuel from thee LFCR from the start of
injection, so inltial injaction takes place at the lowear
pressura. When & predetermined period of time has
clapsed from the start of infection, the switching valva
crpans such that injection takes place using Tuel fram tha
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Fig. 8 HMNCRS injectson rale shapes (caleulated)

HFCR. The MCRS is capakle of contrelling the prassure
in the LPCH, the pressure in the HPFCR, and the
sweilchovier timing indepondently. By solecting appro
priate valuas lor thess varabiles, it is possibile 1o achiswe
a range of injection rate shapas.

2.3 NCRS simulntion

The MCRS is reclatively complex in byydrao lig-Sesiem
terms. Before construction of & systam for 1880 purpos-
ag, therefora, it was nacessary 1o establish the specifi-
cations of components (for example, the injection-pipe
diamaeter and length, the CR wolumes, and the orifioo
hiameter] as accurately as |.'|-:‘:l.=:::i|J||:. Tea establish thesa
gpacifications, computer simulations'™ were used o
ascertain the influence of each parametar on tha injec-
tion rate shape.

Figs. 2 and 3 hows the results of the computers sim-
ulaticns, Specifically, Flg. 2 shows the results of & sim-
ulation performead to varify tha NCRS's ahility 1o contral
the injgction rate shapa and Fig. 3 shows the rasulis of
A sirnulation perfarmad as a parameter Study o ascer-
tain 1he influgnce of the injection-pipe length.

3. Results of rig tests

In ageardance with the compoanent spegifications
ggigblished through the simulations, Bn NCRS test rig
was constructed such that it was capable of handling
the injeetion quantities of & heawe-duly digsal enging.
Thern this tost g was used to examine the NCRS"S injoc-
Tion rate shapa.

Fig. 4 shows the typical injection rale shape and
injoctor inlet prassure dduring operation) of the: MCRS
and those of the conventional CAS, Tha injector inli
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pressura with the conventional CRS veas more-or-lass
canstant in ling with the CR prassure in tho area near
the start ef injection, and the conventinnal CRS pro
ducad 8 guasi-sguare injection rate shape, By contrast,
the injector inlet pressure with the NCRS changad from
law 10 high during the injection period, yielding & hoot
iype injesiion rate shape.

The MERS was designed 1o cause high-pressure furl
remaining between the switching valve and injeciors
after injestion te he Introducad via an erifice into the
LPCH such that tha injector inlal prassure is reduced (o
the LPCR's set-pressure leval raady for the next injec:
tinm eyele and such that the same residual high-pres:
sure fual is reused as a supply source for the LPCR. This
arrangament aliows tha MCRS 1o function with only ane
fuel pump {for the HPCAL, so the NGRS can be fitted to
an gnging in place of the convantional CRS with a mini-
i of engine modilications,

Fig. 5 shows differencas in the NCRS's injection rals
shapa rasulting from changes in the LPCR pressure and
im the timing of switching valve apening. Since the
MCAS permits the LPCR prassure, the HPCR pressure,
and the timing of switching valve opening to be con-
trolled independantly, it was possible to achieve boot
type, delta type, and other bypes of injection rate shap
without inconsistency. Although the results are not
shown in Fig, 5, it was also possible by causing 1ha
awiliching vales Lo open before tha injactar walval te
achiave a quasi-square injeetion rate shape like that of
the comvantional CRE,

4. Results of engine tests and study thereof

The MORS was applicd 1o a ressarch-use single
cylindor diasel angine [displacement: hwao literst and
varification was eonductad to clanfy the effects on
exhauat emigsions end fuel consumption of control
aver the injeetion rate shape. The specifications of the
anpine and Injaction system are shown in Table 7.
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Sinor the NGRS offars o high degree of contral fraa-
dom amd has a large number of injoction rate shape
gontral pararmoters, it was necassary before any engine
teats to logically establish relevant paramelors 45 nar-
rovely as possible in accordanen with enging uparating
conditions with B visw to realizing the aptimum injec
tion rate shape. For research purposes, @ medium
speed Bnd a high degrae of loading wera salected as
represantative engine operating conditions. With thasa
conditions established and the timing of switching
valve: opening fixed at 0.5 ms aftar the starm of injection,
thi LFCA prassure and HPCR prossure ware varied and
{he effects om exhaust emissions and fuel consumption
ware examined. The 0.5 ms timing salected for switch-
ing valve opening correspends 1o the average ignition
delay period in a diesel enging running at a medium
speed undar high loading. Thus, winrging tha LPCR pres-
sure had the oilect of varving the guantity of fuel injact-
ad during the ignition delay pariod, Le, the initigl injec-
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Lan guantity. Allconventional CRS test results shown
haraaftar for rafarenca were obiainad with a CR pras-
sure of 100 MPa.

4.1 Influence of LPCR pressure

Examinad first ware the sxhaust emissions charac-
taristics and fuel consumption achigved with different
Ievnls of LPCR prossure. Fig. B shows the RNOx fuel-con-
sumption and NOxPM rrade-ofls achieved with tha
injection timing wariad undar egch the following sels of
conditions: LPCR pressure of 22 MPa and HPCR pres-
sura of 30 MPa; LFCR prassura of 30 KMPa and HPCR
prassure of B0 MPa; and LFCR pressere of 40 MPa and
HPCRA pressure of 30 MPa, The benefits of 1hae NCRS's
injecticn rate shepe control were, as shown, evidant in
MOx/fual-consumption and NOxPM trode-offs thot
warg superior 1o those of thoe convontional GRS with
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Fig. 7 Effect of LPCR pressure an hant ralensa rate

eviry laval af LPCR pressure.

Flg. ¥ showys the heat release rates and injection rate
shapes achigved with the injection timing fixed at
1 aftor top dead center CATREY and with the LFCR and
athier parameters astablished as in Fig. 6. Compansan
af the NCRS's and convantional CRS's respective heat
release ratas reveals that the amouwnt of pramixed com-
bustion was significantly smallor with the NCRS than
with the conventional CRS. The amount of promixed
combustion was significantly smaller with the MCRS
because control of tha LPCR pressura kept the initiol
injection guantity ralatively small las can be sean from
the injoction rate shapesl. The NCRS's superior tracde-
o115 shoween in Fig. 6 can thus be anrbuted oo the NCRS's
imjection rate shage contral.

The LPCE preassure with which the NCES vieldad the
graatest improvemants in tha trade-offs was 40 MPa,
Comparison af the heat release rales revaals that
inereases in the LPCR prassure causad slight increazes
in the amount of pramixed combustion but also causad
the heot release rate dering diffusion cormbustion Lo rise
aparlier, yvielding significant improvernents m the diffu-
sion eombustion area. These phancmana were appar-
antly responsibla Tor simultaneouws reductions in fuel
consumption and PR emissions

Thase lindings indicatod that meraly reducing tha
imitial injection quantily and prassure was not sufficient
and that, rather, it was nacessary to astablish the opti-
mum conditions laking activation at the beginning of
diffusion combustion (following premixed combusiion)
into account,

4.2 Influence of HPCR pressure

Examined next wera the affects of ditferent lovels of
HPCA pressure, Fig, 8 shows the trade-olls achisviod
with HFCH pressuras of 80 MPe, 100 MPa, and 120 MPa.
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With each test, thie LRCH pressure was fixed at 40 MPa
[thi level that yielded the Iowest exhaust ermissions and
fuel consumption in the testa describod earlier). The
results reflacted those of tha earlier tests, with the
MCRS's injaction rate shape contral yialding NOwTuel-
consumpticon and NOxPM trade-offs that wore superior
to thoss of the convontional CRS with every leval of
HPCR pressure,

With the HCRS, the NOxfusl-consumption trade-off
wes better with Iower HPCR pressueras than with higher
ones But the HO=PM trade-ofl was, conversely, batter
with higher HPCR prossures than with lower cnas. The
reasons for these phenomena can be ascertainad from
Fig. 8, which shows the heat release rates and injection
rate shapes achlaved with the injection timing lixed at
1 aTol and with the HPCH and other paramators
pstablishad as in Fig. 8. Irraspective of changes in the
HPCR pressure, the LPCR pressure and initial injection
guantity were lxed, meaning 1hat the amount of pra-
mixed combustion did not change. Thus, the HPCR
pressure's effects on exhaust emissinng and fuel con-
sumption can he artributed to diffusion combustion.
Since diffusion combustion became maore astive and
iha haat release rate poak concomitantly Becamea high-
ar a5 the HPCR pressure was increased, it can be
inferred that difusion combustion improvemants vield-
ed by high-pressira injection in the letter half of the
injection eycle corrasponded te tha MO FM-ra de-aff
improvements ahown in Fig. 8. Howevar, NOx forma-
tinn is apperently promaotad by activation of diffusion
combustion; with any given level of NO=x amissions
shonern in Fig, B, it waes necessary o retard the injectian
timing, leading 1o increased fual consumpiion.
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Fig. 10 Reductions in exhasst emissions and fual
cansurmption reallized by contral of injection
rate shapn with MCAS

4.3 Banefits ol injection rate shape control during
pporation at mediume-speed with high loading

Fram the resulis of the aforementionad tesls par-
foarrmacd with the LPCR and HPCR pressures as parame-
rars, it was ostablished that the greatest improvements
in the MOxdual-consumption trade-off and NOxPR
trade-off gould be achioved with an LFCR pressure of 40
WMPa and gn HPCH pressure of 80 WP, Fig. 10 indicates
the superiority of the MCRS over the conventional CRS
with eguivalent levals of fuel consumption and MOx
emissions. The fual consumption end PR emissions of
the MORS were respoctively 2.6 % lower and 3% % low-
er ilan those of the conwantional CRS with equivalemnt
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Fin. 11 Comparison of heat release rafes

MOx amissicns. And the MOx amissions and P amis-
sions of the MCRS wera raspectively 22 % lower and 54
% lowar than thosa of the conventional CRE wilh eouiv
alomt fugl consumption. The heat release rales are
ghenr in Fig. 11, The NCRS's lower MOx emission with
eguivalent fuel consumption are atiributable to the
MNCRS's relatively small amowunt of premixed combus-
tion, and the HORS's lowor Tuel consumption wilh
eruivalent MOx emission g attributabla o the NCRS's
ability 10 aperata with relatively advanced injaction tim-
ing. The MCRS is capable of reducing MNOx amissions
without incroasing  fusl consumption apparently
hacause il realises combustion in a near-ideal digsel
cycle combustion, in which the absence of repid
incrersas inaylindar prassura can be seen in the graphs
in this papear.

4.4 EHect of injection rate slope during main injection

One possible method for control of diffusion com-
mustion with the NCES is variation of the HPCR pres-
sura, Anothear is varation of the injection rate slope
during main injoction, T MNORS :':'wj[l:hil'lg Wil
ermplays & lwo-wiy, high-pressure valve mechanism
gimilar to that of an injector™. In this mechanism, two
contrel arifices are used to detarmine the fual progsurs
acting on o contral pistan, which in tuen contrels 1tha
timing of valve opening and closing, Thus, it is possi-
ble te change the switching valve’s opaning spaed by
changing the control arifices. By tho usa of this tach-
nigqua ta change the switching walve's nponing spaed,
the injection rate slope was increased during main
injection and the effects on exhaust amissions and fual
consumption wera examined.

Fig. 12 ehows the raspactive injection rats shapos
with different speeds of switching wvalve Gpening
MWCASs, The LPCRE pressure of hoth NCRSs was fixed at
A0 MPa. The HPCR pressure of the MCRS with the high-
ar-velve-opaning spaed was 90 MPa, and that of the
MCRS with the lower. original valve-opaning speod s

mrsuBtssl Marors 200 SEL TENEN mmowen

K = [ TEDmia™", LPCR prescure: 40MPa
HPCH pressure: 308Pa

e 120 = lHighar walve sporing spond MCRS) R
— L - -
T = 5 I
£ T ml \ = .-"“‘rﬂ
s B
%3 '-. e Hr'nm.am..u T1IMPs
._E‘-. o o -_HU_\I'T(_F '|l|:llll!_lll.-|| walve apaning
- £ ! lll,-' speed HERE]
o 1 1 L 1
& myr
o+ 8F
R |
P E
= &
o —_
=10 1] 1a 20 30

Relative Crank Anghs

Fig. 12  EHect of injection rate slope during main inpaetian

110 BMFa, Sines the highar-valve-opening-spead MCRS
had a relatively low HPCR pressure, its injection rate
Wwis, as shown in Fig, 12, lowsar than that of the original-
valve-opening-spead NCRS in the latter hall of main
injection,  Howewsr, the Righer-valva-cpening -spead
MOCRS yielded a ralatively steap injection rate slope
immeathately aftar the start of main injaction and its
injection rate was highar than that of the originalwialve
gpaning-spered NCRES in the period ool 100, Alsa,
lengthening al the injection parad with tha higher-
valve-opening-speed MCRS was negligible.

Fig. 13 shows the respactive NOxSuel-consumption
and MNOWPM trade-offs of the two alorcmoenticned
MCRSs with high-speed, high-load engine aperation.
Despite its relativaly low HPCR prassure, the highar-
valve-opening-speed MCRES realized a MNO/PM trade-off
comparable with that of the original-wvialve-oapening-
spead MCRSE, It gan be soen, for example, that lor any
given level of NOx emissions the higharoalvea-opening-
speod MCRS (which had gn HPCR preassure of 90 MPa)
kept PM emissions down to approximataly the lewel
raalizad by the originalvalve-opening-specd MNORS
twhich had an HPCR prossure of 110 MPal. In othar
verrreds, Lhe incraaga in the inpection rate slape realized
the sama banefit az 20 MPe of injaction pressura. Attha
same tima, the NOwfuel-consumption trode.off of the
higher-valve-opening-spoed MCRS wios Dottoer than that
of the original-valve-opening-speed NCRS owing, &8s
explained in part 4.2 of this paper, to the lower HPCH
pressure.

Fig. 14 shows the respective heat release rates of
bera MCRESSE wilh the samo infeetion timing of -4 ATGE,
The higher-valve-apening-speed NCRS realized a high-
ar heat release rete than the original-valve-opening-
spead MCRS during tha first half of diffusion combus:
tiom, and its combustion periad was relatively shor.
The ability of 1he highar-ealva-opening-speed NCRS 10
reduce PM ermission to approzimataly the laval realized
oy tha ariginal-valve-apening-speed NCRS whila raalic-
ing supericr fuel efficiency was apparently attributable
for these faclors.

Froom the aleramentioned results, it wes verified that

43



Ellicts et Aduction of Exhauss Emisans ot Flesibly Gontealled Fuel bngzction fate Shape wiih Net Gongratign Cammon Hel Fugl lnjecticn System (RCRS]

Mg = 1760min~", 4= 152
L20A pressurs: 40007

. 5T
£ .
E M0} L’g:&h_
=
sk
5= Sy
ER| "o
E =& T Qﬁ%ﬁ_ﬂ
_||] L 1 E
1217 HPGR: 90MPa
(higher walve apening speed RORS!
- inr
a ol
g —
=
o g HPCR: 110MPa
{origiral walve cooning eonnd HLRSS
q 1 i 'y
Mo 0
=
= wr -
=)
¢ 200O[
15
=
1[“] 1 1 —
! 50 100 140

BCx '

Fig. 13 Effact on trade-aifs of injection rate slope
durimg main injecticn

incroasing the injaction rate slope during main injection
activated the first half of diffusion combustion, enabling
a shorler combustion pericd evan with a relatively low
emain injection pressure and raalizing approximetely the
samea PMeoreduging offact as o higher main injection
Pressurs,

5. Summary

The authars mada a prototype of the MCRS, an injec-
tion system that enables control of the injection rate
shape by changing the prassure of the fuel supplied to
the injactors during the injection perind. This system
was appliad to a single-cylinder engine and investiga-
tion yeis conducted to clarify the influance of injection
rate shape control on exhaust emissions and on the
heat relepsa rate, The results were a5 follows!

(1E41 was possible to control the heat relaase rate by
gontralling the injection rale shape with the NCRS.
Yarying tha LPCR pressure yieldad contral prmarily
pver premixed combustion, and varying tha HFCE
presaure yiclded eontrol primarily aver diffusion
combustion,

Injection rate shape control had a reducing effect on
both exhaust emissions and fuel consumption.
Under medium-speed, high-load conditions, the
WAuel-consumplion and MO PM trada-offs wore
bioth better with tha MCRS than with tha convantian-
al CRS. With equivalent fuel consumption, M=
prmissions ware 22 Th lower with the NCRS. And
with equivalent MO= emissions, uel cansumption
was 26 % lower with the MCEES.
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13| Anincroase inthe switching valve’s opening speed
and @ concomitant ingrease in the injootion rate
slope during main combustion made it possibla to
incraasa the hoat releese rate in the first half of dif-
fusion combusticn, resulting in a PM reduction sim-
ilar to thar achievable with an increase in the injec-
tinon pressura.
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TECHMICAL

Development of Prediction Method for Performance
of Cooling Air Flow in Engine Compartment
Using Computational Fluid Dynamics

Tatsuye OHSHIMA* Tetsuji UKITA® Minoru YAMAMOTO®

Abstract

A prediction methad for the performance of the cosling air flow in an angine compartmeant ha=
haen developed using computational fluld dynamics {CFD) for implementation at the design model
stage. To raduce the number of grid of computational models and the amount af CPU time required
for analysis, we adopted a mathematical maodel for tha conling fan based en axial-flowe fan theary,
and we improved the model to he able to pradict the flow field with accuracy; furthermoare, this
was done as a means of achieving maximum efficiency from the cooling fan. The computational
model mentioned above was created by combining an axtarnal flow analytic grid with an engine
compartment medel, and as a result of this, the ime required for model creation was reduced, thus

ensuring that this pradiction mathod may be easily

mant.

applied at the sarly stage of vehicle develop-

Key words: Coofing, Engine Cornparnmeant, Conputational P Dynanvics

1. Introduction

Thi perfermance of the cooling air flow in a wizhi-
cle’s engine compartmant is a major factar determining
the afficiancy with which the radiator and coaler con-
danser are cooled and thus has & significant influemce
on engine-cooling and air-conditioning performance.
The manner in which air flaws through tha engine com-
pariment also influances the vehicla’s aeradynamic
characteristics!", g0 it is essantial for angingers
angaged in the develapment of any new vahicle 1o
dasign an engine comparlment that optimizas i r- Tl
perlormance with respect to hoth cooling and aerody-
namice. Engineara must also consider the vehicla's
sppearance: The vehicle's front and constitutes not
anly the engine compartment’s air inlet but also an
imporiant styling elemeant; a design reflecting an oxoes-
sive emphasis on cooling and aeradynamic considera-
finns cam limit 1he vehicle's agsthetic potential. For both
aooling performance and asathatic guality to be opti-
mized, it is easential for the performance of the coaling
air lowe in the enagine compartment 10 Do pro diggod with
2 high degree of accuracy at the design-model staga.
Tha flowe field in the enging compartment can ba pre
dictad by using computational fluid dynamics (CFOL
This teehnlgue is extramely effective for simulation of
st alr flow in the enging compartmant sineo it enebles
he influance of the vahicle's body shape and the influ-
enca of gomponents in the engine compartment 10 ke
raflectod in calculation results.

With & passenger car, engine cooling is genarally
mast eritical when the vehicle spaed is low and the
engine is heavily laadad, i.e., when the contribution to

r  pgefarmarce Provieg Depl., Car Heszargh & Dav. Ollice

engine cooling of air drawn by the fan is graatar thian
that of air pushed into the engine sempartment by ram
pressure. To ensure sufficient coeling efficiency undar
such conditions, enginears must ba able 10 accurately
pradict the performance of 1he relavant cooling air flow.
Ear this reason, seme researches inte llows of cooling
air influenced by lans have recently bean estab-
lishad 0,

With methods usad thus lar 1o predict ar flow in an
engine campartmant, the effect of the fam has bean
defined only in terms of the fan®s pressure-dropdlow {F-
01 characteristics. Such mathods do not permit swirls
in the fan’s wake to be taken inlo account, S0 thay do
not make it pessibla to simulate the affects of the swirls
on the flow field in the engine comparlment. Since 8
Fflow Tiald with swirls may differ from ane without swirls
im teems of pir-flow raaistance, 1he establishment of a
methad that allows the flow field ancund the cooling fan
to conlpin swirls is o prereguisite for higher accurasy in
pradiclions.

There are twn conceivable methods for detailed
analysis of the flow figld around the fan, Cne method
invilves coloulgting in detail the flow field around the
girfoils using a numerical analysis that simulates the
shape of the fan, The ather method invalves mathemat-
ically determining the directicnal components of the
kinetic momaenium that results from rotation of the fan
and introducing tharm into the MoMmEnium source term
of jundameantal equation.

The former mothod has been applied by Mitsubishi
Wolors Corporation (MM 10 fruck-gngine-compari:
mant analysis using multiple rotating  reference
frames's. Howswver, this method is lime-cansuming
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since it necessitates calculation of the Mo field araund
the Blades with a high degree of accuracy and is thus
accompenied by a signilicant increass in tha number of
grids and procassing time. 11is thus not suitable for use
with passengar cars, which must be developed rapidly,
The latter method is infarior to the former gne In terms
of acouracy in flow-field prediction, but it creates a
smaller processing burden and is 1thus more suilable Tor
vithicle dovalopment,

Thiy papar discussas tha use of the letter methad in
the development of o computational fan model Lhat
gimulates experimentally obtained fan characteriatics,
and it describes 1he effectiveness of the modal as
applicd 1o an aciual car-dasign model.

The solver used for caloulations was STAR-CD, a
gonarel purpose CFO cocde.

2. Modeling the cooling fan

21 Madeling an axial-flaw fan

A vahicle™s coallng fan wsually aperates under low
Inading, 5o is generally reesonable 10 ragard the fan as
am axial Blowser and to take only tha kinetic-maoameantum
componants in the retationasl and axial diractions inta
acoount when modeling it In accordance with this rea-
soning, the authors decided te madel the coaling fan
with respect to only the roteticnal amd axial compeo-
nents of kinetic momentum. The modeling concept
they adopted is described horeafter™. Fig, 1 shows
schematically the relationship betereen the flow and
forces of fluid passing thrawgh a rowe of aifeils, The tri
angles in the figure are welocity diagrams. From 1hose

HmsueisHl morors 151 5ET TENED am e

velngity diagrams, an egualion [shown Bolow! thal
didings 1he rotational forca F, acting on each airfoil is
formulated taking 1the change in kinetic momantum of
the fluid into Beeount.

Fo= VI, — W)

i = U= Vran i,
W= U= Vian

Hare, Uiz the valocity in the ratational dircetion; W
i% 1he velocity in the axial direction; and W, and W9,
are the rotational-direetion eomponants of the airfoll's
wvalogities relative te the air inlet and air outlel, respec-
Linirly,

The axial-direction Torce £, ig generated by the dil.
ferenee in pressure botwaeen the inlat and outlet rre-
speclive of any changn in kinglic momentum, so it can
hi axpressed using the following squastion:

Fo= HP,= Pl

The force cam also be exprossed in lerms of the

vizlocity wsing tha Bermoulll equation as follaws:

Py f '[WJL':

£ Wil

The rofaticnal-diraction and axial-direction compo-
nent larces thus defined are given to the basic momen-
tum formula as an mementurn sowrce 1arm.

Whan the air flow in an actugl degign model is cal-
culated, the characteristics of e lan under study myst
b girmulated and reflocted in the calculation results. To
enable simulation of the fan characteristics using 1he
pquations shawn abowve, il is necessary to vary f, and
How i moeordance with tha fan's operating condition,
Hewweeweer, it is not easy to determine (. and fd, lor dil-
ferant poims on the fan's characteristic curve aither by
theoretical inlerence ar by pxparimental approaches.
To ovarcoma this problem, a simplification fechniqua is
adoptad in acoordance with tha assumplion doscriteed
hergaliar,

It is postulated that a flat plate is placad in 8 flow
fiald at an angle of 1o the axis of flow as shown in Fig.
2, The inceming air is assumed to Tow along the plote
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at an angle of f 1o tha axis of flow and not Lo involve
any swirl component at any point on the fan's charas
beristic curve, It is also postulated that the fan’s charac-
terigtics are simulated not by variation of the value of @
bt by wariation of & separataly introduced coefficient o
in pocordance with points on the characteristic curve'™,
Since W'y, is zerg with this assumption, the rotaticnal
direction gomponent foree F, can be redafined as fol-
(FaTEN=N

F=r [_|'||.-"|!IL|— Yian gt

Likawise, a simple geometric ralationship conse-
quential to 1his assumption allows the axial-direction
component force F, 1o be redefined by tha following
Ll ien:

F.= B lan fi

Handling of tho exparirmentally cbiained fan charac-
Leristics is described hereafter, When the air flow is cal-
culeted using the maodel, copfficiant e s adjusiod such
that the coleulated fan draft flow rate and the caloulatad
prossure differsnce batwoen the frant and raar of the
Fan agres with those derived from the exparimentally
obtainad fan characteristics. The pressuras at the frent
and rear of the fan are represanted by the average pres-
sures at the inlet and cutlet, respectively, of the fan
shraud. The shrouds inlet and outlat typically have dif-
forent opening areas. 1 the pressure difference was
expressed in static-pressure torms, therefore, it would
have ta include factors that are affected by the fan and
by 1he elilference in opening area. Thus, the prossure
difference batween the lront and rear of the fan s
exprassad in total pressure lerms. For consistency, the
exparimental fan-charactaristics dota used for the
abovernentioned adjustment are blower tolal prassures
rislher than blower static prassuras,

Fig. 3 shows the charsetariatic curva of an axial-flow
fan typically wsed in vehiclas, The data for this eharse-
teristio ouree were colleatad wsing 1o apparatus shown
irs Fig. 4. Pressura Pin Fig. 4 is the blower static pres-
sure, which is defined as the pressure difforence
herseon the chamber static pressure P and the atmos-
pheric pressure Paim, Since the blower pragsura usad
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with the caleulation model naads to be a tolal pressurs,
the fan-characteristics data exprassing the blower pras.
sure in static-pressurd LEoms are corrected in acoar-
danca with tha following regsoning: The total pressure
of the draft immediately after the Fan is the sum of the
chomber total pressure legual to the static pressura) Po
and blower total pressuere 2. I0is equal to the sum of
the atmasphoric pressere Falm and fan-wake kinatic
prassura q. This relalionship can he expressed as fol-
lonees:

Pe+ Pr= Palm+ g

The hlower total pressure P ocon therefore ba
axprossed as follows:

A= {Prim= P e g
=F+4

Thus, the blower tolal pressure is defined as the
sum af the blower static pressure and chambaor-outlet
kinetic pressure, The cham bar-outlat kinetic prossure s
raprasantad by the average air velocity obiained by
dividing the fan-draft flowe rote by the outlet opaning
inresi.

2.2 Result of fan-characteristics calculation

For evaluation af the validity of the lan maodal, the
pxperimentally-obteined fan charac1enisics wara simu-
lated by calculation using the computational model
ghown in Fig. B, The modals fluid dormain (the doegh-
nut-shaped ponicn around the fan mator| correspoend-
ed to the [an blades, and to this domain was applied the
abovamentionad concept, i, the exial valogity Vowas
defined wsing the X-directien velocity oy, which was
abtained in each call alament, and the rotational-dirac-
tiom velacily Uwas daflined using baoth the fan rotation
speed, which varies between paints on the fan's char-
acterlstie curva, and the radial distence rfrom the cen-
tar of rotation of cach cell.

To cnable exprassion of points an 1he fan's charac-
Larislic curve in @ mannar apprapriate for celculation,
hoth the fan characteristics with fan-outlet kinatic-pres-
sure camponent corrected and the fan rotation spead ai
aach charactoristic-curve point were delined as fune-
sions of the Tan-draft flow rate 0, These flunctions are
showen in Fig. 6.
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Fig. 5§ Computational model of cooling fan

Ther mathermatical methods actoally wsed o inear-
porate this moedel into the &ir flow caleulation aschema
are described hereafter. The following momentum
aquation wos uscd to express the rototional domain
correspanding te e fan blade,

&_— _l_'-"_pf-..-',.ﬂul._ X
s £l Ay @

Hers, ¢ carresponds 1o the axial direction when i
takes the wvalue of 1, the rotational diraction when it
takas tha value of ¥, and the centrifugal direction when
it takes the value of 3. With the fan's angulae velagity
represented by woand the Blade thickness in tha Now
direction representad by L tha componant veloaitios
wera esprassad as Tollows:

U=r-om

V= ey -uy

Xy oo p vt U -V tanf)) s (2oL

Xy= Xy ang

Kz =0lie., centrilugal companent not cansidarnead)

The fan’s angular velacity e was given by the func-
lions showen in Fig. 6. Coelficient o wias defaalted 101
and increased of dacreased appropriately to match the
fan characteristics, which ware expressed &5 a function
of variables.

Fig. T shawes the fan charmcteristics calealsted using
this model. The predicted charactanstic curve closaly
matches the experimantally obtained curva,
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Fig. 7 Calculated characteristic curve of cooling fan

Mext, the calculatad and exparimentally obtained
reulls wore compared in ferms of the distribotion of
flow welocities in Lhe fam wake. 1015 known that the ar-
flow pattern around the fan vanes significantly with fan
aperating conditions™. Under high-load oparating con-
ditions, o reverse-flovr zone develops around the root
of cach blade, making the overall fow patienn diagonal,
Under low-load conditicns, on the other hand, the flow
pattarn hecomes axial as tha ravarsa-flow zona dacraas-
&5, For examination of the walidity of the modal for pre-
diction of high-load cperation and [owe-load operation,
calaulated and exporimentally obtained reselts corna-
sponding te fan-drall low rates of 1800 m%h and 2400
mth weers comparad. The maasurements wara made
using a laser Dopoler velocimetor (LDYE, Dota were tak-
e Threp-dimangsianally for points pagitienad radially 5
mm apairt on & plang 20 mm from the rear end of 1tha
fan.

Fig. & compares the calculated and experimantally
obtainod flowsvelocity distributions in thee fan wake. For
the high-load condition, the measuramants indicate a
reverse-Tlow zone (or negetive-velocity zone) around
tha root of the blade and an axial-flow zone [or positive:
vilocity zonad in the poartion bebwoen tha halivwiay point
and fip of the Blade, They also show a distinet centrif-
gal component at the tp of the blade. The celoulation
resulis show that the model worked wall in simulation
of the reverse-flow zone around the root of the hlade,
bul they also show thal the rmodal did ot sinolste o
all the cantrifugal velocily componants a1 the tip of the
blade. Forthe low-lcad condition, the meesurad and
caloulated velogity distributions closaly matchad each
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ather and the maodal simulated the centrifugal velooity
component relatively wall albeit with small discrapan-
cias between the messurad and calculated results for
the particn ground the blade roct,

The difference in caloulation pecuracy with differant
levals of fan loading is attributable to tha centrifugal
components of moments nol being teken inlo account
when the fan characteristics were modeled. For fan
pperation with low loading, i.a., with hardly any cen-
trifugal velocity eompanant, the flow-velogity distribu-
tian ean be simulated satisfactorily using the modal.
For operation with high loading, however, the flow
velogity includes a significant centrifugal component,
wiich has & partizularly markad effect on tha flow veloc-
ity around the tip of tha blade. The effects are reflectad
in the accuracy of the caleulated flow-valocity distribu-
tion in bath tha centrifugal and exial dircctions.

mMevarthaless, the fan actually cperates undar o bigh
Iead only whaon the enging is idling. Even during low-
spead driving, when cooling demands are severs, tha
fan's opoerating point is in the low-load rone thanks to
air flenes caused by ram pressura. Thus, the model was
considered capable of making predictions of sufficient
accuracy for use in development of new vehicle mod-
els.

2.3 Ssimplified modeling

Although the medel yielded low prediction Jocuracy
when simulating flow fields that exist during high-load
operation of tha fan, it offered sufficiont aecuracy wharn
applied to flow fields that exist during low-load opara-
tion, Since the model was also capable of prodicting
fan characteristics with sufficient accuracy, it offered
sufficiently accurate prediction of air flow correspond.
ing 1o the conditions most frequaently encoumtarad by
the fan during vehicle operation,

Howevar, 1he model was unable ta provide consis-
tant solution during the initial stage of calculation,
which handles an unstable flow field, because it diractly
imtegratad into itself as axial valocity Vthe valocity oy of
each c2ll alement abtainad through ealculation.

To owercome this problem, & method was devised
to anahble the axial velosity V1o be defined using the
far-eraft flow rate O and a function that is givan the

45

velacity distribution in tha fan’s radial diraction. ¥With
this method, the axial valocity W was expressod s fol-
e

Ve W)
Iy TR

Although the initial-stage calculation still involved
fluctuatian in the flow rate with this method applied to
thee modal, the influence of the fluctwation was srvial lar
than when the caleulated valocity @y was directly used
since the fluctuation was shared among all portiona of
the fan,

There were two candidate methods for giving veloc-
ity clistribution to the function; 7 using the maan flow
welocity obtained by dividing the fan-draft flow rales Ly
tha sactional area of the draft passage; and 2 using the
approsimated velocity distribution in radial directions
represented by a straight lina. Fig. 8 shows conceplual
diagrams of the medels using thess nve methods: the
model with velesity distribution given by simple mean
flowe waeloeity (C-Model) and the model with velocity dis-
tribution representad by @ streight ling (B-Model]. This
fiquee alan shows the aloremantioned madel using cal-
culatad valocity dirsctly (4-Modell,

The velasity distributions in the fan-wake flow field
ealoulated uging these methods are shown in Fig. 10

With regard to tha valacity distribution in the axial
diraction with high-logd operation, the B-Mode! yieldad
almost the samea prediction resulis as the A-Model
albeit with slight differences from the experimantally
ohbtgined results, The simulation by the C-Model, how-
aver, included significant exaggeration in prediction of
1hi reversa-flow valocities around the blade ract and in
prediction of the forward-low valocity ot the blade tip.
Alsn with prediction of the velosity distribution in the
axial direction with low-load operation, the B-Model
yielded almast the same pradiction rasults as the B-
fadal and the C-Madal yielded inferior prediciion acou-
racy.

The above mentioned results can be prasumed gasi-
Iy fram the definition aquatiens of fan-induced kinetic
maomenum shewn aarlier. With the C-Madel, Vien j#is
defined by a constant value irrespactive of radial posi-
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Fig. 10 Comparison of welocity distributions with
different fan models

tizn. The rotational speed L, hnwever, is defined by the
product of the fan's ratational speed and the distance
fram the fan's center, meanng Lhat thaia milet exist a
2one inwhich spead Uis amaller than Vean {0 naar the
root of the blade, Sinca the result of subtraction (L W
tan (1] is negative in that zane, negative micmantum is
given around the Blade root intha simulation. The fan
15 thus s22n a8 producing a reverse-direction force,

From the siudies described abowve, it was detaer-
mined that the simplified B-modal (which wias givizn the
valocity distribution by an approximative lins was, lika
the A-pladel (wehich directly usad caleulated welocities),
capable of yielding sufficient predistion accuracy for
application to simulation of air flow with lowe-load fan
oparation even though its prediction accurasy with
high-laad fan oparation was poor.

3. Verification using vehicle model

3.1 Creation of engine-compartment design model
Making the time from presantatlon of deaign deta 1o
oulput of simuletion resulls as shon as possilkle is vital

EEESE L

WiTsUmSHI motors | 501 D0

far rapid devalopment of any  new wehicle
Computational-model croation is a particularly time-
consurming task, so a technigue snabling oo be per-
fermecl in 1he shorfest possible tima is essantial,

FAMC has long used numerical simulation of agro-
dynamics™ in product development, and it has con-
strugted an in<house grid-generating system for this
purpose. The system allows an extarnal-flow snalytic
grid o be generatad ralativaly aasily, Howevar, itis a
hexahadren-structure-basaed grid-gencrating system
and thus cannot casily be used toooreate the grd of a
complexly shaped engine compartment; even a =killed
desigrer requires a paricd 83 long as two months to
make a dateiled computational modal of an enging
compartment,

The methad armplaged by the authors o sharan the
mede l-making peried 15 1o comblne & saparately creat-
afl engine-compartment madal pnd axternal-flow ana.
lytic model. Thiz method is outlined in Fig, 11, The
axtarmnal-flaw analytic model of the vehicle undar dewsel-
apment is created in tho same way as a conventional
agrodynamics-analysis madsel, and the engine-compart-
ment modal is created in parallel using hexahedron
grids. The two models are then combined wsing discon-
tinuows grid junctions, Finally, the caoling openings ana
formicd in tho model, This method enables an 2ngine-
compartment computational model to be created ina
pariod as shor 88 ane wask,

22 Caloulation results

This secticn of the paper describes the results of the
simulation carried out using the computational mode]
craated by the abovernentioned method, The created
computational model was, a5 shown in Fig- 11, af an
eAtire beea-box car with a single eooling fan located ina
pasition olisel from the center of the radiator. Tha
AMG-typea k-r modal was uaed as turbulonce model far
caleulation, and QUICK was uwsed as the differential
sphome for the conwesction 1@rrm.
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Fig. 11 Creaticn of computational madel for engine-compariment analysis

The B-Model was used for the fan model. The fol-
lowing description also includes for comparison pur-
poses the simulation resuhs obiained vsing the convan-
tinnal model that takes anly the fan characieristics into
account.

Fig. 12 shows caloulated air flows in the engine com-
partment for @ngine idling, The streak linas caleulatad
using the eonvantional modeal with only the fan charac-
peristics taken into aceount do not includa any swirl in
the fan wake: they extand almost straight toward the
rear along the tap of the transmission then bond down
toward the undarfloor area. Tha simulation result using
shee B-Rodal, however, reproducas swirls in the fan
wake and complicated flows along the rear and top s
facas of the angine.

Figs. 1% and 14 show the calculatad stroak lines of
air flowing along external surfaces of the vehicle and in
the engine compartment under tha influence of vahicla:
maovement-induced ancoming air with low and high
vihicla speeds,

With a low vehicle speed, the oncoming air con-
bributes to tha air flow in the engine compartmant but
the fan's influgnce is dominant, hence tha distinet dif-
ference beotwesn the simulation by tha conventional
model and that by the B-Model. The B-Mardel, which
takos swirls into eccount, is able to predicl complicated
air flowes around the enging {such as those ooourring
with the engine idling), whareas the streak linas prodict-
ed by the conventional model go toward the underfloor
area without involving any irragularity around the
ENginge.

Thara is almast no diffgrence betwean the models’
respective simulation results for high-speed driving
zimee the fan has & ralatively small influence on the air
flow in the engine compartment under such conditons.

Fig. 15 shows the calculated and measured veloci-
ties of air flowing through the radiatar lor various opar-

It B-hiaed

Fig. 12 Strenk lines in enging compartment

ating conditions ranging from operation with tha engine
idling lo operation with a high vahicle spead. The air
velocity during enging idling predicted by the convan-
tional model differs from the massurad velocily by a
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Fig. 13 Streak lines of air Nowing autside vehicle and inside
ongine compartment with low vohicle speed

margin of 20 %, but that predictad by the B-Madal dif-
fars from the maeasurad veloeity by a margin of only 10
Y, indicating significantly highor prodictian acooracy,
A stated aarliar, the comnventional maodeal is poar in
terms of Beouracy in prediction of the flow fiald around
the fan bacavse of its imakility to reproduce complicat-
ed air flows in tho enging compartment; the B-Modoel's
ability to simulate swirls arsund 1he fan contnibutes to
the B-Model’'s higher accuracy in prediction of tha flows
field around the fan. These factors explain why pradic-
tions of cocling-air velocity yvielded by the B-Madel are
mmoer aceurale than those yielded by the conventional
mndel.

‘With ragard to tha air-velogity pradiction for low-
spaad driving, the love lavel of fan Ioading gives a favor-
able effect to the prediction yielded by Both maodels,
Modalily, the prediciion erar af the B-Madel is anly B 55,
wihich s more or less acceptable.

With simulation of the air velocity during high-spaad
driving, where tha cooling fan has enly a small effect on
air Tlawe, the prediction results of the twvo models ang
similar Lo each olhar with a marngin of error a8 amall as
5 %. Tha result of prediction for vehicle operation with

HsuBisHl Morons 12 I DS E mn s

1t B-Pdel

Fig. 14 Streak lines of air flovding cutside velicls and inside
anging eomportment with high vehlele spoed

the fan turned off lalso shown in the figure for refor.
pnced ineludes o rmargin of ereer of only 3 % and (hus
imclicatas axl rermely high accuracy.

From the werification resulis desaribed abowva, it can
be seen that the modal that takes both fan charactaeris-
tics and fan-inducod swirl components inta acoount is
capabile of predicting coaling-air welosity svith signifi-
cantly higher accurasy than the model that tekes only
fan characteristics into acoount. Afthough the accuracy
of air-velocity predictions made by the newly developed
maodel is lower for high-load Tan aperation .., during
enging iclingk than for low-load fan aperaticn, it s suffi-
clant for appliceticn to vehizle developrment. Thasa
rasults show that the newly developad model is a high-
Iy affective ool for prodicting the characteristics of air
Flewws im 11 engine comparment.

4. Example of application
4.1 GSimulation of dual-fan system
The discussion in the preceding sections of this

paper pertaing to an engine comparimant with a single
fan systam. Howawvar, the fan system employod most
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Fig, 15  Predicted velocity of cocling air Bleresing
thraugh radiator

often in passenger cars 18 e dual type in which beo fans
are arranged in parallel behind the rediator. The fan
modal gan be applied to o dual-fan syatam just s i1 can
he applied 1o a single-fan system. Fig. 16 shows air-
Flovs streek lines in the engine compartrment caloulatad
far & dual-fan system with the anging idling.

For convenience, the left and right fans (a5 seen
from the rear) ara here called tha rediator fan and con-
drenser fan, respactively. The streak lines shown in rad
ara of the air blown by the radiator fan, and those
shawn in Blue are of the gir blown by the condenser fan.
This calculaticn result ohtained using the B-Madel suc-
cassfully reproduces swirls, |t also shows complex
intermixing of flows from the two fans in tha enging
compartment.

4,2 Study of fan specifications

Thig slmulation madiel is also applicatle 1o studies
of fan spacifications in the initial stage of vehicla devel-
opmeant. Fig. 17 shows estimated and exparimantally
chtained wvelnsities of air passing through the radiator
with various fen-matar capacities (wattages). The fan
systern undar study was 8 dual type with the fans

Fig, 16 Stroak lines in engine compartment with
parallel lans
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Fig. 17 Fredicted velocitios of caaling air lewing thraugh
radiater for fans with ditferent motor capacities

arranged in parallel. The totel motor capacity of each
fan pair s plotted ggainst the horizantal axis of tho
araph, and air velocities are platted against the vertical
axis, The calculated velocities differ from the experi-
mantally obtained velocities by margins of anly 5 - 10
.

. Summary

Siudy of the CFD-hasad simulation model devel-
oped for pradiction of tha perfermance of the cooling
air flow in an enging compartment yieldad the follew-
ing conclesions:

111 A mathamatical model of the cooling fan that takes
swirl compenents into account enables prediction
of tha fan characeristics and of the distribution of
gir valogities in tha fan wake.

24 In prediction of the performence of the caaling mir
flow in &n engine compartment, the new modal,
wehich 1akes swirl components inlo account, vields
significantly higher accuracy than 1he conventianl
model, which dses not,

$3) The new modal’s predicton acouracy i low wWith
respant 1o fan operation with the engina idling, but
ihe leval of aceuracy iz adequate for vehicla-dovel-
opmant purposas. The model can simulate air flow

WrsumsH Motons 74 DL T Bl e kg
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during lowespoed driving lwhen cooling demands
are particularly critical) with 2 margin of ¢reor a5
srnall as a lews percent.

It iz possibla to shoren the time raguirad foar cre-
ation of an analytic model of an engine compart-
ment by combining o separately crested ongine-
comparimant maodel and exia renal=floaws aralyric
rodel.

i5h The modal created using the sbowve menticned

il

12

13k

MiTsUEEH Motos | = - v |

method yields accurate predictions of the perfor-
manaa of cooling air flow and s used by MM for
prediction of cooling perlormance al an early stage
im the developrmeant of new vehiclas,
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The annual numbar of traffic fatalities in Japan has

+ “TECHROLOGIES
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Development of Mitsubishi
Advanced Safety Vehicle (ASV-2)

Woshiki BICHI® Sumio MOTOYAME® Masayoshi ITO®
Koiichi YAMAMOTO®* Shigeki FUKLISHIMAL®

Abstract
Mitsubishi Motors Corperation has been participating actively in the second stage of the ASY

project as started in 1996 undar the auspices of the Japanese Plinistry of Transport {eurrent Ministry
of Land, Infrastructure and Tronsport). In this regard, the company produced three different types
of passenger vehizle — namaly, the ITS-ASY. the Hi-mobility A5V, and the Smart Cruise 21 ASV -in
addition ta an ASV-2 truck. The wide-ranging technical expertise ralating to vahicle safety as
gained by this company has been fully empleyed in these vehlcles together with the advancemant
of practical application technologies for the 215t century. In additien to the concepts of active safe-
ty technology and passive safety technology, these vehicles also fully embody the concept of ITS
technology which may ba casily put to use by older drivers. The principal technelogias amployed
in the three types of Mitsubiahi ASV-2 passenger vahicle and ASV-2 truck will ha discussed in this
paper. The new vehicle-safaty technologies ingorporated In these Mitsubishi vehiclas were devel-
oped with an intent of practical application in future vizhicles,

Key words: Inteligant Travnspart Systems, Advanced Salely Vohicla, Automated Highway Spslom, Safely

aduction

to pnsure compatibility with the road infrestructur

by these manufacturers includad those inlo ways 10 put
AV tecnnologies to practical usa’™ and thosa into wiys

ramained below 10000 since 1996, Mewertheless, the
annual aumbar of injuiy  Bccidents e0 ntinues o
ingriasa. Traffic safety therefore remaing & mejor social
IETTE=N

Against  this  background, Mitsubishi Motars
Corporation {MMC] has actively participated in the
Areanead Safaty Wehicle (ASY] project, which was inau-
guratad by Japans formar Ministry of Trensporl, 1The
Ministry of Transport, Ministry of Construction, amd
Mational Land Agency were incorporaiad inta the mew
Ministry of Land, Infrastructure and Transport in
January 2001.) After participating in the ASY project’s
firat stage, which ran from 1991 to 15967, MMC
rencwed its commilmaent by participating in the ASY
projoct's second five year staga, in which it davaloped a
wide ranga of industry-laading safoty technologies and
appliad them to preduction wvehicles 1

The primary goal of the ABY project’s first stage was
to improve rraffic salety by employing electronics and
other new technologies 1o realize ASVs with a high low-
el of intelligence. Work in the project’s second stage
was additionally focused on the role of such viehicles as
platforms for Intalligent Transport Systemns (ITS) tach-
nologies. In this stage of the project, domestic pEsESEn-
gar-car menufacturers ware joined by domestic truck,
bz and motereyele manufacturers. Studies condustad

*  Flactrarics Englresring [epl, Cor Aecearch f Do Olfice
++ Uphiele Rescarch Dopt, Trock & Bus Dee, Olfn
£ Elecironics Engimmeiing Depk., | mack B Bug Do QFico

Thiz paper describes three Mitsubishi ASV-2 pas-
senger cars™ and a Mitsubishi ASV-2 truck' that MMC
finishod developing in 2003, the final year of tha ASW
project's second stage.

2. The three Mitsubishi ASV-2 passeanger
cars [Fig. 1]

Tha three Milsebishi ASY-2 passangar cars = nams-
ly the ITS-ASY, the Hi-mobility ASY, and the Smart
Cruisa 21 ASV - incorporate iechnologies that MMC
aims to apply 1o produation vehiclas in the naar future.
These technologies includa not onby active-safety 1ech-
nolegies [these are intended 10 pravent accidents) and
passive-safety technolopies [these are intendsd 1o max
imiza protestion inthe cvent of a collision) bt also 1T
technelogies that are intended to ensure egsa of use lor
all drivers lavan ¢ldarly cnesh,

21 The ITS-ASV: Acts in harmony with the inferma-
tion-ariented-society and surrounding vahicles

The ITS-ASY uses verious onboard sensors and

eommunication syelems to monitar the road environ-

ment ia key system is the Bulti-Eye System shown in

Fig. 2), and it provides the driver with information in

audible and wisible forms. 6 also incorporates systems

rrsupessn waroes T o ] GaL LEV]EA weown
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Fig. 1 The three Mitsubishi ASY-2 passonger cors

Fig, & Multi-Eye System

Table 1  Main technalagias af ITS-A5Y
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that brzlp thee driver take action o avoid hazards (Table

1 and Fig. 3).

The universal-design cockpit uses drive-ly-wira
tachnologias ta raaliza a pedal-lasa system of drivar’s
controls,

2.2 High-maobkility &S5Y:; High driving performance

regardless of individual ability
The Hi-mobility 85Y incorporates a new system of
driver's contrels based on MMC's univarsal design eon-
cepl |see the universal-design cockpit in Fig. 4} plus
intelligent, integrated systems for control of vehicle
chyrnamics, 11 wses thoso systems o provide outstand-
ing mobility irrespective of the driver's physical charae-

teristics Takbla 2.

2.3 The Smart Cruise 21 ASY! increasing salety by uti-
lizing informatien from the infrastructure (Fig. 5)

The Smart Cruisa 21 ASY is an exparimental viehicle
greated spacifically for use in the Smart Cruise 21 prow-
ing progeam inaugurated by Japan's formear Ministey of
Transpoit and former Ministry of Construction. It sup-
ports the drivar by amploying information from the
raad infrastructure (o help provent tho following types

07 m omm 53
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Table 2 Main technalagies of Hi-mability ASY
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of ingideni: Syslema in the Smarl Cruise 27 ASV are a consoli-
+ Bupport for prevention of collisions with foreard dation of those systems in the ITS-ASY 1hat use infor-
oaiacles mation from the read infrastrecturs,
«  Support for prevention of ovarshooling on curve
+  Sypport for prevention of lane departure 3. The Mitsubishi ASV-2 truck (Fig. B
s Support for prevention of erassing collisions
«  Support for prevention of right wren cellisions The Mitsubishi ASV-Z truck, which MMC daveloped
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Fig. & Mitsubishi A5V-Z truck

and resfined in the second stage of the ASY project,
Maarporates numarous state-of-the-an technalogies.
Given the seriows consegusnces ol any accidents
invalving & heavy-duty wehicle, these technologies
rilata mainly o active safaty and sre designed Lo enakla
carm patibxility and interaction with Smart Cruoise 21 5vs-
LETIE.

Some of the technologiss lsuch as the MDAS-I
have already provan their affectiveness in production
vehicles, thers (such as an aulomatic following sys-
Tami are [oe lature usse (Table 31,

4, Summary

The Mitsubishi A5V-I maodels described in this
paper incorparate ITS iechnologias and ather technaolo-
fies that ensure user-friendliness far &ll drivers — avan
cldarly onaes. As computer and talacommunication
Tunctions are ingreasingly combined with vehiclas and
sociely continues to age, these technologios will supe-
porm elderly divers and othaer deivaers seith differen lawv-
als of driving ability.

Numerous driver-suppont systems potential by offar
ingroased safoly and conveniengs, However, a wide
range of technological cbslacles [nolably with regard to
anvironment-racegnition capability, systems rellabili-
tv™, and human interfaces) end social obstacles
(notably with regard to cost, driver familiarization, and
systorm standardization] must Be overcoma balora such
gystems can be pul Lo praclical use.

In tha gecond stage of the ASY project, corporate,
acadarnic, and qovernment-related bodies cooparatad

MmsuBisHl merons 750 | LEL TEVTED anomon

Talla 2 Main technologins of Mitsubishi A5V.Z truck
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naot anly in the developrmant of autormotiva technologies
that function autonomously but also in the davelop-
rment al driver-suppart Systerms that employ the roged
infrastructure. They alse considersd and discussaed
obstacles to practical application of driver-support sys-
tems that offer increased safaty and convanianca™,

MRIC intonds o remain actively invalved in ITS-
related prajects and (o continue pramaoting the com-
mercigl application of driver-support systems thal offer
incraased safety and convanience.
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Development of a Large-HEV-Type,
Step-Free Public-Transport Bus

Ahstract

Takazhi YANASE* Yuta SUSUER Mobuski TAKEDA*

As part of MMC's efforts Lo realize a step-free transit bus which ean repeat fraquent stopping
and starting in dally eperatien, a highly-efficient alectricity generation system has haon accom-
plished through the optimization of generator engine operation; furthermore, this technology has
haen combined with newly-developed, powerful lithium ion batteries and reduced pallution
through the implementation of braking-energy regeneration, thus enabling the development of a
practical large-HEV-type, step-free, public-transport bus which is both highly fuel efficient and is
characterized by both comfort and ease-of-use. In accordance with this development, levels of
MNOx and particulate matter contained in exhaust omissions from public-transport operation have
been reduced by 49 % and 82 % respectively, and fuel consurmption has been reduced by 42 T

Key words: Sus, Hybrid Vehicle, Diess) Engines, Energy Regenaration Clecirs Mator, Elecing Garnenalar,

dattany, Envicmmoent

1. Introduction

Social damand for reductions in tha
envirommental burden created by large
vizhicles is growiang year by wear. The naad
lor & response Lo this demand is particular-
Iy great with public-transport buses that
oparate primarily in urban areas. At tha
same fime, an increasingly aged population
is driving demand Tor harrias-fres methods
of lransporl.

With & view to mesting thase regquirs-
ments, MMC devalopad a perople- and envi.
ronmani-friendly,  hybrid-alectric-eaehicle
(HEW) typee, step-froe bus employing a eom-
pect hybrid drive systam that minimizes emissions ang
fual consurmption and allows significontly improved
comfart (Fig. 1.

2. Dewvalopment targets

Tha now bus employs a sorics hybrid systerm that
ganoraies alectricily using a diasal Erlgil:l-_-. {This Sys-
tem requires no special infragtrusiure and is sultable for
public-transport use in urban arese.} The bus was
developed to hava tha fallowing key characteristics:

A1 Minimal gxhaust gmissions and fugel consurmption

Minimal sxhausl emissions and fuel consumption
werre sought by safting the genarstor engine to operate
at its point of highest efficiency and by implamanting
braking-anergy regencration
(21 Good running perlarmans

Compaet, high-parformance motars weare emploged
velth & viewy to realizing running performence aguivalent

" Yehigle Research Dept, Trusk & Gus Dey, Olfice
*4 Elpggranice Enginaaring Dag., Truck & Bug Cav, Clfico

MiTsuEsH Motors T2 R EERE N e

Fig.1 Ewxteriar view of HEV-type step-free
public-transport bus

ar supericr to that of current vehicles,
(30 Incroascd cabin spaci

Maxirmizing the stepless (loor area was sought by
employing compact drive-train camponants and mak-
ing the drive-train layoutl as efficient as possibla,
Sought in particular was groatly expanding the aisle
width over tThe roar axla.
141 Optimum driveability

Fully autermatic operation with no need for a trans-
mission was sounht by taking advantage of the motors'
higgh torgue at low speeds. Also soughl was o achiees
oplimal coardination swith reganarative braking end a
good brake fesling by implementing alectronic control
of the servica brakes.

3. Overview of HEV-type step-free bus

31 Serles hybrld system
Thea saries hybrid systam allows high braking-gner-

LT
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Table 1  System spacifications
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gy-raganeration efficiancy during public-transpart use
imurban areas. It also makes possible the use of a com-
pact engine and allows a high degroe of freadem in
selection of the vehicle layout

Tha mators are used for propulsion and for braking-
anergy regeneration, and thi engine is used to drive the
generator. Ganarator operation is controlled in aecor-
dance with the batierys atate of charge: 1he engine and
generator are stopped when their operation is not nec-
aasary.

During normal generation, the engine is fUn at a
constant, low speed to minimize noise insida and out-
side the cabin, During deceleration, the recoverad pow-
er iz psed 10 charge the battary,

The aliernator. air compresaor, power sleering
pump, #ir compressor, and other accessories arg
anached to the generatar enging. Sinee tha power
stearing pump and 1ha air compressor ithis supplies
compressed air lo the braking and suspansion sysiems]
must continue oparating alter the ganaratar enging is
stapped, tha system pormits them to be driven by a sop-

Fig-3 Lithiumion bottery

Table 2 Cemparison of energy storage devica

Lithium-on S larl beit-20ic .

bty neATiINY Caparilzn
Propydmsky Mg | 100-1%0 - 14-24
Dupat donsity  (WAESD 20— [0 = 00 500 - 5007

arate auxiliory motor whan necossary. The hyhrid sys-
tem is shown in Fig. 2, and its spacifications are shown
im Table 1.

3.2 Lithlum-ion battery

A newly developed lithivm-ion type battery was
gplected. The battary offers sufficiant energy density
and autput dansity Tor public-transport use in urban
arpas (Table 2 and Fig. 31.

3.3 Vehicle layout

The vehicle's spacificationg ara shown in Table 3,
and a perepectiva view of the vehicle is shown in Fig. 4.
The digzal enging drives the generator, which in fern
powers the mators and charges the battery, The engine
and generator are transvarse-mounted ot the rear of tha
body, and the battery is mounted on the reaf. A combi-
nation of compact, high-parformance maotors and wids
single rear tiras maximizas the stepless floor area and
realizas o rear aisle width approximately 1.4 times that
af a conventionel vehicle.

1.4 Wide single rear tires

With the wide single rear tires, the vehicla's overall
rolling resistance is approximately 13 % lower than that
of a conventional vahicle (Fig. 51

4. Performance
4.1 PRunning perdarmance

Running performanee is aguivalent or Superior ta
that of convantional wehicles (Fig. B).
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Table 2 Vehicle specifications
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4.2 Fuel consumption and exhaust emissiens

A chasais dynamomater at tha Japan Automobila
Fesearch Institute (JARID was usod to measure the vehi-
cle's prhawst emissions and feel consumplion during
operation inthe JARL city-kus mode, The findings weare
ag follows:
(1) Exhaust emissions

Tha rata of emission of nitrogen oxides (NOx|} and
the rate of emission of particulate matters PR ware 48
% lower and B2 % lower, respectively, than thosa of &
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conventional automaticransmission wehicle (Fig. 71.
(21 Fuel consumption

The rate of fuel consum ption was 42 % lower than
that of a conventional auvtomatic-transmission vehicle
(Fig. &),

5. Surmmary

With its series hybrid systermn and high-performance
lichium-ion battery, the noewly developed large, HEV-
typit, step-lree bus realizes oulstandingly [ow emissions
and Tuel consumption together with tha practical bene-
fits of good perfermanca and increased cakin spaca,
MBEAC halievas it has the potential to become the main



Dyslopenant af a Large-HEY-Typa, Stop Free Public- Tranion Bus

pypiz af publictransport bus in urban areas.

In wiaw of the need to protect the global anviron-
prent, wa ot MG intend 1o purswe Turther raductions in
amissions and 10 peve the way for widespread adoptian
by redueing costs and verifying raliability.

)
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Development of Center-Differential Control System for
High-Performance Four-Wheel-Drive Vehicles

Facre SAWASE® Yuichi USHIRODA® Tadashi YOSHIOKA®
Keiji SUZUKI™" Kunihiro MANABEY Takao MATSLITT

Abstract

Beginning with the Introduction in 1957 of the Mitsubishi GALANT = & full-time four-wheel drive
(WD wvehicle equipped with o center differential for which a VoU (Viscous Coupling Unlt) is used -
Mitsubishi Motors Gorporation has been advancing the constant evalution of the YWD systam.
Furthermore, in consideration of 4WD vehiclas that are often used in various typas of motor-sports
events, an ACD [Active Center Differential] system has been developed. Combined with the cxist-
Img AYC (Active Yaw Controll systam, the ACD system will allow remarkable advancemanis 1o be
made with respact to the drivenhility and cornering characteristies af the vehicle.

Koy words: Torgue Spii, Limited Shp hiffereniial, Fowr-Wheael Dive

1. Introduction

Armang active-safery technolegies, which ara intand-
& 1o #nable sale, enjoyabla driving for all vehicle vsars
by causing all four tiras to parform 1o their maximum
potential, a significant role is plaved by four-weheael dri-
v (WD systems, which are capable of equally divid-
ing the burden borme by the tires. Mitsubishi Motors
Caorporation IMMC) produced ahaad of athers the first
high-parformance $W3E wehicls in 1287, when 0
aguipped the GALANT YWR-4 with & full-tirme $W0H sys-
teerm that hadd & cantar differantial employing a viscous
coupling unit (WCL. Since then, MMC has staadily
evalvad its 4%W0D tachnologies through such devielop
ments as a full-time $WD system with elestronically
contralled center differential [this maximizes controlla-
hility by warying the frontfreer torgue distribution
between 30:70 and that of rigid AW and an Active
Waw Control (AYC) systam (this improves cornering por-
formance by directly controlling the wehicle's yaw
merment using the difference in driving and braking
forces betwaan the rear-laft and rear-right whaals)®
{Fig. 11

In matersports = and particalardy in the leld of rally
carnpetition — 40WD vehiclas are the main choice of com-
patiters owing to tha ability of 4WD systems to transfar
the output of high-performance engines to the road sur-
face efficiently at all times. Hosewer, most of the 2000
sysloms wsed in such eompetition vehicles employ
VOUs aor machanical limited-slip differantials (LSDs)
with narrowly defined operating characteristics that are
not nacessarily optimal at all times; coneentional t@ch-
nologics have left room o further impravemant Tnodif-
ferential-limiting characieristics and for concomitant
improvement in competitivenass.

'H
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Fig. 1 Ewolution of 8%WD vehicles

Consgidering the damands placed on SWD vahicles
in wariocus fields of motors ports, MME recoently dewel-
gpad an Active Conter DiMerential | ACD) syglem that
rmaximizas the vehicla’s running, turning, and stopping
capabilities through astive control of the center differ-
ential’s diffarantial-limiting aperation, MM fitted this
system in the Lancer Evalution WL By combining the
ACD systerm with 1he AYC systern and eflecting integrat-
e control of the two systems, MMC echiaved dramatic
improvamenis in running and comering performanca.

This paper discusses the consideration and selee-
tian of the configuration of the LANCER EVOLUTION
WIks WD system in light of the operating conditions
ancounterad in motorsports. It also gives an overview
of the ACD system that was developed in accordance
with tho solected configuration and describoes the bone-
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Fig.2 Optimal front/rear disteibution of driving foren with
faspect o carnering properties

fits of integrated control of the ACD and AYD syslems.

2. Consideration and selection of system
configuration

For use in various motarsports activities, the ACD
system was developed with particular importance
altachad to the following capabilitics:

1) Maximum directional responsa with no sacrifice in
the superior vahicle stability offered by a full-tima
WD syatam with VCU-type canter differential;

{21 Traction pedormanca comparable with that realized
by & rigid WD system (one that distributes torgue
to the frant and raar wheels in frontreasr weight
ratiod undar a wide range of driving conditions.

The optimum center-differantial torque-distribution
ratio and differential-limiting torque for these capahili-
tias wera considared and selested,

21 Center-differential torque-distribution ratio

Control of o vehicle's frontrear torgua-distribution
ratlo is achigved using @ mechanism that combines o
devicas: (1) a devica that establizhes a predeterminad,
base distribution ratio and (2] & differential-limiting
dovice that allows the base ratio to be changed as
desired. Operation of such & mechanism with a torque-
distribution ratio different from the base ratio is accom-
paniad by drive-train torque eirculation, so it is difficult
ta realize stakility in contrel of the ratio. Thus, the can:
1er differential’s torgue-distribution ratio fundamentally
governs the vehicle’s hahavioral characteristics.

Fig. 2 showe tha frontirear distribution of torqua
datermined using the “dynamis-squara” methed with a
tesa-weheal model that has aone front wheel and ong rear
wheel, With the dynamic-square method, the maxi-
mum lateral force that the front and rear wheels can
aach produce is caloulated taking into acgount tha tire

Frenl
wheal

Weiaa

AF = Kr

| = e
Tergee clrculalior caused
by cenier ditferartial 2
didTereatizl-0 il Ving actien

oF = @gF

':;::.{mﬁ - -

Fig. 3 Belationship between LS50 targque ansd gornaring farce

friction circles, which change in accordance with accel-
eration/dacalaration and cornering, and the vehicle's
properties are evalusted using the calculatad values™.
A vwvoewhesl model allowes the influence of the suspen-
sion systern propertios to be ignored, so it is an affec-
tivie tool for study of the frant/rear torgue distribution.

Understasr increasas to the extent o which the rear
wheel's maximum lateral force excaads tho front
whaal's masximum lateral farce. It is greatest at point X
in Fig. 2. Convarsely, oversteer increases (o the extont
to which the fromt wheel's maximum lateral force
sycpads the rear whael's maximum lateral foree. It is
greatest at peint Y. Irespective of the rete of longitudi-
nal aceelerarion, cormering capebility is, assurming a
road-surface i walue of onae, greatest whan the
frontrear torque distribution correspends e line A, e,
when the front and rear wheels® respactive maximum
lataral forees match, resdlting in newtral steering.
Oversiear and consegquent instability oceur with any
rorque distribution above and to the left of line A 1T an
arnphasis on comering performance is required, there-
fore, the contar differential’s front/rear torque-disinbu-
tion should be astablished at about 3070

Lime B corraspands 10 the frontirear torgue distribu
tion of & rigid AWD system, which realizes stability even
with sharp variations in the road surface and thus
allows torgue 1o ba transmitted effactivaly at all times.
If an emphasis on traction performance and stability is
required, tharefore, the canter differential’s front/rear
torgue-distribution should be established at 5050

Immiediately aftar the application of a steering input
1o 2 vehicle that wos previously moving in a straight
ling, the vahicle's instantanecus axis of rotation is, as
shown in Fig, 3, located on the rear axle, At this time,
the cornering radius followed by the front wheel s
graater than that followed by the rear wheel, causing
tha frant wheal to turn faster then the reer wheel. If the
canter differantial limits tha speed difference, torque gir-
culation causes braking foree 5F to act on the lront
whael and driving force OF 1o act on tha rear wheael.
The component foree BF sin o of tha braking force act-
ing on the front wheeal acta in the direction opposite to

mmsumsa betors | ECEE CaL EEIEN mn moz
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that of the cornering lorce COF caused by the staaring
input, 5o directional response delericrates il the center
differential’'s differential-limiting action is strong,
Irrespactive of the center differential’s torgue-distritau-
tion ratin, thom, better directional response can ba real-
irzd by employing a differantial-limiting davica with
contrellable lorgue-transmission characteristics and
praventing it from limiting the specd difference a1 the
start of cornering manewvers than by employing a YCU
or athor differential-limiting device swhose wargua-Trans-
mission charasiaristics are not varieble.

Ir light of the fastors dascribad above, it was detor-
minad that tha basa frontrear tergue-distribution ratio
showld be established ol 5060 [this ralio oplimizes un-
ning performance and stability) and that directional
response should ba meximized by control of tha centar
differantial’s diffarential-limiting action,

2.2 Differantial-limiting torque

With a canter differential that glvas a B0:50 targqua
distributien. & differential-limiting torgua of 300 Mm is,
as showwn in Fig, 4, sufficient to maintain o torque distri-
buticn eoquivalent 1o that of a rigid WD systam under
constant conditions. When the normal relationship
batwean the total torque and tha load borne by each of
the four whasls is undizne transiantly (for example,
whan vehicle oporation changaes from full braking or
hard cornaring to acceleration with a wide-cpen throt-
tleh, hoavewar, the differsntial-limiting torque shown in
Fig. # is not aufficient to maintain a rigid-4W0D terque
distribution. To amakla motorspors use, it is essential
to onsure that o rigid-8W0 targue disiribution can ba
maintaingd land running pedormance thus maximized)
under such conditions.

One of the most sevare transient conditions is
brought about by a change in the vohicle's operation
from hard cornering 10 rapid aeeeleration, The differan-
tial-lirmiting torgue required to realize a rigid-4WD
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tergue distribution i shown in Fig. 5 The calculations
veere performed using a four-whes! model fa enpble
load shifts between the laft and right whools (o be tak-
gn into account. Also, a madel of &8 mechanical LSO
wiith a transfer ratio of eight was used for each of tha
front and rear differentials to reflect the configuration
of am actwal vahicle, Whaon on increoss in livteral acool-
eration causes the leftright difference inowheel loading
to pxceed @ certain value, the mechanical LSD at tha
rear becomes unabla 1o limit the spaed differance
between the rear wheels and the inside rear wheel slips.
If tha center differential is prevented from limiting the
frontraar speed diflerence at this time, the achievable
rate of longitudinal acceleration drops significanthy.
Wit a rigid 4WD arrengament, by contrast, the propor-
tion of torque applied 1o the front wheels is increagsed
to compensate for the shipping ingide rear wheel such
that longitudingl acceleration does nol decreaze gignifi-
cantly. Te realize a righd-2WD0 tarque diswribution undar
thasa conditlions, & diffarantial-limiting torgue of 2000
Mo wvas found to ba nacessary.,

3. Structure and features
Fig. 6 shows the ovarall configuration of the systom,

21 ACD transfer

In ligght af the faclors described thus far, a highly reli-
able heval-gear-type center differential with a frontfrer
torgua-distribution ratio of 50:50 was adopted.  Also,
stoel plates, which offer high dependability under con-
ditions of high surlace pressure, ware specified Tor the
bydraulic multi-plate clutch, which realizas & high dif-
ferantial-limiting-torque capacity of 2000 Nm (Fig. 7.

3.2 AYG differential

lew terms of basic structure, the AYC differential is the
same as that employed with aarlier vahicles. Howower,
varicus parte were reinforcad to ensure reliashle opera-
ticn with higher levels of ongine torgue.

B3
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3.2 Hydravlic unit

& gapgn valve for AC0 contral was addod 10 the pre-
viously amployed AYC hydraulic unit, and the unit wos
made maore compacl. Also, on oil pressura sEnson was
adopted 1o increasa raliability (Fig. 1.
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Fig. B Hydraulic unit

3.4 WD mode swilch

For the system 1o oparate with maximum effective-
nass, i1 control must be tuned in accordance with cur-
remt road-surface conditions, Jne possible means of
enabling the necessary tuning was fo cause tha sysiem
ta infar current road-surface sonditions using dols fram
gensors,  Howewver, such an arrangement was not
adoptied beceusa its responsiveness was potentially
pnsatisfactony for motarsports use, Rather, the system
was provided with 2 $8%/0 mode switeh that gives the
driver a choice of three contrel madas, aach of which 8
tungd to suit & parficular type of roed surface [Table Tk
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4. DOwverview of system control

Fig. 9 shows the ACD + AYC systerm's confrol
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process in the form of a block diagram, The newly
doveloped &00 contral hlock consists of two parts: (10
o lecdback-control section that attempis 1o make tha
body's posture mailch & target posture that is detar-
rninad from tha staaring-whael angle and vohicle speed;
and {2 a feedforward-control section that respands
rapidly tor the driver™s acceleration and deceleratron
inputs. By altering the balanca between the cparations
of these two sections, it is possikle to tune the vehicle's
hehavior such that the vehicle responds maors Briskly ar
less briskly to sieering inpuis. Further, to lacilitate
handbrake turns the system weakens the center diffar-
antial’s differential-limiting action whan the parking
brake lever is pulled.

Differantial-limiting data prodwced by the ACD con-
trol hlock for the cenfer differential are modifiad by rel-
pvanl paramaters and passad o the AYC contrel block,
Tha wehicle typically becomes prone te understear in
propartion to tha sirength of the center differential’s dif-
ferantial-limiting action, so the AYD control block
increases the overstesr momenl accardingly.

The effects of this control arrangament are sUMMa-
rized in Fig. 10. Motably, at the axit of a curve 5 ren-
ning performance is optimized primarily by the ACD
and cornering perlarmance is oplimized primarily by
the AYC, resulting in dramatically improved cormering
performanca during accelarstion.

5. Vehicle performance

The system was testad inan actual vahiclae,

Fig. 11 shows the vehicle behavior observed during
a lama-changa manauver on compressed snowe, Yoaw
responss ot the Beginning of tha Siooring operalion Sas
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guparior with the center differential preventad from lim-
iting the frontfraar spaad diflerence, and corrective
staaring inputs wara concomitantly small, ACD control
produced rasults similar to thosa observed with the cen-
e diffarantial provented from limiting the frontiredar
spead differcnce.

Fig. 12 shawa the cormaring characteristics abserved
with thi vehicla qradually eccelerating while baing
steered sround o track with & constant radius of 30 m,
Ag shown, the limits of the vehicle's carmering poricr
mance waere axpandad aven Turthar by the Ay and
ACD togetker tham by tho AYC alone.

B. Summary

By setting the cantar differential’s diffarential-limit-
ing tergue taking into account the ralationship between
the 1otal Lorgue and the load borme by gach of the four
wheals under transient conditions, the authors realized
a 4VWD-systerm ACD that can be used in motorsports. By

combining the ACD with AYC, we cxpanded the limits
af carnering performanae sven furthar.,

We shall continue developing suparior drive-train
systems with a wisw to achieving further advances in
high-parformance 200D vahiclas,
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Development of Small-Bore Line-Boring Machine
for Machining of Holes in Cylinder Head

Abstract

Misao MAKAMURA® Hitoshi KAZLIRT

Tha 405 digsel engine is a §52:liter, DOHE, 4-cylinder, direct fuel-injection unit developed for
powering Mitsubishi Mators' small trucks and buses. This high-performance, highly-luel-efficient
engine complies with Jepan's long-term exhaust emisslon standard and is used in the FUSO CARN-
TER trucks and ROSA buses that ware market launched in October 1997, Line production of this
anging involvas boring of twwo camshaft halas in the cylindar head = ona of the engine's most impor-
tant components. 45 the camshaft holes require an extremely high level of precigion that is diffi-
cult to achigve with the conventional machine and process, a new baring machine and finishing
process lor the camshaft holes in the 4M3 engine®s eylinder head have been developed. This paper

describes details of the development.

Koy waords: QOHC, Cylingar Head, Twe Camshal Hales, Mew Bonng Mackine

1. Introduction

Th camshalt holes in an enging's Sylinder hoad
must be machined nat only with the coriect diameter
gnd roughness but alzo with a high dagree of precision
in terms of roundness, straightness, and cylindricity, To
satisfy these regquirerrents, they are typically finished
by mieans of ne-barng wusing line-boring bars.

Unfortunataly, the accuracy achisved with line-baor-
ing is graatly influenced by the langth-to-dismatar (LT
ratio of the workpicce; sufficiont accuracy is more diffi-
eult 1o aehigvse with a higher LD satio than with o lower
one since line-boring-ber rigidity is lower gnd the
machinad surfaces are mora prona te irragularities
causid by tool wibration,

With the cylinder head of a canventianal truck disses]
enging,. the LD ratio is no higher than 100 With the
cylimdar head of the 4M5 engine, however, the LD ratio
i= gignificonthy highar at 17.8. Furher, the eylinder haad
af the 4ME enging consists of matorials that reguire il
larant degrees of culting loree. (The main body of 1he
cylindar head iz mede of FCESO cast iron, and the
camshaft frame that retains the camshafis at the top is
made of ACLZAF aluminuem allaoy, ] For thase ressaons,
cliffieulty in achisving the required scourscy was axpeet-
ed.

Basic tesls were conducted to establish production
mathods capabla of yielding the required accuracy, The
bagsic configuration 4l tho necessary prodociion
rachinery was established in aceordancs with the 1as
rasulta, and tha machinary was designed and fabricatad
at Mitsubishi Motors Corporation’s Tokyo Plant. This
paper describes the weork pnd the resulting machinary,

= L Prelocticn Hesshpeartaes, Tokya Flant
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2. Overview of 4M5 engine’s cylinder head

An external vies of the 465 engine’s cylindar haad
is shoswn in Flg. 1.

Sinca tha main body is mada of FC250 cast iron and
fho camshalt frome, which retains the camshals at the
tap, i made of ACLAF aluminum allay, the tep and bol-
tom halves of each camshaft hole are made of different
materials.

A5 showrn in Fig, 1, the cylindar haad has an owerall
length (L] of G235 mm and the camshalt holes, which
hold the intake and exhaust camshafis, each have a
diamsater 10} of 35 mm. Alze as shown, thara ara fiva
journals for each comshaft,

3. Basic tests for establishment of produc-
tion methods

With line<boring, the required cuiting conditions
wary griatly in accordance with the relationghop
bBetweaan the hale diamatar {0 and workplage length (L),
tha highar the L/D ratio becomes, the greater ie the
axtent af ling-horing-har deflection and the highor is the
risk that the machingd surfaces weill contain irregular-
ties caused by tool vibration "3 High-rigidity cement-
ed-carbide lina-boring bars, which ara extrermaky costly.,
ara thus widaly usad for line-korinng in situations wheara
accuracy is difficult to achicve because of a high LD
rakin.

Steal line-baring bars are less rigid than cemantad-
carbida lina-boring bers, bot thay are only a third of thi
prica and can ba obtained more guickly, Ta minimize
production Sosts with 1he M5 enging, 1herefars, basic
teats wwore conducted with the goal of esteblishing pro-
duction mathods that would yield the required socuracy
uwsing steel ling-boring bars,
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Basic tests
Tost workpisoos with tha
same dimansions and materi-
als g5 a production aylindar

4.1

|

hepd were machinad using a Hi‘"f
general-purposs harizantal ™ ..
machining centar  ciuipped ) mn;d..q.--d-u framz
viith stesl line-koring bars. The ::h_,]ﬂ: [ACAAE) '
tesis ware conducted to clarify [ \“‘{E
(11 tha influgnce on manufac- e ,-:;:F'f'i-"

turing guality of intermeadi- l—-*—~| "'3_.‘___:'_-,;-__:".-"' g L.

ale supports wsed e min- h[;':a-;-ff':_J—cJ/ D .,
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(2} the influance on form dewi- T iﬂ ,/./x -

ation of the combination of | e R R

parts made of diffzrent L I:ﬁ\.IJ f::.-"' U *’ff"?f ’

materials icast iron and alu- L _‘“——u_._____ #yf’f/ _,x"f

——-- in e

mirurr alleyd. -

Influenee of intermedi-
ate supports

Fig. 2 indicates tha infly
ance of an intermediate sup-
port am the extant of deflaction
of & ling-boring-tar 1hat was

31

Fig. 1 Cylinder head of 485 angine

% Fuaad st andd of lime-boeing Bar
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e ¥ o o |
imtermadiate support, with an . H,«* o - =
intermediate support batween o | . - fres==1 a
. - L VL b [k 3 e ] L -~ ~ - .
journ als #7 and #3 (position B —p. 4 - II'|-'|r"r'. g o in ecgit o G
in Fig. 2}, with an intermediate i - -~ . T

support between journals #2
and #4 (positien Cin Fig, 2},
and with am intermadiate Sup-
port hatween journals 84 and

e evmon leam

 Derannes
cartita lae o
forineg bar -

- E— —I:L— ———— -—_;E

#5 (position D in Fig. 2. As o
showen, the inclusion of an
intermediate support had a sig-

nificant influence on ling-bor-

img-har deflaction.

In the naxt stage of the
investigation, test workpieces were machined with no
intermadiate support, with an intermadiate support in
position B, with an intermediate support in position €,
andl with an intermediate support in position 0. The cul
ting speed at which tha tool started vibreting and caus-
ing surface irregularities was noted sach time. From
tha findings |shown in Fig. 31, correlation betwaen the
line-borng bar's maximum deflection and the cutting
speed was confirmed and the existence of & distingt ¢ul-
ling-spead threshald batween tool stability and tool
vibration wias infarrad,

It was lurther deserminad from the findings shown
in Fig. 3 that the inclesion of intermediate supports in
production machinary would be necaseary w0 enalils
machining to be completed within the limited tima
availatale an the production hing,

'-. -
_ = i - % i
= ’ F—feagmmmf
T lj
i o0 EON Lotz enng B

[imaren from e of ba diem

Fig. 2 Relationship botween line-boring bar's deflection and support lacation

2.1.2 Machining of composite material

The influence an machining form deviation of the
combination of different materials used for the oylinder
head's main hody and camshalt frame was nixl investi-

fated.
Fig. 4 shows the roundness achieved by test
machining under  conditions  identical to those

doseribed in part 3.1.1 of this paper. Tha stogger at the
joint betwesen tha main body and camshall frame was
significantly greater wilhout an intermediate support
[sen the laft-hand results in Fig. 4) than with ong {see
ihe right-hand resuhs in Fg, 4, which carrespond to an
intermediale support in positian C). In othar sords, he
roundness achisved without an intgrmediate suppor
veas significantly inferior to that achieved with ond,
Comparison of the holes borad in the respactive jour-
nals without an intermadiate support revealed that out-

MITsUeIsHl MOTORS T [0 TRl i AT



Deweloprme

of-roundnass was greatast in journal #3 (naar
the middle of the cylindar head), e, in the jour-
nal neprest the line-boring bacs paing of Qreat-
el dieflestion, In test machining, cut-of-rownd-
nass reached a maximurm of 27 am in this jour
nal.

In test machining perarmed with an intéer-
mediale supporl in position G, the maximum
put-of-roundnass al the joint wes only T om,
e, approximately a quarter of tha maximuem
out-of-roundnass that resulted from Boring
without an imtermediste support. Further, 1he
dogrees of roundness achieved inall of tha
respeclive journals ware more or 953 consis-
1ent. Tha bencfits of the presence of an intor-
mediatg support alang the ling-baring ke cor-
ing machining of the compaosite matamal weare
thus varifipd.

Frazrm the findings dascrinad akove, it
weas datermined that intermediate sup-
ports for the line-boring bars would be
benalicial parts of the produetion machin-
ery's structura and that the undegirable
effects on accurasy of the composite mate-
rial could ba rminimized thoereby.

|:.i:ll=' cosnd W nfmon)

1.2 Summary of results of basle tests
The basic tests yielded tha following

aoncusiomns:

(1} The inclugion aof an intermadiate Sup-
pert along each ling-bonng bar is Den-
aficlal with raspact to0 manufacturing
qualily.

121 The same intermediate suppart is also
Bonclicial with respect oo machining
Tarm devigtion with a compaosite maa-
rial.

Maverthelass, it was determined tha
measures to improve poouracy Turmher
v Necessary 1o ensure consistent accu-
racy on the production line.

4. Basie structure and ather fea-
tures of production machinery

4.1 Owerview of main body

Tha line-haring machineg deweloped fear
thiz praductian ling in aseordancs with tha
regulis of the basic tests is showen in Flg, 5.
Al the night-hand sida is & two-spindla line-
boring unit that usas an altarmating-cur-
reent (AL modor tao drive the spindlas wiaa
timing belt. The use of a timing balt far
powear transmissicn allows the teo line-
boring bars' cutting-tool tips to be aligned
in the same direction at all tirmes and thus
allowes offset insertion al the ling-haring
hars ino the camshaft holes im the eylin-
dar head.

Tha lina-boring unit has o mechanical feed unit

crmploying an AC servo moter, This arrangement

MITSURISHI MoToRs |2 -
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Fig, 5 Top and side wiews of line-baring machine

allowes the fized spasd 1o e warned easily, Al the oppo-
site side of the machine is a support unit that supports
the ends of both line-koring bars dering the machining
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In tha middiz af the maching is & listure that locates
and clamps the oylinder head (each cylinder head s
placed on the maching by an automatic transpart Sys-
e and is fitted with & supgort for the middle of aach
line-boring bar,

4.2 Tooling layout

4.2.1 Tools employed

Tha type of 1ool used with the line-baring machinge
is showen in Fig. 6. Each line-boring bar is made of steel
(SCM215) and is fitted with twa round, cementead-car-
bide HTI10} cutting tools lone each for coarga finishing
and finizhing) far each journal, The cutling tools are
fimad to small mounting heles 1o ensure the highaest
possible bar rigidity.

422 Tooling layout

Fig. 7 shaws the maechine just balore il begins cut-
ting material after inserting the line-poring hars into the
camshalt holes in a cylinder head. The imermediate
supports (one for cach line-boring barl are mada of

m

caramic and are 3.5 mm thick, They wera positioned in
accordance wwith the results of the hasic teams to ensurg
that they would give the greatest possible benefit wilh-
cut interaring with the werkpiece and cufting 100ls dur-
ing the machining procass.

4.3 Tensioning machanism for line-boring bars

The effectiveness of an intermediate support in
redueing the line-horing-bar daflection that accampa-
nies & high LD ratio and in increasing the roundnass of
haoles barod in a composite matenal was confinmeaed
thrauvgh the basic tosts, Howevar, further improve-
rraents i ahape daviation and surface ronghnass wara
required before the maching could be used on the pro-
duction line. The maching was thus providad with a
mechanism that increases ling-boring-bar rigidity by
applying tension to the line-boring bars throughout the
machining process, By further redusing line-boring-bar
deflaction, this mechaniam furthor ingreazses the round-
ness af the camshaft holes,

The lensloning mechanizm s shown in Fig. B. 1t
aparates as follows:
0 Tha main-spindle head is moved forward by the

wirsumisHn motoas | E T 0L T E e we

S M B e — I (e R
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B Tesgian s massned T Cupting 1zkes plass 2 OWith the bydravlic Teed wnit still
= — pulling the support head in the
1 Blzitesgrindla el meves el revvarae direction, the main epindle

——

B o sl

furns such that the mechanical feed
wnit mowves i the reverse direstion,
Thus, the line-boring bars bore tha
camshalt holes under consistent ten-

sicn.

The tension applied 1o tha ling-ar-
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ing bars is optimired by adjusiment of
the bydiaulic pregssure applied o tha
hpdraulic faed wnit.

4,4 Support haad

Fomute 7 end f
bne-botmg biv

Thie eylimdar head af the 4ME angine
containg a doeuble-overhead-camshaft
valve systam end thus incorporates
camshaft holes for beo camshafts (an
intake coamshaft anmd  an exhoost
camshail, To maximize the positional
accuracy of the two ssts of camshalt
holes, tha line-boring maching bores tha
two sats of camshalt holes simultang-
ously.

Whan pee line-boring bars of tha
same by pe are produced, they typically
diffar slightly in tarms of length owing to
ingonsistant fagtors in the production
process, To enabile the bvwo line-baring
bars 1o be used for machining undar
identical t2nsion, it is necessary to conn-
pensate for the length differonce while
ralaining both ling-horing bars with the
same force. To overcome this problem,
g now type of chucking mechanism was

o Chuck is tghlen2d,

ep

Fig. 9 Cross-sectional views of chucking mechanism

mechanical fesd unit. Thus, the Ine-boring bars
pass through the camshaft holes in the cylinder
head and thair ends antar the support head, whara
they are retained by a chucking mechanism.

Bofore the main spindle turns, the heydraolic feed
unit stans pulling 1he support head in the raverse
direction, thereby applying tansion to the line-bor-
ing bars,

o

1 Chuze is ksl

emnployed in the support head,

Fig. 9 shows the noew chucking rmoesk
anism o in dotail, The mochanism oper-
ates as follows: 1 The chuck 1s loog-
anad. 2 The line-boring bars are insert-
ad into the support head. 3 The balls in
the chucking mechanism anler thi
groowe in the Titting at the end of each
line-baring bar as the chuck is tightanaed
and Bre clampead in their respectiva
grocwas by the wedging action of
taperad surfaces, The longth difference
betwwien the oo line-haring bars causeas
the balls 1o prass against the twa line-
bering bars' respective groovaes at ditfar-
ont depths, The length difference is thus
absorbed By the mechanism. This
mechanism enables both line-boring
bars to be retained without machanical complexity.
Further, the wedging action of the taperad surfaces
cnaures that the retaining force applicd o the taae line-
trarireg bars is hoth consistent and ﬂdl—.'l:[uam.

Cantinuous eontact batwean the chucking balls and
the fitting at the end of each lina-boring bar makas wear
and aother problems conceivable, To facilitate mainte-
nanc during prodection and Beep CoShE 1o a rmirnisnu m,

Ea
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Fig, 1 Manufasiuring guality

therefare, the fitting a1 the end of gach line-boring bar
i removabla,

5. Manufacturing quality

Thie manufasturing guality of camshaft holes
machined with 1he small-bore line-boering machine
described in part 4 of this paper is shown in Fig, 0. it
sl the meching viglds excellent results despilte Lthe
high LD ratho and composite material.

6. Closing comments

The testing, planning, designing, and labrication
tosks necassary for development of the line-baring
maching took approximately one year. During this per-
ad, tha awthors enjoyed the cooperation of Mitsubishi
Matarials Corporation and various other parties. Tha
autlhors wish 1o express their gretitude 10 evenyone whao
helpeed make the project 8 EUCCESS.
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New Technologies for CVT Production Line

Eatzuya FUJWWARA® Yoichire DATE* Masars ARIYASU=

Abstract

Mitsubishi Motors started production af its first eonlinuausly-variable-transmission (CVT) In &
specially-established plant, and for u=e In this plant. the company hes racently daveloped a high-
temperatura-carburizing continuous furnace and a multi-grinder for the production of those
sheavas which are exclusive to the CVT. The high-temperature corburizing continuous furnace
allowesed the carburizing of materials at temperatures of up to 1050 °C - a werld’s first. Furtharmore,
the multi-grinder can efficiently eut sheaves of complicated shapes, and it can de this with an
extremely high degree of accuracy and without the need for additional maghinery.

ey words, Carflunzing, Mat-Grndar, Shedwes, sl Gooaes

1. Introduction

Mitaubishi Motors racently construatad in Yagi-cho,
Eyoto Prefecture, Japan, a plant specially for produe.
tian of its First continuously variable transmission (CWT),
wehich is fitted in the LANCER CEDIA. The CWT com-
bines smooth acceleration with low fusl consumption.
& variaty of naw technologias ware adopted in produe-
tiom processes for functional parts that enable the CUT
to realize these supeniar characlanistios.,

Among them are new heat-treatment and grinding
procassas for powar-trransmission sheaves, which ara
important parts of the CVT, This paper gives an
neaerview of these two technologies.

2. High-temperature [1050 'C] carburizing
furnace

2.1 lssues related to heat treatment of sheavies

A CWT s a powear-transmizslon machaniam in which
the power is transmitied from a driving elament to a dri-
van alemant by maans of a metal belt that is pinchad in
twen hydraulically ocperatod pairs of shoaves [one paic
each an the driving and driven elements] (Fig. 1). Sinee
the CVWT hes a simple structure and parmite stapless
shifts, it ofiars the advantages of 2ero shift shock and
high fransmission officienoy,

Helative shippage Betwaan the ball and sheaves dur-
ing shifts makes the contact surfaces of the belt and
sheawes prona to waar and surface separation. Thus,
tha sheaves are carburized at o temperature in exooss
of 200 °C than case hardenod, To give the sheaves sul-
fizient wear resistance, the carbon-parmagtion depth
must ba at lesst twiga that raalized with typical carbur-
ization. The time required for carburization is propor-
ticenal tor the square of the carkon-permeation depth,
Thir sheawes 1herelors reguire four tmes the typical car-
burizaticn time. The required time s approximately 10
haure.

Fdmreazle shinaee
|drwinng sbdry

gall oo
1157 LY e f BRERMIEET

Fuagal haess
| thsai saila)

Neml ek

Fig. 1 CVT spctional view

2.2 Reduction of carburization time

Ta shorten the carhurization time, a plan ta perform
carbrurization at 1060 "0 was devised: it was recognized
that the highers cerburlzation temperature would acti-
vata the cerhon, causing it to diffuse into the material
mizra quickly, This technigua had been used previously
with certain wacuum furmaces, With continuous ambibi-
ant-pressure carburizing furnaces, however, slowar
tschnalogical develspmnent meant that the highast car-
burization tempersture previoushy achieved was 950 “C.
Ohstacles to the adoption of 10580 " carburization and
stiEps 1aken o overcome Tham were as folloves:
{11 High-temperature durability of cerburizing furnace

Thea high-tempearature strength of materials usad in
the construction of furnaces typically decreases sharply
when the temporature excesds 350 0, Bricks and

' Car Predusion Seadquarars, Eyota Flant
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Fig. 2 High-temperature carburizing continupus furnace

heatars copabln of withstanding & temperature of 1200
" ware thus specified for use in the new furnago. Also,
rollers made of ultra: hoat-resisiant steel were specifiad.
(7| High-temparature delenoration in material strength

[grain growth coarsening)

Keeping 1he tamperature ol a workpiece as high as
1050 C for & long perind can lead to deterioration in
material strength (grain growth cearseningl. The con-
vontional countormeasure is to make enlargad crystal
grains smaller by quanching them again. However, this
tachnigue entails the enargy losses of bwo tomperatune
incroases and makes the procass complex. To evoid
these conventional problems, a type of steel whose
crystal grains do not grow at high temperetures v
developed in eonjunction with a steal manufacturer ",
131 Contrel of furnace atmosphers

Higher tamperatures neceseitata a higher degrea of
aecuracy in analysis of the furnace atmosphare; the
pocuracy roquired at 1050 "Cis 10 times that raguired al
500 "C. For eontinuous measurement of CO, COy, and
CH,. therefore, high-precision infrared analysis equip-
rrent was spacificd,

2.3 Development of high-temperature carburizing fur-
mace
Ky specifications of the new high-lemperature car-
burizing furnace are as follews,
« - Carburization temperaters: 1060 °C
»  Furnace 1ype : Roller-hearth  continu-
cus carburizing furnaes

+  Quenching process 1 Salt bath gquenching

= Furnaoo gases ; Gases denaturad in fur-
nacs [hutane + airk
»  Atmasphere control ¢ COVCO; control

The furnace structure was a particularly important
consideration in the devalopment efferl. As shown in
Fig. 2, the furnace wae designed with eight individually
isglated chambers, allowing tha atmosphere Lo be
gstablished on a zone-by-zone basis. In the degraasing
chamber 7, cutting ail an the workpieces 8 burned off
gnd the temperature of the workpicees is increased to
B00 "C. In the heating chamber (2, the temparature of
tha workpieces is further inereased 1o 350°C. In the pre-
carburizing chamber 3, the tamperature of the work-
pioces is increased to 1050 °C and the workpiaces' sur-
face corhon concentration is ingreased. In the carburiz-
ing charmbar &, the workpieses' surface carbon Gonecen-

4

tration is lurther incraased, 1hus inereasing the carbon
concentration gradient between tha surface and interior
of the workpioces such that the carbon is 2nablad to dif
fuse more forcafully into the material. In the diffusion
chamhber 5, the carbon is caused to diffuse fram the
curface (o a depth of almest 2 mm. When carburization
iz linishad, the workpleses pass through the cooling
chamber & and rebeating chamber 7. Tha workpicces
then enter the guenching chambear @ where they are
kapt at o temperature of 840 °C bafore being rapidly
cooled Lo 200 °C in a sall solution owside the furnace,

L0, Hp, and My gases are produeed through the reac-
tion of butang and air in cotalysis fitted on the furnace
floor, and & small amount of butane is added Lo tham.
The resulting mixture of gases is fad inta the furnace.
The gases underge chemical raactions on the surfage of
the steal, cousing the carbon to penetrate from the Sur-
face. The carbon's penetration powar i calculated from
tha gas cemposition indicated by the aforementionad
high-pracision infrared analysiz cquipmant, gnd it is
controllad by concomitant adjustmant of the amount af
added butane, A high degree of accuraey is requirad in
gas measurements taken at high tamporatures; any
inaccuracy in tha measurements could lead 1o inade
gquate carburization and cauas the inside of the furnace
b becorme covered with soot.

Critical Tactors in addition ta 1he gas control process
inglude the ges faed positions and the gas gsampling
mechanism. Through improvament of these and other
{agiors, carburization at 1050 C on the production lime
was achiownd Tor the first time, Carburization time was
thus cul lo one guarter af that praviously required,
rasulting in 8 dramatic improvemnant in productivity.

3. Development of high-precision multi-
grinder

2.1 Machining of CVT sheaves

The movable sheaves of a CVT are important func-
tional parts. They ara mated with thair corresponding
fiwed sheaves and realize shifts by moving relative to
tha fixed sheavas under hydraulic control. Movameant
af the movable sheaves ks permitted by hardened balls
that rum in grooves betwaen the movahble and fixed
gsheaves in the mennar of lingar-movemant hall bear-
ings (Fig. 11. Datum faces related to the movemant of
pach movebla sheave are tha inside diameter, the ball
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Mow Tochrolog ez Tor CWT Production Ling

Bl e

Fig. 2 Mavable shrave

grigweds, and the corn Tace that makes contact swith the
sleel balt {Fig. 3. The dimensional accuracy of these
thrae faces is critical, o grinding is necessary after
hardaning.

1.2 Selection of production method

With a line configuration amploying convanticnal
genaral-purpose maching tools, the obligue facs, inside
diagmater, and hall grocwns must e machined in Saepa-
rate Processes, Since each workpiede must b o
[rom ane maching ool 1o the next, consisiant coaxiality
is difficult 1o achiewa. A mwlti-grinder capable of
machining all thrag fages simulansously withowo
requiring the workpisce @ be unclampsd was thus
spacified.

33 Development of multi-grinder
At the center of The multi-grinder s a 180 -ratatalle

headstock earrying two clamps. Facing the headsiock

an the laft-nand side is 8 machining unit Tor the corn
face and inside diametar, and facing tha headstock on
the right-hand side is o machining unit for tha ball
groovies (Fig, 4). This configuralion was selecled far
high precision and high produstiviege

The ball grooves are spacified in tarms of shape,
inner ball diamater, and tolarable matching arear, bt
rrsiscErining of 1he inside diameier in aceordanse wilh 1hi
specilications 1S @xtremely dillicull ewang 1o restrictions
an the grinding-wheael diamater end whaal-spindla
length. To ansure consistent machining accuracy,
therreforn, various risfinerments, nona of which had hoon
seen among maching toals made by other companies
for similar purposes, were incorparatad ints the muolti-

grindar {Fig. 1.

Key tachnolegical foaturas are a5 follows;

[} The wheal spindles are made of a tungsten alloy,
and the spindle-to-workpiece clearance s mini-
rized. Thiz arrangament maximizas rigidity.

121 Ulra-high-spsed wheel spindles drivan by a high-
sl motar and belt realize an appropriate machin-
ing  spesd even with small-diamerer grinding
wheasls, Also, high-pressure coclant is sprayed from
the whaal spindles to enhance machi nability.

131 To realize consistent agguracy and a long grinding:
whaal life, the extent ol machining necessery Tor fin-
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Fig. & Intemally grooved wheel spindle

ighing is minimized by the use of wo spindles (ane

far coarse grinding and one for finishing).

{4] To minimnize thermal deformation of the machine, a
coalant-temparature regulator is provided, allowing
the coolant 1o be sepplied at & t@rmperaturs consis-
tent with the head tamparsture.

The akove menticned refinaments made it possible
to machine tha ball grooves with Ievels of inner-hall-
disrmeter talerance and malching arcor 1hat ware supe-
riger hath to the guarantead pardfarmance of other, simi-
lar machines and te the lavals achiavad in test machin-
ing. Further, the target process capahbility of Cpk 1.0
was achisved, Consistent machining accuracy on the
production lirne veas Lhus realizad.
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Perar Tecbmalpgies for O4WT Froduction Lro

4. Conclusion

Although this papar deals primarily with mew ech-
nalogies for the production of CVT sheaves, the new
CVWT plant where they ere usad alsa incorporates
advanced environmeantal tachnelegies intandad to real-
ize cloan, environmant-friendly operation. In terms of
both its production line and its environmental compati-
bility, the new CWT plant offers stata-of-the-art benefits,

Referonen
(11 Wortsune Harsda, Yuuichi Yamads, Kaguhiko Kata:
“Dgvelopment of & Maw &llay Steel for High Temperature
Carburizing™, Mitsubishi Mators Techalcal Beview, NO.1E,
p. 47 - 53, 2A00
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A Challenge to 24-hour Travel Distance Record of EV

A gloctric vehicle 1TEVYL, a MM s FTO-EY, covered a
distance ol 2142 km in a 24 howr continuous Fun on
Dacember 19 throwg 24,
1893, The distance was +
officially recognized and G ;
aucoptied as & new woarld Ry tor e 1S3 gk

record by the aditors and " PR
- GUINNESS

compilers of the Guin-
nass Bonk of Records, ! WORLD RECOBDS |
Thiz wonture wis careicd P dEETIATE i |
oul te demansirata o -

far the EV can rum i 24 [ o e L
3 e e L ]
hours by amploying a piriee e el e

rapid charging system g He
and repetitiaon al run and | G
charging. An arglnal tar- i
get exceading 2000 km e —
wigs 54t in commeamaora-
tion of the coming noew
roallEnagm,

Frincipal factars which supperted the schievament
of thie world racord wera a manganase-lithiom ion bat-
tery, a new product quickly rechargeable by using a
large charging current and a reduction of running resls-
tence of the vehicle, The lthium ion battery used in the
run wwas developad through joint collaboration batwaen
Japan Storage Baltary Co, and MMZ and produced in
Docomber 1999, Special features of the Battery is ks
smaller imernal resistance and ability to aceapl a guite
large charging eurrent of 240 A,

A raduction in the vahicle's running resistanco vy
muostly achieved by reducing the air resistance. Cod val-
ws wens unltirnately improved o 0.22 and the running dis-
tance was axtandad by abour 200 km by this reduction.

Certificate of World Records

Mowly develppod Hthium lon batteey

Performance of battesies installed on FTO-EY (ot gquick chorge)

| lithium M kel Lend acid
[ IEH S bl Bete ™ halterg™
“Tepary TEWT E i 7
Wew chemprg cunent & | 24 100 4]
Bizradend voiSion Wl 1&g 21 :E“:l 1%
Ceemgng lime | 1.2 ] 15
Mz I T T [E ]
i Zale

" Elestmanics Ergineuring Dwpt., Sae Beasarch 8 Deae. Clics

SE Tm oweiz

Tamiji CWWADa"

Adtar repeating 8 number of test runs by employing
varigus different times and intarvals of racharging and
cruising speads, an optimum condition was sat at
“eruise at 130 kmv'hr for G0 min. and charge for 20 min®.

Improvemient of acrodynomic performance

The fingl run of FTO-EY was commencad on
December 1%, 19353 on the oval test course ot MME's Car
Rusearch and Dowelopment Conder in Okaraki city. This
run finished early in the marming of the 2000 after regis-
tering 2142 kon by circling the course for 399 turns. The
distance gasily exceeded the existing waorld record of
1700 km, recorded in 1336,

The mictor wehicle industry is raguired 1o introduce
messuras to protact the environment such as improyed
fuel economy, redueced exhawst gos emissions and oth-
grs, AL the same Time he industry has 1o mead
demands for the devalopment of & new next generation
pawear-train indepandant from the convantional intornal
combustion enging, Cne such power-train is the eloc-
tric wohicle, We are convinced that develaoprmesnt ol a
high performanae electric wehicle will itself present an
effective contnbution to anvironmental protection. As
such we ara firmby determined to continue our resaarch
and study for gnhancing and promoting the perlore
mance af elactric rmatar viehicla,
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A mew madel of LANCER was introduced to
thia domestic market in May, 2000 with the sukb-
model mame of CEDIA. It embodies “a spacious
cakin, a sophisticated appearance and riding
comion®, all features which will meo growing
demands in the domaestic car market. Although
tha CEDIA is ene notch above ardinary populir
small cars, it falls within the cost saving range of
car registration catogory number 5, & sporty
laoking LANCER CEDIA WAGON was added to
the ling in Movember of the sameg year to
enhanca the line-up, Al are maunted with GOI
pngines and INVECSII CVT [continuously vari-
able transmission) and are introduced as the
farerunnar of (ke GO SIGMA serics.

1. Target

Ag the life style of peopla changes, the num-
ber of those custamers who demand high grade
parformance and comfortable riding even in
sedans slaled for the sale in the common mass
markat, |z gatting bigger and bigger. Those cus-
tomers tend to strengly demand an improvea-
mant in spacicusnese of a cabin along with
sophisticated appearance of vehicles, yet an
affordable price, To cope with such demands,
we adoptad the thame “a plaasant and high
guality compaet sedan™ and the davelopment
weork commeneed with the following targets in
rrvireil-

«  Sophisticated appearance axcecding the lev-
al of ordinary vehicles

+  Aoomy inténof space

v Smoanth running and improved fuel coonomy

Special features embodied in the sedan were
appliad to the wagen exactly in the form as they were.
In-addition to an assignment of sparty faatures 1o the
wagoen, an excellant corgo loading feature was incorpo-
rated.

The sedon version i3 principally targatad at the 40s
and above age group who usually leok for high quality
and riding comfart, while the wagon ia mainly designed
to pppeal 1o B younger generation made up of thosa in
thair 208 and 205 wanting an active touring wagon.
Several configurations ara offered in the wagon to sat-
isfy @ wider range of customers” needs.

2. Foatures

(1} Sophisticated appaaranse exeeeding that of ordi-
nary clags vahiclas
The wehlele has an attractiva gilhovette enhancad oy
a short overhang and long wheelbase, By plecing lorge
4 lamp headlighis and a grille consalidated with the
engine hoad, the frant of the vehicle offers an exciting,
sophisticaled appearance. Rear combination lamps of

8

New LANCER CEDIA and LANCER CEDIAWAGON ——

Flg-2 LAMCER CEMA WAGON

the sadan are in a naw sansual look, giving a feeling of
frensparensy. The wagon features a distinctively lasngi-
tudinal farm wall asserting its individealistic charactar,
{Figs. 1 and 2]

An ormamental svaod grain pallenn giving @ broader
appearance i the dashbeard, a center ponal equipped
with a large dial for handy oparation of the air condi-
tioner, meters of high contrest providing good visibility
and larga wraparound, comfortahle saats, the furnish-
ings normally appointed to @ vehicla ane grade above,
are incorporatad in the CEDLA. {Fig. 3
(2} Reomy intarior

By extending the whaelbase ladditional 100 mm 1o
tha praviows modell a rear section having plentiful
axcess room has rasulted, Also the adoption of a for-
ward deck has brought sbout a spagious cabin,

The seating position of occupants is raised, making
it easier to gatin and out of the vehicle. An upright saat-
ing position with & lowar set dashhoard and balt line
will allens & wider view and provide a more relaxed foel
ing 1o the driver.

i large arm rest fitted to the sedan’s rear seat is col-

rarsyezsta Motons =0 ] el FIENEA e wen



lapaible and also offers access 10 tha trunk com-
partmant. & &4 splitting and retractable rear
reclining scat in the wogon will add extra spaca
for thi baggage compartmaonlt,

(3 Srmnoth running and improved (usl sconommy

All vehicles are installed with GDI anginas
complyimg with the emission contrel ragulations
enforced in the yoor 2000 1280 vear of Heisei in
Japan] aleng with newly developed INWVEC ST
CWT end are capable of demonstrating smooth
end safa running entirzly frae from gaar shifting
jark, INVECS-IIl SPORTS MODE CVT with high-
s nsitivg G-speed manudl shilt s feed in the
1.8 L sporty madel 50 a driver can enjoy guick
respanse and extramaly amoathar gaar shifting,
nizt available with a convantional 4-spased auto-
miatic transmission,

The lroent suspension is @ combination of & sirut type
sweith flal frame crossmember and for the reer suspan-
gion, a leng arm multilinkage system is adopted,
Assisted by a wider tire traad, reduced friction and
cxtonded strake rehound of the shock absarher, driving
stability has been mproved remarkably and flat and
veell-tlam pened crulsing is now assurad,

All vehicles are also equippad with the ABS [antilock
braka system) and the EBD {electronically controlled
braking force disiribution system) which assure bal-
anced and reliakle braking.

(4} Sefety and ecology

All vehicles incorporate MMES's unigus collision

safety reinforced body construction called “RISE”

Fig, 3

wihich will protect the cocupents by greatly reducing off-
sat collision and lateral impacts and possible impacts to
thair heads in case of an accidant,

Moodinss to say, regarding the |:|l|riFi-:‘:.HIiv|:1|1 %1
exbiust emission gas, the combination of GOLand CWT
has achieved compliance with the fusl economy stan-
dards to be anforcad in Japan in 2000, 1§ will also con-
tribute to the reduction of €0y emission considorably,

3. Major specifications

The model cenfiguration and main specifications
ar showen in the falle boelow,

. Bndel LAKCER CEDu, | LAKCER GEDUA WAAZ0Y
T CHCE2A Gi.CE5h | GH-CEIW
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New LANCER EVOLUTION VII

LANCER EVYOLUTION was ariginally introduced 1o
the markat in 1892 mainly to provide a bagic modal for
participation in many molor sporks fenrtls Lo bagin with
WRE, After being upgraded to EVOLUTION 1T and 1l
through various modifications and refinemants, the sac-
ond generation models IV through VI were introduced
anil mow finally the third generation LANCER EVOLLE
TIOM Wil entered the markat in February, 2007 a5 an cut-
stending maching truly worthy al commemarating the
slart of the 218t cantury,

1. Target

The torgel set up for the devalopment of LANCER
EVOLUTION Y1l was an attainmeant of Turther improva-
ment of the wahicle's sporty parformance by utilizing
pragious knowhow and tachnical data accumulated
through participations inomany past sports cvenis and
the crostion of a supar qualily image, that of o high per-
forering aporty scdan 0 raprasent a now genaration,

2. Features

{11 Mew generation sedan of sophisticoted appearance
manifesting sucellent quality snd rugged high per-
formance copatility
Even thaugh ariginally based on LAMCER CEDIA,

the campletien of & totally new supar-pa rfnriming sedan

wehich is packaged in a form manifesting & high guality

ED

a8 well as rugoed capebility was the abjective of the
davelopmani. The wvehicle foatures multi-ayed head-
lamps and attractive rear comBbination lames, a wida air
inlot assuring abundant supply of coaling air, a large
rear &l spaoiler implying &n excellent asradynamic per-
formance and a conselidated hlister fander sugogesting
gmooth cruising. These all centribute to sresting &n
irmange af harmony belween the vehicla’s high-perfarm-
ing function and a fecling of supar quality.

The intarior of wehicle has o sporly appaarencs
through the use of well laid out instrumants, a steaning
whae! designed and prodused by MOMD, Recaro seals,
axclusively for this wvehicle and other fittings of
adwanced design,
iZl Wehicle in package amphasizing crisply rasponsive

driving

The wheslhase has been lengthened by 115 mm and
the frant traad widih by 5 mm and the rear by 10 mm
aver and abowe former LANCER EVOLUTION specifica-
tons to assure @ higher level driving stabilivy. The drn-
wing height is 30 mm loweer than that of LANCER CEDIA,
resulting in a lowar center of gravity,

131 MIMC's unigue contral an all wheals

The vehicle's dyramics will always ba maintained in
tha hast condition by efficient control of all four whaals
through the introduction of & new full-time advanced
A0 system devaloped by MM, An ACD lactive con
Ler differantiall consisting of an alectronically controlled
multislats hydraulic clutch as an allernative 1o the YOU
type imited differential system and a finely tuned AYC
make up his 48D systerm, 1T maintaing Gplimum con-
trol in @l driving conditions including accelaration,
decaleration, cornering, tc. In addition 1o the EBD sys-
tarn which controls distribution of braking power 1o the
front and rear wheels, a new sports type ABS is
installed to optimally suit pravailing driving conditions.
This wnit whan activated will contral Brake power distr-
Lution 1o left and right wheeals o maintain braking sla-
bility when @ vehicle is in @ carnering oparation and in
othar situations, Thase new SWD controls alang with
improved braking work 1ogether 1o optimize the vehicle
dynamics in aceeleralion, decaleration and cornaring.
(41 Refined motive powar and underbody strecture

The proven end extensively used 21 DHHE tur-
bocharged engina was ehiosen for tha vehicle. The maxe

MmsURISH! moroas | o0 EEL S E o weoa
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i tergue was increased by modifying the
chargataristics of the turbocharger and an out-
putin the range batween 3,000 to 5,000 rpm
has been attained, outstanding in this class,
Suspension in s original {arm has bean
retgined in the vehicle, However, critical cor-
naring parformance and manauvarability ars
much more enhanced by modificetions to the
Front frarme erogsmembor resulling in greater
rigidity and by inereasing bouncing stroke by
15 mm in front and 10 mmin the rear. The
siza of tire has been increasad from
AAEMAEFALT 10 PARMEZRTT and this in aonrdi-
mation with the suspension characteristics provides
axcellant vehicular performance, critical for safe dri-
wing.
191 Carafully applied weight reduction and higkly rigid
by structure
The introduction of an aluminum enging hood and
front fenders and adoption of this metal for various
chassis componant parts have brought sbout @ redug-
tion in wehicle weight. Further redoction has been
achisved by using magnazium for the roskar cowver,
adopling a hollow camshaft, reducing waight of engine
componant pars and using aluminumn angine brackats,
For increased body rgidity against torsion and
hending  special reinforcemant has been applisd
Throughout.

) | ) (=HTR
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i8] Excallent cooling effect supporting high perfor-

mance

An intorcoolor spray systom which aetomatical ly
injects a coalant in an enging depanding on vehicle’s
cruising condition, largs oil coolar and intercoolar and
a large front under-covar devised for cooling of brakes
amd tha drivatrain system as well as reduced lift are
pouipped 10 provico o betber coaling eilect and main-
tainn & high performance aven under severe arulsing
canditiens.

3. Major specifications

Mejor specifications are shown in the fallowing
tehble.
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Due to the fast growing anvironmental concarn
waorldwida, there is an urgant need for a ready supply
of diesal ongines dalivering smmaller exhaust emission
pas and lower noise lavel, Diesel engines have bean
gxtansively usad on trucks and buses mainly because
of their suparior thermal efficiency, but now there is o
growing demand by fleet operators for & raduction in
fual consurmplion to help reduce their operating costs
as well a5 allove them to play & part in the provention of
global warming.

Placing these demands foremaost, MME developad a
new series of diesel engine, the 687, for use on hoavy-
duty trucks and buses. These engines employ o naw
basic struciure and adwanced tachnologies applied lo
each individual seetion. The enging first eppeared in
Fobruary, 2000 in the SUPER GREAT 2000 model
Following this it was mounted on AERDSTAR, a large
city transit-type bus and marketing began in by,
Finally, the SMTOTS turbacharged enging ap peared on
a fual-efficiant high-speed truck tractor lor samitrailers
in Septambar of the sama year,

1. Target

The devaloprnent targets for the BMT serias onging
wore gat far the attsinment of lower axhaust emissicn
as raquired in diagal engines ol the next genaration,
raducad luel consumption, enhanced reliability, larger
autput powar, Inwer noise level, and signilicant weight
raduction. In addition to the ahove, the realization of a
harmonious balance of engine and vahicle characteris-
tics was added to the target for improvemeant in dri-
vability and auxiliary brake parformanc.

2. Features

111 Performanca and sxhaust emission gas

While the initial modal had already cleared the
exhaust omission gas regulations enforced in the Tth
veer of Hipisel (1999) by the adeption of & full electronic
control high pressure fuel injection system, EGH systam

6M7 Series Diesel Engine for Heavy-Duty
Trucks and Buses

sMTD

and V3 ivariable geometryl turbocharger, the latest
miodel boasis an incroase in outpul powaer and torque
af 10 20 % and reduced fuel consumptien of 2 te & %.
Iy arder to econamize fuel consumptlon and enhance
tha torque of BMTOTS anging, the mean affective cylin-
der prossura al & torgue point was raised up to 2,160
Mm, the largast value currant in Japan. When the
enging ia combined with INOMAT {mechanical auto-
matic transmission), a further big reduction in fugl coen-
sumption in & ranga of 7.5 to 11.5 % during high speed
opariation is possible,
121 Fuel and injection system

A full glectronic pre-stroks control type fuel injoction

Spctionpl views of BMIOT engane
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pumg is mounted on non-suparcharged engines and
owtput of Black smoke has bean substantially reduced
by wsing high injecticn pressure attained by minimizing
the hole size of the injector as well as madifying the
shapa of the combustion charmber,

A common rail type fusl injection system is applied
to tyrbacharged engines and in combination with
MICES (Mitsubishi Innovative Quisscant Combustion
Hyatem), a combustion system where fuel and air are
optimally mixed by means of the coherent energy car-
ried by injected fuel, less exhawst gas emission and
riecluecad Tuel consumption result,

131 Structure of walve drive and main movamant sys-
tams

Waight roductian is achievad by an adopiicn of an
OHC 4 walve mechanism and &n assembled type
camshalt, Lobes on the camshaft are made of sintersd
mietel for masimum resistance against severs abeasion.
Baduction of fricticn in 1he system s ettained by tha
adopticn of & rocker arm hitted with double rollars,

In arder to enhance resistancs 1o very high pros-
suras crealed in the cylindars of tho BMIOTS engineg,
reinforcaments of major parts direstly associated with
combustion and cycling have been carried out, sush as
high pressure longing of the FRA pistons with built-in
pin hushing, plus ralling processing applied to the cune
of the crankshafs fillet, heightening the rgidicy of the
connecting rods, and adopting a beering metal of
strong resistanace to high pressure.

(41 EGH system by electranic conirol

An plectronically-controlled EGR system is litled 1o
all engines to achicve reduction of NOx gas and fual
consumption in an exieemely practical wey,

An intake ar choke contrel system is attached to
nan-turbocharged engings for optimuem contrel of the
flowy im the EGR system. An EGR, contrallad by the noz-
zla vone of the VG turbo, & unigus aystem davelopad by
MMC. is installed on turbochargad enginas with the
EGH funcltioning when the vahicle is operating under o
heavy load. This has resulted in nermally hard 1o aitain
performanca in which NOx gas s reduced satisfactarily,
with lintle Black smoke producad, plus graater fuel coon-
QY.

151 Engine brake system
A nane Type poweertand brake system is built in tha

=0 G [=]%
="k -

Mowr powertard systerns

cylinder head to act as an awxiliory brake System.
Pressura in the powertard system s inereased threugh
turbacharging, supplemsnted by ensrgy from reloasod
sampression pressura and than racowvarad by the Wi
turbo systam to increase the braking farce,

& braking force greatly cxceoding that when using
conwantional exhaust brake sysiems s now possible
with this newe system.

16} Low moisa lavel

Reduction of noise lavels by 1 dBLA) during idling
and by 2 dBLAY during narmal operation has been real-
izadd, This was achigved by adding reinforcament to the
crankeasse skirt, Improving precision of tha timing gear
system, adopting & floating systam for the rocker cover
and air intake manifold and applying optimum tuning
to the fuel injection systom for such items as injection
prisssure, liming and |.'|i|l:a-t inie-|:1'r|:|n.

171 Welght raduction

Acreduction of waight by 65 kg from thal of the 6040
angine has boon achieved by a tharough review on the
total strecture and the decision to adopt OHC construc-
sion, shoraned crankease length, consolidated cylinder
herd, a naw powartard systam, and the uss of o thinmer
cwlinder haad gaskat,

3. Major specifications

Major spacifications are shown in the following
tabla,
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The role played by heawy-duny trucks as 1ho
core of freight distribution systems is becom-
ing increasingly larger. SUPER GREAT 2000
vear madel introduced in February, 2000 with
minor madifications has already gained favor-
able acceptance by many fleat operalors
hacause of its supark marchantability, 11 is now
taking a leading position in the domestic mar-
ket The wehicle is built with a short cabin for
maximum expleitation of leading space andd
powered by o VE nen-aupercharged enging. It
has o short wiming radius ideal for Sght comer-
ing, a feature particularly necassary for spacial
purpose vahicles such as dump trucks, concrebe mixer
rrucks, tank lorrios, ele. Effactive with 2001 year model
introduced in Fabruary, 2001 a large and powarful
GRATOT & cylindar in-line turbocharged engine is adided
fo the SUPER GREAT series. Ifis a short cabin model
prowviding a high loading capability, as well as reteining
special characteristics of low fuel consumption and
oparation efficiency with plenty of pawer reserva.

1. Target

Tha reason behind the development of SUPER
GREAT 2000 year model was to creats variations which
will comtribute graatly to fleet aparators engaged in reg-
ular lang distance haulage who are eager 9 reduce
thair operating costs perticularly by taking advantage of
the fellowing fealures.
= Larger loading space and capacity
«  High output power and low fuel consumption which

can ba roted highes! among competitive models,

2, Features

111 Longer cargo platform and largar cargo Earrying

capacily among vehiclas in tha some class

Iy order te ereate a waehicle with a longest cargo
hody nove availabla in Jopan, where an ovarall length
of truck is legally limited ta 12 m, @ cabin shormanad by
250 mm from the standerd by sacrilicing driver's barth
space first introduced in the Z000 year madel was car-
ried ower te this vehicle, To eliminate a buloe st the rear
of the cabin, an engine of shorer length is installed fur-
ther ahead., The cabin hes been raised up to furnish
imstallation space far the enging in the new position, As
the resull of these modifications, the longast van body
available {10,095 mm) is noww possibla. This body €an
accommodate 18 fully loaded T11 pallets, the Iype most
popular now in Japan, stacked in 9 rows, offering one
row more than passible in conventional standard van
bodies. The loading capacity has also baon expanded
by an increass in the interior height gained by minimiz-
ing the protrusion of exhaust pipe and tramsmission
above the top chassis frame. The platfarm height abowve
ground of tha FS 4-axle low platlorm truck, a vehicle

8255 2001 Year Model Heavy-Duty Truck “"SUPER GREAT”

produced 1o meet spacial demands for & larger load
copacily, 15 further lowered by changing the enging
installation angle and resultently, a van bady with a
2,750 mm interior height can be fitted. Therafora, o
vehicle with a 67 cubic meter capagity van body, the
lorgest availabla in Japan at present, can now be pro-
wided. In order to retain ample spoce bolwoeen the
snorkel duct and o cornor post logated in the front of a
wingad-type van body, 3 type most popularky used by
local transporation operaters, the duct has bean relo-
cated 1o the inside and as a reault, 3 body length of
10,030 pm, the longest avallable in Japan, i§ now gos-
sibla. Any increase of chassis weight of this vehicle is
curtailed by a reduction of cabin length and shortening
of wheelbase (for FS and FU trucks) and & load of a
wepight eguivalent to that which can be handled by a
vehicle fittad with a standard size cabvin can be hauled,
Tha front ¢ndd of loading platfarm has Been muovad for-
veard reducing the burden en tha rear wheels, This
change allows the vehicle o carry an addisional 500 kg
load over a standard vehicle.
{21 High output powar and low fuel consumption

anginge (ERTOT]

There are S variatios in 1the EMTO0T anging sarigs and
3 wypes of engine, delivering 320, 350 and 360 PS5
respactivaly which can be fitted, making the vehicle the
mizst powesful in the class, Major engine compoenents
such as the MIQCS combustian systam, commuon rail,
EGH, erc. are exactly the same as 2000 vear model; how-
gver, the overall length of the engine is shertened by B4
iy by the use of 8 shomar fan coupling and minimized
gap betwean the radiator and intercooler. The power
steering pump mounted an the rear and of engine has
hean shiftad to almest completely aliminate the protru-
sion abowvi the upper leval of the chassis frame.
(3 Cabin appaarance

To cover 4 gap created by the raising up of the cab-
in, a neys lower grille has bean fitted to the chassis
frame. The Threo Diamond trade mark narmally fitted
to tha front panel of the cabin has now bean relocaled
o the new grille. Ancther climbing step has been
added in concordance with the higher cabin position
and the front fender whael arch hag boeen extended
accordingly, Headlamps are now positioned 1o the
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0 2m wu



HIEW [

lowecr grille tex comply with the traffic
ragarding their height above ground,

Despite the fact that the shortenad cabin forman
introduced with 2000 yaar medal has boen carricd ovaer
to the new madel, it now has o more refingd style, with
its rounded cube loak, giving a more peweriul and
rugoed appearanc: appropriate 108 heavy-duty iruck,
{41 Excellent comfort

The high driving position created by the raising up
of the cabin will provide the driver a much broader aod
witlar views and allawe acouraie ohservation of the sar-
rounding situation end, therefore, he will be abla to
andura a prolonnad driving with a more relaxed mental
condition. Riding comfort of 2000 ywepr model B Been
carricad ower 1o thee nae vehicls by the employment ol
the cahin and shassis suspension systam devealopad
and Built for that medsl. Interior appaintmsants in the
cabin arg like those found in the 2000 yvear model,
including o highly functicnal air conditioning unit and
audio sel, A very quiet amluence just like in a passen-
gar car is ensured in the cekin. Saating in 2000 vear
model was arranged mainly for local short rens,
Howsowver, to provide mone comfort to a driver engaged
im prolongod driving, anarm rest, lembar suppaort and
lengitudinal s2at shding mechanism have been added.
A sast which can ba slid forvard up to 180 mm is
installed just a5 in a standard size cakin, The seathack
cian b peclinnedd wpr toe 45 degrees ewhom the Seal 5 slhid oo
1he most fomveard pogition. The frent side of the head-
restraint has been flattanad o giva & better faaling.

Aowire transmission control systam has baan fitted
to the wehicle because the installation of a linkage type
corlral was nol feagsikslo doee 1o limited Space in the cab-
in. Bul & gear shift feeling egual e or even better than
thar of tha ayatem weed in a standard cobin has baen
attainad throvgh reduced friction resistance of the con-
trol wire and the addditian of 8 counterwaight lar good
L lancing.
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Table 1 Comparison of lopdable pallais
G5t b eeticle farwdand rab vetiche
Boaky e rard berrgie (W) 100073 1rem SE0Tmm
Mernlnn ol wachible pllets Jaz=10 | BaZalb

(5] Wariations of vehicle

Model variations of vahiclas mounted with tha short
cabin and powered By the G cylindar in-line anging are
incroased in normher this time to inclocde FS, FT and FU
series cargo rucks of longer averall lesgth mcstly wsad
in reguler long distence haulage. An air suspansian
aystem for the raar whaels, which has become quite
popular recently, is now awailable for FS and FT series
trucks, Air suspension an all wheels, as availakle Tor
1l 2000 yaar model, can be applied to vehicles for fleet
aparaiers having & need for low loading platform trucks
wehiich will improve the guality of ransportation and
offer trouble-Tres  loading. an INORAT sysiem
smechanical autematic transmissionl, & unit enjoying a
fast growing merket, is now available as an option an
all trucks of the 25 tom GYW rating. These tochnically
advanciad systems, boing promated by MM, are Tiod-
ing considerable aeceptance in these model variations.

3. Major specifications

Ther mode] configuratians and i Hpecjfll:aliunﬁ
ard s5owen in The table Dela,
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Thi “AERD MIDI ONE STEFY, a low flogr tran-
sit type medium size bus, which was originally
put in the market in July, 1993 has already
acguired very favorable accoplance among many
flzet cparators, likely helped by the rend current-
Iy taking place in tha public ransport business of
downszizing from large (o medium size huses a3
wall a5 the introduction of bus services operalad
by communily groups.

With an awereness of the impending increase
of aged peopla in the society and in order to comply
wiith Tha newly introduced “barrier free” public vehicle
legisiation enacted in Novembor, 2000, the “AERO
WOSTEP MIDI® bus was built and introduced in
Cecember, 2000, The bus is built with a llcor set at a
lower laval than the OME STEP medel, 50 there is virfu-
ally no stepping up or down required by passengers
whan entering or exiting the vehicle a1 a bus stop. The
aim of dovelopment and special featuras of This new
bus are described im the Tollawing,

1. Target

In arder to craate an ideal madium nen-step bus, the
follewing targets were set for its development,

14 An interior space offering an open feeling throuwgh
the use of & lower finar and the provision of a wide
spaca in The non-51ep 2ones.

(21 Easy entry and exit for passengoers by lawsering floor
leval while maintaining running through perfor-
mance appropriate for transit type cperation, and
insurance of gond twrning-circla characteristics.

131 Compliance with the “barrier free” public vahicle
legislation.

2. Features

(13 Lovew Tloor

The floor height above ground in the T m long con-
vantional one-step medivm fransit bus M with a1rans-
warsely mounted engine, *T driva” and the 8 m long ME
with longitudinally mounted engine is 530 mm. On the
athar hand, the floor height abowve ground of the AERO
FIOSTEP MIDT hus st the front entrance door is 340 mm

o -t =i i
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‘Medium-Size City Bus “AERO NOSTEP MIDI"

and the stap height g 300 mm. The non-step consiruc-
tion of the flaar between the frant and middle doors is
pecomplishad by using a center drop type frant axla of
newv dasign and a G-link alr suspension sysam im freant
and for tho rear, & trailing arm ype &ir suspansion, &
aystam extensivaly usad on MMC's madium sightsee-
ing type buses, but modilied 1@ suil transit Lype opera-
tian, Thanks to the installation of air suspension, vibra-
tion and noise of the vehicla are dampenad remarkably.
& kneeling system which will lower the vahicle height
by discharging air from the bellows of the air suspen-
sion systerm is fittad to all & whaals as standard aquip-
ment. With this system the haight of the entrance and
axit lewval can be lowearad by 5O mm fiha ground clear-
anca by 250 mimg.

121 Basic layoul

In ordar to secure a broadar non-step floor space,
pngines are mounted transversely in vehiclas of both
the twa wheelbase catagories namely, Floverall length
of 7 ml. and L (overall length of 9 m} and are coupled
wiith “T drive”, a system wall proven in conventional B
buses, The rear overhang of the body iz shortened by
this arrangement. The difference betwean the F and L
models lies gimply in the wheelbase, The layout of the
body and the egquipment mountad on the undarside of
fhue frant and rear body sverhang sections is identical in
Thesa two models.

The wheelbase of the L modal is 5,260 mm, a dimen-
sinn which hes nevar been seen in 8 medium-size bus
helore and, therefore, the staering angle s widemnod
gnd, as & rosult, the width of the ares occupicd on @
road during @ 90 degrae turn is now almost identical
with that required by an &K transit bus of 3 m owverall
length. Conseguently, satisfactory turning-circle char-
acleristics have heen attained,

(3 Intarior layoul

To furnish a bright and open space in the inside, the
cahin helght is now increased to 2,285 mm by lowering
the floor lavel by 8% mm while retaining the ceiling
height of o one-step bus.  Side windows are also
widened verticelly by 210 mm in the downward diree-
tign in balance with the lawered floor,

Eince the body owerhang of F model is the same a%
that of tha L model, the front deor opening is now
widaned hy 30 mm to 835 mm which is greater than thet
of thio MJ one-step bus. The width of the middla door
of the L model has bean increesed to 1,006 mm, the




same e that of MMC's large transit buses, allowing a
wider spaca for entry and exit of passangers.

Taking an advantage of the lang wheelbesa and spa-
cipus nen-glep floar (the most spacicus among maedi-
um size buzaa), the saat leyout is arrangoed 1o aceom
modate & maximum parmissible number of seated and
standing passengors in this space.

I ardor 19 elirminate gquipmeant mounted under the
serats in e non-step area of both F and L models, direct
driva air conditioning units are now installed on tho
rocf, A6 air reservoirs for brake and &ir suspansion
systems are now situated in the frant and raar body
owarhang sactions.
i4} Functional improvermant

The body skelton and frarme strusiure consinuclion
has been modified fo creale the non-step flaar.
Additional reinforcement has been given to the body
construction resulling in remarkably improved rigidity
and raliability.

Although general coneern ¢xisls over possible date-
rigration in running threugh performance inoa low floor
bus because of s body eonstruction, this bus, aven
undear a fully loaded condition, will hawe running
through parformance vwhich is equal 1o or even Beiiaer
than that of the ME ane-step because of the following:
Installation of fuel tank and bemeries o a mid-whaal-
base saction, with structural componants spacially pro-
ducad for such purposa, a shortening af hady front
avirhang and a provision of body lifting mechanism, as
standard eguipment by which a body can be lifted up
by 50 mm when the gear is shifted 1o 18t or reverso
position.

& GME1-3 digsel engine which has been certilied in
complianco with 1the ¢xhaust emission regulations,
ernforced in 1888, s insiellzd in this bus just as in the
RME mcdal. An "ldling stap and start systom™ (I55] is
equipped a& standard sguipment and will contribute to
a further reduction of emissinon gas.

A “Fingoerouch eentrol® S-speed transmission is
inslalled as stendard aguipment, but a S-spaed auto-

matic transmission is alse available as an option for

thase people who may prefer easy driving.

(51 Facilities to cops with "Barriar Free” public vahicle
legislation
Facilities provided on the bus Tor complying with tha

nay “Barripr Free® public vebicle legislation are as fol-

leawis,

= Aretractable board for loading and unleading a par-
son on a whaeel chair is provided Tor the middle
danr,

= A mechanism o [esten & wheelchair is provided on
the flacr. |Just for one whaal chair onby

«  Aspaca for stowaae of o whaelchair is resereed with
a mark indicated by a sticker label.

s A public address sysiem for Bn announcement of

bus stap and 8 LED type display systam indicating

tha coming bus stop.

A vartical steal stanchion for passanger’s grp s fit-

tied to msch Seat aveny Ird row.

3. Major specifications

Major specifications are shown in the Tollowing
fakle.
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INTERNATIONAL NETWORK

hitsubishi Metor Manufacturing of Amarica, Inc.
100 Marth Mitgiabishi Motorecay, BMormol
lllinais 81761, LL5.A,
Phane: 309-H3E-2000
Teolefax: 300-363-E152

Mitsubishi Motor Sales of America, Ine.
400 We=1 Kotedln Avenue, Cypress
California J0E30-0064, LSS
Phigisa: 714-377-5000
Tolafax 714-373-1020

fdstsulishi Fisso Track of America, Inc,
100 Caner 54- Rord, Bridgaport
M Jarsoy DEDT4, LS4,
Fhono: E56—467-4500
Telolas HSA-4467-409E

Mitsubishi Motars America, [nG,
G400 Wast Kalalla Awvaenue, Cyprass
Calilaraia SGEA0-0064, LS. A
Fhione; T14=372-G100
Talelax: 714=-373-1020

Mitsuhishi Matars R & O of Aumerica, Ine.
3735 varsity Drive Ann Arbor
M 4BTEE, U5 A
Fhona; T3e-%T1-0300
Talalax: 734-8971-Ca01

Kit=ubizhi Moter Sales of Caribbean, Ine
Carrotera Ko, 2, Km 2001 Garres
Cangelaria Toa Baja, PUERTO RICO
Phoma; E7-261-0795
Telalax: TET-151-8700

Metherlands Car B,
Or, Huly van Doornawar 1,
G121 B0 Barm, THE METHERLAMOS
Fhone: 31-46-209-5316
Talatax: 31-46-480-543E

Bitsaibishi Motors Evrope B.Y,
[eaiglassingel 1
11189 B Schiphal-Fijk
THE NETHERLAMDS
Phona 31-20-44688111
Tarnfnx: 371-20-4486741

Kitsuhishi Trucks Europe - Socledade
Euraprin de Aulamoyais, SA.
Aparads 7, 2206-908 Tramagal, PORTUGAL
Fhonp: X41-2%9800
Telpfax: 241-805877

Mitsublshi Maolor Sales Exrapa B
Nauglassingel 1
111% ME Schipfol-Hajk
THE HMETHERLAMDS
Fhone: 31-20=£46E111
Telefaw 31-20-4463135%

PAitsubishi Motors Sales Mederland B
Dinmantlaan 29
2132 WY Haatddorp, THE METHERLANDS
Phona: 31-23-5555222
Ielafax: 31-23-5540620

fitsubishi Motor Sales Sweden AB
Box 8144 =163 08 Spangn, SWEDEN
Phane: 46-8-474-54001
Telefax: 45-E-521-17H:

MM Automotive Espana 5 4.
Trvesin de Costa Brava no. 5o planta
2B034 Magirid, SFPalN
Phone: 34-91-387740]
Trlafme: 31-21-3677458

titsubishi Motor Marketing Fesearch Europs Gmibb
Sehiaforsien 114
GH43% FlaarshaimdMain
GERMAMNY
Phone: 49-5145-R0E-00
Telelax: 455 145-004-164

Mitsubishi Maotor B & D Europe GmbH
Diamant-gtrass
D-554886 Trabur
GERMANY
Fhane: 49-6147=8141-0
Telefas: 49-5147-33712

itsubishi Matar Sales Danmark A5,
Frowvestansys) 20 0K 3000
Helsingar, LEMNKARE
Phana: 45-8526-6700
Talalax: A5-3424-GTET

Mitsubishi Moetors de Portugal, S.4.
Povas 2EO0-997 Wila Frarca de Xira codes,
PORTUGAL
Phone: 351-2Z63-288100
Telolas: 351-242-205232

IWitsuabishi Motars Sustralis, Lid,
1284 Souih Boad, Clovally Bark
South Australia, B042, ALISTRALLA
Fhione; B8-H215=-7111
Telelax: BE-221TE-GO41

Blitsubishi Mators Mewe Zealand, L1d
Frivate Bag, S0912, Forines, NEW ZEALAND
Phona; 4-237-0710%
Talalnx: 4=237-4205

MG Sintipol Campany, Lid.
EA-E501-3 Mu 11 Phahaiyorhin Aoad,
Tambnol Klangreung, Ampur Klongioang,
Phathurninanae, 12120, THAILARND
Phonn: F-50E-E000
Talolay; 2-208-2FA0

Mitsulaishi BMatars Philippines Corparation
rugas Awonue EXCantion,
Colnta, Aizal, BManila, PEILIPFINES
Frhone: 2-6860-0100
Talefax: 2-GE8-0004G

P.T. Mitsubkishi Krama ¥udha Motars and
Manulasturing
Fatkangan 3, 1 Aays Hekas:
K21 Pulo Gadung. Jakaria Timuor
Jdakarta, INDDRESIA
Pl [21-480-2008
Matefax: O31-460-2015



MITSUBISHI MOTORS CORPORATION

= Haad DHfice
F3-3, Shiba Sechame, Minatoka, Tekeo 108 0440, Japan
Sriang =BT-3-2455-1711
Telafas: +531-3-L232-271
Telax; JHIEE3G, IZHRIS

= Dosign Genter
Tamp Design Gentnr
1-16-1, Karakida, Tama-shi, Tokya 260036, Japan
Phirs: +831-423-08-7307

= Engineering CHices

Cor Rosearch & Develapmient OFice
1, Makashinkin, Hashime-cha, Okaraki-she, Aichi Pref, J22-81507_ Japan
Phome: < B1-552-41-3110
[Takazhi Proving Ground]
2221, Osarashn, Qiolobeaha, Baloogun, Flokkaide G30-0271, Japan
FPhorie: <E1-186-32-7111

Truch & Bus Dovelapnent Clice
10, Ohkuracha, Nakabara-ku, Kawasab-=he 211-8572, Jagan
Phane: <B1-44-607-2000
[Kilsurzgavea Proving Ground]
L0, Washijuxy, Kisuregavse-rmachi, Shigga-gun, Tochigi Pral. 3251471, Japan
Pone: «E1-TH-EHE-2P 11

= Plants

Magaya Flant
[Maguyis Plant - Sye]
2, Dye-cho, Minalo-ku, Hagoya-sli Aickr Praf, L85-H507, lapan
Phore: «81-52-011-5100
LMagpoya Flant - Seaenki|
1, Makashonkir, Hashime-glys, Chagaki-shn, Acke Prod, 4348307, Jopan
Phore: =81-564-31-3100

Kywata Plant
[Ewario Planl - Kyols]
1. zwmmasa Tatsumi-cho, Ukyo-Su, Kyol-shi 8158307, Japan
Plazne: «81-7E-364-E000
[Eyato Plant - Shiga|
2=1. Kosnnacho, Kasai-shio, Koga-span, Siga Prat, 580-352712, Jagan
Phune: +81-7d8-75-1111

Mizushirma Mlant
=1, Mimshims Kaigandari. BEusashiki-ahi, Dkovoma Prgf, 712-5501, Japan
Fhano: 181-EB-444-4114

Tokye Flanl
[Tokwd Flant - ¥awasaki]
16, Dhkurg-cho, Makalbra-ko, Kasagnkeshe 21T-E322, Japan
Fhiarne: =E1=-44-587-2100
[Tuakyn Flanl - Makatsau]
A0, Wakalzy Azn Sakusadai, alkawa che, Alkougun, Kanagawas Pred. 2a3-0303, Japan
Phang +81-462-85-8111

B RITSLIBISHI MOTORS COAPSZRATION Frinted in Japan
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