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METHOD FOR SELECTI NG FUEL TO BOTH OPTI M ZE THE
OPERATI NG RANGE AND M NI M ZE THE EXHAUST EM SSI ONS OF

woiaoh/ 1286 NES Rel at ed Application This Appli cap@¢DnS2087/008825

related to and takes priority fromUS Serial No.

11/ 407,525, filed on 20 April 2006 (20/4/2006).
Techni cal Field The present disclosure is broadly
related to nethods for controlling the operation of

i nternal conbustion engines, and is nore particularly
directed toward nethods for selecting a fuel for
optlntzlng the control of the operatlon ofEhoaneneous
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and hOM/the charge IS |gn|ted In a standard gasollne
engine air and fuel are prenmixed into a well-m xed

charge that is ignited vwflw a spark. In a standard
di esel engine fuel is s§$%§%4mﬂﬁﬂgﬂﬂhe cyl i nder during
the piston's conpression stroke. Air and fuel are not

wel | m xed when the rising tenperature from

d | h.
comprBREh Bt g e aenrioB S PR ZN“JQ% 525,
%&M}S‘g,ﬁﬁ@g(p@ﬁﬂﬁﬂo&l gnition due to conpression.
an ngi ne

al r"andf uel can be prem xed as |n a
gasol i ne engine or fuel can be directly injected |ike
a diesel but earlier to allow better air/fuel m xing
before ignition. Better aiLifisgkidid Xi ng produces

The present disclosure is broadly related to methods for controlling the operation
of internal combustion engines, and is more particularly directed toward methods for
selecting a fuel for optimizing the control of the operation of homogeneous charge

compression ignition (HCCI) engines.

Background

Internal-combustion engines fall into four categories, defined by the amount of
mixing in the air/fuel charge and how the charge is ignited. In a standard gasoline engine
air and fuel are premixed into a well-mixed charge that is ignited with a spark. In a
standard diesel engine fuel is sprayed into the cylinder during the piston’s compression
stroke. Air and fuel are not well mixed when the rising temperature from compression
induces burning. In the homogenous charge compression ignition (HCCI) engine air and

fuel are well mixed before self-ignition due to compression. In an HCCI engine the air and
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much | ower NOx and PM em ssions conpared to standard
di esel conbustion where rich fuel/air pockets lead to

w@o@y/12382rat i on, and flane surroundi ng the i njPCT/E82007/008825

fuel leads to high NOx. HCCl has better fuel econony

than a gasol i ne engi ne because there is no throttling,

and because hi gher conpression ratios can be used. The
mai n chal | enges for HCCl are both too rapid

conbustion, and lack of a triggering ignition event.
farican bh prangrgrbasdh agasdline ehging0Chekgagiba direstlyi inigeted like a diesel
sufficiently high, the prem xed air/fuel mxture

o paslist o allayibgiter aiy fuelwpingshefens ignition Beenmidfupkiaixing pppduces
pressure rise rates can occur causing excessive noise
ravah loweeNOxand BNy emissiganeryeparcrHe standard diesel sompstiongyhere rich
triggering event makes it nmore difficult to control an
fugl(air paekets dead (to sopt foragtipmand flgms sugoundineihe fjgpérd fuel leads to
1%g{ﬂtion, while in a diesel engine fuel injected_into

NOFnHCEd bagibetter fuel pepgamy thays gaselie epging besausg theteds no

annot be used to control jgnition timng and duration
thRE 1488 beeAlST Rhe R RRssioR Fafos EMRyee 158 HCl  engi nes
is their limted | oad range caused by the use of high
excess air/fuel ratios and/or high EGRrates to

Cont e SRRl 88 BLECCR o D0 G BB itk 4
R e, LR TSR 00 iy
W O A Do U bl A Sion i
RERLALERFa R A RS&! cal@hg LN sSi@se and potential engine damage. The
lack of an ignition triggering event makes it more difficult to control an HCCI engine. In a
gasoline engine a spark triggers ignition, while in a diesel engine fuel injected into hot

compressed air triggers ignition. These measures cannot be used to control ignition timing

and duration in an HCCI engine.

Another challenge for HCCI engines is their limited load range caused by the use
of high excess air/fuel ratios and/or high EGR rates to control combustion phasing,

cylinder pressure, rate of cylinder pressure rise and/or NOx emissions.

Currently, some of the challenges facing HCCI engines include:

Limited load range;

Lack of universal, yet practical, measures of ignition quality of HCCI fuels; and
Excessive particulate/smoke emissions during operation on diesel boiling range

fuels, especially at high engine loads.
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fuels, especially at high engine | oads. HCCl technol ogy
is still at arelatively early stage of devel opnent,

wQ@ed7hedsads great prom se due to its excel |l ent PXIESED7/008825

em ssion and fuel efficiency characteristics.

Different versions/configurations of HCCl engines are
bei ng devel oped worl dwi de. Their comrerci ali zati on has
been hel d back mainly by the challenges of this

technol ogy, including limted | oad range, difficulties

in controlling conmbustion phasi ng and excessi ve heat

rel ease rates. In order to address sone of these

chal IHOgkschamibgyppstill atrai ielat gely ebrdst @aketaf deicbpment, yet holds great
Caterpillar has entered into a cooperative research

raonlisd dve tooitmexctlang exepsiemissidnmaneine ek rcy Charpaemgtico Mifferent
since the Fall of 2002. This disclosure is a result of
veksidns/doofignratignsiof HGChengintpite bping glevilepsid earldayidadi B

fuel is defined as a mixture of hydrocarbons which
depinerginlizatiop Sphbgendeldrhagk maéﬂ!ob:eﬁleahel&qvg@r@fttw éechelgey.
wi t hi n_about 1500C to 3800C, whereas gasoline is

ingpding dimited Joadi rapgss diffigultigsdn sm&esc%huéwpwaﬁmaend excessive
at nospheri c ?ressure ver a tenperature range with

heisgleasnyitesy Iy d/ s S@r;rrgﬁ 9 dlaesg plaaligpess ap Bp%ﬁmﬁftﬁ’ﬁ related
EGR.

ta#fifglﬁt%maﬁ }Sé&;%‘ﬂts ?ﬂﬁg ﬁ%ﬁﬂ%?th"rﬁ%%g’ﬁ{l ‘%/??Vﬁ [pment agreement

i BEH ot St st e RIS i e ap it ot i

e burned in the course of an engine cycle and thus
j lnt Work.

m1s 'the maxi'mum achi evabl e engi ne | oads. For
exanple HCCl engi nes operated on a typical 45 cetane
nunber US di esel -fuel can produce, at nost, only 1/3

iO; : @ thO R Rl iR fe, B¥ sl WRY nEa H £538lruB W hPHSearbons

which boil at atmospheric pressure over a temperature range within about 150°C to 380°C,
whereas gasoline is defined as a mixture of hydrocarbons which boil at atmospheric

pressure over a temperature range within about 25°C to 220°C.

HCCI engines are operated at high air/fuel ratios and/or high EGR rates for the
purpose of conirolling combustion phasing, peak cylinder pressure, rate of cylinder
pressure rise and/or NOx emissions. This restricts the amount of fuel that can be burned in
the course of an engine cycle and thus limits the maximum achievable engine loads. For
example, HCCI engines operated on a typical 45 cetane number US diesel fuel can
produce, at most, only 1/3 of the load attainable by comparable diesel engines, if the

comparison is made at the same diesel-like compression ratio.
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conparison is made at the sane diesel-1ike conpression
rati o. Summary of The Di scl osure An aspect of the

wak@choesaze is a nethod for selecting a fuel fPONMUIS2007/008825

anongst a plurality of fuels, for optimzing the
operation of an HCCl engine. The nethod includes the
steps of determ ning a derived cetane nunber (DCN) in
accordance with ASTM net hod D6890 for a plurality of

i quid hydrocarbon-based fuel fornmulas to be tested,

to permt said fuel s Sumimye¥dheRisethsae t he sane

scale; testing said plurality of fuel fornulas to
deternmine the autoignition properties of each relative
t 0 t hén@aspeckpfithe digelofuBiis aamethodifor lsélpgfingaduél fedm amongst a
ignitability of the tested ones of said plurality of
plueality of fyglsafor aptirpizingdhe eppprticnsif gn HGRT epgineRThe methgid dncludes
HCCl engine, to determine the fuel fornula enabling
thsistere ﬁgﬁfﬂ@ntnans pEeHYe cgtang Hémthg(PéB‘D in gegrdanee with |ASTM

t he broadest | oad rafg at a give Anot her aspect
1

orben S s it for i .
PG e e of eypliaind B e seal s i1 Dl eridug formutas
G RSPty PR AL FBER
A, B i oy RS i v
g&é%&%gnsmhﬁ gr%ﬂ{)o&dsa Ei' e ?onéjet{?mne 58 R9E o zg{aee%ffﬂ%ling said

scription o arious enbod
e MO e SR At e
the same reference designation, mhereln.Flgure 1 shoms
a bl ock schematic diagram of the selection of test

fuel s ALemeVAbsR e tHeMiscld¥RRGE a Rlen{dd8br defREA SR Elel ?d('mula for a
chem stry, and volatility upon the operation of

plurality of HCCI engines. The method includes the steps of testing a plurallty of fuels to

determine the ignitability of each; and running each of said plurality of HCCI engines on
each one of the tested said plurality of fuel formulas to determine for each engine of a

given CR the fuel formula that maximizes the load capability and load range thereof.

Brief Description of The Drawings

Various embodiments of the present disclosure are described with reference to the

drawings, in which like items are identified by the same reference designation, wherein:
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engines; Figure 2 is a table showi ng the properties of
gasoline fuels tested; Figure 3 is a table show ng the

w@eepaeisses of diesel fuels tested; Figure 4 i BCHUSZ0Y/@08825

showi ng the specifications of a single-cylinder direct
injection (D) HCClI engine used in testing various
fuels; Figure 5 shows maxi mrum and m ni nrum achi evabl e
brake nmean effective pressure in kilo Pascals (BMEP

kPa) or engine |oad versus Derived Cetane Nunber at

1200 Fipaee lashdwh e blockisthemativ dingfapn ofithx sefexticarnd tast faelstorevaluate
achi evabl e | oad are al so shown; Figure 6 shows maxi num
the émpach pfifwel igoitsliaidhemBiteyk énd\)mlltiliﬂ'l gporethPpperatigreofi HCCL
kil o Pascal s (BMEP kPa) or engine |oad versus Derived
@gingse Nunber at 1800 rpm and best fit curves for

maxi mum and m ni mum achi evabl e | oad are al so shown;
Figure 7 shows curves for maxi num and m ni mum

achi evabl e engi ne | oads versus, Derived Cetane Nunber

at diFigateenis adaRle Fhovinmibe srapepics pheasgline fuel§testeds shows
curves of (R+tM/2 and Cetane Nunber versus Derived

Cet ane Nunber; Figure 9 shows curves for Sm)ke i n Bosch

o oh B0 Ak SRTod PR af DR EVECL! T uel

hi gh aromati cs gasoline fuel, and | ow ar ormtl cs
gasoline fuel, at 1200 rpm Fi gure 10 shovvs snoke

vers Lfguregi s gs l:rcfe f & g ﬁn %P] ecifica {As c%z a Sé mdg e&ltqct m_]ectmn

ar oma ar omma

BN HRY AERATRLLES t&%ﬁg bmo%sff.ye%;'

Figure 5 shows maximum and minimum achievable brake mean effective pressure
in kilo Pascals (BMEP kPa) or engine load versus Derived Cetane Number at 1200 rpm,

and best fit curves for maximum and minimum achievable load are also shown;

Figure 6 shows maximum and minimum achievable Brake Mean Engine Pressure
in kilo Pascals (BMEP kPa) or engine load versus Derived Cetane Number at 1800 rpm,

and best fit curves for maximum and minimum achievable load are also shown;

Figure 7 shows curves for maximum and minimum achievable engine loads versus

Derived Cetane Number at different engine compression ratios;

Figure 8 shows curves of (R+M)/2 and Cetane Number versus Derived Cetane

Number;
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respectively, at 1800 rpm Figure 11 shows a table of
the fuel series encountered in the curves of Figures 9

wae@7Aagss3and Figure 12 is a tabl e show ng aver BgEUSI00k@08825

data relative to the fuel series tested. Detail ed
Description The use of a single paraneter to
characterize ignition quality of a wi de range of fuels
i ncl udi ng both gasoline and diesel will benefit fue
suppliers, engine manufacturers, and the end users.
Test Figwwadubdes clryes floeSmokeintBossh Baoke Uaito (BIW)ateedts engine load
that |iquid, hydrocarbon-based fuels which have the
(BMWIBP/HBa)i forkigh etoamaticn dtrd fuell dowammaids divsd fukil rlygh aromatics
ASTM nmet hod D6890 exhi bit the same autoignition
gsoperfueleand lnwtdremics lgoolline figgl,aé 120Urpenabl e HCC
operation up to the sane nmaxi num | oads and over the
same | oad ranges irrespective of their boiling range
and hydrocar bon makeup. Derived cetane nunber by ASTM
met h o%g@s d0chews yRekessie epginpload fordishparompics digsel fuel, low
nmeasur e_ of aut0|%n|tablllt for both_ gasoline and
Prpauss digse] fugk bighapomgticgiepsolips, fehoad 1ovy pegiages gosolirediel,
i s des rlb?g herein in nore detail in relation to the
TgFReCH Q4™%oul d beunderstood that other types of
HCCI englnes (non-direct injection) may be utilized
with the present di scl osure to achieve simlar
[ 2? ul IE lglll‘ Qv% 4 % dciqge l’l%legeﬁgsg 0 dc% ,]Sttgrroec it gg:gxgrtes oft‘ Figures 9
{% e any such HCCI englne Lom#aronatlc gasol i ne

|ng range fuels emt essentially no snoke over the
whol e engi ne operating range, while high-aromatic
gasoline emts small amunts of

Figure 12 is a table showing average smoke data relative to the fuel series tested.

Detailed Description

The use of a single parameter to characterize ignition quality of a wide range of fuels
including both gasoline and diesel will benefit fuel suppliers, engine manufacturers, and
the end users. Tests conducted by the inventors have demonstrated that liquid,
hydrocarbon-based fuels which have the same derived cetane number determined
according to ASTM metﬁod D6890 exhibit the same autoignition properties in the DI
HCCI engine and enable HCCI operation up to the same maximum loads and over the
same load ranges irrespective of their boiling range and hydrocarbon makeup. Derived
cetane number by ASTM method 6890 is therefore proposed as a universal measure of
autoignitability for both gasoline and diesel fuel used in DI HCCI engines. Although DI

HCCI is described herein in more detail in relation to the disclosure, it should be
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snoke at medi um and heavy | oads. Diesel boiling range
fuels were found to emt significant anounts of snoke

w@urooiitgds3t oads, and near stoichionetric oper atPemUS2007/008825

conditions. In addition, an increase in the aromatic

content of the fuel was shown to increase snoke

em ssi ons when the engi ne was operated on either

di esel fuel or gasoline. Since a significant reduction

of snoke em ssions may elimnate the need for a

particulate filter, or at |east enable the use of a

| oner efficiency. filter, a nethod of controlling snoke

wdbsRiod filsat btteAtypks HEICCEeargines $ndrsdifscoinfdon)whayche utilized with

requires that such engines be fueled with diesel fue

tbe paso disnlesuvh ¢o ehidve saritreesnlis Fuothes it shodldtbh@nferstbod that the

control |l ed bel ow designhated |imts. Fuel effects on D

tpiB6 DEHGIOh or HEC orapnie wecdhinterdhangsablyrtatdestribh any sush HCCI engine.

hi ghest maxi nrum | oads and the broadest | oad range can

be realized through natching of ignition quality of

the fuel with the conpression ratio of the engine, and

t hat lpWrwesenatigsawolise beiliag range firels emis gssentielly @osaole pysr the

achi eve a broad range of engi ne operating |oads. The

whele engiat epsfpitng rengee vhils hishwiqmaaticgapq)ing pHyitg small ppgunts of

| act of fuel ita [ chem str and tility

ediig Fne 1198 ]8?‘%0 b‘%?gr RoiRgFange %‘ﬁ‘é °&‘H§ I %m‘éf
used a

i FW“‘B%P%%‘%“%%%E&?%SWE‘H‘@H i TeRe G ppting Conditions.
f tant t
| gﬁdﬁ%g,nan l?ﬁlgai%e ewa()el}‘l%tlcsc\é\)/a he %qé &i ’ eSr ;hﬁ)%dn%o ?g]creasgsmoke

i? 1 e%%«le 'er‘ ne \9@5 @eﬁ% {lﬂxg &lﬁ&,ﬁ Etlell B%/ %atslmﬁ)e Since a

Yy ranges-were eva

ﬁf héan% % oﬂ s oﬁcQ %%ﬁé hﬂ? gl%lla'teﬂﬂe L&di96r a g{}gkul?tﬁ filter, or

Flc
i

=S

mer vo , respectiv
Jtli&sijénﬁﬁf%l th@Qéel dr Q%\ff&"é@ﬁcleﬁ%tﬂﬂep a5RGHod 8 @hirbltihY smoke
range, two fuel composition

emissions from DI HCCI engines is proposed which requires that such engines be fueled
with diesel fuel or gasoline where the aromatics content of the fuel is controlled below

designated limits.

Fuel effects on DI HCCI engine performance has demonstrated that the highest
maximum loads and the broadest load range can be realized through matching of ignition
quality of the fuel with the compression ratio of the engine, and that a wide range of fuel
chemistries can be used to achieve a broad range of engine operating loads. The test fuels
were carefully designed to evaluate the impact of fuel ignitability, chemistry, and volatility
on HCCI engine operation as shown in the pie charts of Figure 1. Derived cetane number
(DCN) was used as an ignability parameter. Fuels with high DCN ignite easily while fuels

with low DCN are more resistant to ignition. The test fuels spanned a wide range of fuel



10

15

20

25

series were constructed with high aromatics and | ow
aromatics content. Finally there were two | evel s of

wo gowrtizdsst i ty, fuel 16 with high DCN and fuel sP@T/U82008008825
and 6 with |ow DCN. Mre specifically, in the "Lower
DCN' range, diesel fuel 2 has a higher aromatic
content 10, and | ower paraffin content 14, conpared to
gasoline fuel 4. Fuel 16 represents an average US
di esel fuel, having nearly equal naphthene 12,
ignicisility cchkthistgruhd yatatifify. iwoonlatitity thdges Mesé¢ edaladted: high volatility
conposition varies significantly with derived cetane
foelsBeand Syl the gasolige beilingragaitand lavomtvelutilityTiels 2 6.,vatdilo,
species in the nore volatile fuels have one ring and
respeetivelnrim fife digsel bailies xahed. NSithinkadhevolatditarapee ttive uel pomposition
the less volatile fuels have 1-3 rings and | onger
ssrigewelsaonsiruckidpyyifiphigly aomatippanglpw arematiss eprtenty Binglly there were
nmol ecul ar. si ze_ and branphyng The fractions | abeled 12
todeysls efdgnitabilitigfelidwih high % and fisls 2af e 814 With lan PCN.
naphthenes in gasoline. Al of these factors can )
Mara weribealby & the AEeY et PN Frpep-ghiese] %'ﬁl 2 Ien ighdr apqupgtic content

LGRS PR PP A 1 B,
fuel Fi 2 d 3
ar d@gz&%mzﬁ?%w R by e

céogseéf 12 mf t h ! %;fl %irv%ﬁgse é’l%jfca ri%ﬂlzdea‘l% g%‘lan%snu%]:ber,
C I t
RO O s
Ang add O a&@ﬁrﬁé sREchfs, Whilk W SoMEi& if ﬁ}égla&%fi\ﬁieoﬁxels have 1-3
test smaller varirations in COﬁ'pOSI tiron an
1S h@ il glef Mde-gﬁﬁﬁsr Qinln)'ar Ré PR Pocibielry in molecular size and
conposi tions, 2, 6, in Figure 1. Gasoline fu

e @ra%s'l%e[e%l @ta%jpﬁtﬁaﬁlp%aﬂﬁﬁ&{eg ) Fiedl® %ﬁi}ébfe@ins and

fuel conposition 4 of Figure 1
naphthenes in gasoline. All of these factors can influence fuel chemistry and ignition.

The test fuel properties are provided in tables shown in Figures 2 and 3, for
gasoline fuels and diesel fuels, respectively. The fuels in Figures 2 and 3 correspond to the
fuel experimental design depicted in Figure 1. For example, with reference to Figure 2, a
series of gasoline fuel compositions G11, G12, and G13 were developed that each
correspond to a fuel composition generally designated by reference numeral 8 in Figure 1.
In some cases series of fuels were developed to test smaller variations in composition and
ignitability, generally designated as fuel compositions, 2, 6, and 8 in Figure 1. Gasoline
fuel composition G23 is related to the generally designated fuel composition 4 of Figure 1.
Similarly, with reference to Figure 3, a series of diesel fuel compositions D12, D12-C, and

D15 were developed that correspond to generally designated fuel compositions 2 of Figure
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Simlarly, with reference to Figure 3, a series of

di esel fuel conpositions D12, D12-C, and DI 5 were
waelewelizgserl t hat correspond to general |y desi gnetBUSI00B008825

conpositions 2 of Figurel. Diesel fuel conpositions Dl

3 and D13-B were devel oped that correspond to

general ly designated fuel conposition 6 of Figure 1.

Al so, diesel fuel conposition D14 corresponds to

general |y designated fuel conposition 16 of Figure 1.

1ITHRiest? fzal edmpeditions DG rind D13 Neraadeveliopedthaf doetespand ng geherally

from23.4 to 45.0 and aromatic content from13.9 to

&85ignsted ! séropusition GRfugwre 3. Ade, digsalifudl colpopitian 2}4 ¢dreesponds

derived cetane nunber of gasolines ranged from27.2 to

tg 2enprallindes{gRatoyl figel oempesitionufodiFigure in BR. derived 8garig, number

where the aromati c content was essentially identica

(PsBOWL diege) fuﬁle ranfgaré frem33.41to 451 Pandzanematic3:ontent from 13.9 to 65.4%,

consi derably higher (35.6% for gasoline fue

3 Shpwa it Fighedp sAs sheemig §1@Fﬁ 3.0ke ‘gﬂ%’f’ﬁl P¢tane mynber of gasolines

properties of test gasolines and diesel fuels were

RRGRIGTIM A2 Ehad s JELB AP OHEDRT B 425 thlrh Bhere the

di scovered that der

BTt SR g et 11 e f;%%w and G13, but
fuel b al
LS PeB ey s Rt e P ?ﬂ%&%@@ﬁﬂﬁ Cigfpesive dsctation

p%éﬁ \{'tlgsbot"%e%P §9 %ﬂn%faat%gr%}ﬁ%%lei{dag we%d‘iﬁe Xtcﬁ\édt %ccéorﬁgglya#}g
d
PR ER B itietit Ml o
gﬂ@ab?ﬁ bgc --Qe f&ﬂg%img 19seﬁhgf§' Jah%@@@albﬂpcﬁ lith%'garf'xg' gcale
ture” of npoun s I'n broad conp03| I ona
cl asses. For i nstance as shown in Figure 1 increasing
volatility decreases the size of paraffin nolecul es

and reguess dtRensEndt T%JIQJI a6ihd fovibds brdAdin m%e%@ fuel chemistry
aromati c nol ecul es. refore the range of fue

WERHNTRRABiliO hsidSteAMRBd BY OADEthat B RteitnhdatdBaG D&Y cial gasoline

and diesel. As illustrated in Figure 1, the variation in volatility, ignitability and aromatic
content have a significant impact on the nature of fuel compounds within broad
compositional classes. For instance as shown in Figure 1 increasing volatility decreases
the size of paraffin molec;ules and reduces the length of paraffin side chains on aromatic
molecules. Therefore the range of fuel composition is even broader than that described by
the compositional variables Figures 2 and 3. Providing equivalent ignitability across. this
broad compositional range using wide-boiling fuels was an important component of the

testing.

A single-cylinder DI HCCI engine was used in these tests. Its specification is

provided in the table shown in Figure 4. For the compression ratio used in this



t he conpositional variables Figures 2 and 3. Providing
equivalent ignitability across this broad
W@ oi9p0sisst onal range using w de-boiling fuel s MBEUSW07/008825
i mportant conponent of the testing. A single-cylinder
DI HCCl engine was used in these tests. Its
specification is provided in the table shown in Figure
4. For the conpression ratio used in
thi si nvestigation, the brake nean effective pressure
irRivERYtidnathg dirakeandan ok gtive prdseure (RMEPY R pete eshlizhel¥or this engine
1600 kPa at 1200 rpm and 1400 kPa at 1800 rpm The
ggealkd ¢ 00 kibert 130@ guw awl HOQ kPhet 1800gpwt Ty lpeaideylinder pressure and
ressure rise were limted at 18 nega Pascal s (MPa)

theytatSofpdindergrressurerrisn ersrlighided atd § meagh iPesdals. (Mag and 3 MPa/degree
coefficient of variation of indicated nmean effective
oanksanglee respodtivelyndde cogffigient of vasaonnd indientpd meanmiffeativs
5 and 6, both the nmaxi mum and the m ni mrum achi evabl e

5 raprgiedIMERY wat ipded a$%.20, respectivel y, increased as
the derived cetane nunber of the fuel was reduced, for
the fuels tested with DCN > 27. Notably, the maximm

S RACETE P TN R L
s RS2 3 Goseptvel 3&%@3%%3&% g bl ffber of the fuc
s r%? c%grfoiﬁgltﬁ%% ?eg%(rln Q&Hgaﬁgﬁé \ogav\? ﬁﬂé{%ﬂé’uﬁe or xin? " hlevrggle
o é@& i o AR e
%ﬁaﬁlo@kﬂq hg%Fe 5 -Ebl‘ﬁe"nﬂg file ot éMﬁMéJE‘l‘ BF 1600 liPa r%lulred the
achleva a

tive to operation on a typic

d.i,le %%Qlfuél Wlosd ddiled Blidne dirdber wio bquifd G060 & tﬁé}m&h{:’i‘é At 1800
0 kPa to 1600 kPa) at 1200 rpm and 40% (from about

rpm, as shown in Figure 6, attaining the target BMEP level of 1400 kPa required the use of
a fuel whose derived cetane number was equal to or lower than about 32. The increase in
15 maximum achievable load relative to operation on a typical US diesel fuel (fuel D14, DCN
= 45) was 60% (from about 1000 kPa to 1600 kPa) at 1200 rpm, and 40% (from about
1000 kPa to 1400 kPa) at 1800 rpm. At the same time, the load range increased by 55%
" (from 760 kPa to 1180 kPa) at 1200 tpm, and by 25% (from 840 kPa to 1050 kPa) at 1800
pm.
20
Stable combustion could only be achieved using diesel fuel D15 (DCN = 23.4)
under one set of speed/load conditions, i.e., 1200 rpm and 600 kPa BMEP, indicating that
a minimum DCN limit exists for successful HCCI operation (at least for diesel fuels)

under the experimental conditions tested. It would be expected that a similar minimum

10
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1000 kPa to 1400 kPa) at 1800 rpm At the sanme tine,
the | oad range increased by 55% (from 760 kPa to 1180
W Bay/ 123832200 rpm and by 25% (from 840 kPa t oPAQDBE82007/008825

kPa) at 1800 rpm Stable conbustion could only be

achi eved using diesel fuel D15 (DCN = 23.4) under one

set of speed/load conditions, i.e., 1200 rpm and 600

kPa BVEP, indicating that a mnimumDCN |imt exists

for successful HCCl operation (at |east for diese

DON 15nit wodkralddeptyxdpea speed o Il 8GPopoh, s outEnddeiaRighre b since 1800

woul d be expected that a simlar mnimunDCN |imt

poutduld repueseppingrefsgyere opgretad aohditiB®0 rpm  as outl i ned

in Figure 6, since 1800 i pm woul d represent nore

severe operating conditions. Reduction of fue

ignitability enabled higher load levels in the DI HCCl

engi rikeduetien gicdekigyitabiliy) enableddughes lopd develsdn theoPI HERI engine
exhaust _gas recirculatign) to control combustion

BHRENG: 2 i Gaer A AeoR BN ER (st s BaISIRHAB) to contel

amgunt. of ajr in the cylinder charge. As a L. .

HHsHRRPRas e hpemekiag taossiple to meisatedhe prppntaf air in the cylinder
linder resulting in an increase of engine output. .
E2Sni/Hi TR SRR T EEH G be egierlinie B8 eulndsr goepling fran

reducti in f ignitability d to.t j [
figrreFert Ay DR iR pefot e s b e
léelgl%h%%’in WY id] ?tglgiﬁgr w2 +& heYhdte tsQ ?r%/ ergﬁtﬂneet tgl%%ﬁ%%?, otgge&léeg avith

ustion occurr appr oxI nat e
SEPASEYPRS 480 G 5P, B o 0y S5 A
B0 o L (A R AOTPAEDH AL gpisins

PL@NES whAdSRRid haibT 0adest

=

As Figures 5 and 6 demonstrate, fuel ignitability can be matched to the
compression ratio of the DI HCCI engine to ~:':1chjc.ave the highest loads and the broadest
HCCI load range. It is anticipated that with the change of compression ratio, the optimum
fuel ignitability requirements will also shift, as shown schematically in Figure 7, but that
the principle of establishing those requirements will remain the same. In Figure 7,
maximum achievable load curves 22, 24, and 26 are shown for engine compression ratios
CR1, CR2, and CR3, respectively. Also, in Figure 7, minimum achievable load curves 28,
30, and 32 are shown for compression ratios CR1, CR2, and CR3, respectively. It is worth
noting that while DCN was used in Figures 5, 6, and 7 to characterize ignition quality of
the fuels, other measures.of fuel ignitability, such as octane number or cetane number, can
also be used. However, in a preferred embodiment, a wide variety of liquid hydrocarbon

based fuels including diesel and/or gasoline fuel formulations, each having their fuel
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HCCl |l oad range. It is anticipated that with the

change of conpression ratio, the optinum fue
woguornadsBt ity requirenents will also shift, asPEHUB2V07/008825

schematically in Figure 7, but that the principle of

establishing those requirenents will remain the sane.

In Figure 7, maxi mum achi evabl e | oad curves 22, 24,

and 26 are shown for engi ne conpression ratios CR

CR2, and CR3, respectively. Also, in Figure 7, mninmm

igtibdity lnleasured dia@P @M sard Srraid imathbBAdartifyiap oavh fuelrformulation,

conpression ratios CRI, CR2, and CR3, respectively. It

itsP Ny aiil the compressien ratip of 2 DDBTWzsgins dof whiclFéaghifes férmulation

6, and 7 to characterize ignition quality of -the

rredfles opdintim highpogine doadfand g@ld rangai tability, such as

oct ane nunber or cetane nunber, can al so be used.

However, in a preferred enbodi nent, a wide variety . of

Iqu|d hydrocarbon based fuel s i ncl udi ng di esel and/or

gasollpsemmasy. ong erhedimentof this displopure deféncs pangthod for matchmg the

fuellgnltabllln% neasured via a DCN, _are arranged in

TR P Hel EHERIY e ArF 9t POHCCT usingnor thgarpose
35RO B e e T B L s v
R R e Pfré%” Slg. TR B PR Rl R e t tpical US

SRR SR T

T M, B P o P 5
M&%m{@%ﬁi B w18 el e PORALAS v ,ﬁa&%&,ﬁleﬁ&@%r%r .

di ese her gl ne conpression ratios an
ef ficient operatlon. As a consequence, the unique fue
ef fici ency and exhaust em ssions benefits of DI HCCI

tech nﬂleQQé’ul&@?é%d% Flgh#%84 ah@ 6tWife ObEREE Vith TAd18 Bcofpdssing a-
wi th maxi mum etficiency.

broad range of fuel chemistry and volatility. High engine loads were achieved with fuels

using either low or high boiling range and with fuel aromatic content that varied from 12.7
t0 65.4%. This demonstrates that a wide range of fuel composition and volatility can be

utilized to achieve high engine loads.

It should be noted that ASTM Method D6890 entitled "Standard Test Method for
Determination of Ignition Delay and Derived Cetane Number (DCN) of Diesel Fuel Qils
by Combustion in a Constant Volurhe Chamber" covers DCN range of 33 to 60, for which
its precision is defined. However, the equation which is used in this method to calculate
DCN from ignition delay data was originally developed using fuels ranging in DCN from
0 to 100. In addition, this method does not apply to gasoline boiling range fuels, even

though its calibration fuels fall within that range. Irrespective of these limitations and for
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The results depicted in Figures 5 and 6 were obtai ned
with fuels enconpassing a broad range of fuel

web@nmisssy and volatility. H gh engi ne | oads WeCEUS2007/008825
achieved with fuels using either |ow or high boiling
range and with fuel aromatic content that varied from
12.7 to 65.4% This denonstrates that a w de range of
fuel conposition and volatility can be utilized to
achi eve high engine |loads. It should be noted that
UaSTIND dist df dofis BBEIDeuTe Tt mathpdoBiey defmad iR TM/mdthad PERO0 is
Determ nation of lgnition Delay and Derived Cetane

anpligsbboth mopasolitie mdadiese] miking @lgesfulalf TGN 1agge PO 19 100.

Constant Vol ume Chanber” covers DCN range of 33 to 60,
for which its precision is defined. However, the
equation which_ is used in this nethod to cal cul ate DCN
l?f%ﬁpi EREIGSHAN §e Pavaﬁgtoa avoaée Breg Phvdrerathopdiagisbiiuid fuels
usi.ng . fuel s rangi in fromO to 100. In addition,
BRAIEE FrOPH RO LS SR faﬂp II?CQIE?“QB%‘BW‘?% Gl P?rﬁfgeﬁe%%used to
fuel s,. even,though its c bration fuels f W t hi
%&ftepawgmwweﬂ S sk R ¢ feseypiFre g rgigaoh octane

h di -
R g P RSTIORE RO BREE T B FEtpTERe pmbetrating
?tﬁgchsl ate Egt@pp%?zﬁ)%%élls Lt mrng e ! u%on eqfua %/tgé.n%l\l txflzamg: ranges.

can on a w
£, SRR S Ll U SO,

rn?n{tﬁﬁg‘fse%\?%@{&om ol A IR dID6 73S ng&'.l hle¥hrQHA! ol ite enough

e.g. notor octane nu research

BBh A e WIRRE n@ARfers Mleafifed WBRAng (& WITAR B Ris ]ﬂ%é‘&@d D2700.
nunber and cetane nunber rating nethods are not

ROR it Al BlatiOell HBWA STV MY 6590 chfl BE hpitied @' fleld coverittk wide
distillation ranges. For exanple, gasolines are

@tﬁtﬁeﬁ ghality bA® disBBAtfind i gek, préviliaf @ Mhdthai bileQaliay®s thd finftion
:uilign;' gasoline and diesel fuels. Figure 8 which shows the relationships between
(R+M)/2 octane number (where R and M are ASTM D2699 research and ASTM D2700
motor octane numbers, respectively) and ASTM D6890 derived cetane number, and

between ASTM D613 cetane number and ASTM D6890 derived cetane number for a

variety of gasoline and diesel boiling range fuels.

Figure 8 shows that a relationship can be established between DCN and (R+M)/2
octane, and between cetane number and DCN. Additional relationships can also be
established between RON, MON and DCN using other functional forms. These ignition
parameters, cetane number, RON, MON and (R+M)/2 or functional combinations of these

parameters can also be used to match fuel ignitability with engine compression ratio.
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nunber neasured according to ASTM net hod D613. Di ese
fuels are not volatile enough to have their octane

woeovhaers3neasur ed accordi ng to ASTM net hods D2BOBUS2007/008825

D2700. Note that the relatively new ASTM net hod D6890

can be applied to fuels covering wide ignition quality

and distillation ranges, providing a nethod of

eval uating the ignition quality of gasoline and di ese
fuels. Figure 8 which shows the rel ationshi ps between

( R+MM@aldg} taste haverdesronivitat thatRigait] hidracabdABEbadeDRGEROWhich have
research and ASTM D2700 not or octane nunbers,
the sgrec dérivefl ptamaminfST HeiBGE9ed mptdmooﬁ'@ﬁemethnm@ﬁ&% exhibit
and between ASTM D613 cetane nunber and ASTM D6890
the sampeaiteignitinn prapetiiss itf be DI HCCT eogine ghd guabdd HGET gpetation up to
di esel boiling range fuels. Figure 8 shows that a
the paime BASIHIUM loads ae qver thissame logd ngaisresOCHV @ pkitbeir boiling range
(R+tM /2 octane, and between cetane nunber and DCN.
amddivdrosarhon makeyn. oHunessertien i insigtaddn Biguzas|§ aefor four

bet ween RQN, MON and DCN using other functional forns.
gPﬁ%‘é‘l?S F@ﬁﬁ sicidissel fupls wboss B‘°P%?%Fﬁ%l’mh’l§€ in thedgbles\ahljigges 2, and
% or functional conbinations of these paraneters

PP ‘ﬂ§85be used to match fuel ignitability with

engi ne conpression ratio. Notably, tests have

denonstrated that |iquid, hydrocarbon based fuels

yggg?%bﬁg%tohﬁggmf ?r%et%e{h' V‘E%%%gsué%(ﬁ P%g?lg & teo czgltgrr?é:p] €rize 1gmt10n
QB S 12%RE QPRI 61 el HEeiRhiER) HER0406 A0 pr st

era Ion up the s ITE maxi ITle

Qhiles LG AW Re eﬂaq Jr@nﬁ‘frﬁu H&ss%ngéu a\ffrﬁ;ﬂ r, i for 1 HOCT

boi I ng range and ydrocar on ma I $ asser

dngirieh baSAGRbE fhtdd infthInRSnRnaitelt, GcddMing Rihe 9ARO 'tés{‘lﬁéthod and
and six diesel fuels whose propérties are provi ded

UsBe intebhfEeatly 5408 bf thefs DENCas long as the associated engines are des:gned

to accommodate other properties of these fuels. The use of a single test methodology will
simplify and reduce the cost of fuel development, DI HCCI engine development as well as
fuel and engine quality control. Accordingly, derived cetane number by ASTM method
D6890 is therefore proposed as a universal measure of autoignitability for both gasoline
and middle distillate boiling range fuels used in DI HCCI engines. Figure 8 shows curve
34 for cetane number, and curve 36 for (R-+M)/2, versus derived cetane number,

respectively.

Exhaust particulate (smoke) is considered a pollutant, and its emissions are
regulated in many countries. Particulate emission standards are becoming increasingly
stringent, necessitating the use of expensive particulate filters which also cause fuel

efficiency losses. It is therefore advantageous to reduce engine-out emissions of exhaust
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3, respectively. As previously nentioned, the use of a
single paraneter to characterize ignition quality of a

wovaa/1emege of fuels will benefit fuel suppli ePGT/US2007/008825

manuf acturers of DI HCCI engines as well as the end

users. Through use of this parameter, fuels for D

HCCI engi nes can now be rated in the sane instrunent,
according to the sane test nethod and used

i nterchangeably based on their DCN, as long as the
pagiobitatosdingnge fesnead brdese dadckston emabboimnstaéfdessichgly, lower
properties of these fuels. The use of a single test
efidibreydilegy will sinplify and reduce the cost of fuel

devel opnent, DI HCCl engi ne devel opnent as well as

fuel and engine quality control. Accordingly, derived
cetane nunber by ASTM nmethod D6890 is therefore

pr opdserfergudy insicatads testingnpsiormedin addk BCGH prging hgstdgmonstrated
for both gasoline and mddle distillate boiling range
thatdpw-agerastiq gasplinerquats esiegtiplssno smolgrovesthe HbRls sging @pgating
for cetane nunber, and curve 36 for (RtM/2, versus

TaRge, Yate E@ﬁ‘aﬁﬁ%‘nﬁ‘ﬁﬁrﬁ?éﬂmereé’%‘ﬁé&ain\ﬁg}wmﬁﬁ’éaléﬁt at medium and heavy

articulate (snpke) is.consjdered a pollutant.,. and . its
B et v TR toremt S st SLoYe o4 Stk AL bigh Madh i
enissjgn st andards are,, econggganreasin

<0 PR B R 2P RIHOT O DG S8 FEes fidhe aromatic contont
AT b B A PP e
SRRk fESLENrAL, SYIBTHRT b Fidl1® 800 pm for several of
t%% g&s%ﬁﬁe Cé?l%_tdiéo’?el b@igg{steﬁfﬂ i itﬁ;@&%f%&é;u#%?e}nﬁ%g s ively. The

viously i ndi cat testing per
ENELNAFIHSIRNAIT B £8 plotted according to fuel type (diesel or gasoline) and

relative aromatics content (high or low). In each of Figures 9 and 10, fitted curves 38, 40,
42, and 44 represent high aromatics diesel, low aromatics diesel, high aromatics gasoline,
and low aromatics gasolihe, respectively The fuels included in each series of data are
listed in the table shown in Figure 11, along with the series .average aromatic content.
Average smoke data was calculated for each series of fuels as shown in the table of Figure
12, in which the average smoke number is tabulated for light loads (taken to be < 600 kPa
BMEP), medium loads (600 kPa < BMEP < 1200 kPa), and heavy loads (BMEP > 1200

kPa), for speeds of 1200 rpm and 1800 rpm.

In view of these results, a method of controlling particulate emissions from DI
HCCI engines is proposed which requires that such engines be fueled with diesel fuel or
gasoline of controlled aromatics content. In the case of diesel boiling range fuel, it has

been determined that the aromatic content should be lower than 60 wt.%, preferably lower
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that | owaromatic gasoline emts essentially no snoke

over the whol e engi ne operating range, while
whe@hAazseati ¢ gasoline emts small anmounts of PEDRM0Z008825

medi um and heavy | oads. Diesel fuel was found to emt

significant anounts of snoke at high | oads and at near

stoichionetric operating conditions. In addition, an

increase in the aromatic content of- diesel fuel was

shown to increase snoke em ssions at nedi um and heavy

thoadis wt.7h esdémobsprefesdblvlosventhen 2D v 4. 1a thedcashofgagoline Wwiling

(1200 rpm and Figure 10-( 1800.rpnm for several of

ehge {yak teiameratinudnitinkshonld hedpss thanstOeut. Yonandyaeferdblyclessohan 20

Figures 2 and 3, respectively. The snoke data in

W-Qures 9 and 10 are plotted according to fuel type

(di esel or gasoline) and rel ative aromatics content

(high or low). In each of Figures 9 and 10, fitted

curves 38, 40, 42, and 44 represent hjgh_aromatics .

di esePlthqugh varignserrhodiprisef the diselpsuss bavs e shogagnd described,

nd | ow aromatj c asol | ne, respectively The fuel s .
' ﬁ’é?‘iﬁd’é?amF?Pté%lEﬁ ﬁg‘g‘f‘\ge o of élflﬁ 1, the aft ‘§¥Yef&°?f=’r‘i’”teﬁ’8“am

tahle shown_ in Fiqure 11, along.with the serje
DS Fo et et WP A HBR B SRt e covered by the
cachJ ted for, each series of fuels as shown in the
PIBI ﬂgﬁ‘apﬁle’é(fﬁdec AP in which the average snoke nunber
is tabulated for light |oads (taken to be < 600 kPa
BMEP), nedium | oads (600 kPa < BMEP < 1200 kPa), and
heavy | oads (BMEP > 1200 kPa), for speeds of 1200 rpm
and 1800 rpm In view of these results, a nethod of
controlling particulate em ssions fromD HCCl engines
I's proposed which requires that such engi nes be fuel ed
with diesel fuel or gasoline of controlled aromatics

content. In the case of diesel boiling range fuel, it
has
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been determ ned that the aromatic content shoul d be

| ower than 60 w.% preferably |owerthan 40 w.% and
worerog/1p3sef er ably | ower than 20 w. % I n the caBeT/v$2007/008825

gasoline boiling range fuel, the aromatic content

should be less than 40 wt.% and preferably | ess than

20 wt. % Al though various enbodi nents of the

di scl osure have been shown and descri bed, they are not

meant to be Iimting. Those of skill in the art may

recogni ze certain nodifications to these enbodi nents,

whi ch nodifications are neant to be covered by the

Wpatis tlaghedise appended clains. What is clained is: 1. A

met hod for selecting a fuel fromanongst a plurality

bf f vemethaddpr spiacting 2 fued fiomeannastia plwmlitrofduelrdey optlmlzmg the

engi ne, conprising the steps of: determ ning a derived

Qpstaiien of 1epeiNg: COMmPHEBS theayips ofi t h ASTM net hod

D6890 for _a plurality of qui d hydrocar bon- based_f ue

f or mAelaminng derieed ggtang B“‘B'éﬁfrﬂ)f:béé‘i' accm?@rlge yigh 6§TM method

eval uat ed. on_t he sanme sai d ura

PogA0 tppy2 Rlyrality 9’611%%4‘ %ébe%‘éasgi fommpleg, f? e&mit

a ela ive,to their S ectlve DCN and natchin
ﬁalfb&ﬂﬁé? ?ﬁYﬁ‘faé‘fﬂ?'}WS%?ef%Ee ?est ed ones of said )

Si on

?lchJe)r i g Rl %&‘nﬁ Sl PP o B R Diagafon Probeities of

bI|n QO] to operate at the highest
oa %tth oveerlrrte%)é%%f g ?Ipqeoad range, at a given CR

2. T aﬂﬁx‘ﬁ?% ﬁgl lgn?bm(ﬁl ‘3’43?{ d{lm%@bfjsam 15’1{11%&1{};(}&' fgél formulas

fuel Tornmufas i necFPude
with the compression ratio (CR) of said HCCI engine, to determine the fuel formula

enabling said engine to operate at the highest load and over the broadest load range, ata

given CR.

2. The method of Claim 1, wherein said plurality of fuel formulas include diesel fuel

formulations.

3. The method of Claim 1, wherein said plurality of fuel formulas include gasoline

fuel formulations.

4, "The method of Claim 1, wherein said plurality of fuel formulas includes both

diesel and gasoline fuel formulations.
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formul ations. 3. The nethod of Claim1, wherein said
plurality of fuel formulas include gasoline fuel
w0 ookt ons. 4. The nmethod of Caim 1, wher eP@I/BE810d7/008825
plurality of fuel fornulas includes both diesel and
gasoline fuel formulations.5. The nethod of Caim 2,
further including controlling particulate em ssions
fromsaid HCCl engine by maeking the aronatic content
of diesel boiling range fuels less than 60 w.% 6.
5The nitichodhaf ofClamn? Kurtherriddleding oaitisdlinggpacizotateodrhissigns from
particul ate em ssions fromsaid HCCl engine by making
seliH@E D enginecbycmaking thegirordatesmhtentef dieng] baligerahgrefusls less than
|l ess than 40 wt.% 7. The nethod of Caim2, further
G0wt%di ng controlling particulate enissions fromsaid
HCCl engi ne by nmaking the aromatic content of diesel
boiling range fuels less than 20 w.% 8. The nethod
of Aaim3, further including controlling particulate
@ni s Sihsrethodyes Glainy Zﬂwheéwgﬁlﬁ@gwynwkp&ga Fidatg epyiggiqng from
content of ggsol ine boiling range fuels | ess than 40
sitd B-Chengipbymeking therarematicogtent of digss} bailing 1pgesels less than
@gntorol ling particul ate em ssions from said HCCI

ﬁ?’ﬁ’e by making the aromatic content of gasoline
boiling range fuels less than 20 wt. %

7. The method of Claim 2, further including controlling particulate emissions from
said HCCI engine by making the aromatic content of diesel boiling range fuels less than

20 wt.%.

8. The method of Claim 3, further including controlling particulate emissions from
said HCCI engine by making the aromatic content of gasoline boiling range fuels less than

40 wt.%.
9, The method of Claim 3, further including controlling particulate emissions from
said HCCI engine by making the aromatic content of gasoline boiling range fuels less than

20 wt.%.

10.  The method of Claim 1, wherein in said determining step the plurality of fuel

formulas have DCN numbers ranging from 0 to 100.

11. The method of Claim 2, wherein said diesel fuels have a DCN range from 23.4 to

45.0, respectively.
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10. The nmethod of Claim1, wherein in said determning

step the plurality of fuel fornulas have DCN nunbers
wo a0gitze3f rom 0 to 100. 11. The nethod of C ai PERPS2007/008825

wherein said diesel fuels have a DCN range from 23.4
to 45.0, respectively.12. The nmethod of Caim 11,
wherein said diesel fuels have an aromatic content
rangi ng from 13.9%to 65.4% 13. The nmethod of C aim
3, wherein said gasoline fuels have a DCN range from
27.2 to 32.4. 14. The nmethod of Caim 13, wherein said

asollne fuel s have an aromati c content ranging from

. 79%hegngtBodsof Clagn 1 njyéhengip Bid disseldiels have, anfaggmitisrcontent

|nclud|ng the steps of: running a plurality HCC
engins Eomol3- Yo e 67-8Wt CR each with said plurality of
fuels; determ ning for each said engine the fue
formul a DON t hat provides t he hi ghest | oad over the

roades and tabul ating the results of
ﬁ’a. d ﬁ@t‘@?tﬁ?‘ﬂ?{'@ é’p""lﬂ"d‘"ﬂéi“él%afﬂ’é‘eélt? vitave 2 ranggfrpm 27.2
‘g ? aI|ty of HCClI engines with the optional fue
SFil a DCN, thereby facilitating | ater selection by
DCN of a fuel formula for optimzing operation of a D
HCCl engine having a particular CR 16. The nethod of

L it m{dhd (8114 4 L8 o215 Blels 1R5E AR IoILE Horlon

reI ations eriv ane nu

RN 6m 12.7% to 35.6%.

15. The method of Claim 1, further including the steps of:

running a plurality HCCI engines of different CR, each with said plurality of fuels;

determining for each said engine the fuel formula DCN that provides the highest
load over the broadest load range; and

tabulating the results .of said determining step to match the CR of each of said
plurality of HCCI engines with the optional fuel formula DCN, thereby facilitating later

selection by DCN of a fuel formula for optimizing operation of a DI HCCI engine having

a particular CR.
16. The method of Claim 1, further including the step of:

establishing a relationship between the derived cetane numbers and (R+M)/2

octane.

17. The method of Claim 1, further including the step of:

establishing a relationship between derived cetane numbers and cetane.
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octane. 17. The nethod of Caim1l, further including

the step of: establishing a rel ationship between
waleoo7aess3ret ane nunbers and cetane. 18. The net PoOUS$007/008825

Caim2, wherein said diesel fuel fornulations are

selected froma group consisting of fornulations

having a DCN range from23.4 to 45, equivalent to a

cetane nunber range from19.4 to 45.9, an aromatic

content ranging from13.9%to 65.4% and conbi nati ons

thereof. 19. The nethod of O aim 3, wherein said

gasoline fuel fornulations are selected froma group

onsiBte method of Glaimy Ravhaseis shid\diesgl faelIoihylatiays afer ssiected from a

27.2 to 32.4, equivalent to an (RtM/2 octane range .

groeme@Risgng of ROmylations havisgaDEN rametieom 2B 4 1095, Pqyivelent to a

35.6% a paraffin content range from 60.3%to 79.3%

aetrde agmbETREnEOReM IR e ¢p.9, Pparomgtic pestens gangingdirem 4347 to 65.4%,

further including: said diesel fuel formulations being

%@I@Wé&@?%ﬁ?@%r oup consisting of fornulations

having a DCN range from 23.4 to 45, equivalent to a

cetane nunber range from19.4 to 45.9, an aromatic

for chie MaRE 68k JyBhorHa Farsilte il drmoirbone Fisgeiected from
SEOTR g iR o TP e bR St Farmdr 24p 4R syivgipnt o am
(LM o 8083095 L300 Bty AR b,
EJré’ﬂﬁ‘n%Qm%mI rgngegfrc%n 6@'?’5% &Oﬁ()j %],aénh%gﬁlbmﬁ&%%ereof.

20. The method of Claim 4, further including;:

said diesel fuel formulations being selected from a group consisting of
formulations having a DCN range from 23.4 to 45, equivalent to a cetane number range
from 19.4 to 45.9, an aromatic content ranging from 13.9% to 65.4%, and combinations
thereof; and

said gasoline fuel formuléﬁons being selected from a group consisting of
formulations having a DCN range from 27.2 to 32.4, equivalent to an (R+M)/2 octane
range from 62.5 to 80.7, an aromatics content of 12.7% to 35.6%, a paraffin content range

from 60.3 to 79.3, and combinations thereof.
21. The method of Claim 1, wherein the HCCI engine includes direct injection.

22. A method for selecting a fuel formula for a plurality of HCCI engines, comprising

the steps of:
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21. The nethod of Claim1, wherein the HCCl engine

i ncludes direct injection. 22. A nethod for selecting
wa@2doaak3sornul a for a plurality of HCCl engi neBCT/US2007/008825
conprising the steps of:testing a plurality of fuels

to determne the ignitability of each; and running

each of said plurality of HCCl engi nes on each one of

the tested said plurality of fuel fornulas to

determ ne or match for each engine of a given

c onpriesiag @ plurality @f GER) totdeterthine [thef ignitabilay ofiedchiand i zes

the |l oad capability and | oad range thereof. 23. The

met hgunnifig €lchiods3id plurality k€ HCOA ehgidésn dable ont efthefested said

i dentifying each one of said plurality of fuels by a
Rleralityed fead fermulasypdeterntiDeny meish derragke engine. ef ac@ivetsgompression
wi th ASTM net hod D6890.- 24. The net hod of C aim 22,

while (GRY the fisl frimwlp thafanastimjres thedens fapthility anf doadgangetthereof.
of said running step for future reference in selecting

a fuel formula for a HCCl engine. 25. The nethod of
Claim?23, further_ including the step of tabulating the

BN nkheragtaodef Glainy 22 firthar| uwuddleg ‘F’Eé?eg ofat ched to the

CR of, . sajd plurality qf S HCCI en
FospddtiEng soctgmehentP BRIy PhusB e aer i tarraumoet OO
here facilj tatln futur ection of a fue

JesiEel 1p fep rt@é@%ﬂm&aﬁ%ﬁgb 26. “The mot hod

of Caim 22, mhereln said plurality of fuel fornulas

includes di esel fuel fornmulations. 27. The nethod of

ons. |
£.21 Crine iR 35 huphdt iRk B ol Sl cfoBlaHE AR rosuits of said

i he ueI fornu
running step for future reference in selecting a fuel formula for a HCCI engine.

25. The method of Claim 23, further including the step of tabulating the DCN numberxs
of said plurality of fuels matched to the CR of said plurality of each of said DI HCCI
engines, respectively, for optimizing the operation thereof, thereby facilitating the future

selection of a fuel formula to run a given DI HCCI engine.

26. The method of Claim 22, wherein said plurality of fuel formulas includes diesel

fuel formulations.

27. The method of Claim 22, wherein said plurality of fuel formulas includes gasoline

fuel formulations.

28. The method of Claim 22, wherein said plurality of fuel formulas includes both

diesel and gasoline fuel formulations.
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28. The nethod of Caim 22, wherein said plurality of
fuel formulas includes both diesel and gasoline fuel

wo eoom123wB: ons. 29. The net hod of C ai m 26, f ur t PE€r/US2007/008825
including controlling particulate em ssions from said
DI HCCl engine by making the aromatic content of
di esel boiling range fuels less than 60 w.% 30. The
nmet hod of Claim 27, further including controlling
particul ate em ssions fromsaid DI HCClI engine by
maki ng the aromatic content of gasoline boiling range
fuels less than 40 wt.% 31. The nethod of C aim 23,
Yher eTle mathod ieBClagn 36 upthergndudipe comrqiling partiquate pmissions from
fuel s have DCN nunbers ranging fromQ to 100. 32. The
said R HIGSL capiap by 2Eking ihe aiomatia pentent o6 diesql beilivg Fnge fuels less
DCN range from23.4 to 45.0, respectively. 33. The
harABatdP O ai m 32, wherein said di esel fuels have an
aromatic content ranging from 13.9%to 65.4% 34. The
met hod of C aim 27, wherein said gasoline fuels have a

& &ﬁ'ﬁ%e{v%&?féfa&ﬁe%?@%éé%a@ﬁ -hﬁ'é'&ﬁmiﬁ%%%a%@qté’;%is@o?s from
' . 1% 35.6% .36. ..The .

PR PR by ks i fohisf PR A8 Peiglies By i fenge fuels less

1hg11?§ti Q. 37. The nethod of Caim 24, further

I'nc (‘:ﬁrthg' the step of: identifying each one of said
plurality of fuels by an (RtM/2 octane nunber.

31. The method of Claim 23, wherein in said identifying step the plurality of fuels

have DCN numbers ranging from O to 100.

32. The method of Claim 26, wherein said diesel fuels have a DCN range from 23.4 to

45.0, respectively.

33. The method of Claim 32, wherein said diesel fuels have an aromatic content

ranging from 13.9% to 65.4%.

34, The method of Claim 27, wherein said gasoline fuels have a DCN range from 27.2

to 32.4.

35. The method of Claim 34, wherein said gasoline fuels have an aromatic content

ranging from 12.7% to 35.6%.

36. The method of Claim 22, wherein the HCCI engine includes direct injection.
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38. The nethod of Caim 24, further including the step
of : identifying each one of said plurality of fuels by
w@2@aet123882 nunber. 39. The nethod of C ai m 25, PCF/URB07/008825

including the step of establishing a relationship

bet ween the derived cetane nunbers and (R+M /2 oct ane.
40. The nethod of Caim 25, further including the step
of : establishing a rel ationship between derived cetane
nunbers and cetane. 4 1. The nethod of C aim 26,
wherein said diesel fuel fornulations are sel ected
froma group consisting of fornulations having a DCN
¥langelermahodofiClan 44, fughgriigdpding thegten ofet ane nunber
range from 19.4 to 45.9, an aromatic content ranging

f r om identifying sagponenf said @i oh el (RaMOG octans. nurrwér
nmet hod of C aim 27, wherein said gasoline fue

formul ations are selected froma group consisting of

or mul ati ons . hay from27.2 to 32.4,
4 i melog SRR, Robinding BRaEPHfom 92 5 b
80. 7, romat.i cs cont.ent .of % to .35. 6%

oo AT eaTh e Sm ity o Binly by e bR uinhar

conbi nations thereof. 43. The nethod of C ai m 28,
further including'said di esel fuel fornulations bei ng

: ec’h‘?edmf o? Cﬂlﬁn(%?g &l%g%’l 12{c1i151 g%f%fe ste IP"” ations

avi ng a range from UI valent to a

EE;EQ%@?S@?% a*é*%‘?f%sﬁ@%%ﬂ% reiBrile) el Rl Ebr -
thgfeof ; an

40. The method of Claim 25, further including the step of:

establishing a relationship between derived cetane numbers and cetane.

41. The method of Claim 26, wherein said diesel fuel formulations are selected from a
group consisting of formulations having a DCN range from 23.4 to 45, equivalent to a
cetane number range from 19.4 to 45.9, an aromatic content ranging from 13.9% to 65.4%,

and combinations thereof.

42, The method of Claim 27, wherein said gasoline fuel formulations are selected
from a group consisting of formulations having a DCN range from 27.2 to 32.4, equivalent
to an (R-+M)/2 octane fange from 62.5 to 80.7, an aromatics content of 12.7% to 35.6%, a

paraffin content range from 60.3% to 79.3%, and combinations thereof.

43,  The method of Claim 28, further including;:
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sai d gasoline fuel fornulations being selected froma
group consisting of fornulations having a DCN range

wo e@m123832 to 32.4, equivalent to an (RtM /2 ORPCHEDE2007/008825
range from62.5 to 80.7, an aromatics content of 12. 7%
to 35.6% a paraffin content range from 60.3%to
79. 3% and conbi nations thereof. 44. A diesel fue
formul ation for optimzing the performnce of an HCCI
engine is selected froma group consisting of
f or mghftdieyesfubBrorm@lationdBeinpasetefl from 2godp tansikling of
equi valent to a cetane nunber range from19.4 to 45.9,
fatim@laerrthaging @ MEN ranga Migimn23.4 todd, Quivdlettdo 6 Setdfg nwmiskr range
conmbi nations thereof. 45. A gasoline fuel fornulation
fron 184ttb #b 2| myarvmetipeoritent mngow fofm 43.9%40CI656hgiand combinations
sel ected froma group consisting of fornul ati ons
thereofagnd DCN range from 27.2 to 32.4, equivalent to an
(R*tM/2 octane range from62.5 to 80.7, an aronatics
cont esaid gapoline fpekfopnidaticypeing selpeted frﬁm@aw%@m\s’éhg%of
from60.3%to 79.3% and conbi nati ons, t hereof.
@u@ulav@rsrhameuad?fikia%ngepffqmﬁ% 2 iR)3%-frecapivient W@ﬁéB+M)/Zaﬂ?tane

ne is selected fromone of first and s%:

rgpsmfagm%@ S1taP-7 6% MOMAEPLASICIE Bt (% h5.5% BEEP
f t f
0 00T Foo s et o sERPs BHSEL T s omm 23 4 ¢ 0 45,

equi valent to a cetane nunber range from 19.4 to 45.9,
an aromatic content rangi ng from13.9%to 65.4% and

&P i Radgalsglrhsaeltth ormu andr% A g&'ﬂé L’lg%nglée"éﬁlnngr%’emfl ﬁltﬂ(f&is Bgﬂe is

a secon roup consli I ons haVI ng a

dRILEG i{'c{nq E?OZIP%OLS%Q&SO% fork vfh\()ﬁL ﬁgu:né SN lag'g"év}rél% 23 4 to 45,

octane ran rom , an aromati cs cont ent

Soidfonf 164 Goaiie ool ALl 19 £@0sY b bR CHRABRE AR from

13.9% to 65.4%, and combinations thereof.

tent range

45. A gasoline fuel formulation for optimizing the performance of an HCCI engine is
selected from a group consisting of formulations having a DCN range from 27.2 to 32.4,
equivalent to an (R+M)/2 octane range from 62.5 to 80.7, an aromatics content of 12.7%

10 35.6%, a paraffin content range from 60.3% to 79.3%, and combinations thereof.

46. A fuel formulation for optimizing the performance of an HCCI engine is selected
from one of first and second groups of fuel formulations, comprising:

diesel fuel formulations of a first group consisting of formulations having a DCN
range from 23.4 to 45, equivalent to a cetane number range from 19.4 to 45.9, an aromatic

content ranging from 13.9% to 65.4%, and combinations thereof; and
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and conbi nati ons thereof.

WO 2007/123832 PCT/US2007/008825

gasoline fuel formulations of a second group consisting of formulations having a
DCN range from 27.2 to 32.4, equivalent to an (R+M)/2 octane range from 62.5 to 80.7,
an aromatics content of 12.7% to 35.6%, a paraffin content range from 60.3% to 79.3%,

and combinations thereof.
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