wo 2011/053651 A2 I 0KV 00 OO OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

Co o
1 rld Intellectual Property Organization /) -sady
(19) Work Ttellctual Propety Orsaniation /€22 | IV NUANN O A O
International Bureau S,/ )
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
5 May 2011 (05.05.2011) PCT WO 2011/053651 A2
(51) International Patent Classification: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
C10L 1/04 (2006.01) F02M 37/00 (2006.01) DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
F02D 41/00 (2006.01) HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
. e KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(21) International Application Number: ME. MG. MK. MN. MW. MX. MY. MZ. NA. NG. NI
PCT/US2010/054310 NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(22) International Filing Date: SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
27 October 2010 (27.10.2010) TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(25) Filing Language: English (84) Designated States (unless otherwise indicated, for every
L. ) kind of regional protection available): ARIPO (BW, GH,
(26) Publication Language: English GM., KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
(30) Priority Data: ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
61/256,819 30 October 2009 (30.10.2009) US TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(71) Applicant (for all designated States except US): LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
CHEVRON U.S.A. INC. [US/US]; 6001 Bollinger SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
Canyon Road, San Ramon, California 94583 (US). GW, ML, MR, NE, SN, TD, TG).
(72) Inventors; and Declarations under Rule 4.17:
(75) Inventors/Applicants (for US only): CANNELLA, . , .
William, J. [US/US]; 9 Stanton Court, Orinda, California o ;Ote‘;’;p(%‘l’:;s ;’Zgﬁemem to apply for and be granted
94563 (US). MANENTE, Vittorio [IT/SE]; Runslingan p ’
12¢, Lund, S-22477 Scania (SE). — as to the applicant’s entitlement to claim the priority of
. the earlier application (Rule 4.17(iii))
(74) Agents: JONES, Josetta, L. et al.; Chevron Corporation,
Law Department, Post Office Box 6006, San Ramon, Cal- Published:
ifornia 94583-0806 (US). —  without international search report and to be republished
(81) Designated States (unless otherwise indicated, for every upon receipt of that report (Rule 48.2(g))

kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,

(54) Title: A FUEL COMPOSITION

Figure 1

Pilot Injection Amounts

w00 o

70
L

&0 %ﬁw

R,

P,

e FRATIEOCVX
% FRITIZICVE
74

4

Reiative Piot Amount P}

14

Bross PALP ay)

(57) Abstract: A tuel composition having a boiling range of between 95 to 440 degrees Fahrenheit wherein the fuel composition
has (a) a total sum of n-paratfins and naphthenes content of at least 7 volume percent.



10

15

20

25

30

35

WO 2011/053651 PCT/US2010/054310

A FUEL COMPOSITION

This application claims the benefit of the filing date of the U.S. Provisional
Application Serial No. 61/256,819, filed October 30, 2009.

FIELD OF THE INVENTION

The present invention relates to fuel compositions that yield very low soot and low
NOx emissions while having high efficiencies and acceptable maximum in-cylinder
pressure rise rates over a wide load range when used in an advanced combustion
engine environment, especially one operating in partially-premixed combustion (PPC)

mode.

BACKGROUND OF THE INVENTION

Continued global emphasis and government legislation on reducing emissions and
improving fuel economy of internal combustion engines has led to the need to
develop advanced high efficiency, clean combustion engines. Exhaust after-treatment
systems (such as Selective Catalyst Reduction (SCR), lean NOx traps, and diesel
particulate filters) have been designed and commercialized to lower exhaust emissions
to meet emission targets and regulations. However, these systems are costly, add to
the weight of the vehicle, and minimize fuel economy due to the added weight and the
need to use fuel to regenerate the systems. Reducing engine-out emissions would
decrease the size and/or eliminate the need for these systems. Worldwide, a large
R&D effort is underway at a multitude of industrial, government, and academic
organizations to identify engine designs, operating conditions, and fuel compositions
to accomplish that objective. One advanced combustion approach being considered is
Homogeneous Charge Compression Ignition (HCCI) in which fuel is injected very
carly into the engine to enable a homogeneous mixture of air and fuel to be obtained
prior to the start of combustion initiated through compression ignition. One
significant drawback to that approach is that it is difficult to control the combustion
process and high pressure rise; and, furthermore, heat release rates occur resulting in

unacceptably high noise levels and potential engine damage. Thus, currently the
1
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operating speed-load range where acceptable performance can be obtained is very

limited.

Another approach to optimize engine designs, operating conditions and fuel
compositions is to employ fuels in a Partially Premixed Combustion (PPC)
environment. In PPC settings, fuel injection timing is closer to top dead center and so
the air and fuel are not completely mixed prior to combustion. By applying this
strategy with high rates of cooled exhaust gas recirculation/recycle (EGR), the
combustion event occurs and results in low soot and low NOy. As compared to
Homogeneous Charge Compression Ignition (HCCI), the control of the combustion in
a PPC engine environment is re-gained along with the potential to reduce the rate of

heat release and the maximum pressure rise rate.

Partially premixed combustion has been known to potentially reduce NOy and soot for
diesel engines. However, to this point, specific fuel compositions have not been
developed to obtain the best synergy among the fuel mixture, partially premixed

combustion and reduction in NQOy and soot.

We have discovered that specific gasoline fuel compositions having research octane
numbers from about 69 to about 99 can have high gross efficiencies exceeding 50%
and enable operation over a wide load range (up to or exceeding 18 bar gross IMEP)
and provides significant reductions in NOx and soot when used in a PPC-type mode
in compression ignition engine environment. Further, within the gasoline boiling
range, fuel properties and certain fuel composition have been found to significantly
influence the pressure rise rate; and engine performance fuel compositions have been
found which lead to acceptable values. Best overall performance was achieved with

fuels having a sum total n-paraffins plus naphthenes content greater than 7 volume %.
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DESCRIPTION OF THE RELATED ART

In 1998 Nissan produced a limited number of diesel-fueled vehicles using a PPC-type
approach that they called MK-combustion. However, the operating range where PPC
operation worked satisfactorily was very limited and the production of those engines

was discontinued.

Recently Noehre et al. (SAE paper 2006-01-3412) achieved relatively low NOx and
soot using diesel fuel in a Scania D12 diesel engine operating under PPC-type mode.
However, to achieve a moderate-to-high load of 15 bar IMEP, it was necessary to use
a practically unrealistic high level of EGR (approximately 70%), a high boost
pressure of 4.0 bar, and a relatively low compression ratio of 12:1. As a result of the

compression ratio, engine efficiency was penalized.

More recently, Kalghatgi et al. (SAE papers 2006-01-3385 and 2007-01-0006)
proposed using high octane gasoline in PPC-type operation to lower soot levels. In
those studies in a Scania D12 heavy duty CI engine with a compression ratio of 14:1,
they only tested a premium gasoline with a RON of 94.7. Hydrocarbon and CO levels
were relatively high with values above 2 g/kWhr.

Similarly, Manente et al. (SAE paper 2009-01-0944) tested a premium gasoline (RON
of 98) in a Scania D12 heavy duty CI engine and obtained gross specific efficiencies
up to 45%, which was equivalent to that for diesel fuel. NOx levels were lower than
for diesel fuel, but still at a level of about 0.7 g/kwhr which exceeds that Euro VI and
US 2010 regulatory limits and thus would still require a NOx exhaust after treatment
system. Hydrocarbon and CO levels were also high at levels of about 0.5 and 6.0
g/kWhr, respectively. At the start of the paper Manente et.al state that that work
“demonstrates that the best fuel for a Compression Ignition engine has to be with high

Octane Number.”
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Although researchers such as Kalghatgi et al. and Manente et.al have demonstrated
that premium gasoline can provide lower NOx and soot levels than diesel fuel in PPC-
type operation, fuel having an octane number as high as premium gasoline may not
be the optimal fuel that permits sufficient expansion of the speed-load operating range
to enable full-time operation. Furthermore, fuel chemistry and composition may be

an important parameter for optimal performance rather than octane number.

SUMMARY OF THE INVENTION

In one embodiment, the present invention is directed to fuel compositions that enable
better performance and wider speed-load operating ranges in advanced combustion
engines, especially compression ignition engines operated in partially premixed

combustion mode.

In one embodiment, the present invention is directed to a fuel composition having a
boiling range of between 95 to 440 degrees Fahrenheit wherein the fuel composition
has (a) a total sum of n-paraffins and naphthenes content of at least 7 volume percent
and (b) a RON of about 93 or less, wherein the fuel is employed in an advanced

combustion engine.

In one embodiment, the present invention is directed to a method of operating an

internal combustion engine comprising,

i.  employing a fuel composition in an internal combustion engine, wherein
the fuel composition has (a) a boiling range of between 95 to 440 degrees
Fahrenheit, wherein the fuel composition has (b) total sum of n-paraffins
and naphthenes content of 7 volume percent or higher and (¢) wherein in
the RON is about 93 or less;

ii.  operating the internal combustion engine, wherein the compression ratio is
from about 16:1 to about 20:1 and wherein the internal combustion engine

is operated under partially premixed combustion conditions;
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iii.  wherein the fuel composition is employed at a load of at least up to 18 bar
gross IMEP and engine out NOx emissions are no more than 0.35

grams/kilowatt-hr; (0.3 grams/kilowatt-hr); and
iv.  wherein the exhaust gas recirculation rate is less than 60 volume percent.
We have discovered fuel compositions that enable very high efficiencies exceeding
50%; very low NOx levels below 0.3 g/kWhr; acceptable in cylinder maximum rates

of pressure rise of 15 bar/CAD or lower and acceptable soot levels.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts the percentage of total fuel injected in the pilot injection.

Figure 2 depicts the engine boost pressures used.

Figure 3 depicts the inlet temperatures of the air injected into the combustion
chamber.

Figure 4 depicts the Exhaust Gas Recycle (EGR) levels that were used.

Figure 5 depicts the engine efficiencies that were obtained with the fuels tested.
Figure 6 depicts the combustion efficiencies that were obtained with the fuels tested.
Figure 7 depicts the engine-out NOx emissionsfor the fuels tested.Figure 8 depicts the
engine-out CO emissions for the fuels tested.

Figure 9 depicts the engine-out hydrocarbon emissions for the fuels tested.

Figure 10 depicts the soot emissions for the fuels tested.

Figure 11 depicts the in cylinder maximum pressure rise rates obtained for the fuels
tested.

Figure 12 depicts the correlation we have discovered between maximum pressure rise

rates and fuel composition.
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DETAILED DESCRIPTION OF THE INVENTION

While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof are herein described in detail. It should be understood,
however, that the description herein of specific embodiments is not intended to limit
the invention to the particular forms disclosed, but on the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling within the spirit and

scope of the invention as defined by the appended claims.

Definitions

RON- The Research Octane Number is measured in a specially designed single
cylinder CFR engine at an engine speed of 600 rpm and a specified intake air
temperature that depends on barometric pressure. It reportedly simulates fuel

performance under low severity engine operation.

MON- The Motor Octane Number is measured in a specially designed single cylinder
CFR engine at an engine speed of 900 rpm and an intake air temperature of 100 F. It
reportedly simulates more severe operation that might be incurred at high speed or
high load. In practice the octane of a gasoline is frequently reported as the average of

RON and MON or R+M/2.

Fuel Composition

One embodiment of the present invention is directed to fuel compositions that
provide: (a) a significant reduction in NOy, (b) a reduction in soot emissions, and (c)
high efficiencies, especially when compared to conventional diesel fuel compositions
and premium gasoline (RON > 94), when the fuels of the present invention are
employed in a partially premixed combustion mode in an advanced combustion
engine. Preferably, the fuel composition is a gasoline-type fuel composition that is
employed in a diesel-type engine under partially premixed combustion conditions.

Furthermore, for certain fuel compositions of the present invention, reasonable
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maximum pressure rise rates are obtained, thus significantly expanding the range

where the engine can be run under advanced combustion conditions satisfactorily.

The fuel composition employed in one embodiment of the present invention has a

total sum of n-paraffins and naphthenes of at least 7 volume percent.

In one embodiment the fuel composition preferably has a RON of about 93 or less and
a total sum of n-paraffins and napththenes of at least 7 volume percent. More
preferred, the fuel composition has a RON of about 90 or less and a total sum of n-

paraffins and naphthenes of at least 15 volume percent.

Method of Making the Fuel Composition

The fuels employed in the presently claimed invention were taken from a commercial
refinery and in some cases n-heptane or ethanol was added. Information about typical
processes and conditions for making these fuels can be found in “Petroleum Refining”

by William Leffler (PennWell Corp, 2000).

Engine Conditions

The fuel of the present invention was employed in an advanced engine combustion
environment. Such combustion environments typically result in fuels that have been
combusted and produce ultra low NOy emissions (e.g., less than 0.35 grams/kilowatt-
hr) or produce low soot (e.g., FSN less than 5) or both. In addition to producing low
NOx emissions or low soot or both, these fuels are employed in an engine

environment as described below.

Preferably, the engine load was up to about at least 18 bar gross indicated mean
effective pressure (IMEP). More preferred, the engine load was up to about 16 bar
gross IMEP.

Furthermore, in one embodiment of the present invention, the aforementioned fuel
composition is employed in an internal combustion engine and when the engine load

7
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is up to at least 12 bar gross IMEP, then preferably the engine out NOy levels are no
more than 0.35 grams/kilowatt-hr. More preferred, when the engine load is up to at
least about 12 bar gross IMEP, then the engine out NOy levels are no more than 0.3

grams/kilowatt-hr.

Furthermore, in one embodiment of the present invention, the aforementioned fuel
composition is employed in an internal combustion engine having a compression ratio
of from about 16:1 to about 20:1. More preferred, the compression ratio is from about

17:1 to 19:1. Most preferred, the compression ratio is 18:1.

In one embodiment of the present invention, the aforementioned fuel composition is
employed in an internal combustion engine that preferably has an exhaust gas
recirculation rate that is less than 60 volume percent. More preferred, the exhaust gas

recirculation rate is less than 55 volume percent.

In one embodiment, the aforementioned fuel composition is employed in an internal
combustion engine that preferably has a maximum pressure rise rate of less than about
15 bar/crank angle degree (CAD). More preferred, the maximum pressure rise rate is

less than about 13 bar/CAD.

The following examples are presented to illustrate specific embodiments of this
invention and are not to be construed in any way as limiting the scope of the

invention.

Examples

Engine Parameters and Operating Conditions

The engine used during the experiments was a heavy duty single cylinder
compression ignition engine, Scania D12. The cylinder head was flat and the piston
used was shallow bowl type. The geometrical properties can be found in Table 1. The
engine was boosted by using compressed air from an external air line; the inlet

8
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pressure was adjusted by using a waste gate valve. A heater (from Leister) placed

before the inlet manifold, was used to heat up the air at the desired inlet temperature.

Table 1: Geometrical Properties of the Scania D12 Engine

Displaced volume 1966 [cm3]
Stroke 154 [mm]
Bore 127.5 [mm]
Connecting Rod 255 [mm]
Compression ratio 18:1
Swirl Ratio 291-]

The engine was run by performing a load sweep between 1-12 bar gross IMEP at

speeds of 100 and 1300 rpm.

The Scania D12 engine was equipped with an early generation common rail injection
system from Bosch. The commercial nozzle was replaced with one that had an
umbrella angle of 120°. The nozzle had 8 orifices; the diameter of the orifices was
0.18 mm. The fuel flow was measured by using a gravity scale with two digits
precision from Sartorius and each operative point was sampled for at least two

minutes.

The injection strategy consisted of using one or two fuel injection points to inject the
fuel or ethanol into the combustion chamber of the engine. When used, the first or
pilot injection point was placed very early in the compression stroke cycle to create a
homogeneous mixture while the second point was injected near top-dead center to
trigger the combustion event. The fuel amount in the pilot injection is independent of
the load; and, it is only a function of compression ratio, fuel reactivity, and EGR
level. When used, the pilot injection always occurred at -60 top dead center (TDC).
As the load was increased, the pilot injection amount was decreased. The percentage
of total fuel injected in the pilot injection is shown in Figure 1. The inlet pressure was

adjusted with load, with values of boost pressure from 1.25-1.5 bar absolute at loads

9



10

15

20

25

WO 2011/053651 PCT/US2010/054310

below 2 bar gross IMEP increasing to a value of 2.25 bar absolute at 12 bar gross
IMEP load. The specific boost pressure values are plotted in Figure 2. These boost
pressures are casily obtainable by turbocharger systems in current vehicle use today.
The inlet temperature was adjusted to keep stable combustion with all the fuels
throughout the load sweep. These values are plotted in Figure 3. To keep NOx below
0.40 g/kWh at the highest load (i.e., 12 bar gross IMEP), from about 35% to about
50% of EGR was used with all the fuels, as shown in Figure 4 . These EGR values
are reasonable and feasible with commercial systems being used in vehicles today.
The EGR used in this paper is defined as the ratio of carbon dioxide in the intake and

exhaust. The exhaust gases were cooled down before being introduced in the intake.
Emission Measurements Systems-

The emissions were measured using a Cusson gas analysis system. CO and CO, were
measured by non-dispersive infrared analyzer; O, was measured with a paramagnetic
analyzer; and, total hydrocarbons were measured with a heated flame ionization
detector. A chemiluminescent analyzer was used to measure NOy and the smoke was
measured with an AVL 415 opacimeter. Each analyzer was calibrated with an

appropriate calibration gas before every set of measurements.
FUELS

Nine fuels having boiling points in the gasoline range (i.e., 95 to 440 degrees

Fahrenheit) were tested. The primary properties of those fuels are listed in Table 2.

10
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The nine fuels were tested through a load sweep from 0.5-12.5 bar gross IMEP at
engine speeds of 1000 and 1300 rpm. Engine hardware limited the highest load tested.
Due to the high reactivity of the fuels Examples 1, 4, 6 and 7, , only one injection

point was used for those fuels.

RESULTS

Efficiency

The efficiency of the engine (i.c., engine performance) is an important parameter that
is dependent upon the fuel employed in the internal combustion engine. The gross
indicated efficiency as a function of load for the 9 fuels is plotted in Figure 5 . As
depicted in Figure 5, for loads higher than 2-3 bar gross IMEP efficiency is greater
than 49% for all of the fuels. The best efficiencies are significantly higher than those
reported by Kalghatgi et.al. and Manente et.al for high octane premium gasoline and

diesel fuel.

Efficiency values as high as 57% were obtained. Generally the fuels in our study with
the highest gross indicated efficiencies were those in Examples 5, 6, and 7, which

were not the highest octane fuels.

Figure 6 shows that combustion efficiency was always higher than 97% for loads
higher than 5 bar IMEP. This is a remarkable result considering that EGR levels were

near 50% at the highest loads and typically efficiency decreases at these conditions.

Emissions

The gross indicated NOx emissions are shown in Figure 7. 50% EGR and a
compression ratio of 18:1  were employed with all the fuels. For the fuels of the
invention, these engine operating conditions resulted in very low NOy levels, below
0.35 g/kWh even at 12 bar gross IMEP. Decreasing the load, NOx decreased as well,
namely because of lower combustion temperature in the combustion engine. In some
cases, ¢.g. Example 2, NOx increases at lower load because the emission are plotted
relatively to the power, this means that if the efficiency decreases the specific

emissions increase.

12
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Because of the high combustion efficiency, low values of CO and HC were obtained
for all of the fuels, (see Figure 8 and Figure 9 respectively). These values are
significantly lower than the values obtained by Kalghatgi et.al. and Manente ect.al for
premium gasoline and diesel fuel. The low values of CO and NOx obtained, when the
fuels of the present invention are employed, indicates that with mid-to-high octane
number fuels running in PPC mode that it is possible to burn the fuel-air mixture in
the temperature range between 1500 and 2000 [K]. A combustion temperature higher
than 1500 [K] is necessary to promote the reactions from CO to CO2; in essence, it 18

important to keep the combustion temperature below 2000 [K]

Soot levels were very low (<1 FSN) for all of the fuels up to a load of about 6 bar
gross IMEP. As shown in Figure 10, as the load increased to 12 bar gross IMEP, the
soot levels for the fuels increased to a level between 0.1 and 3.1 FSN at a speed of
1000 rpm and values of 0.2-5 FSN at a speed of 1300 rpm. Employing a different
injection system combined with an optimized flow motion would enable much lower
soot values. These engine-out values are low enough that common commercial diesel

particulate filters can treat further to meet government emission regulations. .

The lowest soot values at the highest load point of 12 bar gross IMEP were obtained
for the fuels in Examples 4 and Comparative Example 1. Ethanol, because of its

molecular structure, had soot below 0.06 FSN.

Engine Noise/Maximum Rate of Pressure Rise

One of the key challenges of advanced combustion systems such as partially premixed
combustion and HCCI at high load is the maximum pressure rise rate which relates to
the engine acoustic noise and potential engine damage. The operating ranges of
previous studies are limited to moderate loads due to unacceptable levels of maximum
pressure rise rate and engine noise. The maximum pressure rise rates in the current
study are plotted in Figure 11 as a function of load. For heavy duty engines,
maximum pressure rise rates of 15 bar/CAD or lower are reasonable. ~ We have
found that the maximum pressure rise rates appear to correlate with the properties of
the fuels, as shown in Figure 12 where the rates vs. the sum total of n-paraffins plus

naphthenes content are plotted. We have discovered that fuels having a sum total of
13
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n-paraffins plus naphthenes content of 7 volume % or higher provide acceptable
pressure rise rate (i.e., less than 15 bar/CAD). The poorest performing fuels with
pressure rise rates above 17 bar/CAD were Comparative Examples 1 and 2. These
fuels are the two fuels that had a sum total of n-paraffins plus naphthenes content less

than 7 volume %.

Thus we have discovered that reasonable pressure rise rates (along with high gross
efficiency and very low NOx emissions) can be obtained over a wide range of load
conditions in advanced combustion, especially in partially premixed combustion
settings using gasoline-type fuels containing more than 7 volume % of a sum total of

n-paraffins plus naphthenes.

14
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WHAT IS CLAIMED IS:

. A fuel composition having a boiling range of between 95 to 440 degrees

Fahrenheit wherein the fuel composition has (a) a total sum of n-paraffins and
naphthenes content of at least 7 volume percent and (b) a RON of about 93 or

less, wherein the fuel is employed in an advanced combustion engine.

. The fuel composition of Claim 1 wherein the advanced combustion engine is

operated in a partially premixed combustion mode.

. The fuel composition of Claim 1 wherein the fuel composition has a total sum of

n-paraffins and naphthenes content of at least 15 volume percent.

. The fuel composition of Claim 1 wherein the fuel composition has a RON of

about 85 or less.

. The fuel composition of Claim 4 wherein the fuel composition has a RON of

about 80 or less.

. A method of operating an internal combustion engine comprising,

i.  employing a fuel composition in an internal combustion engine, wherein
the fuel composition has (a) a boiling range of between 95 to 440 degrees
Fahrenheit, wherein the fuel composition has (b) total sum of n-paraffins
and naphthenes content of 7 volume percent or higher and (¢) wherein in
the RON is about 93 or less;

ii.  operating the internal combustion engine, wherein the compression ratio is
from about 16:1 to about 20:1 and wherein the internal combustion engine
is operated under partially premixed combustion conditions;

iii.  wherein the fuel composition is employed at a load of at least up to 12 bar
gross IMEP and engine out NOx emissions are no more than 0.35

grams/kilowatt-hr; and

15

PCT/US2010/054310



10

15

20

25

30

WO 2011/053651 PCT/US2010/054310

10.

11.

12.

13.

14.

15.

wherein the exhaust gas recirculation rate is less than 60 volume percent.

The method of Claim 6 wherein the internal combustion engine has a gross

efficiency greater than 50%.

The method of Claim 6 wherein the internal combustion engine has a

maximum pressure rise rate of less than about 17 bar/crank angle degrees.

The method of Claim 8 wherein the maximum pressure rise rate is less than

about 15 bar/CAD.

The method of Claim 9 wherein the maximum pressure rise rate is less than

about 13 bar/CAD.

The method of Claim 7 wherein the internal combustion engine is operated

wherein the exhaust gas recirculation is less than 55 volume percent.

The method of Claim 7 wherein the engine out NOx emissions are no more

than 0.3 grams/kilowatt-hr.

The method of Claim 7 wherein the fuel composition is employed at a load up

to 12 bar gross IMEP.

The method of Claim 7 wherein the internal combustion engine is operated at

a compression ratio of from about 17:1 to about 19:1.

The method of Claim 14 wherein the internal combustion engine is operated at

a compression ratio of 18:1.

16
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