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Extended Summary

Much work has been performed in recent years by Diesel engine researchers to
simultaneously decrease engine-out particulate matter and nitrogen oxides (NOy)
emissions to meet stringent upcoming engine emissions regulations.[1,2,3] One of the
solutions to reducing these engine-out emissions is operating the engine in a combustion
regime known as premixed Diesel Low Temperature Combustion (LTC).[4,5,6] In this
combustion regime, exhaust gas recirculation (EGR) is used to reduce the maximum
combustion temperature, thereby decreasing the engine-out NOx emissions. Research has
shown that increased use of EGR to decrease engine intake oxygen concentration and in-
cylinder combustion temperature has caused increased particulate matter emissions
through reductions in in-cylinder particle oxidation. But additional research has shown
that it is possible to decrease particulate matter emissions by further increases in EGR
(further decreases in intake oxygen concentration and combustion temperature).[1]
Beyond decreases in engine intake oxygen concentration, parameters such as injection
timing must be optimized to find the engine operating condition which provides the
lowest hydrocarbon and carbon monoxide emissions at the same time as these very low
NOy and particulate matter emissions.[5,6]

Although LTC researchers have been able to operate Diesel engines with particulate
matter emissions below the minimum detection limit of traditional opacity-based
particulate matter instruments (which are very commonly used in most Diesel
combustion research facilities), other work has still measured significant changes to the
particle size and number emissions with changes to engine operating conditions.[7,8,9]
One of these works has found the injection timing to have a major effect on the
particulate size and number emissions of a heavy duty Diesel (HDD) engine operating in
the LTC regime.[9] The present investigation goes one step further by making a
comparison of injection timing effects on particulate size and number emissions between
a light duty Diesel (LDD) and HDD single-cylinder research engine, in which both were
operated in the premixed LTC regime. Optimizing LTC in a small bore LDD engine can
be more difficult than a large bore HDD engine because of the combustion chamber
space limitations. One common problem is impingement of the liquid core of the fuel
spray on the combustion chamber surface, either the piston or the cylinder wall. This can
result in increased hydrocarbon, carbon monoxide, or particulate matter emissions.
Actions taken in this study to reduce the fuel jet liquid spray length included increasing
the charge air density in the combustion chamber (increased compression ratio, increased
intake pressure, and reduced intake temperature in comparison with the HDD engine) and
reducing the injector nozzle orifice diameter (while increasing the number of orifices).
Reduction in particulate matter emissions (by increasing ignition delay) was performed



by decreasing the intake temperature and intake oxygen concentration, in comparison
with the HDD engine.

The LTC exhaust of both engines was diluted with filtered and dehumidified compressed
air by a heated primary and ambient temperature secondary dilution. Particle size
distributions of the diluted exhaust were measured with a TSI Scanning Mobility Particle
Sizer. Although the LDD and HDD research engines differed in hardware configurations
(bore diameter, size of combustion chamber, swirl, injector nozzle geometry, etc.) and
LTC engine operating conditions (by engine speed, load, intake pressure, intake
temperature, intake oxygen concentration, etc.), very similar trends were measured
regarding the effect of injection timing on the particle size distributions.

Both engines (in their minimum particulate matter emissions injection timings) were able
to achieve less than 25ppm NOx emissions and less than 0.05 filter smoke number, while
maintaining hydrocarbon and carbon monoxide emissions below 550ppm and 5,200ppm,
respectively. Hydrocarbon emissions for both engines similarly increased as the carbon
monoxide emissions decreased for advances in injection timing. Although carbon
monoxide emissions began to increase at injection timings earlier than -21°aTDC in the
HDD engine tests.

It was common between both engines that the opacity-based smoke measurement
decreased with earlier injection timing. It is proposed that these decreases in filter smoke
number are the result of longer ignition delay and thus less in-cylinder particulate matter
formation due to better fuel and air premixing before ignition. Decreases in particulate
matter mass concentration (opacity-based measurement) at earlier injection timings were
accompanied by decreases in particles larger than 30nm. With both engines, decreases in
particles larger than 30nm for advances in injection timing coincided with increased
particles smaller than 30nm.
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ABSTRACT:

MUCH WORK HAS BEEN PERFORMED IN RECENT YEARS BY
DIESEL ENGINE RESEARCHERS TO SIMULTANEOUSLY
DECREASE ENGINE-OUT PARTICULATE MATTER AND 15
NITROGEN OXIDES EMISSIONS TO MEET STRINGENT
UPCOMING ENGINE EMISSIONS REGULATIONS.[1,2,3]
ONE OF THE SOLUTIONS TO REDUCING THESE ENGINE-OUT
EMISSIONS IS OPERATING THE ENGINE IN A COMBUSTION
REGIME KNOWN AS PREMIXED DIESEL LOW
TEMPERATURE COMBUSTION.[4,5,6] IN THIS 05 A AN —
COMBUSTION REGIME, EXHAUST GAS RECIRCULATION y \

(EGR) 1S USED TO REDUCE THE MAXIMUM COMBUSTION \
TEMPERATURE, THEREBY DECREASING THE ENGINE-OUT ”

NITROGEN OXIDES EMISSIONS. RESEARCH HAS SHOWN \/ EGR Increase
THAT INCREASED USE OF EGR TO DECREASE ENGINE

INTAKE OXYGEN CONCENTRATION AND IN-CYLINDER 05
COMBUSTION TEMPERATURE HAS CAUSED INCREASED
PARTICULATE MATTER EMISSIONS THROUGH REDUCTIONS
IN IN-CYLINDER PARTICLE OXIDATION. BUT ADDITIONAL
RESEARCH (FIGURE 1) HAS SHOWN THAT IT IS POSSIBLE
TO DECREASE PARTICULATE MATTER EMISSIONS BY
FURTHER INCREASES IN EGR (FURTHER DECREASES IN
INTAKE OXYGEN CONCENTRATION AND COMBUSTION TEMPERATURE).[1] BEYOND DECREASES IN ENGINE INTAKE OXYGEN
CONCENTRATION, PARAMETERS SUCH AS INJECTION TIMING MUST BE OPTIMIZED TO FIND THE ENGINE OPERATING CONDITION WHICH
PROVIDES THE LOWEST HYDROCARBON AND CARBON MONOXIDE EMISSIONS AT THE SAME TIME AS THESE VERY LOW NITROGEN
OXIDES AND PARTICULATE MATTER EMISSIONS.[5,6]
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FIGURE 1. REDUCED SMOKE EMISSIONS FROM ADDED EGR.[1]

ALTHOUGH LOW TEMPERATURE COMBUSTION RESEARCHERS HAVE BEEN ABLE TO OPERATE DIESEL ENGINES WITH PARTICULATE
MATTER EMISSIONS BELOW THE MINIMUM DETECTION LIMIT OF TRADITIONAL OPACITY-BASED PARTICULATE MATTER INSTRUMENTS
(WHICH ARE VERY COMMONLY USED IN MOST DIESEL
COMBUSTION RESEARCH FACILITIES), OTHER WORK
(FIGURE 2) HAS STILL MEASURED SIGNIFICANT CHANGES
TO THE PARTICLE SIZE AND NUMBER EMISSIONS WITH
CHANGES TO ENGINE OPERATING CONDITIONS.[7,8,9]
ONE OF THESE WORKS HAS FOUND THE INJECTION TIMING
TO HAVE A MAJOR EFFECT ON THE PARTICULATE SIZE AND
NUMBER EMISSIONS OF A HEAVY DUTY DIESEL ENGINE
OPERATING IN THE LOW TEMPERATURE COMBUSTION
REGIME.[9] THE PRESENT INVESTIGATION GOES ONE
STEP FURTHER BY MAKING A COMPARISON OF INJECTION
TIMING EFFECTS ON PARTICULATE SIZE AND NUMBER
EMISSIONS BETWEEN A LIGHT DUTY AND HEAVY DUTY
SINGLE-CYLINDER DIESEL RESEARCH ENGINE, IN WHICH
BOTH WERE OPERATED IN THE PREMIXED LOW
TEMPERATURE COMBUSTION REGIME. LOW TEMPERATURE
COMBUSTION EXHAUST OF BOTH ENGINES WAS DILUTED
WITH FILTERED AND DEHUMIDIFIED COMPRESSED AIR BY
HEATED PRIMARY AND AMBIENT TEMPERATURE
SECONDARY DILUTIONS. PARTICLE SIZE DISTRIBUTIONS
OF THE DILUTED EXHAUST WERE MEASURED WITH A TSI
SCANNING MOBILITY PARTICLE SIZER. ALTHOUGH THE
LIGHT DUTY AND HEAVY DUTY DIESEL RESEARCH
ENGINES DIFFERED IN HARDWARE CONFIGURATIONS
(BORE DIAMETER, SIZE OF COMBUSTION CHAMBER,
SWIRL, INJECTOR NOZZLE GEOMETRY, ETC.) AND LOW
TEMPERATURE COMBUSTION ENGINE OPERATING PARAMETERS (ENGINE SPEED, LOAD, INTAKE PRESSURE, INTAKE TEMPERATURE,
INTAKE OXYGEN CONCENTRATION, ETC.), VERY SIMILAR TRENDS WERE MEASURED REGARDING THE EFFECT OF INJECTION TIMING ON
THE PARTICLE SIZE DISTRIBUTIONS.

6.E+09

64.6 nm

5.E+09 O
120 nm

4.E+09 -

3.E+09

2E+09

( ' 38.8 nm
Conv. High Load

O 70.3 nm
Conv. Med. Load

LTC High Inj. Pressure
LTC Low Inj. Pressure
T

1.E+09 +

Total Particle Conc. [dN/dlogD5]

NG

0.E+00

1 2 3 4
Engine Case

FIGURE 2. VARIATIONS IN PARTICLE SIZE (GEOMETRIC MEAN
DIAMETER) AND NUMBER FOR CONVENTIONAL (CASES 1 & 2)
AND Low TEMPERATURE (CASES 3 & 4) DIESEL COMBUSTION.[8]

BOTH ENGINES (IN THEIR MINIMUM PARTICULATE MATTER EMISSIONS INJECTION TIMINGS) WERE ABLE TO ACHIEVE LESS THAN
25PPM NITROGEN OXIDES EMISSIONS AND LESS THAN 0.05 FILTER SMOKE NUMBER, WHILE MAINTAINING HYDROCARBON AND
CARBON MONOXIDE EMISSIONS BELOW 550PPM AND 5,200PPM, RESPECTIVELY. DECREASES IN PARTICULATE MATTER MASS
CONCENTRATION (OPACITY-BASED MEASUREMENT) AT EARLIER INJECTION TIMINGS WERE ACCOMPANIED BY DECREASES IN
PARTICLES LARGER THAN 30NM. WITH BOTH ENGINES, DECREASES IN PARTICLES LARGER THAN 30NM FOR ADVANCES IN
INJECTION TIMING COINCIDED WITH INCREASED PARTICLES SMALLER THAN 30NM.

EQUIPMENT:

THE RESEARCH ENGINES TABLE 1. DESCRIPTION OF ENGINE HARDWARE

USED IN THIS STUDY

WERE BOTH SINGLE- RESEARCH ENGINE HEAVY DUTY DIESEL | LIGHT DUTY DIESEL
CYLINDER ADAPTATIONS

OF THEIR FULL MULTI- CONFIGURATION SINGLE-CYLINDER | SINGLE-CYLINDER
CYLINDER PRODUCTION DISPLACEMENT 1.8L 0.4L
ENGINES. OPTIMIZING : :

THE LIGHT DUTY DIESEL BORE X STROKE 123MM X 152MM 76MM X 88MM
ENGINE FOR LOW

TEMPERATURE COMPRESSION RATIO 14.4:1 17:1
COMBUSTION OPERATION INJECTOR NOZZLE ORIFICES 7 x 190pumM 10 x 100pM
WITH MINIMAL

INCREASES IN HYDRO- INJECTION ANGLE 120° 145°

CARBON AND CARBON
MONOXIDE EMISSIONS
(COMPARED TO
CONVENTIONAL DIESEL
COMBUSTION) WAS DIFFICULT DUE TO THE LIMITED FREE SPRAY LENGTH AVAILABLE IN THE COMBUSTION CHAMBER. ADEQUATE
IN-CYLINDER CHARGE AIR DENSITY DURING EARLY INJECTION WAS IMPORTANT TO LIMIT (OR AVOID COMPLETELY) LIQUID
SPRAY IMPINGEMENT ON THE COMBUSTION CHAMBER SURFACE, SUCH AS THE PISTON BOWL OR CYLINDER WALL. FOR THIS
REASON, THE LIGHT DUTY DIESEL ENGINE EMPLOYED A COMPRESSION RATIO OF 17:1 AND A 10 ORIFICE NUMBER INJECTOR
NOZZLE WITH RELATIVELY SMALL ORIFICE DIAMETERS TO DECREASE LIQUID SPRAY LENGTH IN THIS SMALL BORE ENGINE.

A DEKATI FPS-4000 DUAL-STAGE DILUTER
(FIGURE 3) WAS USED IN TESTS WITH BOTH
ENGINES TO PREPARE THE PARTICLE-LADEN
EXHAUST SAMPLE FOR ANALYSIS WITH THE
TSI SCANNING MOBILITY PARTICLE SIZER
(SMPS) 3936. THIS SMPS SETUP
CONSISTED OF THE TSI 3080L CLASSIFIER
WITH LONG DIFFERENTIAL MOBILITY
ANALYZER AND A CONDENSATION PARTICLE
COUNTER 3010. THE TOTAL DILUTION
RATIO FOR TESTS WITH THE HEAVY DUTY
DIESEL ENGINE WAS APPROXIMATELY 40:1,
EXCEPT FOR THE -15°ATDC INJECTION
TIMING WHICH WAS 62:1 DUE TO HIGHER
PARTICULATE MATTER EMISSIONS AT THAT
INJECTION TIMING. THE TOTAL DILUTION
RATIO WITH THE LIGHT DUTY DIESEL
ENGINE WAS APPROXIMATELY 28:1, EXCEPT
THE -23°ATDC INJECTION TIMING WHICH
WAS INCREASED TO 60:1 BECAUSE OF THAT
TIMING'S HIGHER PARTICULATE MATTER
EMISSIONS. THE DILUTION RATIOS WERE
MEASURED BY COMPARING CARBON DIOXIDE
CONCENTRATIONS OF THE EXHAUST SAMPLE
BEFORE AND AFTER THE DILUTION. THE
EXHAUST SAMPLE DILUTION WAS
PERFORMED WITH A HEATED PRIMARY
PERFORATED TUBE TYPE DILUTION AND AN
AMBIENT TEMPERATURE EJECTOR DILUTOR
SECONDARY DILUTION.
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FIGURE 3. LAYOUT OF EXHAUST GAS SAMPLING INSTRUMENTS.
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ENGINE TEST CONDITIONS:

THE HEAVY DUTY ENGINE'S LOAD
AND SPEED WERE SELECTED BASED
ON THAT ENGINE’S 25% LOAD,
LOW SPEED OPERATING
CONDITION. THE LIGHT DUTY

TABLE 2. DESCRIPTION OF ENGINE TEST CONDITIONS.

RESEARCH ENGINE | HEAVY DUTY DIESEL | LIGHT DUTY DIESEL

ENGINE'S LOAD AND SPEED WERE SPEeD [RPM] 1200 2250

SELECTED TO HAVE SIMILAR IMEP [BAR] 7 6

INDICATED MEAN EFFECTIVE

PRESSURE (IMEP) AS THE HEAVY Meye. [MG/CYCLE] 70 12

HIGHER ENGINE SPEED, T Size SOI [°ATDC] -24 — -15 -32 - -23

COMBUSTION CHAMBER OF EACH Puecrion [BAR] 1450 1400

ENGINE HAD A LARGE EFFECT ON EGR [%_voL] 50 67

THE ENGINE OPERATING

PARAMETERS NECESSARY TO Xo2,mrake [Yo_VvOL] 12.1 10
D L

TEMPERATURE COMBUSTION. FOR EQuiv. RaTIO [-] 0.83 0.74

THE SAME REASONS AS HAVING A
HIGHER COMPRESSION RATIO IN

Tinrake [°C] 45 40

THE LIGHT DUTY DIESEL ENGINE, Pinrake [BAR] 1.35 1.75
i s st s o Tounr [°C] | 366-375 234236
CYLINDER CHARGE AIR DENSITY Pintake [BAR] 1.45 1.95
AND REDUCE/RESTRICT LIQUID — —

FUEL IMPINGEMENT. ALONG WITH
THE HIGHER COMPRESSION RATIO
AND INTAKE PRESSURE, THE
INTAKE AIR TEMPERATURE WAS REDUCED TO 40°C. THIS NOT ONLY INCREASED THE INTAKE CHARGE AIR DENSITY, BUT ALSO
DELAYED THE KINETICALLY-CONTROLLED START OF COMBUSTION. THE LOWER INTAKE OXYGEN CONCENTRATION OF THE LIGHT
DUTY ENGINE CONDITION ALSO HELPED DELAY THE START OF COMBUSTION. THIS DELAY BETWEEN THE START OF INJECTION AND
THE START OF COMBUSTION, CALLED THE IGNITION DELAY, WAS CRUCIAL IN INCREASING PRE-COMBUSTION FUEL AND AIR
MIXING, THUS REDUCING PARTICULATE MATTER AND OTHER POLLUTANT EMISSIONS. THE RANGES OF INJECTION TIMINGS WERE
SELECTED BASED ON THEIR ABILITIES TO REDUCE POLLUTANT EMISSIONS CONCENTRATIONS (HYDROCARBONS, CARBON
MONOXIDE, PARTICULATE MATTER, ETC.).

SOI = START OF INJECTION COMMAND
EGR = EXHAUST GAS RECIRCULATION
X,z = INTAKE OXYGEN PERCENT

RESULTS:
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FIGURE 5. SMOKE EMISSIONS FROM BOTH ENGINES FOR
ADVANCES IN INJECTION TIMING.

FIGURE 4. HYDROCARBON AND CARBON MONOXIDE EMISSIONS
FROM BOTH ENGINES FOR ADVANCES IN INJECTION TIMING.

HYDROCARBON EMISSIONS FOR BOTH ENGINES SIMILARLY INCREASED AS THE CARBON MONOXIDE EMISSIONS DECREASED FOR
ADVANCES IN INJECTION TIMING. ALTHOUGH CARBON MONOXIDE EMISSIONS BEGAN TO INCREASE AT INJECTION TIMINGS
EARLIER THAN -21°ATDC IN THE HEAVY DUTY DIESEL TESTS. IT WAS COMMON BETWEEN BOTH ENGINES THAT THE OPACITY-
BASED SMOKE MEASUREMENT DECREASED WITH EARLIER INJECTION TIMING. IT IS PROPOSED THAT THESE DECREASES IN
SMOKE ARE THE RESULT OF LONGER IGNITION DELAY AND THUS LESS IN-CYLINDER PARTICULATE MATTER FORMATION DUE TO
BETTER FUEL AND AIR PREMIXING BEFORE IGNITION.
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FIGURE 7. PARTICLE SIZE DISTRIBUTION MEASUREMENTS FOR
MULTIPLE INJECTION TIMINGS FROM A LIGHT DUTY DIESEL
ENGINE OPERATING IN THE PREMIXED LOW TEMPERATURE

COMBUSTION REGIME.

FIGURE 6. PARTICLE SIZE DISTRIBUTION MEASUREMENTS FOR
MULTIPLE INJECTION TIMINGS FROM A HEAVY DUTY DIESEL
ENGINE OPERATING IN THE PREMIXED LOW TEMPERATURE
COMBUSTION REGIME.[9]

PREVIOUS LOW TEMPERATURE COMBUSTION WORK WITH A HEAVY DUTY DIESEL ENGINE (FIGURE 6) HAS SHOWN THAT
INJECTION TIMING CAN HAVE A LARGE INFLUENCE ON THE PARTICULATE MATTER SIZE AND NUMBER EMISSIONS.[9] IN FIGURE 7,
LARGE EFFECTS ARE ALSO SEEN WITH CHANGES TO INJECTION TIMING IN THE LIGHT DUTY DIESEL ENGINE PARTICLE SIZE
DISTRIBUTIONS. THE RED LINES SIGNIFY THE PARTICLE SIZE DISTRIBUTION OF THE MOST ADVANCED INJECTION TIMING OF
EACH ENGINE, AND THE BLUE LINES SIGNIFY THE LATEST INJECTION TIMING. FROM FIGURES 4 AND 5, IT IS SEEN THAT THE
EARLIEST INJECTION TIMINGS HAD THE LOWEST SMOKE EMISSIONS BUT HIGHEST HYDROCARBON EMISSIONS. PERHAPS THIS
HELPS EXPLAIN WHY THE EARLIEST INJECTION TIMINGS HAD THE FEWEST PARTICLES LARGER THAN 27NM, BUT THE MOST
NUMBER OF PARTICLES SMALLER THAN 27NM. ONE POSSIBLE EFFECT IS THAT SINCE THE REDUCTION IN LARGE PARTICLES
CAUSED A REDUCTION IN AVAILABLE SURFACE AREA, PERHAPS MORE VOLATILE MATERIAL CONDENSED IN THE SMALLER PARTICLE
SIZE RANGE RATHER THAN CONDENSING ON/IN THE LARGER PARTICLES. ANOTHER POSSIBLE EFFECT COULD BE THAT THE
INCREASED HYDROCARBON EMISSIONS INCREASED THE AMOUNT OF MATERIAL WITH "CONDENSATION POTENTIAL", THUS
INCREASING THE NUMBER OF SMALLER PARTICLES DUE TO HIGHER AMOUNT OF VOLATILE MATERIAL.

CONCLUSIONS:

® THE SMALL BORE LIGHT DUTY DIESEL ENGINE NEEDED HIGHER COMPRESSION RATIO, HIGHER INTAKE PRESSURE, AND LOWER
INTAKE TEMPERATURE THAN THE HEAVY DUTY DIESEL ENGINE TO REDUCE OR AVOID COMPLETELY LIQUID SPRAY
IMPINGEMENT ON THE COMBUSTION CHAMBER SURFACE.

o IN GENERAL, FOR THIS RANGE OF INJECTION TIMINGS, HYDROCARBONS INCREASED AND CARBON MONOXIDE DECREASED
WITH ADVANCEMENTS IN INJECTION TIMING.

® SMOKE EMISSIONS DECREASED WITH ADVANCED INJECTION TIMING IN BOTH ENGINES.

o FOR BOTH ENGINES, THE EARLIEST INJECTION TIMING HAD THE LOWEST SMOKE MEASUREMENT AND FEWEST NUMBER OF
LARGE PARTICLES.

e IN BOTH ENGINES, THE LATEST INJECTION TIMING HAD THE HIGHEST SMOKE MEASUREMENT AND HIGHEST NUMBER OF LARGE
PARTICLES.

o NUMBER OF SMALLER PARTICLES (<30NM) HAD AN INVERSE EFFECT WITH THE NUMBER OF LARGER PARTICLES.
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