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ARTICLE INFO ABSTRACT

Keywords: The U.S. Department of Energy’s Co-Optima initiative has focused on improving fuel economy and vehicle
Multi-mode performance while reducing emissions through the simultaneous development of emerging sustainable fuels with
AC{ . beneficial properties and advanced combustion strategies. A major thrust has been the development of advanced
E:ﬁ?iﬁ;‘i matter compression ignition (ACI) combustion strategies of gasoline range fuels in combination with spark-ignited (SI)
EC/OC combustion in a single engine capable of multi-mode operation to achieve high power density with enhanced

part load efficiency. The aim of this study was to further the understanding of how emissions from both ACI and
SI strategies operating on the same fuels in the same engine are impacted by different fuel properties. This
investigation focused on particulate matter (PM) and gaseous hydrocarbon emissions from 6 different fuels across
3 different combustion modes on the same single-cylinder engine designed for multi-mode operation: SI com-
bustion, partial fuel stratification (PFS), and spark-assisted compression ignition (SACI). In each of these modes,
3 different CA50 phasings were studied such that all 6 fuels could be studied at the same phasings. Three of the
six different fuels used were specially formulated in a previous investigation to study the impact of fuel distil-
lation and aromatic content while maintaining the research octane number (RON) and octane sensitivity.
Additionally, neat isooctane and two ethanol containing fuels (RD5-87 and Co-Optima E30) were studied.
Different fuel and phasing impacts on emissions were observed across the three combustion modes. Fuel prop-
erties were found to impact soot PM and particle number more than the CA50 phasing, while the phasing had
more impact on NOx emissions. The NOx emissions were reduced in the PFS mode for all fuels compared to SI
combustion, but the SACI combustion mode did not reduce NOx emissions. Although PFS produced low soot PM
emissions like SI, total PM mass emissions were significantly higher due to large organic carbon (OC) PM mass
contribution. Both PFS and SACI had greater particle number emission than SI operation with small nuclei mode
particles dominating in PFS compared to large agglomeration particles in SACI.

HC speciation

1. Introduction require emissions control systems. Fuel-lean, SI gasoline engine opera-

tion has been shown to enhance engine efficiencies by reducing throt-

The U.S. Department of Energy’s Co-Optimization of Engines and
Fuels (Co-Optima) initiative has been pursuing the development of
higher efficiency engines by co-optimizing combustion technologies
with bio-derived fuel properties. Conventional spark ignition (SI) gas-
oline engines have been continually improved for better performance
and fuel economy since SI engine vehicles were introduced [1], with the
first fuel economy standards in the United States passed in the Energy
Policy Conservation Act of 1975 [2]. However, their efficiencies are still
lower than diesel compression ignition (CI) engines, and like diesel, still
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tling losses, heat transfer losses to the coolant, and increasing cyclic
work output as a result of increasing specific heat ratio. However, both
NOx and particulate emissions are still challenging for fuel-lean SI en-
gines. Fuel-lean exhaust prevents the use of a three-way catalyst (TWC)
to reduce NOx emissions because the chemistry requires stoichiometric
conditions. High levels of particulate matter (PM), caused by the fuel-
rich regions of stratified charge combustion strategies have not yet
been resolved [3,4]. Advanced compression ignition (ACI) combustion
strategies encompass another approach to lean operation where similar
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or improved thermal efficiency benefits can be realized, but where low
temperature combustion (LTC) is achieved such that NOx emissions are
substantially suppressed. Operational range limits are a challenge for
ACI modes, especially at high loads, since intense and rapid combustion
can result in high pressure rise rates, combustion noise, and potential for
engine damage [5,6].

One of Co-Optima’s research focuses has been on optimizing multi-
mode combustion strategies and fuel properties to achieve increased
efficiency and meet emission standards. Multi-mode engines use two or
more different engine modes; light-duty (LD) applications typically
include conventional SI mode and an ACI mode, to increase fuel econ-
omy and decrease emissions. Multi-mode operation is a complementary
approach for ACI operation to overcome its operational restriction at the
high load range where ACI strategies are limited by relying on SI oper-
ation at those loads. While SI can be effectively operated across the
entire engine operating map, its comparatively lower air-fuel ratio (i.e.,
lambda, 2) introduce throttling losses and other thermodynamic
inefficiencies.

The drastically different exhaust condition of SI and ACI create a
challenge in selecting an emission control system for a multi-mode en-
gine. The conventional LD, SI system use TWCs which can efficiently
convert CO, NOx, and hydrocarbons (HC) emissions at temperatures
between 400 and 800 °C in near stoichiometric conditions. However, the
lower exhaust temperatures of ACI strategies and excess oxygen limit the
efficacy of a TWC, especially the reduction of NOx. The efficiency of a
TWC rapidly drops as A exceeds the stoichiometric point [7]. Emissions
control for diesel engines, which also operate lean, rely on an oxidation
catalyst (OxyCat) to convert CO and HCs and an ammonia selective
catalytic reduction (NH3-SCR) catalyst to convert the NOx. The catalytic
oxidation of HCs over both TWCs and OxyCats have been shown to vary
for different hydrocarbon species in stoichiometric and lean conditions
[8,9]. Since ACI modes typically run at a lean condition, using a con-
ventional TWC for a multi-mode engine may not be able to maintain
acceptable NOx emissions reduction over an entire SI/ACI operating
map [10].

ACI operations for gasoline direct injection (GDI) strategies can be
categorized based on the air/fuel stratification: Homogeneous charge
compression ignition (HCCI), partial fuel stratification (PFS), moderate
fuel stratification (MFS), and heavy fuel stratification (HFS). The fuel
stratification can be controlled by fuel injection timing and the fraction
of injected fuel at each injection event [11]. PFS operation can be ach-
ieved by premixing a fraction of the fuel with the air using port fuel
injection or very early direct injection. PFS combustion typically results
in higher CO and HC emissions compared to MFS and HFS but results in
lower NOx and soot PM emissions.

Another ACI operation mode is spark-assisted compression ignition
(SACI). This strategy utilizes a spark plug to initiate flame propagation
that increases the temperature of the unburned charge triggering auto-
ignition. SACI combustion typically results in a reduced peak pressure
because a portion of the fuel is consumed by flame propagation rather
than autoignition, which is comparatively much faster, and because the
control of spark ignition with SACI allows combustion to be phased
later, when the combustion chamber volume is higher. As a result of the
reduced peak pressure rise rate, SACI can provide a wider range of
operation compared to HCCI, but it has shown higher NOx emissions,
especially at high load, because it cannot operate as fuel-lean as HCCI
due to the requirement to propagate a flame front, resulting in higher

Table 1
Engine geometry.

Fuel 331 (2023) 125641

combustion temperatures [12,13].

ACI operation with gasoline-range fuels has been shown to greatly
reduce NOx and PM emissions compared with diesel-range fuels because
of higher volatility and longer ignition delay which provide more time
for fuel and air mixing [14-16]. Soot PM formation in GDI engines is
known to be formed by the locally poor mixing and wall wetting of fuels
which is closely related to engine design and operating conditions such
as spraying fuels into the cylinder walls or fuel injection timing [17].
Fuel properties are also an important factor that can impact PM emis-
sions. Particulate Matter Index (PMI), calculated based on the double
bond equivalent and vapor pressure of each fuel hydrocarbon species
[18], has been used to predict PM emissions dependency on the fuel
properties [19]. PMI works reasonably well on predicting soot PM
emissions for SI engines under stoichiometric conditions, however, it has
shown difficulties in predicting soot PM trends between oxygenated and
non-oxygenated fuels [2,20]. It struggles to predict PM trends under
different engine operating conditions such as a lean stratified SI engine
since PMI only takes fuel chemistry into account [20]. It is also ques-
tionable if PMI can predict PM emission tendencies for ACI engines
which also have lean and/or stratified conditions.

Over the last decade, computational and experimental studies have
investigated impacts of operating parameters [21,22] and gasoline-
range fuel properties [23-25] on ACI combustion. There are a few
recent studies in the literature that investigated fuel impacts on engine
emissions for ACI operation. Zhang et al., investigated the impact of six
different physical fuel properties on soot emissions under ACI operations
at medium load condition using computational fluid dynamics (CFD)
and found fuel density to be the only physical property with a notable
impact on soot emissions among the six different fuel properties studied
[26]. Badra et al., studied effects of eight physical fuel properties on
performance and emissions of ACI engines at low and high load condi-
tions using CFD [27]. Their models suggested that there are more
physical properties that affect ACI engine performance and emissions at
low load compared to high load. However, the physical property that
Badra et al., found the most influential in both low and high load was
fuel density. Recent studies in our lab have experimentally investigated
the impact of fuel properties and fuel stratification effect on HC and PM
emissions from multi-cylinder ACI combustion. One study which
investigated the impact of fuel aromatic content and distillation range,
correlated some of the performance and emissions results to fuel density
[28]. However, the measured soot formation did not increase linearly
with increasing fuel density likely due to the fact that fuel density cannot
be an experimentally isolated parameter. Another study, which speci-
ated the PM emissions into elemental carbon (i.e., soot PM) and organic
carbon (OC PM), found that the PM under the more premixed gasoline
compression ignition (GCI) modes were dominated by OC PM and both
fuel and ACI combustion conditions impacted PM across all air-fuel
stratifications [29].

An ACI engine relies on the auto-ignition of the pre-mixed fuel and
air for combustion while a SI engine should avoid it. Therefore, fuel
property impacts on engine efficiencies and emissions may differ for SI
and ACI combustion. A multi-mode engine uses the same fuel for these
two different operation modes; hence, it is important to investigate
optimal fuels for multiple engine configurations to exploit an optimized
engine performance as well as minimize emissions.

In this study, we focused on investigating gaseous and PM emissions
from six different fuels across three different combustion strategies (SI,
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Fig. 1. Intake and exhaust valve timings as a function of cam advance.

Table 2
Engine operating conditions.

Part-load SI SACI PFS
Engine Speed [RPM] 2000 2000 2000
gross IMEP* [kPa] 474-509 512-540 541-551
Air flow [g/min] 235 465 700
Global lambda [2] 1.0 2.0 3.0
Intake Temperature [°C] 35 53-85 145-177
Intake Pressure [kPa] 61 +2 116 + 2 165 + 6
Spark Advance [°CA bTDCy] 16.5to 5.6 31.3t0 26 -
Start of Injection 1st/2nd 280/- 280/35-30 280/110-73
[°CA bTDC{]
Injection Split 1st/2nd [% 100/- 70/30 70/30
injection duration]
CAS5O0 Criteria [°CA aTDC]** Adv Base Ret Adv Base Ret Adv Base Ret

11.8° 15° 20° 0° 3 6° 7° 8 10°
Intake/ExhaustCam Advance 30/20 15/60 60/60
[°CA]
Estimated Residual [mass %] 5.4-6.0 14.3-14.6 12.7-12.8

*IMEP: Indicated Mean Effective Pressure.
**Adv = advanced; Base = baseline; Ret = retarded.

SACI, and PFS) on the same single-cylinder engine designed for multi-
mode combustion operation. Additionally, three different CA50 phas-
ings were chosen for each engine strategy such that all six fuels could be
operated at the same CA50 phasings. Three of the fuels are what were
also used in the previous multi-cylinder ACI study [28] from our lab that
investigated impacts of the fuel aromatic content and distillation curves
on the emissions. In addition to these three fuels, two ethanol containing
fuels and isooctane reference fuel were also studied.

2. Experimental section
2.1. Engine setup and operation

This investigation was conducted using a specialized Ricardo Hydra
single-cylinder research engine intended for multimode operation, see
Table 1 for engine geometry. The engine is equipped with a cylinder
head having a four valve per cylinder pentroof design and a centrally-
mounted GDI injector. The engine is outfitted for multi-mode opera-
tion, so that it can operate under both SI and ACI combustion strategies.
The PFS, SACI combustion modes chosen for this investigation depend
on compositional stratification and high levels of residual trapping in
order to properly operate. The necessary levels of stratification are
created by injecting fuel twice per cycle, consisting of an early injection
and a later injection that is closer to top-dead-center (TDC) firing. The
engine is also equipped with hydraulic cam phasers on the intake and
exhaust cams, each with a control authority of 60° crank angle (CA),
enabling positive valve overlap for SI operation and high levels of

residual trapping with negative valve overlap for ACI operation. The
cam positions used in this set of experiments are shown in Fig. 1. Oil and
coolant temperatures were also held fixed at 90 °C for the different
combustion strategies in this investigation.

Airflow to the engine was controlled by regulating compressed shop
air through an Alicat PCR3 laminar flow element mass flow controller.
The intake air was then heated to the required manifold temperature
upstream of the intake surge tank. The target manifold temperature and
intake heating requirements varied by fuel and operating strategy, see
Table 2 for additional information. The intake was also equipped with a
tumble plate blocking the lower 54 % of the intake port to increase
tumble flow within the cylinder. High-speed intake manifold pressure
measurements were made with a Kistler 4049A pressure sensor. The
exhaust was open to ambient, with an ECM 5230 EGR meter and
wideband oxygen sensor providing the primary lambda measurements.
Additional lambda calculations are made with exhaust emissions mea-
surements as a backup to the oxygen sensor. The engine was equipped
with the stock ignition coil from a GM 2.0 L LNF engine and an NGK
iridium spark plug that is indexed such that the ground strap did not
block the fuel spray. The spark dwell was set to 3 ms for SI and SACI
operation.

In this study, fuel was supplied to the engine by means of a pres-
surized piston-style hydraulic accumulator from Parker (Part number
A4N0347D1E) with a capacity of 1.5 gallons. The accumulator was
pressurized to 110 bar using nitrogen and the fuel pressure is subse-
quently regulated down to 100 bar with a Tescom (Model number 26-
2064V24A27016) fuel pressure regulator. Fuel flow was measured
downstream of the regulator with a Coriolis-type flowmeter (Micro-
motion model CMF010). The pressurized fuel was then fed into a fuel
rail mounted on the engine to damp out pressure oscillations, prior to
being fed to a centrally-mounted Bosch solenoid fuel injector. The
injector has an 8-hole nozzle with a symmetric spray pattern and
60°included angle.

A National Instruments Powertrain Control Platform was used for
both engine control and data acquisition. High speed measurements of
cylinder pressure, intake pressure, intake and exhaust cam position, and
spark discharge were made with a 0.1°CA resolution for 300 consecutive
cycles. Cylinder pressure was measured using a Kistler 6125C pressure
sensor and pegged to the high-speed intake pressure measurement for
each cycle over a 10° CA window centered at 180° CA before firing TDC
(bTDCy). Combustion analysis was performed with a custom-developed
Matlab script that computes heat release on a first-law basis [30].
Heat transfer for SI and SACI operation was provided by the Woschni
correlation [31] and with the modified Woschni correlation proposed by
Chang et al., [32] for PFS operation. Residual trapping was estimated by
taking the average of the method by Yun et al., [33] and the state esti-
mation method [34]. The method proposed by Fitzgerald et al., [35] was
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Table 3
Select fuel properties.
Isooctane LA-LD LA-HD Co-Optima E30 RD5-87 HA-HD

PMI 0.19 0.55 1.26 1.28 1.71 2.16
YSI 61.7 64.0 80.0 47.9 83.6 121.8
RON* 100 89.7 90 97.4 92.3 89.6
Sensitivity™ 0 4.6 4.6 10.8 7.7 6.1
Aromatic** [vol%] 0 6.9 8.1 8.1 23.8 26.3
Olefins** [vol%] 0 6.0 5.2 5.0 5.9 5.9
Saturate** [vol%] 100 87.1 86.7 57.1 47.4 67.8
Ethanol** [vol%] 0 0 0 30.6 9.1 0
BP' [°C] 99.3 33.4 31.8 35.7 40.4 34.3
T50' [°C] - 87.3 118.7 74.3 101.3 129.2
T90' [°C] - 122.9 172.7 155.2 157.9 172.4
FBP' [°C] 99.3 160.7 198.4 204.4 205.0 194.3
LHV'T [MJ/kg] 44,31 4417 43.92 38.17 41.93 43.22
AFRE o 15.14 14.88 14.81 12.92 14.05 14.60
LHV* [MJ/kg-air] 2.93 2.97 2.97 2.95 2.98 2.96
Density* [g/mL, @ 15 °C] 0.6962 0.7116 0.7383 0.7527 0.7496 0.7630

* ASTM D2699; ** ASTM D81319; 1 ASTM D86; 11 ASTM DD240; { ASTM D4052; i} calculated values.

also included in the average for PFS and SACI due to their high levels of
negative valve overlap. Calculations were made on an individual cycle
basis but are reported as data ensemble averaged over all 300 cycles.

2.2. Engine combustion modes

In addition to conventional SI combustion, two advanced combus-
tion modes, SACI and PFS, were explored for this study. Three different
crank angles of 50 % mass fraction burned (CA50) were run for each
combustion mode: an advanced phasing, a baseline phasing, and a
retarded phasing. An overview of the operating conditions for each
combustion mode are provided in Table 2 and a summary of the oper-
ating procedure for each combustion mode are given below. It should
also be noted that the intake pressure levels were not controlled and
varied for each fuel under the two ACI modes due to differences in intake
temperature.

2.2.1. Spark ignited (SI) operation

For SI operation, airflow was set to 235 g/min with the intake and
exhaust cam advances set to 30° and 20° respectively. The corre-
sponding cam locations and valve timings are shown in Fig. 1. A single
fuel injection event with a start of injection (SOI) timing was set to 280°
CA before TDC firing (bTDCy) to approach homogeneous conditions.
Airflow and intake temperature were fixed, and fuel flow was adjusted
to maintain stoichiometric conditions, or A = 1, as the fuels were
changed. An overview of these conditions is provided in Table 2. A
combustion phasing sweep was first performed with RD5-87 to establish
a retarded, base, and advanced combustion phasing. The base and
retarded phasings were chosen as 15° and 20°CA after TDC firing
(aTDCyp), respectively. The advanced combustion phasing was set at
11.8°CA aTDC¢ due to RD5-87 reaching the knock-limited spark advance
(KLSA), defined as an average peak-to-peak knocking intensity of 25 kPa
for a 100-cycle moving average. The remaining fuels were run at the
same phasings. The only exception was the HA-HD fuel reaching the
KLSA at a combustion phasing of 11.8°CA aTDC;.

2.2.2. Partial fuel stratification (PFS) operation

For PFS operation, airflow was set to 700 g/min and fueling adjusted
with an injection split of 70 %/30 % of the total injection dwell until a
global lambda of 3.0 was achieved. The first injection was timed at
280°CA bTDC¢ and an initial second injection timing of 110°CA bTDC:.
The advance on the intake and exhaust cams were both 60°, shown in
Fig. 1, resulting in a high level of negative valve overlap and residual
trapping. Intake temperature was adjusted on a per-fuel basis until a
CA50 timing of 10°CA bTDC¢ was achieved, representing the retarded
case. Combustion was advanced to the base phasing 8°CA bTDC¢ CA50

by retarding the timing of the second injection and increasing the level
of fuel stratification. The second injection was further retarded to reach
a timing of 7°CA bTDC¢ CAS50 for the advanced case or until the pressure
rise rate (PRR) limit of 10 bar/°CA was reached, whichever came first.

2.2.3. Spark-Assisted compression ignition (SACI) operation

For SACI operation, airflow was set to 465 g/min and maintained for
each fuel. Two injections were used to create fuel stratification, one
timed at an SOI of 280°CA bTDCy, and a second with variable timing, but
initially timed at 30°CA bTDC;s. Fuel was adjusted until a global lambda
of 2.0 was achieved, while maintaining an injection split of 70 %/30 %
of the total injection dwell. The spark was initially timed at 26°CA bTDCs
but was subsequently moved to maintain a delay of 4°CA with the 2nd
injection SOL The delay between the 2nd injection and spark was to
ensure adequate fuel stratification for reliable spark-ignition under a
globally fuel-lean environment. Intake and exhaust cam advances were
set to 15° and 60° to enable negative valve overlap, seen in Fig. 1, and
high levels of residual trapping. The intake temperature was increased
for each fuel until the timing the 50 % burn timing (CA50) was 6°CA
bTDC;, representing the retarded phasing. The 2nd injection and spark
timings were then advanced to a base phasing of 3°CA, and the advanced
phasing of 0°CA.

2.3. Fuels

A set of 6 fuels with a range of different properties were tested at
each operating mode. Three of the fuels were also used in a previous ACI
study from our laboratory that investigated effects of different distilla-
tion and aromatic contents in fuels: Low aromatic low distillation (LA-
LD), low aromatic high distillation (LA-HD), and high aromatic high
distillation (HA-HD) [28]. The remaining three fuels included the
standard reference fuel, 100 % isooctane, and two fuels with different
ethanol contents, 10 and 30 %. The 10 % ethanol fuel was the research
gasoline known as RD5-87, and the 30 % ethanol fuel was Co-Optima
E30, a specially formulated fuel used in many studies across the
different laboratories involved in the US DOE Co-Optima initiative. The
properties of the 6 fuels are described in.

Table 3 and listed in the order of PMI values throughout this paper.

Yield Sooting Index (YSI) is a measure of the amount of soot a fuel
produces when it is doped into a laboratory-scale non-premixed flame
[36]; thus, it quantifies a fuel’s tendency to form soot solely due to its
chemical composition. YSI serves the same purpose as the double bond
equivalent term included in PMI, but it can be measured empirically and
does not depend on assumptions about the relationship between
composition and sooting tendency. The raw values are re-scaled such
that YSI ~ 100 for benzene and YSI ~ 0 for a fuel that produces no soot.
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Table 4

Criteria emissions mass rates measured by FTIR (NOx and CO) and FID (THC) for six fuels in SI, PFS and SACI combustion modes. Mass rates for each fuel-mode

combination are reported at 3 CA50 phasings.*

Isooctane LA-LD LA-HD Co-Optima E30 RD5-87 HA-HD
Spark Ignited (SI)
Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret
NOx [mg/min] 476 387 269 526 403 283 548 421 290 462 350 239 561 408 280 549 456 326
CO [g/min] 0.71 0.69 0.65 0.82 0.83 0.78 0.57 0.64 0.59 0.72 0.77 0.73 0.71 0.70 0.73 0.63 0.68 0.59
THC [mg C1/min] 276 257 236 240 223 185 288 277 247 244 229 199 259 239 209 282 275 248
Partial Fuel Stratification (PFS)
Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret
NOx [mg/min] 7.53 5.28 1.86 6.80 4.18 1.61 5.62 3.95 1.29 5.78 3.90 1.57 6.36 4.06 1.33 6.05 3.67 1.45
€O [g/min] 0.78 0.85 1.07 0.96 1.04 1.46 1.03 1.13 1.44 101 1.04 1.41 116 1.19 1.57 112 1.27 1.65
THC [mg C1/min] 532 557 622 536 570 642 560 591 667 522 563 659 561 581 666 563 589 682
Spark Assisted Compression Ignition (SACI)
Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret Adv Base Ret
NOx [mg/min] 575 456 331 533 418 344 528 414 334 522 422 311 533 427 331 517 407 313
CO [g/min] 0.42 0.59 1.19 0.47 0.68 0.97 0.46 0.65 1.02 0.52 0.73 1.37 0.48 0.64 1.04 0.52 0.73 1.25
THC [mg C1/min] 470 551 875 467 509 651 474 503 628 459 512 817 460 493 644 491 529 681
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*CA50 phasings: Advanced (Adv), Baseline (Base), Retarded (Ret)

The values reported in Table 3 were measured in this study except for
isooctane, which was taken from an extensive compilation of YSIs
measured for pure compounds [37], and Co-Optima E30, which was
taken from an earlier study of Co-Optima gasolines [36]. The procedures
used for the new measurements were identical to those described in
Ref. [36].

2.4. Emissions sampling setup

2.4.1. Gaseous emissions

Multiple gaseous emissions measurements are taken during multi-
mode operation. Standard criteria emissions were measured using
both a standard 5-gas emissions bench analyzers from California
Analytical Instruments (CAI) and a fast 5 Hz, MKS FTIR. The sampling
locations were upstream of the exhaust surge tank with the exhaust
gases drawn through heated filters. The heaters and transfer lines were
kept at 191 °C to prevent condensation of the water in the exhaust. The
only CAI bench analyzer data reported was from the total unburned
hydrocarbons (THC) which were measured with a heated flame ioni-
zation detector (Model 700-HFID). All other criteria emissions and hy-
drocarbon speciation reported were collected by FTIR.

2.4.2. Particulate matter (PM) emissions

An AVL MicroSoot Sensor (MSS) that is based on a photoacoustic
measurement method was used with the associated AVL heated sam-
pling line to measure soot emissions. Similar to the MSS, additional, PM
emissions were sampled using 45° sampling probes placed in the exhaust
pipe upstream of the exhaust surge tank. The additional PM sampling
transferred exhaust to dilution systems using Entech heated (191 °C)
sample lines. All dilutions were made with compressed and dried air
after a three-stage filtering system. One probe sent exhaust to a single
dilution tunnel using an ejector pump and filtered air. After dilution, the
exhaust was maintained at ~ 47 °C.

The single dilution tunnel was used for collecting PM on filters for
mass measurement. Filter sampling and analysis has been previously
described [38]. Briefly, gravimetric PM mass was collected on What-
man, PM; 5 PTFE 47 mm filters. The elemental carbon (EC) and organic
carbon (OC) speciation of PM was performed by collecting PM samples
on pre-fired quartz fiber filters. The PM laden quartz fiber filters were
sent to Sunset Laboratory, Inc. for EC/OC determination by the NIOSH
method [39]. All primary quartz fiber filters were corrected for known

filter adsorption artifacts of HC using an adsorbed organics measured on
secondary quartz fiber filters collected behind a PTFE filter in parallel
with the primary quartz fiber filter [40]. The PM at each conditions
studied was analyzed for EC/OC PM mass as just described while the
gravimetric PM mass was measured in our lab for each fuel-mode con-
dition at the baseline CA50 phasing.

A second probe was used to for particle number (PN) and size dis-
tribution sampling. The heated sampling line directed the exhaust to a
two-stage dilution system before being sampled by a TSI Engine Exhaust
Particle Sizer (EEPS; TSI model 3090). The two-stage dilution system
design was based on an ejector pump design similar to the European
Particle Measurement Programme (PMP) [41]. The in-house built sys-
tem has been previously reported [29]. Briefly, the exhaust was diluted
with 150 °C thrice filtered air, then sent through a 350 °C evaporation
tube section before the second dilution with thrice filtered air. The
doubly diluted exhaust is then sent through a 50 °C section before being
sampled by the EEPS. The EEPS measured the concentration of both the
total Particle Number (PN) at 10 Hz and size distribution of the particles
with a 16 channel per decade resolution. All data presented was
normalized (dN/dlogDy), corrected for dilution and converted from
volumetric concentrations (#/cm3) to a rate (#/min) using the volu-
metric flow rate (cm®/min) to allow for a more direct emissions com-
parison between fuels and operating conditions.

3. Results and discussions

The gaseous and PM emissions were converted to mass rates for the
best comparisons between different combustion modes, as a result of the
different mass flow rates that occurred due to different lambdas used in
each mode. The results are separated into gaseous and PM emissions
with subsection in each focused on the impact of fuel and CA50 phasing
within each mode (SI, PFS and SACI). Data for all modes will be pre-
sented together the first time it is referenced to enable easy comparison,
but the fuel effects will be discussed in respective modes.

3.1. Gaseous emissions

3.1.1. SI mode

In the conventional SI mode, the CA50 phasing had limited impact
on emission mass rates, only impacting the NOx criteria emissions, see
Table 4. While the NOx emission rates were high across all phasings for
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standard deviation from total NOx averages.

SI, they decreased as the phasing was retarded. The remaining criteria
gaseous emissions also shown in Table 4, CO and total hydrocarbons
(THC), were generally low and unchanging as the phasing was retarded.
Consistently lower NOx emissions were seen at all phasings for E30
which contained 30 % ethanol compared to emissions from the other
fuels, Fig. 2(a), but a similar drop did not occur for RD5-87 which
contained 10 % ethanol. At every phasing in the SI mode, NO; emission
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were negligible such that the NOx emissions consisted almost exclu-
sively of NO.

The SI mode THC emissions measured by FTIR are shown in Fig. 3(a)
and in good agreement with FID values shown in Table 4. Speciation of
HC emissions chemical functionality by FTIR provides a more detailed
look at how engine operation and fuel impacted emissions including
oxygenated species, for which a FID struggles to accurately measure.
The results shown in Fig. 3 simplify the FTIR speciation measurements
by grouping the HCs based on their chemical functionality. While par-
rafins and olefins are the major types of HCs emitted for all fuels in the SI
mode, the two higher aromatic fuels, RD5-87 and HA-HD, showed an
increase in aromatic HC emissions at all three phasings compared to the
other fuels. The amount of methane and aldehydes in the exhaust were
relatively consistent over all six fuels and across all phasings.

3.1.2. PFS mode

Combustion phasing can influence engine emissions due to its impact
on in-cylinder temperatures. Comparing the PFS trends in Table 4, the
NOx emissions increased whereas the CO and THC emissions decreased
as the phasing advanced. Saxena et al., observed a similar increase in
NOx emissions as combustion timing was advanced in an HCCI engine.
An increase of the peak in-cylinder temperature also occurred as com-
bustion was advanced and the equivalence ratio was increased which
they attributed to the occurrence of autoignition at a smaller in-cylinder
volume which led to a higher in-cylinder pressure [42].

The criteria mass emissions rates in PFS mode for all fuels at each
CA50 phasing studied are listed in Table 4. As expected, the low tem-
perature combustion of the PFS mode resulted in low NOx emissions
with exhaust concentrations below 10 mg/min at all three phasings.
While the PFS mode reduced NOx formation, the trade-off lowered
combustion efficiency which resulted in increased CO and THC emis-
sions from unburned and partially burned fuel. The substantial
NOx-THC trade-off was seen at each phasing for all fuels at the PFS
operating conditions in this study, consistent with other ACI studies
[43].

Overall, NOx emissions remain low; however, the NO,/NOx ratio,
see Fig. 2(b), was high in PFS mode, especially at the baseline and
advanced phasings. The NO,/NOx ratio is typically small for spark
ignition engines, while compression ignition (CI) engines are reported to
have higher NO/NOx, in the 10 — 80 % range depending on the fuels or
engine operations such as engine speed, loads, and EGR [44,45].

The formation of NO, during combustion comes mainly from the
reaction of NO with HO, radicals and hydrocarbons. Under relatively
low combustion temperatures, 600 — 1100 K, the promotion of this
conversion is dependent on the species of hydrocarbons available
[45-49]. Several experimental and modeling studies have shown that
while low temperature combustion results in lower NOx emissions the
NO2/NOx ratio is high and that the NO-NO; conversion is sensitive to
temperature [43,49-52]. Benajes et al., computationally examined NOx
emissions and found the combustion process itself could not be
responsible for an increase of NO5 ratio [51]. Later, Yu et al., performed
an experimental compression test with CI research engines and
confirmed high NO to NO; conversion can be reached under certain
intake HC/NO ratios [49]. Based on these previous studies, the high
NO2/NOx ratio in the PFS mode may have resulted from low in-cylinder
temperatures and the high concentrations of THC emissions.

Slightly higher NOx and lower CO emissions with isooctane fuel can
be seen in Table 4, but overall, limited fuel-specific impacts on gaseous
emissions in PFS mode were seen. Although no fuel impacts were seen
for THC emissions measured by FID, noticeable fuel impacts for THC
emissions were measured by FTIR, Fig. 3(b): isooctane was significantly
higher than the other fuels while the HA-HD was slightly lower than the
remaining fuels. Furthermore, total C1 mass rates measured by FTIR
deviated from FID measurements by roughly 100 mg/min for all fuels
and across all three CA50 phasings with the FTIR indicating greater THC
mass compared to the FID for the isooctane fuel but lower for all of the
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other fuels.

The FID is a linear detector that can measure ions generated from
HCs burning in a hydrogen or oxygen flame and is widely used to
measure the gaseous THC in engine emissions. The signals from THC are
proportional to the number of carbons in the THC species and reported
in terms of a bulk C1 concentration. The FID, however, does not have a
linear response to oxygenated HCs limiting its effectiveness at capturing
all carbons associated with these types of HC species, such as aldehydes.
The C1 mass of aldehydes identified by the FTIR in Fig. 3 for the
isooctane fuel closely matches the increased THC mass compared to the
FID mass at each CA50 phasing in the PFS mode, suggesting the FID’s
limited response to oxygenates can largely account for the FTIR-FID
difference of this single component fuel.

While the FTIR can speciate many HC species, the large variety of
HCs in engine exhaust often limits an accurate analysis of them [53-56].
This limitation is a consequence of overlapping stretching frequencies
between multi-chain HCs, making it difficult to resolve all of the species
and contributing to misrepresentations in method identification. A study
by Southwest Research Institute and General Electric Transportation has
shown that while FTIR analysis can detect both butane and octane at the
same stretching frequency as propane with a linear response but with
varying response factors [56]. Since multiple paraffin species in engine
exhaust can contribute to the same stretching frequency that is identi-
fied as a single species, it limits the quantitative accuracy attributed to
the identified species.

Conversion of a HC concentration measured by FTIR to a C1 mass
rate will be impacted by the number of carbons in the HC species used in
the calculation. Nearly 80 % of the PFS mode THCs were paraffins, but
the FTIR method used in this study only included speciation of ethane
(C2), isopentane (C5) and cyclohexane (C6) with the majority being
reported as C5. The authors hypothesize that some fraction of the par-
affins treated as a C5 HC are likely other larger HC species, contributing
to the lower FTIR C1 mass rate of the full formulation fuels compared to
the FID C1 measurement. There are other reported studies that have
shown the THC emissions detected by FTIR underestimate FID results
[53-55].

In addition to larger paraffins and aldehydes, other oxygenated
species not measured by FTIR may also be contributing to the higher FID
C1 rate. In a recent paper by Lewis et al., the researchers detected
multiple nitro and carboxylic acid functional HC compounds in organic
carbon (OC) collected with a quartz fiber filter [57]. These compounds
could also exist in gaseous HC emissions but may not have been detected
with the FTIR method or fully accounted for by the FID. Storey et al.,
compared FTIR THC measurements in a GCI emissions study using a
typical gasoline FTIR method and a newly developed LTC method which
included more oxygenated species in the calibration [43]. This study
demonstrated an increase in HC emission for the same emissions data
when using the method which incorporated more oxygenated species.

Regardless of the exact total of the C1 mass rate, comparison of FTIR
functional speciation between fuels shown in Fig. 3 suggested that there
are some fuel-specific impacts on the HCs present in PFS emissions. The
major functional species in the THC emissions were paraffins for all the
fuels but off-set some by ethanol emissions proportional to the ethanol
content in the RD5-87 and E30 fuels. A significant fraction of aromatics
in the RD5-87 and HA-HD fuels compared to the other fuel composi-
tions, see.

Table 3, resulted in greater aromatic HC species in the emissions of
these two fuels and was seen across all CA50 phasings. Interestingly, E30
emitted almost 4 times more aromatic HCs than the LA-LD or LA-HD
which had similarly low aromatic fractions in the fuel. Burke et al.,
[58] and Ratcliff et al., [59] have both shown that ethanol in fuels delays
the evaporation of heavy aromatics because of increased volatility of
mixture and positive azeotrope interaction between ethanol and HC. The
delayed evaporation of aromatics could result in relatively poor mixing
with air and remain as unburned HCs in exhaust gas. It is probable that
the FTIR C1 mass rates for the aromatic contribution shown in Fig. 3
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Fig. 4. Pressure and heat release rate for each fuel in SACI mode at the (a) advanced, (b) baseline, and (c) retarded CA50 phasings.

were also underestimated since the FTIR method reported aromatics as a
group value identified as “aromatics as C7” and other aromatics, such as
xylenes, ethyl benzene, and larger alkylated aromatics, are expected to
be present. The aromatic identification along with the paraffins are
likely major contributors to the lower C1 mass rate measured by FTIR
compared to the FID. Thus, the THC mass rates are expected to be closer
to FID mass rates, but the FTIR speciation gives a good first approxi-
mation of the distribution of the THC functional speciation.

3.1.3. SACI mode

Similar to PFS combustion, retarding CA50 phasing was found to
decrease NOx and increase CO and THC emissions from SACI combus-
tion. Overall, high NOx and THC emissions were observed in SACI
operation as shown in Table 4. The highest NO, mass rate was seen in
the SACI mode for all fuels and phasings, as seen in Fig. 2. While NOy
emissions were high compared to the other modes studied, it accounted
for only a small fraction of the high total NOx emissions in the SACI
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mode. An interesting gaseous emissions result in the SACI mode was the
appearance of excessive amounts of CO and THC emissions in the
retarded phasing for the isooctane and E30 fuels. This was the only
distinct fuel-specific impact on criteria emissions observed in SACI
mode. The increase in these fuels at the retarded phasing was also
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captured in the FTIR THC mass rates, Fig. 3(c). While other THC dis-
crepancies between the THC C1 mass rates from FTIR and FID exist in
SACI mode, mirroring those discussed for PFS, this unique fuel-specific
impact stands out. Speciation by FTIR suggests the fuel specific in-
crease in THC mass rates mainly comes from increased olefins and al-
dehydes with higher aromatic emissions also contributing for the E30
fuel. The higher CO emissions in combination with increased HC species
in the emissions, especially the olefins, support incomplete combustion
of the fuel.

The heat release rates plotted in Fig. 4 indicate no notable differences
between fuels, except for the significantly lower heat release rate post
end-gas autoignition for isooctane and E30 fuels in the retarded phasing.
The first heat release rates due to the flame propagation are similar
between fuels across all three phasings. Incomplete combustion for
isooctane and E30 may stem from insufficient charge stratification levels
at the time of the spark event, related to the high volatility of both of
these fuels [60]. Interestingly, the isooctane and E30 fuels also have high
RONs (100 and 97.4, respectively) while the rest of the fuels have
significantly lower RONs in the 90-92 range. Further investigation is
needed to better understand this unique emissions behavior at retarded
CAS50 timings in the SACI combustion mode.

3.2. PM emissions

3.2.1. SI mode

Fig. 5(a) shows soot PM emissions measured with an AVL MSS for all
fuels at the 3 different CA50 phasings in the SI mode as well as ploting
the mass rates against fuel PMI. While SI soot PM emissions were low, an
increasing trend within each phasing as the fuel PMI increase was
observed in additon to a slight decrease in mass rate as the phasing was
retarded. Both ethanol containing fuels (E30 and RD5-87) deviated from
a linear correlation between soot PM mass and fuel PMI. The degree of
deviation correlated with the fraction of ethanol.

The suggested impact of ethanol was further highlighted by the
lower soot PM emissions produced by E30 compare to LA-LD despite
their similar PMI values (1.28 vs 1.26, respectively). The disparity in
soot PM mass between E30 and LA-LD became more prominent as the
CA50 phasing was retarded. Lower soot emissions are typically reported
for ethanol containing fuels [2,61-63]. The lower ethanol content and
higher aromatic fraction in RD5-87 diminished the soot PM reduction
effect compared to E30, but still showed a reduction in comparison to
HA-HD which had a similar high aromatic fraction. In the baseline and
retarded phasings, RD5-87 produced a similar soot PM mass rate as LA-
HD despite its higher PMI value (1.71 vs 1.26, respectively).

In Fig. 6(a), the MSS measured soot PM mass rate at the baseline
phasing was compared with the EC/OC PM mass rate. The soot emis-
sions measured by the MSS were slightly higher than the EC mass rate
measured for all fuels, but shows the same trends. The total PM also
shows an increasing trend as PMI values increase, except for the single
component isooctane reference fuel which produced more PM emissions
comparitively than the PMI trend would predict.

Cumulative PN emissions rate from each fuel across the different
CA50 phasings in SI mode are shown in Fig. 7(a). The total PN emissions
follow the same trend as soot PM with PN emissions decreasing slightly
as the phasing was retarded and nominally increasing as the fuel PMI
value increased. Similar to soot PM mass, the total PN trend dips for the
ethanol containing RD5-87 and E30 fuels at all phasings.

The size distributions for the PN rate of all the fuels from the baseline
phasing in SImode are shown in Fig. 7(a), lower graph. The bimodal size
distributions seen for all fuels in the SI baseline CA50 phasing were also
observed at the advanced and retarding phasings. Lower PN rates were
seen at the larger size distributions for the low PMI fuels, isooctane and
LA-LD, explaining the significantly lower soot PM mass rates shown in
Fig. 5(a).

To better understand how the PM particles correlated with PM mass
the EEPS measured PNs were converted to a mass rate and compared
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with MSS measured soot PM mass rates. To calculate PM mass from PN
measurements, the effective densities were derived from the equation
and parameters for GDI and LDD vehicles suggested by Maricq and Xu
[64]. A comparison of the SI mass rates derived from the two techniques
at 3 different CA50 phasing are shown in Fig. 8(a). The mass rates
derived from PN were slightly higher for all fuels in all phasings but
correlated well with the MSS mass rates.

3.2.2. PFS mode

The soot PM emissions in PFS mode, Fig. 5(b), were at similar mass
rates as those seen in the SI mode for all fuels. The highest average soot
PM was less than 0.25 mg/min in the advanced phasing and a decreasing
trend was observed as phasing was retarded. This may have stemmed
from decreasing stratification that resulted as earlier 2nd fuel injections
were used to retard CA50 phasing. Soot PM emissions from each fuel
generally showed an increasing trend with increasing PMI but were
impacted similar to SI soot PM emissions when ethanol was present in
the fuel. A more significant deviation from the linear soot PM-PMI
correlation for the ethanol fuels was seen at the PFS baseline CA50
phasing compared to the advanced and retarded phasings, suggesting
both fuel and the combustion process contributed to this reduced soot
PM.

The EC/OC derived PM mass rates in Fig. 6(b) were compared the
MSS soot PM mass rates for each fuel at the baseline phasing. The EC
mass rate was shown to be in good agreement with the MSS soot rate
while the total PM mass rates which included OC PM contributions were
significantly higher. The low combustion temperatures of the PFS mode
which can contribute to the large amounts of unburned CO and THC also
likely promoted these high OC PM emissions. The total PM mass emis-
sions which are the combination of EC and OC values do not show any
correlation to the PMI number at this PFS mode and displayed little fuel
impact.

PN emission rates in the exhaust gas for different fuels at the each
CA50 phasing in PFS mode are described in Fig. 7(b). A decrease in PN
rate was observed for each fuel as the phasing was retarded correlating
with the soot PM mass trend; however, the magnitude of the PN rate
reduction from advanced to retarded phasing was more significant. The
size distributions of PFS mode particles shown in the lower Fig. 7(b)
graph for the baseline phasing suggested that high PN but moderate PM
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reduction was linked to the dominance of smaller nucleation mode
particles, below 23 nm of diameter. This skewed size distribution was
also seen at the other phasings, and PN decrease as the phasing retards
predominately occurred in the nucleation mode particles for each fuel.

The mass rates derived from EEPS PN size distributions compared to
MSS mass rates at the each CA50 phasing in PFS mode are shown in
Fig. 8(b). The PN mass rates are higher than those from the MSS for all
fuels and deviate from the MSS fuel trend. The increased deviation in the
mass suggests that either the effective densities for the PFS particles are
different than those used and/or some of the OC PM particles were still
measured by the EEPS despite the 350 °C thermal denuder section of the
double dilution conditioning system. Different effective densities sug-
gested by Xue et al., [65] were also tried, but the values of calculated PM
mass only changed about 6 % from those calculated with effective
densities proposed by Maricq and Xu [64] used in Fig. 8.

3.3. SACI mode

Retarding the CA50 phasing in SACI mode resulted in increasing soot
PM emissions for all fuels, Fig. 5(c). The increasing trend may be a result
of fuel impingement on the piston that stems from the late 2nd fuel in-
jection near TDC that was used for SACI. The distance between the spray
and the piston was closer as phasing was retarded and may have
increased the impact of the fuel impingement on soot PM emissions.
Similar to SI and PFS modes the ethanol content in E30 and RD5-87
lowered soot emissions compared to fuels with similar or higher PMI
values at all CA50 phasings.

In Fig. 6(c), the MSS soot PM mass rates were compared with EC/OC
PM mass rate measurements at the baseline phasing and again showed
good agreement between MSS soot and the EC PM fraction. The OC PM
mass rate for all fuels in SACI mode accounted for about half of the total
PM mass rate. The total SACI PM mass rates showed an increasing trend
as PMI values increased, except E30. The other ethanol containing fuel,
RD5-87, deviated from the PMI trend when only soot PM was consid-
ered, but the total carbon PM mass rate followed the trend of increasing
PM mass with increasing PMI.

The fuel effect on PN emissions across all three phasings followed the
soot PM trend as might be expected for a mode with a significant EC
fraction of in the total PM mass, Fig. 6(c). Only a mild dip in PN rate was
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seen for the two ethanol containing fuels in Fig. 7(c). The overall fuel
impact on PN emissions was small at each phasing and PN emissions
increased only slightly as the CA50 phasings were retarded. The limited
impact on PN emissions between different fuels was also reflected in the
size distributions, as shown in lower graph Fig. 7(c) for the baseline
phasing. The PN derived mass rates at each phasing in SACI mode, Fig. 8
(c), were in good agreement with the MSS mass rates and follow the
same fuel trend. The higher EC or soot PM mass fraction of the total PM
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mass rate seen in the SACI mode supports the strong agreement.
4. Conclusion

As the previous studies have implied, engine emissions are not solely
dependent on fuel itself but include engine hardware and operational
choices, therefore, integrative consideration is important to develop
better engines and fuels. The emission results from this study may be
able to provide guidance in the development of an emissions control
system solutions for multi-mode engine, and guidance on what fuels and
combustion modes may be feasible for emissions compliance.

Different fuel and phasing impacts on emissions were observed
across the three combustion strategies: SI, PFS and SACI. While many
unique results from this work have been presented, a few notable find-
ings have been summarized:

e Combustion efficiency changes between the three modes had the
expected impacts on CO and THC which increased as efficiency
dropped. Limited impact from fuel properties and CA50 phasings
was seen on most of the mass rate of the gaseous criteria emissions,
except NOx emissions.

e The NOx emissions for the PFS combustion mode were approxi-
mately 2 orders of magnitude lower than the SI and SACI modes,
which were similar. Additionally, fuel-specific differences on NOx
emissions were a secondary effect. In all three modes, NOx emissions
dropped as the CA50 phasing was retarded. Mode impacts on the
NO,/NOx ratio were notable. Both ACI modes generated NOy while
almost none was measured in the SI mode. For the PFS mode, NO,
accounted for nearly half of the total NOx at the most advanced
phasing. As the total NOx dropped even lower as the PFS phasing was
retarded, the NOy fraction also diminished. While NO; only
accounted for around 10 % of the SACI mode NOx, the consistent
mass rate of 50 mg/min (£+10) for SACI combustion was higher than
the mass rate of NO, from the PFS combustion mode, regardless of
fuel or phasing.

e The ACI modes generated a different composition of THC species
than the SI mode. Olefins accounted for a significant fraction the THC
mass rate in SI mode while the two ACI modes were dominated by
paraffins and included significant contributions from aromatic and
aldehyde species.
The SACI mode generated an order of magnitude more soot PM
emission than the SI and PFS modes. However, when the OC PM
fraction was considered, both ACI modes had an order magnitude
more total PM mass than the SI mode for the baseline phasings
measured. The order of magnitude change in the mass rate of the PFS
mode was due to the high OC PM emissions.

e The most notable fuel effects were seen for the soot PM mass emis-
sions which were further influenced by the combustion mode and
CA50 phasings. The SI and PFS modes both saw a drop in soot PM
emissions as the phasing was retarded while the SACI soot PM
increased.

e The combustion mode had a notable impact on the size distribution
of the particle emissions. The SI mode had a more even bimodal
distribution while the PFS mode skewed to the smaller, nuclei mode
particles and SACI mode to the larger, accumulation mode particles.
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