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Abstract Reactivity controlled compression ignition (RCCI)
has been shown in single- and multi-cylinder engine research
to achieve high thermal efficiencies with ultra-low NOX and
soot emissions. The nature of the particulate matter (PM)
produced by RCCI operation has been shown in recent re-
search to be different than that of conventional diesel com-
bustion and even diesel low-temperature combustion.
Previous research has shown that the PM from RCCI opera-
tion contains a large amount of organic material that is volatile
and semi-volatile. However, it is unclear if the organic com-
pounds are stemming from fuel or lubricant oil. The PM
emissions from dual-fuel RCCI were investigated in this study
using two engine platforms, with an emphasis on the potential
contribution of lubricant. Both engine platforms used the same
base General Motors (GM) 1.9-L diesel engine geometry. The
first study was conducted on a single-cylinder research engine
with primary reference fuels (PRFs), n-heptane, and iso-oc-
tane. The second study was conducted on a four-cylinder GM
1.9-L ZDTH engine which was modified with a port fuel
injection (PFI) system while maintaining the stock direct
injection fuel system. Multi-cylinder RCCI experiments were
run with PFI gasoline and direct injection of 2-ethylhexyl
nitrate (EHN) mixed with gasoline at 5 % EHN by volume.
In addition, comparison cases of conventional diesel combus-
tion (CDC) were performed. Particulate size distributions were
measured, and PM filter samples were collected for analysis of
lube oil components. Triplicate PM filter samples (i.e., three

individual filter samples) for both gas chromatography-mass
spectroscopy (GC-MS; organic) analysis and X-ray fluores-
cence (XRF; metals) were obtained at each operating point
and queued for analysis of both organic species and lubricant
metals. The results give a clear indication that lubricants do not
contribute significantly to the formation of RCCI PM.
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1 Introduction

In-cylinder blending of gasoline and diesel to achieve reactiv-
ity controlled compression ignition (RCCI) has been shown to
reduce NOX and particulate matter (PM) emissions while
maintaining or improving brake thermal efficiency as com-
pared to conventional diesel combustion (CDC) [1–3].
Control of the pre-mixed low reactivity fuel amount, along
with control of the timing and number of injections of the
direct-injected high reactivity fuel, allows for both stratifica-
tion of reactivity and stratification of in-cylinder temperature
and equivalence ratio. Thus, further control of combustion
phasing and heat release rate is possible. The RCCI concept,
as shown in Fig. 1, has an advantage over many other ad-
vanced combustion strategies [4–16] in that the fuel reactivity
can be tailored to the engine speed and load, allowing stable,
low-temperature combustion (LTC) operation to be extended
over more of the light-duty drive cycle load range [17, 18].

Previous experiments have investigated the translational
effects of taking CFD modeling and single-cylinder engine
(SCE) experiments to multi-cylinder engines (MCE) on effi-
ciency, emissions, and controls [17–23]. These effects include
the behavior of turbomachinery and its interactions with high
pressure exhaust gas recirculation (EGR), cylinder-to-cylinder
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imbalances, and swirl. Despite the translational effects, MCE
RCCI has been shown to be capable of diesel-like efficiency at
lower engine loads and greater than diesel efficiency at higher
engine loads with an order of magnitude reduction in engine
out NOX as compared to CDC. Previous experiments have
shown the benefits of increased control over the combustion
process allowed by RCCI operation on extending the operat-
ing range of LTC compared to diesel premixed charge com-
pression ignition (PCCI) on a multi-cylinder light-duty com-
pression ignition engine [19].

While RCCI operation has been shown to produce signif-
icant reductions in NOx and soot emissions, as measured with
optical reflectance methods (e.g., AVL 415S Smokemeter) or
a photoacoustic soot sensor [23, 24], unburned hydrocarbons
(HC), and CO emissions tend to increase compared to CDC.
In this study, the HC emissions from RCCI operation are
approximately 10× higher than CDC operation. In contrast
to the low or zero soot readings, significant PM mass is
observed when the exhaust is diluted for filter collection. In
the USA and Europe, PM mass emissions for light-duty
vehicles and heavy-duty engines are measured using a filter
to collect PM mass from diluted exhaust over a drive cycle
[25]. Previous research has shown that PM from LTC is
different in composition and morphology than that of CDC.
Early diesel LTC PM research from Sluder et al. [26] showed
that the organic fraction of the PM increased dramatically and
the soot portion of the PM decreased when the engine was
operated in LTC mode (i.e., simultaneous low NOx and low
PM compared to CDC). A follow-on study by Sluder et al.
[27] showed that PM from diesel LTC operation contained a
large fraction of soluble organic compounds and in some
cases, significant increases in semi-volatile species were col-
lected from the gas phase. Speciation of the PM from LTC
operation showed large increases in fuel hydrocarbons and
polycyclic aromatic hydrocarbons. They pointed out that this
observation may result in potentially important PM measure-
ment issues for LTC modes.

Storey et al. [28] studied the differences between CDC and
diesel PCCI exhaust and found that diesel PCCI produces an
increase in concentration of unregulated and toxic emissions
(i.e., aldehydes and polycyclic aromatic hydrocarbons). They
also observed that the PM from diesel PCCI was smaller in
size compared to CDC operation. Further research on diesel
PCCI from Lilik et al. [24] and Kolodziej et al. [29] found
similar characteristics.

Less exhaust characterization research has been completed
to date on highly premixed LTC approaches, such as HCCI
and RCCI, which have been shown to have a near zero smoke
number (i.e., near zero elemental carbon in the PM).
Prikhodko et al. [23] compared the PM created by CDC,
diesel PCCI, and RCCI on a multi-cylinder light-duty engine.
Their findings were similar to Storey et al. [28], in which
diesel PCCI reduces the total PM emissions, both in mass and
particle concentration, as compared to CDC. In addition, the
mean particle diameter is smaller, and the PM appears to be
composed of less elemental carbon and more organics. For
dual-fuel RCCI operation, Prikhodko et al. [23] observed that
the particle concentration was reduced by 2 orders of magni-
tude, and the mean particle diameter is significantly smaller
compared to CDC, which can be seen in Fig. 2 [23].

However, despite having far fewer particles, Prikhodko
et al. [23] did observe a significant amount of mass collected
on PM filters for dual-fuel RCCI operation. The filters and
respective PM mass collected from CDC, diesel PCCI, and
RCCI under similar load conditions are shown in Fig. 3 [23].
As can be seen, CDC operation produces roughly three times
more particulate mass compared to diesel PCCI and RCCI.

Fig. 1 RCCI injection strategy

Fig. 2 Particle number concentration for CDC, diesel PCCI, and dual-
fuel RCCI at 4.2 bar BMEP/2300 rpm as measured by an SMPS for
particles from 10 to 470 nm [21]
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Despite showing very little color, RCCI operation produces
more particulate mass than diesel PCCI.

In the work of Prikhodko et al. [23], the particle concen-
tration measured by the scanning mobility particle sizer
(SMPS) was relatively low, but particulate mass collected on
the filter was relatively high. This suggests that low volatility
condensed organics were collected on the RCCI PM filter
samples that were not measured as particles in the SMPS
sample stream. However, in the particle sizing measurements,
the combination of having low saturation ratios and the ab-
sence of soot in the exhaust stream prevented the formation of
nucleation mode particles and the subsequent elevation of
particle number concentration. Conversely, the filter matrix
itself provides a suitable surface for the partitioning of the low
volatility species to a particle phase, and these species are
ultimately measured as particle mass. This is further supported
by the lack of color from RCCI operation, suggesting that the
mass collected on the filter is composed of volatile and semi-
volatile organics (e.g., partially oxidized hydrocarbons) as
shown in Fig. 3 [23]. No definitive speciation of the HC
compounds in RCCI exhaust has been completed by our
laboratory, but they appear to have boiling points similar to
heavy diesel fuel components or lube components, in the 150
to 200 C range and greater.

Further research studying the PM produced by RCCI com-
bustion has shown that the particle composition varies with
engine load. Dempsey et al. [12] used multiple stages of
heating and dilution to study the volatile and solid

contributions to RCCI PM. The first stage of dilution was
heated to 150 °C, and the second stage was heated to 400 °C
before being sent through another dilution tunnel to prevent
condensation of the evaporated material. As shown in Fig. 4,
after stage 1 dilution (150 °C), at low engine loads (2.6 bar
BMEP), a relatively large amount of particles are measured.
After a second stage of heating (400 °C) and dilution, these
particles are almost completely removed. This suggests that
the engine out particles at low load are made up primarily of
volatile organic material, but low volatility compounds be-
cause the particles survived heating up to 150 °C. At higher
engine loads (7.0 bar BMEP), the engine out particles from
stage 1 and stage 2 are extremely low. In addition, the particles
are relatively unaffected by the second stage of heating, sug-
gesting that these particles are more solid in nature (i.e.,
elemental carbon). However, it is still unclear if the low
volatility components of the RCCI PM stem from fuel or from
lubricant oil.

Thus, despite the low or zero readings from the soot carbon
measurements, there can be significant organic carbon PM
mass emissions from RCCI engines. Understanding the ori-
gins and ultimately controlling the formation of the PM is
critical for advancing RCCI technology. Though previous
studies that have investigated RCCI PM have been able to
provide insights into the make-up and nature of RCCI PM, the
formation mechanism behind the measured filter mass is not
well understood. The role of the two fuels and potential role of
engine lubricant oil into PM formation has not been explored.
In this study, experiments were performed on both single-
cylinder and multi-cylinder engines of the same geometry,
specifically designed to identify lubricant contributions to
PM. A variety of RCCI engine conditions as well as CDC
were examined, and PM was collected on filters for gravimet-
ric, elemental/organic carbon, and X-ray fluorescence analy-
sis. A fully synthetic lubricant was used to facilitate the
identification of the lubricant components in the PM. In addi-
tion, primary reference fuel blends and gasoline mixed with a
volatile additive were used as fuels for RCCI operation.

Fig. 3 Particle mass samples collected on Teflon-coated quartz-fiber
filters for conventional diesel, diesel PCCI, and dual-fuel RCCI
combustion at 2300 RPM, 4.2 bar BMEP [23]

Fig. 4 Engine out particle size
distributions from low- and high-
load RCCI operation using
gasoline and diesel fuel [12].
Stage 1 sample heated to 150 °C
and stage 2 sample after being
heated to 400 °C
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2 Experimental

The current study examines the potential lubricant effect on
the formation of RCCI PM using two engine platforms with
different fuels. The SCE experiments were performed using
primary reference fuel (PRF) blends. MCE experiments were
performed with conventional gasoline and gasoline mixed
with a cetane improver. The SCE and MCE are based on the
same GM 1.9-L engine platform. Similar PM sampling and
analysis methods were used for both the SCE and MCE
experiments. The following section describes the SCE and
MCE experimental configurations, the fuels used, and the PM
sampling techniques.

2.1 Single-Cylinder Engine Setup

The SCE experiments were carried out on a light-duty, four-
stroke diesel engine based on the General Motors 1.9-L
ZDTH platform. Table 1 shows the specifications for the
engine, and Fig. 5 provides a schematic of the single-
cylinder engine laboratory. A modified piston with a
wide/shallow bowl was used for these experiments. The pis-
ton design is based on a heavy duty piston and minimizes the
surface area of the piston to reduce heat transfer losses. The
modified pistonmaintained the OEM compression ratio.More
information regarding the piston design can be found in
Hanson et al. [21]. With a bore of 82.0 mm and a stroke of
90.4 mm, this engine is representative of a light-duty automo-
tive diesel engine with four valves per cylinder driven by dual
overhead cams. A stock four cylinder head is installed atop a

single-cylinder block with only the valves for cylinder #2
activated by the cams.

2.1.1 Single-Cylinder Engine Emission Sampling

Engine-out emissions were measured using standard analysis
techniques. A heated flame ionization detector was used to
measure total unburned hydrocarbons. A heated chemilumi-
nescence instrument was used to measure NOX. CO and CO2

were measured using non-dispersive infrared (NDIR) instru-
ments. Exhaust O2 was measured using a paramagnetic detec-
tor (PMD). Both intake and exhaust CO2 were measured to
provide the EGR rate. Sampled emissions were chilled before
measurement by PMD and NDIR instruments to remove the
water. Both intake and exhaust sample streams were conveyed
from heated filters to the instruments through heated lines
maintained at 190 °C. An AVL 415S smoke meter was used
to measure filter smoke number (FSN). Engine emissions, as
well as important temperatures, pressures, flow rates, and
engine speed and torque, were sampled for 180 s after 120 s
of stable operation had been attained.

2.1.2 PM Sampling for SCE

The SCE exhaust was characterized for PM mass, chemistry,
number, and size. Both raw exhaust and dilute exhaust were
collected on filters. The raw exhaust filter was taken to insure
that some PM was collected for the very low PM emissions in
RCCI mode, and to concentrate the PM for chemical specia-
tion. For the raw exhaust sampling, a quartz fiber filter (QFF,
pre-fired Pall 2500 QAOT-UP) was mounted in an oven held
at 125 °C to avoid condensation on the filter. Raw exhaust was
sampled through a heated line onto the filter, and after collec-
tion, the filter was submitted for direct thermal analysis of the
PM with a gas chromatography-mass spectroscopy (GC-MS).
The oven setup is shown in Fig. 6. Even though the filter was
heated to prevent water condensation, it was expected to
collect lubricant components and other low volatility organic
carbon. In addition to raw exhaust samples, dilute exhaust
samples were collected with a micro-tunnel dilution system
[30]. The dilution ratio was ∼9, and the dilute exhaust tem-
perature was maintained at 40 °C. Two sampling streams with
two types of filters were used: On one sample stream, a
primary quartz fiber filter (QFF, pre-fired Pall 2500 QAOT-
UP) was collected and submitted for direct thermal analysis of
the PM with GC-MS. In the second stream, a Teflon® mem-
brane filter (TF, Pall Teflo®) was the primary filter, followed
by a secondary QFF. The TF was weighed before and after for
PM mass and then sent for analysis of elements (lube metals)
by X-ray fluorescence (XRF). The secondary QFF was also
submitted for GC-MS analysis; the absorbed organics on the
secondary QFF can be subtracted from the organics found on
the primary QFF to correct for filter adsorption artifacts. The

Table 1 Geometric specifications of a model year 2007 GM 1.9-L
single-cylinder compression ignition engine

Engine geometry

Geometric compression ratio (−) 17.3

Piston bowl type (−) Open

Displacement (L) 0.477

Stroke (mm) 90.4

Bore (mm) 82

Intake valve closing (°ADTC) −132
Exhaust valve opening (°ADTC) 112

Port fuel injector

Included spray angle (°) 20

Injection pressure (bar) 2.5 to 3.5

Rated flow (lbs/h) 55

Common rail injector

Number of holes (−) 7

Hole diameter (−) 0.14

Included spray angle (°) 148

Injection pressure (bar) 250 to 1000
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QFF has a high surface area, thus is prone to adsorption of
HCs that would normally remain in the gas phase in the
absence of a large surface area to adsorb to. In ambient air
sampling, the tendency for QFFs to adsorb HCs has been well
documented [31].

In addition to filter measurements, PM size and number
measurements were made on the diluted exhaust using an
Engine Exhaust Particle Sizer (EEPS, TSI, Inc.). The EEPS
measures particle size distributions between 5 and 560 nm at
1 Hz, and also provides a total particle number.

2.2 Multi-Cylinder Engine Setup

The MCE used for this study was a modified 2007 GM 1.9-L
diesel engine based on the same platform as the SCE previously
discussed. The original equipment manufacturer (OEM) pistons
were replaced with the same pistons as the SCE, but with a
reduced compression ratio. The direction injection (DI) diesel
injection system and variable geometry turbocharger were left in
production form. The intake manifold was modified to incorpo-
rate extended tip narrow spray-angle PFI injectors for the gaso-
line supply. For a more in-depth discussion, the intake manifold
modifications can be found in Curran et al. [20]. Table 2 shows
engine specifications for the base engine along with the injector
specifications for the DI and PFI injectors. Figure 7 shows the
overall fuel system layout for RCCI operation. Figure 7 also
shows schematic drawing of the MCE configuration and photo-
graph of the stock OEM piston and the modified piston bowl
geometry that was used in the current study.

The stock engine control unit was replaced with a full-pass
control system from National Instruments-Powertrain Controls
Group (formerly Drivven, Inc.), which allowed simultaneous
control of each DI injector, allowing for cylinder-to-cylinder
balancing as well as all other relevant engine parameters, such
as rail pressure, variable geometry turbocharger (VGT) vane
position, and variable swirl actuator (VSA) position. Engine
torque was measured using an AC motoring/absorbing dyna-
mometer. The DI fuel flow rate was measured with a Max
Machinery 710-213 positive displacement volumetric flow
measurement system, while the PFI fuel flow rate wasmeasured
using a Micro Motion Coriolis fuel meter. The Max Machinery
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meter allowed for additional cooling and vapor separation for
the volatile DI fuel. The intake air flow rate was measured using
a laminar flow element.

2.2.1 MCE Emission Sampling

Exhaust emissions were measured using standard gaseous
emission analyzers. The MCE setup was similar to the SCE
with the addition of intake and exhaust O2 being measured
using a PMD.

2.2.2 PM Sampling for MCE

TheMCE exhaust was also characterized for PMmass, chem-
istry, number, and size. Only dilute engine out exhaust sam-
ples were collected with the same micro-tunnel dilution [30]
system described above. The dilution ratio was ∼12, and the
dilute exhaust temperature was maintained at 40 °C. Two

sampling streams with two types of filters were used: On
one sample stream, a quartz fiber filter (QFF, pre-fired Pall
2500 QAOT-UP) was collected and submitted for thermo-
optical analysis of organic carbon (OC) and elemental carbon
(EC). In the second stream, a Teflon® membrane filter (TF,
Pall Teflo®) was the primary filter, followed by a secondary
QFF. The TF was weighed before and after for PM mass and
then sent for elemental analysis by XRF (i.e., lubricant
metals). The secondary QFF was also submitted for OC and
EC determination; the adsorbed organics on the secondary
QFF can be subtracted from the organics found on the primary
QFF to correct for known filter adsorption artifacts, as
discussed previously in the SCE PM Sampling section.

In addition to filter measurements, PM size and number
measurements were made using a two-stage dilution system
and a Scanning Mobility Particle Sizer (SMPS model 3936,
TSI, Inc.). The SMPS measures particle size distributions
between 10 and 500 nm and also provides a total particle
number. The two-stage dilution system is based on an ejector
pump design similar to that of the European Particle
Measurement Program (PMP) [32]. This design consists of a
micro-tunnel dilution system paired with an evaporator tube.
In this system, raw exhaust is brought in through a critical
orifice. Instrument air heated to 150 °C is drawn into the first-
stage diluter by an ejector pump. The first-stage diluter is
maintained at 150 °C.

A small portion of the first-stage flow is then sent through a
400 °C evaporator tube. The residence time in the evaporator
tube is approximately 150 ms. The sample is then brought into
the second-stage dilution tunnel through a critical orifice. A
second ejector pump supplied with ambient temperature in-
strument air draws in the second-stage dilution air. The
second-stage dilution tunnel is maintained at 50 °C.

The first- and second-stage total dilution ratios were ap-
proximately 12 and 80, respectively. The dilution ratio for
each stage was determined from the CO2 concentration in the
raw exhaust stream divided by the CO2 concentration in the
dilution tunnel, as measured by an MKS FTIR. The dilution
ratio was not corrected for background CO2, but the CO2

concentration in the dilution air was less than 50 ppm. The
dilution air is produced using instrument grade compressed air

Table 2 Geometric specifications of a model year 2007 GM 1.9-L
compression ignition engine

Four-cylinder engine geometry

Geometric compression ratio (−) 15.1

Piston bowl type (−) Open

Total displacement (L) 1.9

Stroke (mm) 90.4

Bore (mm) 82.0

Intake valve closing (°ADTC) −132
Exhaust valve opening (°ADTC) 116

Port fuel injector

Number of nozzle holes (−) 4

Separation angle (°) 22

Cone angle (°) 15

Injection pressure (bar) 3.79

Common rail injector

Number of nozzle holes (−) 7

Hole diameter (−) 0.14

Included spray angle (°) 148

Injection pressure (bar) 250 to 1000

Fig. 7 1.9-L GM MCE
Schematic for RCCI (left) Stock
GM 1.9-L piston compared to the
open modified piston (right)
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with an additional zero air conditioning system normally used
for purging Fourier transform infrared (FTIR) spectrometers.
The system uses pressure swing adsorption to remove CO2

and HCs.
Equipped with sampling ports after each stage, this two-

stage dilution system allows for both stage 1 and stage 2
SMPS sampling. A stage 1 SMPS sample consists of 150 °C
once diluted exhaust (dilution ratio of ∼12) and thus contains
solid and volatile particles. In contrast, a stage 2 sample
should only consist of solid particles as the sample is taken
downstream of the 400 °C evaporator tube and has been
diluted again to a total dilution ratio of ∼80, which will
prevent reformation of nuclei and accumulation mode parti-
cles. A schematic of the system is shown in Fig. 8.

2.3 Fuels and Lubricants

RCCI requires the use of both a low reactivity fuel like gasoline
and a more reactive fuel like diesel fuel. Considering that
standard diesel fuels have some hydrocarbon species in the
same range as that of lubricant oils, and this study focused on
lubricant contribution to engine PM, a reactive DI fuel was
needed that contained lighter hydrocarbon species.

The single-cylinder engine was operated on primary reference
fuel blends. A PRF91 fuel blend (91 % iso-octane/9 % n-hep-
tane) was used as a surrogate for gasoline, and a PRF25 fuel
blend (25 % iso-octane/75 % n-heptane) was used as a surrogate
for diesel fuel, the chemicals being sourced from Sigma-Aldrich.

The multi-cylinder engine used a fully formulated certifi-
cation gasoline for the PFI fuel and the same gasoline with
5 % EHN by volume to increase reactivity of the DI fuel, but
contained lighter hydrocarbon species compared to the lubri-
cant. In this study, the DI fuel was also doped with a lubricity
additive (Infinium R655) to protect the high-pressure fuel

pump and the DI injectors. The specifications of the MCE
fuels are shown in Table 3. Previous research by Dempsey
et al. has characterized the impact of EHN on gasoline’s
reactivity [33]. By blending 5% EHN by volume in a gasoline
with a RON of ∼96, the fuel octane number was estimated to
be ∼55 based on HCCI combustion experiments. This is a
sufficiently reactive fuel to achieve RCCI combustion with
PFI of the 96 RON gasoline. The engine lubricating systems
of both the SCE and the MCE were flushed well, and a fully
synthetic motor oil (Mobil One®) was used. A chromatogram
of fresh Mobil One® lubricant oil will be shown for reference
in a subsequent section.

2.4 Engine Operating Points

For the SCE and MCE engine experiments, three load points
which spanned the RCCI operating range of the engine were
evaluated and are shown in Table 4. The MCE operating
points were chosen to yield a similar gross IMEP to the SCE
experiments. For the SCE experiments, both RCCI and CDC
strategies were examined for each of the three loads using the
PRF fuels. The maximum load for RCCI was determined by a
self-imposed peak pressure rise rate limit of 10 bar/degree. For
the MCE experiments, similar points were run with the gaso-
line and gasoline mixed with 5 % EHN fuels. In addition, a
sweep of DI start of injection (SOI) was performed at the 2300
RPM, 4.2 bar BMEP condition (point 2) for DI SOIs of −30°,
−40°, −50°, −60°, −70° after top dead center (aTDC). The
small difference in engine rotational speed for operating point
1 and 3 was due to a dyno limitation of the SCE dynamometer.

3 Results

The cylinder pressure traces and heat release curves for the
three operating points under both RCCI and CDC conditions
for SCE experiments are shown in Fig. 9, and the engine
performance and emission results are shown in Table 5.

Fig. 8 1.9-L schematic of the emission equipment and the dilution
systems for particulate sampling on the MCE experiments

Table 3 MCE fuel properties

Fuel usage Certification gasoline Cetane improver

Chemical formula CH1.88 C8H17NO3

Density [kg/m3] 744 960

IBP [C] 30 –

T10 [C] 53 –

T50 [C] 107 –

T90 [C] 161 –

FBP [C] 204 –

LHV [MJ/kg] 42.88 27.4

RON/MON 97.2/88.4 –
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The cylinder pressure traces and heat release curves for the
MCE experiments are shown in Fig. 10 and the SOI sweep for
the mid-load RCCI point in Fig. 11. The engine performance
and emission results are shown in Table 6. It should be noted
that the engine out NOX emissions are elevated in the MCE
experiments with DI gasoline+EHN compared to SCE exper-
iments with PRF fuels. This expected result is due to the
nitrate group on the EHN molecule [33].

3.1 Particulate Mass Emissions

The PM mass concentration for all of the SCE and MCE
RCCI engine operating points was very low. The left hand
side of Fig. 12 presents averaged results for the single-cylinder
engine’s three operating points with error bars showing max
and min values. The lack of scatter in the RCCI PMmass data
is thought to be due to the filter reaching saturated adsorption
levels, which is explained below. There was more scatter in
the CDC data, likely because there was significant PM for-
mation in the combustion process, and the measurement var-
iability is not set by filter adsorption levels. On the right hand
side of Fig. 12, the PM results for three operating points and
the injection sweep are compared with a CDC operating point
for the MCE. Only one sample was taken at each point due to
resource constraints. Of particular note is that the RCCI oper-
ating points have consistent PM mass concentrations of
around 1 to 3 mg/m3. For both the SCE and MCE, the RCCI

PM concentrations were uniform within operating points (i.e.,
across the triplicate filters) and between operating points (i.e.,
low to high load). It is likely that the observed PM concentra-
tion represents the saturated adsorption value of the filter
media, in this case the Teflon® membrane filter, which was
used for PM mass determination. Because even membrane
filters have some surface area, the HC emissions from RCCI
operation will adsorb to the surface and reach some equilibri-
um at steady state. This is a small, but measurable mass, which
is dependent on the volatility of the RCCI exhaust HCs. Note
that the PM value is ∼1 mg/m3 for the SCE and 2 mg/m3 for
the MCE. The SCE was using a binary reference fuel mixture
which has a fixed boiling point of ∼100 °C, and the MCE was
operating on fully formulated gasoline, with gasoline/EHN as
the reactive fuel. It would be reasonable to expect, therefore,
that the SCE would have lower PM values than the MCE,
since the HCs are likely to be less volatile in the MCE exhaust
and thus will condense on the filter more readily. In addition,
the presence of aromatic HCs in the MCE fuel will likely
enhance some soot formation. In the case of the CDC, the PM
mass concentrations of the single-cylinder engine increase
with load, as one would expect, but because soot formation
is not as consistent a process as sorption equilibria, there is
more scatter in the data. The CDC value for the MCE is about
twice the value of the SCE, again due to the use of a fully
formulated gasoline which would tend to produce more soot
than the binary reference fuels.

Table 4 Speed and load points for engine experiments

Point SCE speed/load MCE speed/load Description

1 1900 rpm/4.0 bar IMEP 2000 rpm/2.9 bar BMEP Oil “froth” point (low-load)

2 2300 rpm/6.0 bar IMEP 2300 rpm/4.2 bar BMEP Medium load (mid-load)

3 1900 rpm/8.5 bar IMEP 2000 rpm/6.5 bar BMEP Highest load possible SCE RCCI (high-load)

Fig. 9 SCE operating points from left to right 1900 rpm, 4.0 bar IMEP; 2300 rpm, 6.0 bar IMEP; 1900 rpm, 8.5 bar IMEP
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3.2 Particulate Number Emissions

Particle size distributions and number emissions were obtain-
ed on both the SCE and MCE and are shown for the mid-load
point in Fig. 13. For the SCE experiments, an EEPS was used
while an SMPS was used for the MCE experiments as these
experiments took place in separate laboratories. Both plots in
Fig. 13 have the same y-axis scale for comparison. Note that
the overall particle concentrations were fairly similar between
the two engines: 3.5×106 vs. 5×106 particles/cm3. The lack of
resolution for the SCE plot, left, was due to the use of the
EEPS to take the data rather than the SMPS which was used
with MCE. The large number of particles less than 15 nm in
diameter is due to condensation of HCs in the single dilution
tunnel. Experiments with a heated, two-stage evaporative
dilution system confirmed that the nuclei mode disappears,
which is consistent with earlier experiments in the MCE
laboratory at Oak Ridge National Laboratory detailed in
Prikhodko et al. [23] and Dempsey et al. [12].

3.3 Single-Cylinder Engine—Lubricant Metals

Elements, including those from engine wear like Si and Fe,
and lubricant derived like Ca, Zn, and Ba were analyzed with
XRF. XRF has high sensitivity to elements that increases with
increasing molecular weight; so, Ca, Zn, and Ba, in particular,
are good markers of lubricant in the PM. In the SCE studies,
Teflon® membrane filters were collected for all of the engine
points, along with a tunnel blank, which were analyzed for
lube metals. Figure 14 shows the individual triplicate filter

samples for each operating condition. For example, the first
three sets of data are for three filters from the low-load RCCI
operating condition. The exhaust concentrations of these
metals were very low, below 5 ppb in most cases, as shown
in Fig. 14, and highly scattered, even between identical oper-
ating points. It is worth noting that for the XRF analysis, the
sensitivity for the lube metals (Ba, Ca, Zn) ranges from 0.4 to
1 ppb raw exhaust concentration, and 0.3 ppb for the wear
metals (Fe and Si). When expressed as a fraction of the total
PM mass, as shown in Fig. 15, it does appear that the RCCI
PM has a higher lubricant content than CDC operation with
PRF fuels and diesel fuel. This is the result of the measured
PM mass being extremely low for the RCCI points. However,
it is clear that the XRF analysis of the lubricant and wear
metals shows that the lubricant contribution to the total PM
mass for both RCCI and CDC operation is very low.

3.4 Multi-Cylinder Engine—Lubricant Metals

As opposed to the simple binary PRFs used with the SCE,
the MCE was operated on a fully formulated gasoline for
the low reactivity fuel, and the same gasoline mixed with
5 % EHN for the more reactive fuel. The results in Fig. 16
show that the metal concentrations in the exhaust are
similar to those observed with the SCE, and Fig. 17
shows that the mass fractions are an order of magnitude
lower than the SCE. This is due to the increased total PM
mass measured on the MCE, as shown in Fig. 12. Higher
levels of combustion PM during RCCI operation are ex-
pected with the MCE due to the aromatic content and

Table 5 Speed and load points for SCE experiments

Design parameter Unit Low-load RCCI Low-load CDC Mid-load RCCI Mid-load CDC High-load RCCI High-load CDC

Engine speed [rpm] 1900 1900 2300 2300 1900 1900

Load (IMEP) [bar] 3.98 4.19 5.84 5.85 8.51 8.47

Port injected fuel [-] PRF91 – PRF91 – PRF91 –

Direct injected fuel [-] PRF25 PRF25 PRF25 PRF25 PRF25 PRF25

Total fuel [mg/cyc] 10.18 10.07 13.72 13.44 18.98 19.82

Percent PFI fuel [%] 68.8 0.0 90.1 0.0 88.7 0.0

DI SOIc (1st/2nd) [°aTDC] −65 −17/−7 −60/−40 −18/−7 −60/−40 −18.5/−7.5
EGR/inlet O2 [%] 0/21 33.8/17.7 0/21 23.4/18.6 59/12.1 23.1/18.3

Intake temperature [°C] 76 74 52 65 31 59

Intake pressure [bar abs.] 1.01 1.01 1.25 1.25 1.65 1.65

Global Φ [-] 0.32 0.41 0.35 0.43 0.66 0.48

PPRR [bar/deg] 5.8 5.5 6.4 4.6 13.0 5.9

CA50 [°aTDC] 0.83 9.50 5.50 11.50 4.67 7.75

Combustion eff. [%] 91.3 98.2 91.9 98.8 96.3 99.2

NOx [g/kW-hr] 0.09 3.54 0.03 4.27 0.02 7.07

FSN [-] 0.02 0.23 0.02 0.65 0.03 0.83

HC [g/kW-hr] 11.86 1.58 10.31 1.02 4.55 0.61

CO [g/kW-hr] 15.21 5.22 12.30 3.45 5.08 2.43
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higher boiling point of the gasoline fuel compared to the
PRF fuels. The critical points of Figs. 14 and 16 are that
the levels of lube metals are very low in RCCI PM (less

than 15 ppb) and there are no particular trends in any of
the metal concentrations. In addition, the CDC values are
as high as or higher than the results for RCCI combustion.

Fig. 11 MCE SOI Sweep at 2300 rpm/4.2 bar BMEP from −30° ATDC to −70° ATDC

Fig. 10 MCE points from top left to bottom right: 2000 rpm/2.9 bar BMEP, 2300 rpm/4.2 bar BMEP, and 1900 rpm/5.9 bar BMEP
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3.5 Single-Cylinder Engine—GC/MS

Analysis of the QFFs was performed by direct thermal de-
sorption pyrolysis gas chromatography mass spectrometry
(TDP-GC-MS) [34]. A 0.5-cm2 portion of the exposed filter
was desorbed directly into the GC-MS and the HCs speciated.
The TDP-GC-MS samples came from QFFs that were
mounted in an oven at 125 °C, and raw exhaust was pulled

through them. The filter was heated for two reasons: to enable
sampling of raw exhaust without water condensation and to
bias PM collection toward less volatile components like those
in lubricant oil. Long chain alkanes are major components of
lubricant; so, the GC-MS analysis focused on those com-
pounds, which typically have their most abundant mass frag-
ment at a mass-to-charge (m/z) ratio of 57. Figure 18 shows
the ion chromatograms (m/z=57) at the lowest load point,

Table 6 Speed and load points for MCE experiments

Design
parameter

Unit Low-load
RCCI

Mid-load
RCCI
SOI −50

Mid-load
RCCI
SOI −60

Mid-load
RCCI
SOI −40

Mid-load
RCCI
SOI −30

Mid-load
RCCI
SOI −70

Mid-load
CDC

High-load
RCCI

Engine speed [rpm] 2000 2300 2300 2300 2300 2300 2300 2000

Engine load [bar] 2.8 4.15 4.14 4.25 4.08 4.16 4.3 5.9

PFI fuel [-] UTG96 UTG96 UTG96 UTG96 UTG96 UTG96 – UTG96

DI fuel [-] UTG96
+ EHN

UTG96
+ EHN

UTG96
+ EHN

UTG96
+ EHN

UTG96
+ EHN

UTG96
+ EHN

UTG96
+ EHN

UTG96
+ EHN

Percent PFI fuel [%] 48 0.631 0.628 0.624 0.625 0.630 – 84.5

DI SOIc [°aTDC] −40 −50 −60 −40 −30 −70 −23/−6 −60
DI rail press. [bar] 500 500 500 500 500 500 650 500

Inlet O2 [%] 20.95 20.95 20.95 20.95 20.94 20.94 20.95 20.95

Intake temperature [°C] 55.0 55.1 55.3 55.3 55.3 55.0 55.0 26.5

Intake press. [bar abs.] 0.98 1.050 1.050 1.050 1.048 1.047 1.40 1.35

Global Φ [-] 0.32 0.35 0.35 0.35 0.35 0.35 0.33 0.40

PPRR [bar/deg] 4.7 5.90 5.46 7.12 6.90 5.59 7.0 9.3

CA50 [°aTDC] 2.2 1.23 2.56 −1.38 −2.10 2.63 12.2 6.1

Comb. Eff. [%] 89.1 93.9 94.2 94.3 92.2 94.2 98.6 93.2

NOx [g/kW-hr] 3.2 1.93 1.36 5.05 10.85 1.05 6.0 0.5

FSN [-] 0.01 0.01 0.00 0.00 0.02 0.04 0.96 0.02

HC [g/kW-hr] 19.2 11.56 11.45 10.58 13.63 12.05 2.5 12.2

CO [g/kW-hr] 34.7 14.80 12.23 14.27 25.99 9.82 4.00 11.10

Fig. 12 PMmass results for both the SCE and MCE. For the SCE, Low,
Med, and High refer to the engine operating points: 1900 rpm/4.0 bar
IMEP, 2300 rpm/6.0 bar IMEP, and 1900 rpm/8.5 bar, respectively. For
the MCE, Low, Med, and High refer to 2000 rpm/2.9bar BMEP,

2300 rpm/4.2bar BMEP, and 1900 rpm/5.9bar BMEP, respectively. The
MCE CDC point and the injection sweeps, designated by SOI or start of
injection, were done at the mid-load point
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1900 RPM, 3.9 bar IMEP, for RCCI and CDC with the
reference fuels. The response values were corrected for the
differences in the volume of raw exhaust sampled. In addition,
Fig. 18 includes a trace of a small amount of fresh Mobil
One® lubricant analyzed with the same TDP-GC-MS appara-
tus. As can be seen, the lubricant’s heavy alkanes are also
present on the QFF sample from RCCI and CDC. Figure 19
shows the detail at the high boiling point range for the two
exhaust samples (RCCI and CDC). This comparison shows
that the highest boiling range compounds of the lubricant are
present in RCCI exhaust, but in very small amounts, and less
than the amounts collected from CDC. Both Figs. 18 and 19
illustrate that the amount of high boiling point alkanes asso-
ciated with the lubricant, and collected as PM, is much lower
for the RCCI point, indicating that lubricant is not a significant
contributor to the PM mass in RCCI.

In order to determine a mass concentration, and thus a mass
contribution of the lubricant to the overall mass, the trace

shown in Fig. 18 was integrated and compared to the mass
spectral response of an external standard for alkanes in this
region, and normalized for volume sampled. Thus, for each of
the experimental points on the single-cylinder engine, it was
possible to calculate a pseudo-mass concentration of lubricant
in the exhaust and a corresponding mass fraction of the PM.
The mass concentrations, however, were in general below the
quantitation limit (∼10 ppb for an individual alkane) of the
instrument, for RCCI PM. For CDC PM, the collected masses
of individual alkanes were at or slightly above the quantitation
limit of instrument. The critical point is that the exhaust
concentration represented by the oil peaks is well below the
quantitation limit for the RCCI points, and many of the CDC
points. Thus, the oil alkanes are approximately <1 % of the
total PM collected. This mass percentage is consistent with the
lube metals which are of the same order. The conclusion
drawn from these data are that the lubricant contribution to
PM from RCCI operation is no greater than the lubricant

Fig. 13 Particle size distributions for the SCE at 2300 rpm, 6 bar IMEP (left side) and MCE at 2300 rpm, 4.2 bar BMEP (right side)

Fig. 14 Elemental concentration
of the raw exhaust from XRF
analysis for all SCE experimental
points. The points are grouped
into RCCI and CDC with three
sample points for each load. Note
that only two points were taken
for the high load, CDC with PRF
point. The CDCwith USLD point
was taken at the medium point,
2300 rpm/6.0 bar IMEP
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contribution to PM from CDC operation, and it is no more
than 2 % by mass of the total PM collected.

3.6 Multi-Cylinder Engine OC/EC Results

Because the raw exhaust sampling was unavailable for the
MCE evaluations, no GC-MS was performed on the dilute
filter samples because of the low amounts of mass collected.
Instead, the QFFs were analyzed for organic carbon (OC) and
elemental carbon (EC). The left hand side of Fig. 20 shows
that OC and EC decrease as the start of injection (SOI) of the
reactive fuel is advanced (i.e., fuel injected earlier during the
compression stroke). The right hand side of Fig. 20 shows the
proportion of total carbon that is OC increases as the SOI is
advanced. For the load sweep, RCCI Low, RCCI Med, and
RCCI High, the relative proportion of OC is similar to the SOI

sweep. While the OC measurement does not distinguish be-
tween lubricant-derived HCs or combustion-derived HCs,
there are two reasons why these data indicate dominance by
combustion-derived HCs. The first is that the SOI sweep
follows the expected trend of a higher proportion of OC with
advancement of injection. The more advanced the injection,
the better the pre-mixing of the fuel and air, and there is less
likelihood of rich zones forming soot carbon. If lubricant was
playing a big role in the OC emissions, it is unlikely that the
percent OC results would show such a consistent rise.
Additionally, if the lubricant was contributing significantly
to the PM mass, it is thought that earlier injections (70 SOI)
would have higher total PM mass than later injections (30
SOI) due to the fuel spray impinging on the liner and increas-
ing oil consumption. This is not the case as shown in the left
hand side of Fig. 20.

Fig. 15 XRF results of the SCE
experiments are presented as a
fraction of PM mass. The points
are grouped the same as in
Fig. 14. Note that the tunnel blank
mass fraction is of the same order
as the RCCI points. The CDC
points have a lower mass fraction
because of the higher PM mass
associated with CDC

Fig. 16 XRF results for the MCE showing sub-5 ppb concentrations for lubricant and wear metals. The low, medium, and high loads were 2000 rpm/
2.9 bar BMEP, 2300 rpm/4.2 bar BMEP, and 1900 rpm/5.9 bar BMEP, respectively. The SOI sweep and CDC point were performed at themid-load point
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4 Summary/Conclusions

The main goal of the current study was to investigate the
potential role of engine lubricant components on the formation
of measureable engine out RCCI PM. Previous studies char-
acterizing the PM from RCCI combustion have shown that a
significant contribution of the particulate mass stems from low
volatility compounds (boiling point between 150 and 400 C),
when collected on a filter. The origin of the PM collected as
mass on the filter is not well understood. The role of the two
fuels and potential role of engine lubricant oil into PM forma-
tion had not been explored previously. In this study,

experiments, specifically designed to identify lubricant con-
tributions to PM, were performed on both single-cylinder and
multi-cylinder engines of the same geometry. A variety of
RCCI engine conditions as well as CDC were examined,
and PM was collected on filters for gravimetric analysis,
elemental/organic carbon analysis, X-ray fluorescence analy-
sis, and gas chromatography-mass spectroscopy. A fully syn-
thetic lubricant was used, as well as primary reference and
other high volatility fuels. Single-cylinder RCCI experiments
were conducted with PFI iso-octane and DI n-heptane, while
the multi-cylinder RCCI experiments were run with PFI gas-
oline and gasoline mixed with 5 % ethyl-hexyl nitrate by
volume.

Particulate characterization was performed, and PM filter
samples were collected for analysis for lube oil components.

Fig. 17 XRF results for the multi-cylinder engine as PM mass fraction

Fig. 18 Ion trace of the alkane component of the PM collected from the
SCE at 1900 RPM, 3.9 bar IMEP for both the RCCI and CDC points. A
fresh lubricant trace is shown as well, for comparison of the compounds
present in the lube. Compound elution time refers to the time that it takes
for the component to travel through the column to the detector, so the
compounds represented by the peaks at ∼40 min are the highest boiling
point components of the lube

Fig. 19 Ion trace of the alkane component of the PM collected from the
single-cylinder engine. This plot zooms in on the high boiling point
components shown above in Fig. 18
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Triplicate PM filter samples were taken (i.e., three individual
filters for analysis). On both engines, XRF analysis measuring
elemental lubricant additives (Ba, Zn, and Ca) and wear
metals (Fe and Si) showed that the contribution of lube oil to
the total mass of the PM is on the order of 1 %, which is very
low. Additionally, gas chromatography-mass spectroscopy
(GC-MS) showed that the base heavy alkanes in the lubricant
oil account for less than 1 % of the total PM mass. Again, this
was the case for both the single- and multi-cylinder engines.
On the multi-cylinder, elemental/organic carbon analysis was
conducted as well. It was observed that organic carbon ac-
counts for 80 to 95 % of the total PM mass, which is very
different than for CDC operation. The measured exhaust HCs
are 10× higher for RCCI combustion compared to CDC: It is
reasonable to expect that some of these additional HCs are
contributing to the PM mass, because it is unlikely that the
additional HCs are all light gases.

The XRF and GC-MS analysis discussed previously give a
clear indication that the organic carbon in the PM from RCCI
operation is not stemming from the lubricant oil of the engine,
but is likely due to partial oxidation of the fuel hydrocarbons
due to incomplete combustion. Identification of the HC spe-
cies that make up the organic carbon in RCCI PM can help to
better understand the origin of the measured PM from RCCI
combustion. Future experiments in the MCE laboratory at
Oak Ridge National Laboratory are focusing on collecting
enough of the PM for quantitative measurement of these HC
species.
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