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Abstract

This work compares the performance and emissions of two dual-mode combustion
concepts over different driving cycles by means of vehicle systems simulations. The
dual-mode concept relies on switching between the dual-fuel concept known as
reactivity controlled compression ignition (RCCI) and conventional diesel combustion
(CDC) to cover the whole engine map. The experimental RCCl maps obtained with
diesel-E85 and diesel-gasoline used as inputs to perform the simulations were
obtained in a high compression ratio light-duty diesel engine (17.1:1) following the
same mapping procedure in both cases. The driving cycles simulated to perform the
comparison were the Real Driving Emissions cycle (Europe), Worldwide harmonized
Light vehicles Test Cycle (Europe), Federal Test Procedure FTP-75 (United States) and
JCO8 (Japan). The results show that the dual-mode concept has potential to be
implemented in flexible-fuel vehicles. Using gasoline as low reactivity fuel (LRF) for
RCCI, the vehicle mileage would be equal to CDC, but having reductions in NOx and
soot emissions of 16% and 50%, respectively, along the RDE cycle. Using E85 instead of
gasoline, the reductions in NOx and soot emissions increase up to 50% and 85%,
respectively, but in this case promoting higher thermal efficiency than CDC.
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1. Introduction

In parallel to improving the aftertreatment systems to face future emissions
regulations [1], the engine manufactures and the scientific community are working on
developing new combustion modes to reduce the emissions generation during the
combustion process [2]. This method will allow reducing the aftertreatment necessities
and therefore the investment and operational costs in which this devices incur [3]. In
this sense, the most expensive aftertreatment system for current compression ignition
(ClI) diesel engines is the selective catalytic reduction (SCR) used for NOx emissions,
followed by the diesel particulate filter (DPF) for soot emissions and the diesel



oxidation catalyst (DOC) to reduce hydrocarbons (HC) and carbon monoxide (CO)
emissions [3].

In the field of the new combustion modes, it has been demonstrated that the
premixed low temperature combustion (LTC) concepts [4] are able to break the NOx-
soot trade-off occurring with conventional diesel combustion (CDC) [5], and provide a
high thermal efficiency simultaneously [6]. The most widely studied premixed LTC
single-fuel concepts are the homogeneous charge compression ignition (HCCI) [7],
partially premixed combustion (PPC) [8] and spark-assisted PPC [9][10]. These
strategies work under highly diluted in-cylinder environments to increase the fuel-air
mixing time prior to the start of the combustion and reduce the NOx and soot
emissions [11]. Moreover, in these concepts, the thermal efficiency is improved due to
the fast combustion processes and reduced heat transfer [12].

Nowadays, the most promising LTC concept in terms of efficiency, emissions and
engine load operating range capabilities is the dual-fuel concept so-called reactivity
controlled compression ignition (RCCI). Inagaki et al. [13] firstly presented this concept
under the name dual-fuel premixed compression ignition (PCl) combustion. The
authors reported extremely low NOx and soot emissions together with an excellent
control of the combustion onset, which was possible by modifying the fuels
percentages using two injector systems. Following these findings, Kokjohn et al. [14]
continued developing this concept and renamed it as RCCI [15].

The RCCI concept relies on using two fuels with different reactivity injected by
separated injection systems. The high reactivity fuel (HRF) is directly injected into the
cylinder, while the low reactivity fuel (LRF) is injected through the intake port.
Referring to the literature, it can be said that the most used HRF and LRF are diesel and
gasoline, respectively [16][17]. However, RCCI can be successfully implemented using a
wide variety of fuels such as ethanol [18], methanol [19], and some others
[20][21][22]. As shown in previous studies, to achieve a highly efficient RCCl operation
with low emissions, the major part of the total injected fuel should be LRF, while the
HRF is used to trigger the combustion process [23][24]. Moreover, the HRF has a key
role on the in-cylinder reactivity stratification, so that the HRF injection settings are
one of the most important parameters for the combustion process development [25].
This reactivity gradient allows a more sequential autoignition than other LTC concepts
[26], which reduces the pressure gradients and enables extending the operating range
[27].

The potential of the RCCI concept has been recently demonstrated in different engine
platforms: single-cylinder [28], multi-cylinder [29], heavy-duty [30], medium-duty [31]
and light-duty diesel engines [32] operating with low [33], medium [34] and high [35]
compression ratios (CR). These works conclude that, under stationary conditions, RCCI
is able to achieve NOx levels below the limits proposed by the emissions regulations,
together with ultra-low soot emissions [36]. Nonetheless, RCCI still has several
challenges to face, such as excessive unburned HC and CO emissions during the low
engine load operation [37] and too high maximum pressure rise rates (MPRR) and in-
cylinder maximum pressure peaks (Pmax) at high loads. These two limitations restrict
the RCCI operating range to moderate loads, compromising its application under real
engine conditions.



The dual-mode concept emerges as strategy to complete the engine map region in
which the RCCI operation becomes critical either for excessive HC and CO emissions
(low load) or MPRR and Pmax (high load) [38]. This is done by switching to another
combustion mode, typically CDC if a high CR is used [39]. From the technological
standpoint, the modifications needed on the engine architecture to implement the
dual-mode RCCI/CDC can be only justified if the aftertreatment necessities are reduced
and the fuel economy is improved versus single CDC. To achieve this, the operating
range covered by RCCl in the global engine map should be maximized [40].

The objective of this work is to evaluate the potential benefits of the dual-mode
RCCI/CDC concept versus single CDC depending on the RCCI combustion regime
coverage. The main difference of the two dual-mode concepts compared in this study
is the fuels combination used to obtain the RCCI portion of the map, diesel-gasoline
and diesel-E85, respectively. The experimental fuel consumption and emissions maps
obtained in a high CR light-duty diesel engine (17.1:1) for both dual-mode concepts are
used to obtain estimations in transient conditions through vehicle systems simulations.
Transient conditions selected for the study are different driving cycles included in the
homologation procedures currently in force around the world: Real Driving Emissions
cycle (Europe), Worldwide harmonized Light vehicles Test Cycle (Europe), Federal Test
Procedure FTP-75 (United States) and JCO8 (Japan). Moreover, two additional driving
cycles, New European Driving Cycle (Europe) and Artemis cycle (Europe), have been
considered in the work.

2. Materials and methods
2.1. Test cell, fuels and engine description

The experimental data used as input to perform the drive cycle simulations analyzed in
this work were obtained in a single-cylinder diesel engine (SCE) based on a serial
production light-duty 1.9 L platform. The engine has four valves driven by dual
overhead cams. The piston used is the serial one, with a re-entrant bowl that confers a
geometric compression ratio of 17.1:1. The swirl ratio was fixed at 1.4 using the
tangential and helical valves located in the intake port [41], which is a representative
value of that used in the stock engine configuration. The Table 1 summarizes the more
relevant characteristics of the engine.

Table 1. Engine characteristics.

Engine Type 4 stroke, 4 valves, direct injection
Number of cylinders [-] 1

Displaced volume [cm?] 477

Stroke [mm] 90.4

Bore [mm] 82

Piston bowl geometry [-] | Re-entrant

Compression ratio [-] 17.1:1

Rated power [kW] 27.5 @ 4000 rpm

Rated torque [Nm] 80 @ 2000-2750 rpm

The fuel injection system was adapted to allow RCCl operation as shown in Figure 1. As
sketched, the EN590 diesel fuel was injected into the cylinder by means of a centrally
located solenoid direct injector (DI) coupled with a common-rail fuel injection system.



The injection settings were managed using a DRIVVEN controller. The low reactivity
fuel (gasoline or E85) was fumigated in the intake manifold using a port fuel injection
(PFI) located 160 mm far from the intake valves, which was governed through a
Genotec unit. The mass flow rate of both fuels was measured using dedicated AVL
733S fuel balances. The main characteristics of the DI and PFl are depicted in Table 2,
and the most relevant properties of the high and low reactivity fuels used in this study
are summarized in Table 3.
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Figure 1. Fuel injection systems scheme.
Table 2. Characteristics of the direct and port fuel injector.
Direct injector Port fuel injector

Actuation Type [-] Solenoid | Injector Style [-] Saturated
Steady flow rate @ 100 bar [cm3/min] 880 Steady flow rate @ 3 bar [cm3/min] 980
Included spray angle [°] 148 Included Spray Angle [°] 30
Number of holes [-] 7 Injection Strategy [-] single
Hole diameter [um] 141 Start of Injection [CAD ATDC] 340
Maximum injection pressure [bar] 1600 | Maximum injection pressure [bar] 5.5

Table 3. Physical and chemical properties of the fuels.

Diesel EN590 | Gasoline | E85
Density [kg/m?3] (T= 15 °C) 842 747 781
Viscosity [mm?/s] (T= 40 °C) 2.929 0.545 -
RON [-] - 97.6 108
MON [-] - 89.7 89
Ethanol content [% vol.] - - 84.7
Cetane number [-] 51 - -
Lower heating value [MJ/kg] 42.50 44.09 31.56

The scheme of test cell in which the engine is operated is shown in Figure 2. An electric
dynamometer is used for the engine speed and load control during the experiments.
The air intake line is composed of a screw compressor that feeds the engine with fresh
air at a pressure up to 3 bar, heat exchanger and air dryer to modify the temperature
and relative humidity of the air, airflow meter and a settling chamber sized to
attenuate the pulsating flow. Moreover, pressure and temperature transducers are
instrumented in this element with regulation purposes. The exhaust gas recirculation
(EGR) is introduced in the intake line, downwards the settling chamber, through a




dedicated line composed of a heat exchanger, settling chamber and regulation valve.
EGR temperature is monitored in several points along the line for its control. Finally,
the pressure and temperature of the air-EGR mixture is measured in the intake
manifold before entering to the cylinder.

The first elements of the exhaust line are the pressure and temperature transducers
located in the exhaust manifold. After them, a settling chamber is installed to
attenuate the exhaust flow before the EGR bypass. Later a pneumatic valve is used to
reproduce the backpressure provoked by the turbocharger in the real multi-cylinder
engine. The last elements of the exhaust line are the emissions analyzers. A five-gas
Horiba MEXA-7100 DEGR analyzer is used to measure the gaseous engine-out
emissions. Each steady-state operating points is measured three times along a period
of 60 seconds. Finally, an AVL 415S smoke meter is used to measure the smoke
emissions in filter smoke number (FSN) units. Three consecutive measurements of 1
liter volume each with paper-saving mode off were took at each engine operating
point. The accuracy of the main elements of the test cell is shown in Table 4.

Air
dryer

Screw
Heat compressor
exchanger

gt

Air flow

Settling

N

Cylinder pressure

chamber

r::::::::::::::
: } Injectors signals Gas
I } analyzer
I HC
r-———- L‘r ______________________ HORIBA | nox
! 7100 | co
! 1 EGR heat co,
: T, : } exchanger } :
() A |
Settling |
| \ehamber H — }
 { | ‘ t y
| @P pﬁ]‘ P i |
| | Settling
T ] |J_'| T \chamber [
Back !

=

ENGINE Dynamometer

Figure 2. Test cell scheme.

valve
AVL-415

Smoke meter

Table 4. Accuracy of the instrumentation used in this work.

Variable measured Device Manufacturer / model |Accuracy

In-cylinder pressure Piezoelectric transducer Kistler / 6125BC +1.25 bar

Intake/exhaust pressure Piezorresistive transducers | Kistler / 4603B10 +25 mbar

Iﬁ;nrr?s;?zuar:dlr:nsjr:ﬂ:)nlgs Thermocouple TC direct / type K 12.5°C

Crank angle, engine speed Encoder AVL/ 364 1+0.02 CAD
HORIBA / MEXA 7100

NOx, CO, HC, O,, CO, Gas analyzer DEGR 4%

FSN Smoke meter AVL / 415 +0.025 FSN

Gasoline/diesel fuel mass flow | Fuel balances AVL/ 733S 10.2%

Air mass flow Air flow meter Elster / RVG G100 10.1%




2.2. Dual-mode strategies description

The two dual-mode concepts studied combine CDC and RCCI combustion regimes to
cover the whole engine map. The unique difference between them is the LRF used
under RCCI, gasoline [38] or E85 [39]. In both cases, the HRF used is diesel EN590.
Comparing both maps in Figure 3, it is seen that diesel-E85 fuel combination allows
extending the RCCI operating region around 2 bar IMEP towards the high load as
compared to diesel-gasoline. Moreover, with diesel-E85, the low load frontier at high
engine speeds is reduced down to 1.5 bar IMEP. In RCCI combustion, the lowest
operable load is restricted by the appearance of excessive HC and CO emissions, while
the maximum feasible load is limited by too high MPRR. The use of E85 as LRF, instead
of gasoline, allows increasing the maximum operable load due to its higher RON and
MON, and enthalpy of vaporization (HoV). On the other hand, the low load RCCI region
is extended with E85 because of its higher oxygen content compared to gasoline. The
extra oxygen content with E85 allows using a higher diesel fraction in the low load
region without exceeding the soot limitation, which contributes to reduce the HC and
CO levels [39]. In both cases, the RCCI region was completed with NOx and soot
emissions levels below 0.4 g/kWh and 0.01 g/kWh, respectively. In this sense, the RCCI
maximum operable load was limited by the appearance of MPRR >10 bar/CAD and/or
Pmax >160 bar, while the low load frontier was limited by excessive CO levels (>5000

ppm).
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Figure 3. lllustration of the combustion strategies used to cover the engine map with the two dual-mode
concepts studied: dual-mode RCCI diesel-gasoline/CDC (left) and dual-mode RCCI diesel-E85/CDC (right).

2.3. Vehicle systems and drive cycle simulations

The potential of the aforementioned dual-mode combustion strategies has been
evaluated by modeling a commercial vehicle through the one-dimensional CFD
software GT-Power from Gamma Technologies®. This software allows simulating
predefined driving cycles, enabling to evaluate the vehicle performance on transient
conditions. The performance and emissions of both dual-mode concepts were
compared in several homologation cycles. Simulations were also performed for
conventional diesel combustion to extend the comparison. Figure 4 shows the scheme
of the dedicated model developed in GT Power. Each object represents a system part
and its characteristics. The geometric and aerodynamic parameters are defined in the



vehicle object whilst the experimental engine maps for emissions and fuel
consumption were set on the engine folder.
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Figure 4. Simulation model built in GT-Power.

In this model, the differential equations of motion for the driveline components and
the vehicle are integrated in time, calculating transient speeds and torques in the
system. Engine brake mean effective pressure (BMEP) input data was calculated using
indicated and friction experimental data and correlated to engine speed and
accelerator position. Maps of emissions, air and fuel consumption from the engine
dynamometer were used to determine emissions and fuel consumption in steady state
conditions as a function of load and speed. Then, differential equations of vehicular
motion were integrated in time, calculating transients of speed and torque and
interpolating emissions and fuel consumption according to the load point demanded
by the drive cycle condition. Rolling resistance was calculated by the model as a
function of drag coefficient, rolling friction, and road grade are included in equation 1
[42], which calculates the torque required for vehicle motion.

Toohi — [1 + Itransz Idsh_l_ Iaxl (Mveh)(rmzzhl)l d“)drv
e et TR R RDRY T RHERY |t
_ lItranSZ Idsh + Iaxl + (Mveh)(rmzzhl) W & (1)
R} R RDMRDH T RHMRY | ae

[Faer + Frol + Fgrd]

The first term of equation represents the torque required to accelerate the effective
inertia, evaluated at the clutch of the entire drivetrain. On this, ltrans1 and lirans2 present
the inertia in the input and output of transmission system, respectively. Likewise, ldsn
and I, are driveshaft and axle moment of inertia. These terms relate the number of
axles and inertia of each wheel, adapted to the vehicle characteristics. Ry and R: are
terms of final drive and transmission ratio for each gear. Vehicle speed (wqn) at the
instant of time (t) is directly related to the wheel radius (rws) and vehicle mass (Myep).
The second term of equation 1 represents the load induced by a transient gear ratio,
where the vehicle object internally creates a transmission model based on the
information of vehicle transmission references. External forces on vehicle are added in
the third term as aerodynamic forces (Fg), rolling resistance forces (Frol) and gravity
forces (Fgra).



Table 5 specify the vehicle characteristics used in the drive cycle simulations. An Opel
Vectra, which is equipped with the engine used in the bench tests, was fully described
in terms of aerodynamics and mechanical characteristics. The vehicle characterization
allows modeling the dragging and inertial forces that were described above.

Table 5. Vehicle specifications.

Vehicle Mass [kg] 1573
Vehicle Drag Coefficient [-] |0.28
Frontal Area [m?] 2.04
Tires Size [mm/%/inch] 225/45/R118
Vehicle Wheelbase [m] 2.7
Final Drive Ratio [-] 3.35
Gear Ratio 1 [-] 3.82
Gear Ratio 2™ [-] 2.05
Gear Ratio 3™ [-] 1.3
Gear Ratio 4™ [-] 0.96
Gear Ratio 5" [-] 0.74
Gear Ratio 6% [-] 0.61

Six representative driving cycles were studied in this work: Real Driving Emissions cycle
(Europe), Worldwide harmonized Light vehicles Test Cycle (Europe), Federal Test
Procedure FTP-75 (United States), JCO8 (Japan), New European Driving Cycle (Europe)
and Artemis cycle (Europe). For the sake of clarity, the results along the paper are
explained taking as reference two of the five cycles, and finally, the results of all of
them are compared in summary tables (Table 8 and 9). Considering their relevance in
Europe, the cycles selected to explain the results are the World Harmonized Light
vehicles Test Cycle (WLTC) and a characteristic Real Driving Emissions (RDE) cycle
measured by the authors [43]. The time-vehicle speed profiles for both cycles are
presented in Figure 5. Comparing both cycles, it is seen that the WLTC cycle has a total
duration of 1820 s (67 km) whilst the RDE presents a higher duration with a total time
of 5580 s (67 km). Another difference is the total amount of accelerations and
decelerations during the cycle. Since the RDE is based on real urban traffic, there is a
higher number of stops and subsequently accelerations than the WLTC, which will
have a direct impact on the demanded engine BMEP and engine-out emissions.
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Figure 5. Time-vehicle speed profiles of the RDE (left) and WLTC (right) cycles.



Considering the maps shown in Figure 3, it is clear that the final results of the cycle will
depend on the engine speed-load conditions achieved during the vehicle operation. By
this reason, a preliminary study was performed to obtain the gear shifting strategy that
leads to the best balance between fuel consumption and engine-out NOx and soot
emissions in the WLTC cycle. As shown in Table 6, this condition is satisfied when the
amount of operating points falling inside the RCCI portion of the map is maximized.
Thus, the gear shifting strategy number 3 was selected for the rest of the study.

Table 6. Percentage of RCCl operating points, NOx, soot and BSFC during the WLTC for each dual-mode
depending on the gear shifting strategy.

e Dual-mode D-G/CDC Dual-mode D-E85/CDC
ngine
Strategy speed range R(.:CI NOx | Soot | BSFC R?CI NOx | Soot | BSFC
[-] [rpm] points points
[%] [g/kwh] [%] [g/kWh]

1200-4000 | 22.4 | 2.41 | 0.06 |319.90| 47.8 | 2.13 | 0.05 |349.46
1200-3500 | 26.9 | 1.96 | 0.05 |308.77| 61.9 | 1.67 | 0.03 |340.78
3 1200-3000 | 33.7 | 1.15 | 0.03 |284.22| 70.6 | 0.78 | 0.01 |319.45

3. Results and discussion

This section presents the performance and emissions simulations of both dual-mode
combustion concepts. For the sake of brevity, the dual-mode concept using gasoline
fuel for RCCI will be referred to as DM-G, while that using E85 for RCCI will be named
as DM-E85. The first subsection is dedicated to present the maps of different
parameters of both dual-mode concepts. The second one compares the emissions and
performance of both dual-mode strategies and CDC over the WLTC and RDE cycles. To
perform this comparison, time-cumulative results along each cycle are considered.

3.1. Dual-mode engine mapping comparison

Figure 6 shows the BSFC surface maps for both dual-mode strategies, which were
obtained during the bench tests. The symbols plotted over the maps represent some
operating conditions reached through the vehicle model simulation along the RDE
cycle described in Figure 5 (for the sake of clarity, not all the conditions can be
plotted). Different symbols are used to differentiate the three phases of the RDE cycle:
urban, rural and highway. The area defined inside the white dashed lines represents
the RCCl operating region in the global engine map.

From Figure 6 it can be verified that, during the RDE cycle, the majority of the
operation points are below 10 bar, i.e., closer to the RCCI range. The deep blue color in
the map indicates the lowest BSFC values. As it is seen, the RCCI portion of the BSFC
map presents higher values with E85 than gasoline. The reasons for the BSFC increase
will be discussed in the next section.
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The lower temperatures reached during RCCI combustion combined with the smaller
residence time inhibit the NOx formation, since there is not enough activation energy
to initiate the Zeldovich mechanism. This fact results in a deep blue zone in Figure 7,
where the maximum emission rates are near 0.6 g/kWh, notably lower than those
found during CDC. Therefore, the high amount of operating conditions inside the RCCI
range obtained after the gear shifting optimization is expected to allow a notable
decrease in the aftertreatment demand. Finally, it is interesting to note that E85 allows
extending the RCCI portion in the map, thus yielding a significant increase of the ultra-
low NOx region.
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Figure 8 and Figure 9 show the unburned HC and the CO emissions maps with their
respective operating points. All the CDC operating range presents the diesel
characteristic low emission for these two species. However, the corresponding range
for RCCI has higher amounts of CO and HC due to its inherent lower combustion
efficiency [37]. This is more perceptive at low engine loads conditions, where the
combustion temperatures are not high enough to sustain the oxidation reactions. HC
and CO levels with DM-E85 are higher than DM-G, mainly at low load, due to the
higher octane number (ON) and enthalpy of vaporization (HOV) of E85, which
contributes to reduce the in-cylinder temperatures.
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As shown in Figure 10, the use of RCClI combustion at low loads allows operating in
almost soot-free condition. This occurs due to using a low quantity of diesel with an
advanced injection timing, which results in enough mixing time to avoid the soot
formation [37]. Comparing the RCCI portion of both dual-mode concepts, it is seen that
DM-E85 has lower soot emissions, which is achieved, in part, due to higher oxygen
content of E85 versus gasoline [21].
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3.2. Drive cycle fuel consumption and emissions estimation

This section presents a comparison between both dual-mode concepts and CDC in
terms of the cumulative results from the WLTC and RDE drive cycles simulation. Figure
11 shows the engine load distribution along both cycles. As it can be seen, the extra
high phase, for WLTC, and the highway phase, for RDE, are the phases that present a
significantly portion of operating points out of RCCI conditions (BMEP >5-8 bar). For
these conditions, the difference between both dual-modes are expected to be
minimum. On the other hand, considering the RCCI boundaries, the differences
between CDC and both dual-modes studied will be greater for the phases with the
engine BMEP being lower than 5 bar.
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Figure 11. Cumulative frequency for the engine load in each phase of the WLTC (left) and RDE (right)
cycle

Figure 12 presents the cumulative fuel consumption for each cycle and combustion
mode. The text boxes included inside the graphs show the total cumulated values at
the end of each phase. The fuel consumption evolution for both dual-modes has
similar trend than for CDC. However, the cumulated values for both dual-modes are
influenced by the BMEP distribution shown in Figure 11, which determine the quantity
of operating condition that fall in the RCCI portion of the map. Comparing the trends
for both cycles, it is seen that the two first phases of the WLTC and the first phase of
the RDE have several conditions of idle and low power, leading to low fuel
consumption. In the last phase, the vehicle reaches higher velocities and consequently
higher fuel consumption. The fuel mass usage in DM-E85 is also higher for these



phases suffering an increase of almost 50% compared to the initial ones. Figure 12 also
shows that the fuel consumption for CDC exceeds that of DM-G in the last phases.
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Figure 12. Cumulative fuel consumption emissions for CDC, DM-G and DM-E85 along the WLTC (left) and
RDE (right) driving cycles.

Considering the lower LHV of E85 compared to the other fuels, the higher BSFC with
DM-E85 cannot be directly interpreted as a lower thermal efficiency of the concept. To
evaluate this fact, the combustion concepts should be compared in terms of energy.
Figure 13 shows the cumulative energy consumption per cycle and combustion mode.
The energy profiles have been obtained by isolating the mass consumed of each fuel,
considering the LRF fraction at each operating point, and multiplying by their
respective lower heating value (LHV). As it can be seen, DM-E85 presents the lowest
energy consumption, which means that enables a higher fuel-to-work conversion
efficiency. This behavior is confirmed in both driving cycles, confirming its higher
thermal efficiency independently on the driving conditions. Analyzing the profiles, it
can be inferred that the major gain with DM-E85 during the RDE cycle occurs in the
rural phase, while in the case of WLTC occurs during the high phase. The benefit in
these parts of the cycle compared to the DM-G is related to the greater RCCl zone in
the map.
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Figure 13. Cumulative energy consumption emissions for CDC, DM-G and DM-E85 along the WLTC (left)
and RDE (right) driving cycles.

A key aspect for the implementation of the dual-mode concept in real vehicles is about
the necessities of two fuel tanks and their sizes. From the results in Figure 12, it can be
conclude that the total fuel mass needed for DM-G is almost equal than CDC.
Therefore, the total volume needed for the fuel storage in both cases is expected to be



similar (similar fuel mass consumption and density). By contrast, the DM-E85 concept
will require a fuel tank with higher volume to provide the same vehicle mileage.
However, since the dual-mode concept has proved to be a flexible-fuel concept, it
could be used the same vehicle architecture for both dual-mode concepts. In this case,
sizing the fuel tank for DM-G (similar to CDC), the mileage between refueling with DM-
E85 will be reduced.

A preliminary sizing of the fuel tanks can be done considering the results shown in
Figure 14, in which the LRF fuel mass has been isolated considering the substitution
ratio along both driving cycles. Considering the fuels properties in Table 3, the fuel
volume needed for each combustion mode and drive cycle is summarized in Table 7.
As it is seen, the total volume for DM-G is similar to CDC in both cycles. This means
that the implementation of dual-mode concept will not incur in an additional space in
the vehicle. Moreover, the diesel fuel volume needed for DM-G and DM-E85 is similar,
which reinforces the thought of using a flexible-fuel vehicle architecture. The volume
of the secondary fuel tank (for the LRF) needed to implement each DM with equal
mileage than CDC is different. In this sense, the use of E85 requires 46% higher volume
than gasoline for WLTC, and 24% more in the case of RDE, which is more
representative of the real use of the vehicle.

The need of refueling for DM-E85 with a tank sized for DM-G (total volume similar to
CDC) can be estimated considering the fuel tank volume of the vehicle simulated in this
work (Vectra 1.9), which is 60 liters. Taking the RDE cycle as reference, the volume
share needed for each fuel with DM-G concept is 54%/46% (diesel/gasoline) so that a
practical fuel tank size could be 32.5/27.5 liters for the HRF and LRF, respectively.
Considering the 67 km covered in the RDE cycle studied, the CDC vehicle would have a
mileage of 1139 km. A DM-G vehicle would have the same mileage than CDC, while
DM-E85 would have diesel for driving 1139 km and E85 for 871 km. As it is seen, the
lower LHV of E85 will reduce the vehicle mileage in 268 km compared to CDC and DM-
G, even having a higher thermal efficiency.
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Figure 14. Cumulative fuel consumption emissions for CDC, DM-G and DM-E85 along the WLTC (left) and
RDE (right) driving cycles.



Table 7. Fuel volume needed for each combustion modes and driving cycle.

e CDC DM-G DM-E85
Diesel [dm?] | Diesel [dm3] | Gasoline [dm?3] | Diesel [dm3] | E85 [dm?]
RDE 3.35 1.90 1.62 1.84 2.01
WLTC 1.23 0.77 0.48 0.69 0.71

As shown in Figure 15, both DM concepts present lower NOx emissions than CDC. The
dominant mechanism for NOx formation and its respective impact on the final values
of this emission was already mentioned. Therefore, the following analysis will take in
to account only the effects of the driving cycles. As Figure 15 shows, the NOx emissions
for all the combustion modes present an almost linear increase in both cycles up to
reaching the last phase. This is a result for the high amount of low load operating
conditions. Nonetheless, the cumulative values in the last phase increases in a factor of
4 for all combustion modes due to the high NOx production in the upper portion of the
engine map. It is interesting to note that the cumulative NOx levels along the RDE cycle
for DM-E85 are considerably lower than with CDC and DM-G, which can be attributed
to the extra RCCl portion achieved with DM-E85.
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Figure 15. Cumulative NOx emissions for CDC, DM-G and DM-E85 along the WLTC (left) and RDE (right)
driving cycles.

CO and HC trends shown in Figure 16 and Figure 17 are similar due to the formation
mechanism of these species. Diffusive combustion presents several advantages
compared to premixed mode for these pollutants. The high amount of oxygen in the
flame front and the absence of premixed zone (for pure diffusive flames) allows
burning efficiently all the fuel injected. By contrast, the premixed conditions founds in
RCCI promote an equivalence ratio stratification, which can lead to poor burning at
regions of the chamber. In addition, the in-cylinder flow can sweep part of the
premixed mixture in the gaps between the piston and liner. In these zones, the
combustion process cannot be supported due to the high amount of heat transfer to
the walls, inhibiting the oxidation process. Therefore, the HC and CO levels increase as
the RCCI range is extended. By this reason, the DM-E85 leads to substantially higher
amount of these two pollutants.
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Figure 16. Cumulative HC emissions for CDC, DM-G and DM-E85 along the WLTC (left) and RDE (right)
driving cycles.
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Figure 17. Cumulative CO emissions for CDC, DM-G and DM-E85 along the WLTC (left) and RDE (right)
driving cycles.

The soot mechanism is related to the particle formation from the fuel molecules
through their oxidation/pyrolysis process followed by its growth from process as
coagulation, aggregation and surface growth [44]. The premixed flames present lower
levels of soot formation because all the fuel is well mixed with air before the
combustion start. Thus, the premixed phase and the higher air-fuel mixing time leads
to ultra-low soot levels for RCCl. As shown in Figure 18, the use of RCCl inside the
global map contributes to reduce the soot levels drastically. Due to the greater RCCI
portion and the effect of soot oxidation by the oxygen from the ethanol molecule, the
cumulative values for DM-E85 are very low, with only some accumulation seen in the
last phases. This occurs because the majority of the operating points fall outside the
RCCI area. The narrow limits of RCCl in DM-G lead to higher values of soot, but
significantly lower compared to CDC levels.
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Figure 18. Cumulative Soot emissions for CDC, DM-G and DM-ES85 along the WLTC (left) and RDE (right)
driving cycles.

Table 8 summarizes the engine-out results for all the combustion modes and driving
cycles considered in this study, whose vehicle speed-time evolutions are shown in
Figure 19. The minimum values of each parameter are highlighted using an underlined
bold font. From the results, it can be seen that, in spite of the differences between the
drive cycles considered, there is a clear trend among the combustion modes. The DM-
E85 concept presents the lowest NOx and soot emissions for all the cycles, with
highest HC and CO levels. Compared to CDC, DM-E85 allows reducing NOx levels by 41
% in the RDE cycle. In the same drive cycle, the DM-G presents a reduction in this
pollutant of 16 % versus CDC. Regarding HC and CO emissions, CDC results in lower
emissions of these pollutants due to the diffusive combustion nature. In this sense, HC
and CO emissions for DM-E85 are around 50% higher than CDC for all the cycles, while
in the case of DM-G, the increase versus CDC is around 35%. Finally, both dual-mode
concepts reduce the soot emissions versus CDC. Soot reduction with DM-G is around
50%, while in the case of DM-E85 the improvement is greater than 80%.

Table 8. Engine-out emissions summary for all the combustion modes and driving cycles considered in

this study.
Cycle |OMG | DMm-E85 | cpc | DM-G | DM-E85 | cDC | DM-G | DM-ES5 | cDc | DM-G | DM-ES5 | cpC
NOx [g/kWh] HC [g/kWh] CO [g/kWh] Soot [g/kWh]
Frp7s | 171 | 108 [216)1173| 1493 | 7.23 | 2435 | 2612 [12.46] 005 | 0.01 |0.09
WLTC | 2.01 | 1.61 [2.43] 7.87 | 1147 | 482 | 1470 | 1852 | 7.53 | 006 | 0.02 |[0.10
Artemis| 2.83 | 152 [3.20] 9.81 | 1429 | 645 [ 2072 | 2468 |12.01] 005 | 0.01 [o0.10
RDE 158 | 112 |1.88] 891 | 1278 | 6.66 | 17.25 | 2214 |1035| 005 | 0.01 |0.09
jco8 | 138 | 0.84 [1.99]1490| 1944 | 8.97 | 3428 | 3757 [17.34] 003 | 0.01 |0.08
NEDC | 121 | 078 |1.89|1174| 1501 | 6.06 | 25.79 | 2781 1089 | 005 | 0.03 |o0.11
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Figure 19. Time-vehicle speed profiles of the different cycles considered in this study. From the left to
the right: FTP-75, JC08, NEDC and Artemis (urban).

Table 9 summarizes the specific fuel and energy consumption for all the cases. In terms
of fuel mass consumption, the most efficient combustion concept whatever the drive
cycle considered is the DM-G, which slightly improves the BSFC values obtained with
CDC. As demonstrated in Figures 12 and 13, the fuel mass consumption with DM-E85 is
penalized due to the lower LHV of E85, leading to greater BSFC than CDC. However,
when considering the total energy consumption, the DM-E85 concept becomes the
most efficient. This means that thermal efficiency of RCCl operating with E85 is higher
than with gasoline. Finally, the table reveals that DM-G and CDC have almost the same
total energy consumption.

Table 9. Specific fuel and energy consumption for all the combustion modes and driving cycles
considered in this study.

Cycle | OMG | pm-Es5 | coc | pm-G | DM-ESs | cpc
BSFC [g/kWh] Energy consumption [MJ/km]

FTP75 |320.73| 350.46 |321.46| 1.90 | 176 1.86
WLTC [284.22| 319.45 |289.64| 1.88 | 1.82 1.89
Artemis |321.16 | 364.85 [325.83| 2.54 | 2.50 2.53
RDE  |296.19] 328.92 |298.50| 1.80 | 1.71 1.78
Jco8  |366.07| 409.21 [367.87| 1.75 | 167 1.74
NEDC |304.37| 349.98 |307.43| 175 | 1.74 1.74

4. Conclusions

The present work has evaluated the potential of two dual-mode RCCI/CDC strategies
by means of vehicle systems simulations. For this purpose, different driving cycles
representative of the homologation procedures currently in force around the world
have been compared: RDE (Europe), WLTC (Europe), FTP-75 (United States) and JCO8
(Japan). Moreover, the NEDC and the Artemis cycle have been considered in the study
due to their relevance in the past recent years.

In a first step, the experimental engine maps of both dual-mode concepts have been
compared, highlighting which regions of the maps have the greater share to complete
the RDE cycle. In this sense, the gear shifting strategy was optimized between 1200-
3000 rpm to maximize operating in the RCCI portion of the map along the RDE cycle.
The comparison of the maps for both combustion modes highlighted that:

800

1000



The use of E85 as LRF allows extending the RCCI operating zone, which results
in a greater ultra-low NOx region, but increases the HC and CO levels in the
RCCI zone. Soot levels for RCCI with E85 are lower than with gasoline.

The BSFC in the RCCI portion of the map presents higher values with E85 than
gasoline due to the lower LHV.

In a second step, the cumulative emissions and fuel consumption along the RDE and
WLTC cycles were compared for both dual-mode concepts. This comparison was
selected because both cycles have to be carried out complementarily during the
homologation as specified in the Euro 6d-temp type-approval procedure. From these
results, it was found that:

The evolution of the accumulated emissions and fuel consumption for the
WLTC and RDE have similar behavior for both combustion modes. The trends of
the different phases greatly depend on the amount of operating points falling
inside the RCCl operating region.

The total fuel volume required in DM-G is almost equal than CDC. Thus, the
dual-mode can be implemented without needing an additional space in the
vehicle.

A flexible-fuel architecture can be used to implement both dual-mode concepts
on the same vehicle. With a fuel tank of 32.5 L for diesel and 27.5 L for the LRF,
the DM-G will have the same mileage than CDC, while the mileage will be
penalized in 268 km with DM-ES85.

Finally, the summary of the engine-out emissions and performance results for all the
driving cycles and combustion modes studied reveals that:

DM-E85 allows reducing NOx levels by 50% in mean value over the different
cycles. Considering the RDE cycle, and compared to CDC, the DM-E85 and DM-
G concepts promote a 41% and 16% reduction in NOx emissions, respectively.
HC and CO emissions for DM-E85 and DM-G are near 50% and 35% greater than
CDC, respectively.

Soot reduction versus CDC with DM-G is around 50%, while in the case of DM-
E85 the improvement is greater than 80%.

Fuel mass consumption of DM-G and CDC is almost equal, while DM-E85 fuel
mass consumption becomes penalized due to the lower LHV of E85. However,
the DM-E85 has the lowest energy consumption, i.e., the highest thermal
efficiency.
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Abbreviations

ATDC: After Top Dead Center

CAD: Crank Angle Degree

CDC: Conventional Diesel Combustion
Cl: Compression Ignition

CO: Carbon Monoxide

CR: Compression Ratio

DI: Direct Injection

DOC: Diesel Oxidation Catalysts

DPF: Diesel Particulate Filter

EGR: Exhaust Gas Recirculation

FSN: Filter Smoke Number

HC: Hydro Carbons

HCCIl: Homogeneous Charge Compression Ignition
HoV: Enthalpy of Vaporization

HRF: High Reactivity Fuel

IMEP: Indicated Mean Effective Pressure
LRF: Low Reactivity Fuel

LTC: Low Temperature Combustion
MON: Motored Octane Number
MPRR: Maximum Pressure Rise Rate
NOx: Nitrogen Oxides

PCI: Premixed Compression Ignition
PFI: Port Fuel Injection

PPC: Partially Premixed Charge

RCCI: Reactivity Controlled Compression Ignition



RON: Research Octane Number
SCE: Single Cylinder Engine

SCR: Selective Catalytic Reduction



