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Highlights

RCCI with CR 12.75 reaches up to 80% load fulfglimechanical limits

Ultra-low levels in NOx and soot emissions are ot&d in the whole engine map
Ultra -high levels of CO and uHC have been measavedall at low load

RCCI improves fuel consumption from 25% to 80% eedobads comparing with CDC
Keywords

RCCI (Reactivity controlled compression ignitioglro VI limits, CDC (Conventional

Diesel Combustion), commercial fuels, compressatior
Abstract

Reactivity Controlled Compression Ignition conceffers an ultra-low nitrogen oxide

and soot emissions with a high thermal efficiendhis work investigates the
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capabilities of this low temperature combustionaapt to work on the whole map of a
medium duty engine proposing strategies to sol/eniin challenges. In this sense, an
extension to high loads of the concept without edagg mechanical stress as well as a
mitigation of carbon oxide and unburned hydrocasbemissions at low load together
with a fuel consumption penalty have been idertifeess main Reactivity Controlled
Compression Ignition drawbacks. For this purpossjngle cylinder engine derived
from commercial four cylinders medium-duty enginéwvan adapted compression ratio
0f12.75 is used. Commercial 95 octane gasolinewsasl as a low reactivity fuel and
commercial diesel as a high reactivity fuel. Thiie study consists of two different
parts. Firstly, the work is focused on the develeptrand evaluation of an engine map
trying to achieve the maximum possible load withexteeding a pressure rise rate of
15 bar/CAD. The second part holds on improving ftmhsumption and carbon oxide
and unburned hydrocarbons emissions at low loadulResuggest that it is possible to
achieve up to 80% of nominal conventional diesehloostion engine load without
overpassing the constraints of pressure rise oW 15 bar/CAD) and maximum
pressure peak (below 190 bar) while obtaining dtive levels of nitrogen oxide and
soot emissions. Regarding low load challenges, dt lileveloped a particular
methodology sweeping the gasoline-diesel blendthegewith intake temperature or
exhaust gas recirculation maintaining constantatbustion phasing and ultra-low
nitrogen oxide and soot emissions. As a result estir decrease carbon oxide and
unburned hydrocarbons emissions is obtained withslight fuel consumption

improvement.

1. Introduction

Nowadays, for medium and heavy-duty applicationsmgression ignition

engines are the most widely used all around thddwdrhese engines are usually
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operated under conventional diesel combustion (CDRR)s strategy has a clear
diffusion combustion behavior governed by the itiggt timing. Thus, combustion
phasing can be controlled with high precision. @opently, high thermal efficiency is
achieved. Despite compression ignition (Cl) engimeork with lean mixture, this
strategy produces fuel-rich equivalences ratios ttuemixture stratification. As a
consequence, high combustion temperatures arevachjgromoting nitrogen oxides

(NOx) and soot formation.

In this sense, strict regulations have been intteduin recent years, to limit
pollutants emissions from CI engines. These linutet represent a challenge for the
research community. Thugresent HD diesel engines require a huge exhatest af
treatment in order to meet emissions regulationsh s EURO VI. These systems are
complex and imply a more expensive engine prodaoctla addition, urea (known
commercially as AdBlue) is needed to reduce NOxnfdions and make possible
meeting the ultra-low NOXx limitation. The use oése elements implies an extra cost in
terms of fuel consumption, due to the penalty satfdrom the DPF regeneration, and

the consumable component urea from the SCR system.

In order to reduce after-treatment and fuel congionpcosts [1], several
advanced strategies have been developed to maihtibenefits of CDC operation,
facing the trade-off between NOx and soot emissanms improving engine efficiency
simultaneously [2,3]. In this sense, many reseaschave focused on low temperature
combustion strategies (LTC), which mitigate the N@wd soot formation while
improves engine efficiency. This can be achieve@ do heat transfer reduction
provided by the premixing between fuel and air Wwhgenerates long ignition delays
and lower bulk gas temperatures. However, due ¢b poemixing, chemicals kinetic

controls the ignition timing and the heat releasstdad of mixing. Therefore, the
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stability of the combustion can be altered and dbetrol of the combustion can be

reduced.

Homogeneous charge compression ignition (HCCI) wiaely investigated by
the research community. This LTC strategy uses peahcharged of fuel and air. The
combustion is dominated by the chemical kinetic ttuéhe ignition, which depends of
the pressure, temperature, equivalence ratio agldpfoperties. HCCI provides higher
or equal thermal efficiency than CDC mode and aehnégluction in terms of NOx and
soot. However, the homogeneous cylinder charge olex a rapid heat release
occurring steeps pressure gradients. As a resilerigine can be submitted under high
engine stress and excessive combustion noise. H@E has been limited up to
partial load [4]. Regarding this limitation, Besstte et al. [5] suggested that HCCI
operation under different conditions would requuoléferent fuel reactivity’s. In
particular, low loads require high fuel reactiviipd higher engine loads require low

fuel reactivity.

Partially Premixed Combustion (PPC) strategiesehaeen deeply studied [6-
10]. PPC is presented with the idea of improving HiGveaknesses in terms of
controllability and knocking by using low reactiyifuels. So, PPC with gasoline allows
controlling better the heat release rate providii@x and soot emissions reduction [11-
12]. By contrast, several fuel combustion studieslenwith different octane number
fuels showed that the higher the research octamebeu (RON), the higher the
unburning problems and dispersion cycle-to-cycleind critical for gasolines with
RON higher than 91. In addition, this problematieaaoverlaps with the area with
major potential of the strategy in terms of NOx aswbt reduction [13-14]. This
resistance to ignite from the gasoline can be takencrease the delay timing. On the

other hand, this characteristic from the gasolirakes difficult to manage when it has
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to be burned at low load. Therefore, diesel igngasier than the gasoline, so it is easier
to burn at low load, requiring higher exhaust gasrculation (EGR) rates while load is

increased [15].

These results provided a detailed study by Pagkt.416], where the effects of
fuel blends formed by diesel and gasolines werglgegtudied. The study states that
the gasoline in the fuel blend provides a reductiordensity, kinetic viscosity and
surface tension, improving the atomization procéssaddition, it provides also high
ignition delays enhancing a more homogeneous Hi@madation. As a result, the trade-
off between NOx and soot is reduced. However, timss&ons in terms of carbon
monoxide (CO) and unburned hydrocarbons (HC) aceeased. While the load is
increased, the fuel blend tends to be moved forwtarca high portion of diesel,
worsening the benefits of this combustion previgusientioned. Regarding these

conclusions, by using different fuels shows higlmbastion improvement potential.

Following that trend, Inagaki et al. [17] studie@IRcombustion controlled by
different ignitability fuels. It achieved low NOxnd smoke emissions. Isooctane fuel
was supplied by a port fuel injector and the didsel was injected directly in the
combustion chamber as ignition trigger. The igmitinigger was able to manage by
modifying the portion of each type of fuel (low aeé number fuel at high load and
high cetane number at low load), in other wordgustthg the reactivity of the fuel
blend. Regarding these hypotheses, Kokjohn efL8].japtized as reactivity controlled
combustion ignition (RCCI) combustion mode, injagtigasoline as a low reactivity
fuel (low cetane number) and diesel as a high inegctuel (high cetane number). Port
fuel injection (PFI) is used for gasoline and diregection (DI) is used for diesel.
Gasoline is injected generating a premixed blendirodnd fuel, included EGR as well.

Then, diesel is injected in one or two injectioAs.the high reactivity fuel is injected,
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added to the conditions at the combustion chandtarts de ignition and derives into
the burning of the premixed energy ratio as wellerEfore, it is possible to create
different fuel blends in order to adjust the contlmms phasing and the rate of heat

release by controlling fuel reactivity [19].

Thus, RCCI operation mode shows a lot of potemiairder to solve the main
problems found at the LTC strategies. In additi®CGCl also provides ultra-low
emissions in terms of NOx and soot simultaneousBaking the trade-off. This is
achieved due to the premixing time, which avoids fbrmation of high equivalence
ratios areas. Moreover, the combustion phasingimdralled by the direct injection of
the high reactivity fuel and the rate of heat reée& governed by the fraction of the

fuels.

Despite the benefits obtained with RCCI concdphbas been appreciated some
relevant challenges. In order to achieve ultra-ld@x and soot emissions at high or full
loads a highly premixed combustion is needed. Thius, maximum RCCI load is
restricted by the high pressure rise rates. In $kisse, it is stated the lack of RCCI
experimental results in those loads. In additiaghHevels of CO and unburned HC
emissions have been stated in the whole engine mapf should be highlighted its
magnification at low loads. Thus, the main objextf the present work is to extend the
RCCI concept to the maximum load without exceediBbgbar/cad as the maximum
pressure rise rate and fulfilling Euro VI soot ad@x limitations. Nonetheless, future
works will be required in order to face the traisitbetween different loads as well as
engine speeds. In particular, the transition frone ¢doad to other load represents a

challenge in terms of combustion stability.

Experimental configuration
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2.1. Test cell and engine description

The experiments presented in this work were comdlictising a fully
instrumented test bench in which was installed géhgine. The engine is a VOLVO
D5K with 4 in-line cylinders and it has been moglifiin order to work the first cylinder
as a single-cylinder diesel engine and the otheyl®ders will work with the stock
configuration. Main specifications of the engine ahown in the Table 1. The engine is
a EURO VI medium-duty diesel engine developed fopan freight distribution
purposes. Despite the engine has been present&d) agl new engine, the after-

treatment system has been removed, and even thetagsure EGR loop.

Table 1. Main specifications of the Volvo D5K dikseagine.

Style 4 Stroke, DI diesel enginé¢

Manufacturer / model

VOLVO / D5K240

OEM EVO calibration

EURO VI

Piston bowl geometry

Re-entrant

Maximum power

177 kW @ 2200 rpm

Maximum brake torque

900NmM@1200-1600 rp

=

Maximum in-cylinder pressure

190 bar

Maximum injection pressure/N°
injections

2000 bar/3

Bore x Stroke

110 mm x 135 mm

Connecting rod length 212.5 mm
Crank length 67.5 mm
Total displaced volume 5100 tm
Number of cylinders 4
Compression ratio (Stock) 17.5:1
Compression ratio tested for RCCI 12.75:1

Regarding the test bench, it is fitted with all #gpiipment necessary to operate
and control as it can be seen in Figure 1. Theupeteund in this test bench is quite
particular because of the hybrid solution developedperate with a single-cylinder
engine. The engine is not a conventional SCE reBeamgine, it is a hybrid between a
multi cylinder engine (MCE) and a SCE. A cylindértloe engine has been isolated and

allows studying it as a conventional SCE. On thkeeothand, the three remaining
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cylinders are driven by the original equipment nfaoturer (OEM ) engine control unit
(ECU) with the aim to balance the cylinder-to-cglen maximum pressure and load.

Similar test cell configurations are found in [2Z13][28].

In Figure 1, it can be seen that the MCE is aldly fastrumented allowing to
have monitored the engine during its operationadidition, the in-cylinder pressure
from both parts of the engine (cylinders numbeend 4) are monitored in real-time in
order to balance the crankshatft forces. Therefaeditions of the MCE were modified
during the studies done at the SCE with the aipréwide similar maximum pressure,
engine load and combustion phasing. It is worthyetaark that, the SCE was the only
part of the engine studied. As one cylinder wasowad from the stock configuration in
terms of air management, EGR system was annulledrtgpensate the part of the inlet
gas at the turbine from the isolated cylinder. disvdone with the aim of preserving the
surge phenomenon in the turbocharger due to adhaokass flow. This compensation
was done with the aim of preserve the potentialdiocharging of the engine by itself
during the test campaign. With the 100% of presswaglable from the turbocharger,
forces along the crankshaft will be compensate@djysting the same indicated mean

effective pressure in both cylinders, number 1 (p&tfl the number 4.
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182 As it has been said previously, SCE is needed tditte®l with a new air

183 management system. This new system represents dke part of the work done to

184  isolate the SCE. Thus, a screw compressor supibleeboost pressure required by the
185  controller and is dried by an air dryer in orderetasure stable intake air conditions.
186  Fresh air is measured by the flow meter and th@assed through a settling chamber to
187 avoid intake engine pulses. As it can be obsemdedure 1, the intake air temperature
188 is controlled in the intake manifold after mixingtivthe EGR flow. EGR is obtained

189  from the exhaust line from the SCE. Therefore, pressure EGR was produced taking
190 exhaust gases from the exhaust settling chambeth&sSCE is isolated, the back
191  pressure produced by the turbine in the stock engineplicated by a valve placed in
192 the exhaust system. This valve controlled the esgure inside the settling chamber.
193  Moreover, the exhaust gases are passed throughGah donditioner before being

194 introduced at the intake manifold. In order to regtie low pressure EGR and to be able

195 to control EGR supply, EGR flow was cleaned witBRF, condensates were removed
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and then it was pressured. It is worthy to note thaas not possible to introduce the
EGR before the screw compressor, so it was needetrtease the EGR pressure over

the intake manifold pressure to introduce the E®BR fn the intake manifold.

The determination of the EGR rate was carried aihgian experimental
measurement of intake and exhaust carbon dioxi@2)€oncentration. The equation
used to determine the EGR concentration is preddrglow. Additionally, the symbols
used are also detailed.

EGR[%] — CO2ipt — COZymp
CO2exn — CO2 4y

¢ CO2,: CO2 concentration measured at the inlet manifold.
¢ COZyn CO2 concentration measured at the exhaust mdnifol

* COZmp CO2 concentration at the ambient. This valuenisoduced by hand to

the analyzer because it its standard in the atneweph

Emissions concentration of NOx, CO, unburned H@akie and exhaust CO2,
and oxygen (O2) were analyzed with a five gas HOMEXA-ONE_D1 EGR analyzer
bench by averaging 40 seconds after attaining gtetede operation. In addition, CO

and unburned HC results were used to obtain thdustion efficiency as[29]:

Comb. Eff = (1 = —) 100 (1)
m

Where HC is the measured unburned hydrocarbonsie@®Ds to the measured carbon

monoxide and mf is the total fuel mass. The umitdtie parameters are g/s.
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An AVL 415S Smoke Meter was used to measure smakegssions.
Measurements were averaged between three samplasloliter volume each with
paper-saving mode off, providing results directlyHSN (Filter Smoke Number) units.
An AVL 415S Smoke Meter was used to measure smekassions. Measurements
were averaged between three samples of a 1 litameeach with paper-saving mode
off, providing results directly in FSN (Filter Sm®kNumber) units. Therefore,
particulate matter measurements of FSN were tramsfd into specific emissions

(g/kWh) by means of the factory AVL calibration.

Regarding the in-cylinder pressure, the signal wasasured with a Kistler
6125C pressure transducer coupled with a Kistl&18a0 charge amplifier. In order to
have a crank angle degree (CAD) reference, it vweesl \a shaft encoder with 1800

pulses per revolution, providing a resolution & GAD.

All sensors, transducers and analyzers were caditbray applying traditional or
manufacturers recommended methods. The table 2 rsHmlow summarizes the

accuracy of the instrumentation used in this work.

Table 2: Accuracy of the instrumentation

Accuracy of the instrumentation used in this work.
Device Manufacturer and Variable measured Accuracy
model
FIEABCISEITS Kistler 6125B In-cylinder pressure +1.25 bar
transducer
Piezoresistive ) Intake and exhaust
Kistler 4045A10 25 mbar
transducers pressure
Thermocouple TC direct Temperature in settling | 2.5 1/C
K Type chambers and intake
manifold
Encoder AVL 364 Crank angle, Engine 10.02 cad
speed
Gas analyzer HORIBA Mexa NOX, CO, HC, CO2, 02 4%
7100DEGR
Smoke meter AVL 415 FSN 10.025
FSN
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Fuel balance AVL 733S Fuel mass flow +0.2%
Air flow meter Elster RVG G100 Air mass flow +.1%

2.2.Test fuels

For the present study, it has been selected reguiapean diesel (EN590) and
regular 95 octane gasoline. This selection was nmadaudy the potential of RCCI with
CR(12.75) and with the commercial fuel which isgbk to find in any petrol station.
Their main properties according to auto-ignitioa ksted in Table3. All the properties

were obtained following RD 1700/2003 which is iragde for the commercial fuels.

Table 3. Physical and chemical properties of tldsfused along this study.

Diesel EN590| 95
Density [kg/mi] (T= 15 °C) 820 720
Viscosity [mrys] (T= 40 °C) 2.00 -
RON [] - 95.0
MON [-] - 85.0
Biodiesel content by volume [%] <0.2 -
Ethanol content by volume [%)] - 5
Cetane number [-] 51 -
Lower heating value [kJ/kg] 42.97 42 .4

The engine was equipped with a mixed injection esysin order to allow RCCI
operation. RCCI requires gasoline injection andselienjection in the same cylinder
and in the same cylinder cycle. The scheme of mijection system used at the test
bench can be observed in Figure 2. The mixed sysieaws varying the in-cylinder
fuel blending ratio and fuel mixture properties &ach engine operating condition. The
engine control is done by a real time National rinsients powertrain control system
with two controllers, combining a field-programmabbate array (FPGA) based
synchronization of the injection, and a periphecaimponent interconnect (PCI)
extensions for instrumentation (PXI) system is uded the in-cylinder pressure

acquisition and processing. The control software waveloped in-house and allows



249  performing transitions between different combustiwodes, and a closed loop control

250 of the combustion characteristics.
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252 Figure 2. Mixed fuel injection scheme.

253

254 From the fuel injection scheme, it is importanntue that there are two types of

255 injector. There are a direct diesel injector arqubg fuel injector. The diesel injector is
256  the genuine of the engine. But for this case, drigsen by the controller developed in-
257 house instead of being driven by the OEM ECU. Maioperties of the diesel injector

258 are presented in Tabid.

259 Table 4. Main characteristics of the diesel injecto
Actuation Type Solenoid
Steady flow rate @ 100 bar [¢fmin] 1300
Number of Holes 7
Hole diameter [um] 177
Included Spray Angle [°] 150
Maximum injection pressure (bar) 2000
260
261 Regarding the port fuel injection (PFI) system, finel circuit was located at the

262 intake manifold. The system used consisted of sévearts in order to provide an
263 injection and the measurements needed for therdustady. Therefore, the port fuel
264 injection system was fitted with a reservoir, alffiger, a fuel pump, a fuel meter, a

265 heat exchanger and a commercially available pettifyector.
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In order to avoid fuel pooling, the injection tirgimvas fixed at 10 CAD after the
inlet valve opening (IVO). Thus, fuel flowed alotige intake manifold crossing the

distance between the PFI location and the intakes\seats.

This injector settings would avoid fuel pooling owbe intake valve and the
undesirable variability cycle-to-cycle produced thys phenomenon. In Table 5 are

presented the main characteristics of the PFI.

Table 5. Main characteristics of the gasoline fuet injector.

Injector Driver Saturated
Steady flow rate @ 3 bar [¢fmin] 980
Included Spray Angle [°] 30
Injection Pressure [bar] 5.5
Injection Strategy Single
Start of Injection Timing 340 CAD ATDC

Both fuels use the same configuration and systemmsdasure the mass flow.
The system used was an AVL733S flowmeter. This fi@ter operates by weighting
with a gravimetrical balance the quantity of fuehigh is introduced in the engine.
Inside the device, there is a volume of 1 literponder to measure the time needed to
empty the fuel. With these parameters, the flowmistable to calculate the mass flow
of fuel used. This type of device decouples thepenmature from the measurement,

being dependent of the fuel density.

RCCI operating strategy and constraints

The aim of this study is to evaluate the poterdfdRCCI in an engine map using
a SCE with a compression ratio of 12.75. In ordestablish a procedure to fulfill the
whole engine map, as wide as possible, it hasvieitba similar procedure described in
[20]. In this study is stated that maximum engio&ds were limited by the pressure rise

rates given during the combustion.
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Moreover, in Figure 3, it can be seen the schered ts drive the experimental
tests and the constraints used to work under R@€lation. Regarding the constraints,
the maximum pressure was imposed by the engine fax@nter. The other constraints
were self-imposed in order to fulfill EURO VI inrtas of NOx (0.4 g/kwh) and soot
(0.01 g/kWh) and to ensure the mechanical integftyhe engine, with a maximum

pressure rise rate (MPRR) of 15 bar/CAD.

To reach stable RCCI conditions
(PRR<15 bar/cad; P <190 bar; CO\I/MEP<4%)

at desired engine load
(PER, Diesel Injection Timing)

!}

To achieve Euro VI NOx and soot limits
(PER, Diesel Injection Timing, EGR)

!

To look for the best consumption
(EGR, Diesel Injection Timing)

PHASE 1

PHASE 2

PHASE 3

Figure 3. Strategy used to conduct the RCCI expartal tests.

Thus, the different phases are defined in Figuréh® idea is to complete the
constraints of each one before passing to the masep Phase 1 is in charge of reaching
stable RCCI conditions in terms of MPRR and maximpressure. Moreover, it
determines the injection timing and the gasoling diesel fraction needed to achieve
the engine load. Second phase is in charge ofgdriRICCI into EURO VI limitations in
terms of NOx and soot emissions. Finally, the ttptdase is used to reduce the fuel
consumption trying to optimize CO and unburned smiss while the combustion

process is improved.

It is worthy to note that CDC and RCCI comparisoa made without considering

the emissions reduction that after-treatment pes/ih CDC mode.
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In table 6 are presented the main settings of thenanagement and the injection
pressure used for all the engine speeds and elugids. Those values have been kept

constant during the test campaign.

Table 6. Air management settings of the testedtpoin

! Intake S
Engine Pressure Intake Exhaust Injection
Load[%] [bar] Temperature[°C]| Pressure[bar]| pressure[bar]
10 1.6 60 1.8 1200
25 1.6 60 1.8 1000
50 2.4 20 2.6 1200
80 3 20 3.2 1400

2.3.In-cylinder pressure signal analysis

The analysis of the combustion was performed witinahouse one-zone model
named CALMEC, which is fully described in [24]. dnder to diagnose the combustion,
CALMEC mainly needs some mean variables (tempezatof the coolant, oil, inlet
manifold and exhaust manifold, EGR and fuel masw flair mass flow, engine speed,

and so on) and the in-cylinder pressure signal.

The pressure traces from 110 cycles were recomentder to compensate the
cycle-to-cycle dispersion during the engine operatiThus, the individual pressure data
of each engine was smoothed using a Fourier serepass filter. After the process of
signal filtering, the collected cycles were ensaméeraged to yield a representative
cylinder pressure trace, which was used to perfili@nanalysis. Then, the first law of
thermodynamics was applied between intake valvsirgdp(IVC) and exhaust valve
opening (EVO), considering the combustion chamlze@@a open system due to the
blow-by and fuel injection. The ideal gas equatainstate was used to calculate the

mean gas temperature in the chamber. In additioa, in-cylinder pressure signal
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allowed obtaining the gas thermodynamic conditiamsthe chamber to feed the
convective and radiative heat transfer models [@5]well as the filling and emptying
model that provided the fluid-dynamic conditionglie ports, and thus the heat transfer
flows in these elements. The convective and radiatnodels are linked to a lumped

conductance model to calculate the wall temperature

The main result of the model used in this work \ilzes rate of heat release
(RoHR), the bulk gas temperature and the maximumssure gradient in the
combustion chamber. Moreover, several parameters walculated from the RoHR
profile. Particularly, the start of combustion (So®as defined as the crank angle
position in which the cumulated heat release rehéhealue of 2% and combustion
phasing was defined as the crank angle positioB086 fuel mass fraction burned

(CA50).

3. RCCI Operational limits

3.1. Low load cases

Figure 4 presents indicated raw emissions and pedoce for the low load
engine cases, in particular for 10% and 25% enigiags. In this sense, nitrogen oxides
(NOx), soot, carbon monoxide (CO) and unburned dwalbons (HC) are presented. In
addition, normalized indicated fuel consumptionHC3, gross indicated mean effective
pressure (IMEP), maximum pressure and pressureaisgPRR) are also shown. Both,
emissions and performance, are directly comparéddass RCCI and CDC operation
modes. EURO VI limits are included in the sub-figsias a reference to be compared. It
is interesting to note that the RCCI results araioled by using a reduced CR (12.75)

and the CDC with the standard CR (17.5).
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349

350 Figure 4. Comparison of emissions and performamteden RCCI and CDC at 10% and 25% loads at
351 different engine speeds

352 Considering NOx emissions, independently on endoasl and speed, it is

353  possible to state that RCCI values are below EURGMtation (0.4 g/kWh) as well as

354 lower than CDC results. This behavior is explaibgd better air fuel mixing and lower
355 temperature for RCCI cases. Thus, observing Figurég can be proved that, when
356 RCCI is operated, the mixing time is increasedhi{igCal0-Eol) and the mixture will
357 become locally leaner than CDC. In addition, theyhnder gas temperature found for
358 RCCI is also lower, in spite of having CA50 cloger TDC, due to less energetic
359 combustion (lower RoOHR peak). As a result, areath viiigh reactivity and high

360 temperature practically disappear and thereforditbg formation is mitigated.

361 Regarding soot emissions, for all engine load grekds, it is worthy to note
362 that all RCCI values fulfill Euro VI limit (0.01 g¥Vh). In addition, lower results than
363 CDC cases are also attained. These trends araimaglby the extra mixing time
364 (CA10-Eol) obtained for RCCI cases compared to C&Cit is shown in Figure 5.
365 This promoted premixing behavior for diesel injeatiimplies a reduction in soot

366 formation and therefore lower soot emissions ahéesed for RCCI cases.
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Figure 5. Combustion phasing (CA50), mixing timeA(@-EOI), rate of heat release peaks (RoHR) and
maximum bulk temperature for 10% and 25% enginddoa

Focusing on carbon monoxide (CO) and unburned flgdbmns (HC), it is
observed that the results are far from Euro VI témat RCCI operation mode.
Additionally, higher results than in CDC operatiare obtained. This trend is more
evident when engine load is decreased. PartigularlCO, RCCI results are explained
due to the difference found at the bulk gas tentpezgpresented in Figure 5. For the
cases with low engine speed, 950 rpm and 1200 rpch 1% engine load, the
maximum bulk temperature is below 1200K, so it does promote the oxidation
process. As a result the higher values of CO eomssare obtained. This CO behavior

with engine speed variation is also found at 258&6llo

In Figure 6 the premixed energy ratio (PER), theREGhe combustion
efficiency, the coefficient of variation of the INFE the number of diesel injections and
the start of injection (Sol) of both, pilot and maijections. rates are presented also for
low load engine cases by operating under RCCI #t loads. As it can be observed in
the figure 6, the premixed energy ratio followsimikr trend observed in the IMEP.
This behavior is due to the fuel burning capalesitiAt 10% load, combustion chamber
has not enough high thermodynamic conditions tairenthe burned of all the gasoline,
resulting in high unburned HC if the premixed erwergtio increases. At 25% engine
load the trend is similar but the values of prerdigeergy ratio are higher. Nonetheless,

once the IMEP is almost constant (between 1500rp@®£m) the premixed energy
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ratio keeps quite constant as well. The trend eleseim EGR rates is explained with
the trend observed on the combustion phasing. Cetitlouphasing is adjusted with the
reactivity of the fuel and with the EGR. As the dmmtion phasing is stable at the same
point from 1500 rpm to 2200 rpm, the EGR decreaddte the premixed energy ratio
remains almost constant ( at 10% is balanced tbkigon of the premixed energy ratio

and the EGR rate).
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Figure 6. Premixed energy ratio (PER), EGR rateffmient of variation of the IMEP, number of
injections and Sol for the pilot and main injecidor 10% and 25% engine load

Regarding unburned HC, it is well stated that this emission correlates with
the amount of gasoline in the fuel blend as welvdh the maximum energy released
during the combustion [23]. In this sense, the &igthe reactivity of the fuel blend
(lower amount of gasoline) and/or the higher thergy released in the combustion, the
lower the HC. Thus, this is confirmed with the unmeed HC measured at 10% and

25% engine loads.

Regarding ISFC measurement and for direct compan$®CCI operation and

CDC results without introducing deviations assamato the lower heating value
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(LHV), the total injected mass for all specific pareters is calculated in grams of diesel

energy equivalent as follows:

LHVGasoline)

m = Mpieser T M ine " (
fuel Diesel Gasoline LHVDiesel

For explaining RCCI ISFC results, it should be sidared CA50, IMEP, bulk
gas temperature, CO and HC. Thus, comparing witle @Bd looking at Figure 5, it is
possible to state that RCCI cases are presentitigr mmbustion phasing (closer to
TDC), lower heat transfer maintaining IMEP (lowerlbgas temperature) which would
imply better ISFC. By contrast, drastically wors® @d HC emissions are attained for
RCCI which would involve an increase in ISFC. Thiasthe 10% load cases seem that
the worsening in the combustion efficiency (CO &hd) has more impact that the
benefit in terms of combustion phasing and heaistea. As a consequence, an increase
in ISFC results is obtained. On the other side 2t load cases, the opposite trend is
attained and therefore better ISFC is presented. cdmplete performance analysis,
observing Figure 4, similar,Bx and PRR values for RCCI cases than in CDC are
obtained. The PRR has been maintained below 1bduhfor all cases, guaranteeing the

mechanical engine integrity.
3.2. Medium and high load cases

As it has been presented in the previous studyhencurrent section, medium
and high loads have been studied for different rengspeeds. Figure 7 presents
indicated raw emissions which contain NOx, soot, @ unburned HC results.
Regarding the engine performance, it has beenhatthito the Figure 7 the maximum
in-cylinder pressure (Pmax), gross indicated mdtecteve pressure (IMEP), pressure

rise rate (PRR) and fuel consumption normalizethleyCDC fuel consumption.



428

429
430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

cDC50% [] cDC80% [] RCCIs0% @ RCCI50% @ EUVI —

30

10 o 25 ;=
s 4 o =15 e =
- -
= = i
Bl o o : r-————--- g b E
3 41 u] 3 o 210 ° f
x [m] m] ° ® m] 8 T I
o 2 <1 D 5 2]
Z 05 o 2 ° = e o o
= oo s"g ~ @ = e o0 § 1 _°_°_ _ _ _
® o ¢ e o ® 0 F G55
0 0 'I T T q |.
LI N S L B B B 950 1200 1450 1700 1950 2200 950 1200 1450 1700 1950 2200
950 1200 1450 1700 1950 2200 950 1200 1450 1700 1950 2200 n [rpm] n [rpm]
n [rpm] n [rpm]
} 5o — — — — — — —
. 2 04 o
< 8 180 =
= g ® ] o [=] ®
O 4 T s T = =% ® S S 10 -
(2 s 2, 16 = S e § S s °
g0 3 < 120 e o s 2
g7 S P a ® = " s . 0 o 3 B ¢
S o £ 100 O © o ©
g_4 n o o o ™ E 5 40 o g m]
5 ® = 3-a 80 40 o A o g O
Z g - 60 1 °
LI N S N — 40 1T L L S B B
950 1200 1450 1700 1950 2200
950 1200 1450 1700 1950 2200 950 1200 1450 1700 1950 2200 950 1200 1450 1700 1950 2200 n [rpm]
n [rpm] n [rpm] n [rpm]

Figure 7. Comparison of emissions and performamterden RCCI and CDC at 50% and 80% loads at
different engine speed

Focusing on NOx emissions, it is seen that whenetigine load is higher, it
becomes to be more critical to fulfill Euro VI litations. Nonetheless, the limit is
accomplished in all the cases. Thus, consideriagttie production engine calibration
implies the use of SCR it can be stated that tigbdri the load, the greater the NOXx
emissions when the engine is operating under CDfditions. So, a drastic reduction is
obtained with RCCI mode in all the values. Thisevaint NOx reduction has been
achieved by using high EGR rates and high premieedrgy ratio. The bulk gas
temperature is only reduced, comparing to CDC mémlesome engine speeds. Thus,
one of the most important factors to provide lowXNE@missions is the mixing time
[27]. The mixing time, as it can be observed inuFgy8, is increased as the engine
speed does. In addition, premixing allows increg&tGR rates without exceeding soot
limits. By increasing the mixing time, the mixtulgecomes more homogeneous
avoiding fuel-rich regions and maximum fuel masacamtration. This combination of
high EGR rates and higher mixing time promotes IBdx and soot formation,

demonstrating that is capable to break the traflexi$ting in CDC mode.
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In soot emissions, CDC fulfills, at medium and ahhengine loads, Euro VI
limitation (0.01 g/kwh). In this sense, RCCI operatis not providing an additional
benefit compared to nominal engine calibration. R&abt results are also below the
limit; nevertheless, the mechanisms which leadhtesé¢ results are different between
both combustion modes. In the CDC case, the higiherload, the higher the in-
cylinder temperature, promoting the soot formatod also the soot oxidation. In these
conditions, the oxidation process mainly goverresgbot balance and therefore the raw
emissions. By contrast, in the RCCI cases, is the doot formation which mainly
governs the low raw emissions. Figure 8 shows ttieaemixing time for the diesel
injected.This extra mixing time avoids local rich equivaleratios, becoming the fuel
blend more homogeneous. This mixture reduces dadistithe soot formation, being

more impressive at high engine speed, as it iepted in figure 7.
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Figure 8. Combustion phasing (CA50), mixing tim®©EOI), rate of heat release peaks and maximum
bulk gas temperature for 50% and 80% engine loads

Considering Figure 7, CO and HC results for RC@spnt similar trends in
both loads independently on the engine speed. Reard far from Euro VI limits as
well as from CDC results. Comparing with low enginads at RCCI operation, it is
observed a great reduction in CO emissions. Thaatgreduction is driven mainly by
the maximum bulk gas temperature reached during dbmbustion; the bulk
temperature has been over 1200K in all cases inmgo€O oxidation process. By

contrast, HC levels are quite similar between lowd anedium loads decreasing for
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high loads. Thus, despite of increasing load impsoihe combustion process providing
higher ROHR peaks and bulk temperatures, the HE@ldexemain similar since the

amount of gasoline injected is also increased. ijuré 9, as literature demonstrates
[28], the higher the gasoline amount, the higher HC measured. As expected, the
lower HC and CO emissions correspond to those engpeeds where the combustion

stability and PRR are the highest (<15 bar/cadlicases).

In Figure 9 is presented premixed energy ratio (PER EGR, the combustion
efficiency, the coefficient of variation of the INFE the number of diesel injections and
the start of injection (Sol) for the pilot and mamections for both RCCI loads. The
trend followed by the premixed energy ratio and H&R are clearly seen in the figure
9. These trends are explained due to the combugtiasing. At low engine speed, the
combustion phasing must be delayed in order toaeddOx emissions. In order to
delay the CA50, the fuel reactivity must be lower€dus, the premixed energy ratio or
the EGR must be increased (or both, depending @h gaarticular situation).
Particularly, at 950 rpm it is not possible to e&se the premixed energy ratio due to
high emissions in terms of CO and unburned HC. Qheengine speed increases, it is
possible to increase the premixed energy ratio evkile EGR rate remains quite
constant. Consequently, CA50 is delayed. This isepked in figure 9 and the

combustion phasing and the emissions are showguaef7 and 8.
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Figure 9. Premixed energy ratio (PER), EGR rateffmient of variation of the IMEP, number of
injections and Sol for the pilot and main injec8dor 50% and 80% engine load.

Despite the worsening on the heat transfer, due hayher rate of heat release
peaks, it is possible to state that indicated ggisumption is improved in almost all
the cases studied. This is mainly due to a betterbuistion phasing (CA50 closer to top
dead center (TDC)) for RCCI compared to CDC openrathode, as it can be observed
at Figure 8. Additionally, similar “U-shape” trerudbserved for the normalized ISFC is
also observed at CO and unburned HC emissions., Ehdsect relationship between
combustion efficiency and ISFC is also demonstrafrdthe other hand, for the highest
engine speed, the ISFC is worsened. This occunsgotei drastically worse combustion
efficiency. The combustion phasing is delayed, careg to the CDC engine. As a
result, as the maximum pressure as the pressweaais (PRR) decreases compared
with the values obtained in other engine speedsngaoed with the CDC operation
mode, the maximum pressure also is decreased. Asnsequence, a reduction is
observed at the bulk gas temperature, in Figuiiéh8refore, as it can be seen in Figure
7, the CO emissions and unburned HC are increasedirming the worsening in the

combustion process.
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From the Figure 7, it is stated that RCCI engingpirag has been possible
reached up to 80% load (load referred to CDC).tAsun be seen, for all cases it is not
exceeded the constraints of PRR < 15 bar/cad amandximum pressure g < 190
bar. This fact implies that is not possible to iattRCCI full load conditions under

current engine configuration.

4. Low load ISFC improvement

As it has been seen in the last results (FigureddFagure 7), a low CR (12.75) allows
fulfilling NOx and soot limits in almost the wholengine map. By contrast, at low
loads, this CR worsens the indicated specific feglsumption (ISFC) independently on
the engine speed provoking also high amounts oB@®OHC. At least for the operation
conditions tested in the previously presented exigifihus, considering the first set of
tests, 10% load cases are especially criticalh#t ibad, the ISFC worsening is around
10% in all engine speeds. For the rest of engiadd@nd speeds (except for 2200 rpm),

the ISFC is improved comparing with CDC mode.

With the aim of improving ISFC at 10% engine lo&dhas been proposed an
additional test procedure [26]. CA50’s obtainedprevious tests (Figure 5) allow
meeting Euro VI limitations in terms of NOx and soMoreover, this combustion
phasing provides a guarantee for the mechanicahermpmponents. Thus, it has been
decided to keep constant the combustion phasingiedlsas main and pilot diesel
injection timings sweeping the EGR rate and thekattemperature. In order to
maintain the combustion phasing constant duringstireeps, the premixed energy ratio

(PER) is adjusted.
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4.1. Sweep operation procedure and analysis

Figure 10 presents two different sweeps which Hasen performed at 1200 rpm
and at 10% engine load. In both sweeps, it is ptegethe normalized indicated fuel
consumption (ISFC) and the emissions in terms obara monoxide, unburned HC,
soot and NOx. Two different procedures have beex.uBhus, for figure 10 left cases,
diesel injections timings and the intake tempemtare maintained constant. So,
different EGR rates and premixed energy ratios Hasen adjusted to guarantee the
same combustion phasing (CA50). For figure 10 trigases, the tests have been
conducted with a similar procedure. For this ctise,EGR rate has been kept constant
instead of the intake temperature. Then, adjustiveg PER, it has been possible to
achieve the CA50 constant along the study. Theafetfte engine settings are constant.

Equivalence ratio has held constant also alongwesps.

------ EURO VI limits
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Figure 10. PER&EGR and Tintake&PER sweep at 12@0apd 10% load

Regarding EGR and PER sweep, 6 steps have beesd.teSbnsidering

emissions in terms of NOx, CO and unburned HCait be observed that all of them
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follow a similar trend. All the emissions, excepbg increase as PER is increased and
EGR is decreased. By contrast, soot emissions realmost constant during all the
study. Fuel consumption has been slightly improvwed,it is not very sensitive with the

EGR and the PER variations.

Focusing at the intake temperature and PER swea&peds have been tested
varying 20 °C the intake temperature. These stapsimply a variation of 15% in the
premixed energy ratio to maintain the CA50. As etee@, as the intake temperature is
increased, the PER also is increased. Considenmgs®ns, as previously stated, all of
them show very low variation. Only NOx emissiofeacly increase as the temperature
and the PER also increase. Soot emissions remaiosticonstant during all the study.
Fuel consumption tends to increase as the intakpdgature is decreased. In addition, a
slight improvement is observed when the intake ®&mampre reaches the maximum

temperature studied.

It can be stated that in the range tested, therbesits are offered by the EGR
and PER sweep. These results indicate that theop@eh to optimize the combustion is

to reduce gasoline and increase EGR.

The same study has been also performed for 1500armn1800 rpm at 10%
load. Both test procedures have been tested. NelesH) only the best fuel
consumption result is presented for each enginedspefigure 10. In both cases, the
combination of EGR rate and gasoline blends maimtgi constant the intake
temperature provides the best results. Thus, urdid 1 is presented the results of the
different sweeps performed in terms of normalizeel tonsumption for all the engine
speeds tested. These results are directly compatiedhe previous results presented in

Figure 4 and corresponding with 10% engine load.
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Figure 11. Comparison of the normalized ISFC fdvlfad.

Despite the benefits demonstrated along the testformed in the study,
compared to previous RCCI results, it does not gresan improvement is ISFC
compared with CDC in any case. So, the consumptorthis low load condition,

continues being a challenge when RCClI is operasetyuow CR.

5. Conclusions

The present study is focused on the RCCI capaslitf a SCE derived from a
serial production EURO VI medium-duty multi-cylinddiesel engine. The SCE has
been fitted with a CR of 12.75 with the aim of exqptg the benefits along the whole
engine map in terms of performance and raw emissidn commercial 95 octane
gasoline was used as a low reactivity fuel and ceroral diesel was used as a high

reactivity fuel. The most relevant conclusions are:

a. A specific engine procedure to ensure mechanighleavironmentatonstraints
has been performed. Thus, the RCCI mapping haslexye¢hat the maximum
load achievable for RCCI operation mode and CR-=§ 2fdlfilling all the
constraints, was 80%.

b. In terms of raw emissions, RCCI combustion is atiemeet EURO VI

limitations in terms of NOx and soot limiting thehaust after-treatment. By
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contrast, high levels of CO and unburned HC werasueed. These levels are
higher at low load, where low reactivity fuel is radalifficult to be oxidized.

c. In terms of normalized fuel consumption, RCCI opiera mode provides an
improvement in fuel consumption from 25% up to 88Agine loads comparing
to the CDC operation mode. By contrast, fuel comstion is worsened at low
load (10%) and in all engine speeds.

d. Regarding the high levels of CO and unburned H€y ghould be after-treated
with a DOC. The low temperature registered at ttieaast gases can reduce the
DOC efficiency considerably, needing bigger systéonghe same engine size.

So, this is still a challenge that the concept &healve.

With the aim of improving fuel consumption, a spiecmethodology has been
developed in order to optimize the combustion pgec low load. In order to perform
these tests, two sweep procedures were developdubth procedures diesel injection
settings and combustion phasing were constant. him first procedure, intake
temperature was also constant, adjusting the pesirgxergy ratio and the EGR rate in
order to maintain the CA50 constant. For the seqmmatedure case, EGR rate was
constant and by modifying the intake temperatured #me PER, the CA50 was

maintained constant during the tests. Thus, the anclusion is:

e. Slight improvement in fuel consumption has beeniendd for the engine
speeds tested, 1200 rpm, 1500 rpm and 1800 rpns fdduction in fuel
consumption has also a reduction in CO and unbuH@demissions. Only in

one case, the fuel consumption is better than i€ ©@peration mode.
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The study has provided these results for steadditons, showing that RCCI
operation mode is a reliable way to meet currenRBUV/I limitations in terms of NOx
and soot. Moreover, is has been stated that ROCbeaextended for almost the whole
engine map without generating mechanical stressdByrast, future work is needed for
optimization in CO, unburned HC emissions, fuelstonption for low engine load and

to perform transient conditions tests.
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ASTM: American Society of Testing and Materials

ATDC: After Top Dead Center

CAD: Crank Angle Degree

CA10: Crank angle at 10% mass fraction burned

CA50: Crank angle at 50% mass fraction burned
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CDC: Conventional Diesel Combustion

Cl: Compression Ignition

CO: Carbon Monoxide

CR: Compression Ratio

DI: Direct Injection

DPF: Diesel Particulate Filter

ECU: Engine Control Unit

EGR: Exhaust Gas Recirculation

EOI: End of Injection

EU: European Union

EVO: Exhaust Valve Open

FPGA: Field-programmable gate array

FSN: Filter Smoke Number

HC: Hydro Carbons

HD: Heavy-Duty

HCCI: Homogeneous Charge Compression Ignition

MCE: Multi cylinder engine

MPRR: Maximum Pressure Rise Rate

IMEP: Indicated Mean Effective Pressure
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ISFC: Indicated Specific Fuel Consumption

IVC: Intake Valve Close

IVO: Intake Valve Open

LHV: Lower Heating Value

LTC: Low Temperature Combustion

MCE: Multi Cylinder Engine

MON: Motor Octane Number

OEM: Original Equipment Manufacturer

ON: Octane Number

PCI: Peripheral Component Interconnect

PER: Premixed Energy Ratio

PFI: Port Fuel Injection

PPC: Partially Premixed Charge

PRR: Pressure Rise Rate

PXI: PCIl eXtensions for Instrumentation

RCCI: Reactivity Controlled Compression Ignition

RoHR: Rate of Heat Release

RON: Research Octane Number

SC: Screw Compressor
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SCE: Single Cylinder Engine

SCR: Selective Catalytic Reduction
SOC: Start of Combustion

SOI: Start of Injection

TDC: Top Dead Center

Appendix

The calibration provided by AVL can be observedhe equation below, resulting soot

emissions in [mg/m3].

mgy 4.95-FSN
=1 . +(0.38-FSN)
So0t [m3] 0405

Once, soot is obtained, it is transformed into\dikby using the following equation.”

g ] _ Soot (%) . (mair : rnfuel) 3.6

S0t |1 1000 1.165 - Ni[kW]

For the rest of the emissions values (NOx, HC a@) @ has been only carried a

transformation of their units from [ppm] to [g/kwh$ it is shown below.

(mair + mfuel) - 1.587
1000 - Ni[kW]

g
kWh

ISNOX[ ] = NOx(ppm) -

Where 1.587 is the molecular weight of NOx.

(mair + mfuel) -0.966
1000 - Ni[kW]

1SCO [ﬁ] = CO(ppm) -

Where 0.966 is the molecular weight of NOx

(mair + Infuel) -0.479
1000 - Ni[kW]

ISHC [ﬁ] = HC(ppm) -

Where 0.479 is the molecular weight of HC.



774  For all these calculations the fuel mass is comsttlas explained in previous reviewer’'s

775 combustion:

LHVGasoline)

Mgye] = Mpjesel T MGasoline (
LI—IVDiesel

776



