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1 Abstract

The combustion behavior of five full boiling range RON98 gasoline blends
were evaluated for multi-mode operation in a GDI and the CFR octane
rating engine. The GDI engine tests were conducted with stoichiometric
air-fuel ratio in spark-ignition (SI), and with air-diluted homogeneous
charge compression ignition (HCCI) mode. In the CFR engine, the
knocking combustion was analyzed under standard RON testing
conditions at both peak knocking lambda and stoichiometric air-fuel
ratios, whereas compression ignited operation was characterized by

utilizing the HCCl number test protocol. Disparate knock limited Sl and
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HCCI combustion behavior was observed for the test fuels, despite four
of the fuels having the same RON and octane sensitivity. It was found that
knock-limited combustion phasing in the GDI engine did not align well
with the RON. However, a detailed comparison of knock-limited SI
operation in the GDI and CFR engine revealed that a more appropriate
effective RON based on a common knock intensity metric (MAPO) and
stoichiometric  air-fuel ratio resulted in comparable knock
characterization between the two engine platforms. Furthermore, the
critical intake air temperature and the critical compression ratio were
proposed to characterize knock-limited Sl operation, while the minimum
intake air heating and compression ratio were used to define a fuel’s
autoignition propensity for compression ignition operation in the GDIl and
CFR engine, respectively. Finally, each fuel’s characteristic compression
ratio sweeps to obtain knock-limited SI (KLSI) and GCl operation was used
to calculate an effective multi-mode octane number (MM-ON) based on

the primary reference fuel blends.

Keywords: Octane sensitivity, Multi-mode Combustion

2 Introduction

The potential efficiency benefits of homogeneous charge compression
ignition (HCCI) in four stroke gasoline engines were recognized more than
three decades ago [1], [2]. However, it was also acknowledged that the
operational limits of HCCI required switching to conventional gasoline

engine operation to obtain high specific power output. This led to a
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significant amount of research investigating lean part-load combustion
strategies in multi-mode engines [3]-[5]. Concurrently, partially
premixed combustion (PPC) with varying levels of stratification have been
investigated to try and bring full time gasoline compression ignition (GCl)
engines closer to market implementation [6]—[8]. Spark assisted
compression ignition (SACI) or “mixed-mode” combustion has been
shown to enhance combustion control and expand the operating range
of HCCI [9]-[12]. Multi-mode combustion has garnered renewed interest
of late with one vehicle OEM (Mazda) having started production of a
multi-mode engine in early 2019 [13]. Apart from SACI, several other
combustion control strategies have been implemented to enable multi-
mode operation. For HCCl operation the temperature at the end of
compression needs to be high enough to initiate auto-ignition while the
high load Sl operation will be constrained by the onset of knock. A trade-
off therefore exists between compression ratio, intake air heating and/or
use of retained exhaust gas residuals to enable multi-mode operation as

well as combustion mode switching.

Similarly, the gasoline fuel for a multi-mode engine needs to fulfill two
seemingly contradicting requirements. For HCCI operation at low load a
fuel with a high auto-ignition propensity is desired, while the high-load SI
operation demands a fuel with high knock resistance. Historically,
gasoline knock resistance (or conversely, auto-ignition propensity) has
been described by the research octane number (RON) and the motor

octane number (MON) [14], [15]. It has since been shown that octane
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number does not adequately describe knock resistance in modern SI
engines. However, the octane index has been implemented as a practical
means to utilize RON and MON as well as engine operating parameters
to define a more accurate definition of the “octane appetite” in both
modern S| and HCCI engines [16]-[20]. The applicability of the octane
index rests on the premise that the cylinder conditions of the compressed
gas mixture can be related to those attained during the RON or MON test.
Modern charge boosted Sl engines operate at compressed pressures that
are higher than those obtained in the CFR engine under RON conditions.
At the same time, intercooling of the intake charge reduces the
temperature and therefore results in engine operation “beyond RON”
[21]-[23]. Conversely, HCCI engine operation requires high compressed
gas temperatures which generally push the operating range into the
MON or “beyond MON” region [23]. It has therefore been argued that
fuel octane sensitivity (RON-MON) could play a critical role in

characterizing a fuel performance for a multi-mode engine [16].

The stochastic nature of knocking combustion in conventional Sl engines
is well documented [24]-[27], and has been described to follow a
cyclically independent random process [28]—[30]. Knocking operation in
the CFR engine under standard octane rating conditions has conversely
been shown to be very repeatable, practically occurring during each
combustion cycle and resulting with a distinct burn rate profile not akin

to that observed in modern Sl engines [31]-[37].
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The variable compression ratio mechanism of the CFR octane rating
engine has also been leveraged to study compression ignition behavior
of gasoline like fuels. This has been done to study low temperature

chemistry and HCCI fuel rating metrics [38]-[42].

The aim of this study is to evaluate the suitability of gasoline fuels with
high RON and octane sensitivity towards enabling multi-mode operation
in a modern GDI engine. For this purpose, five full boiling range gasolines
with a RON of 98 were investigated. One of the test fuels had a low octane
sensitivity of around 3 while the remaining fuels had a high sensitivity of
around 10, albeit utilizing different chemical classes to generate the
octane sensitivity. A detailed comparison of the combustion behavior
under knock limited spark advance (KLSA) operation in the GDI and RON
rating conditions in the CFR engine was conducted. Furthermore,
autoignition properties of the fuel blends under HCCI combustion were

characterized in the CFR engine and the GDI engine.

3 Apparatus and method

3.1 Experimental Facility

The experimental data used for this study was generated using a single
cylinder gasoline direct injection (GDI) engine and a well-instrumented
Cooperative Fuel Research (CFR) F1/F2 octane rating engine at Argonne
National Laboratory (ANL). A brief description of these devices relevant

to the present investigation is provided here, and the reader is referred
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to previous publications [34], [43], [44] for more details about the

experimental facility and their respective operating procedure.

3.1.1 Gasoline direct injection (GDI) engine

The setup consists of a prototype single-cylinder variant of a state-of-the-
art multi-cylinder light duty gasoline direct injection engine, coupled to
an AC dynamometer to dissipate power at required engine speed.

Pertinent engine specification can be found in Table 1.

Intake air was supplied by an Atlas Copco compressor and throttling was
achieved by using a pressure regulator upstream of the intake surge tank.
A close coupled Osram-Sylvania SureHeat-MAX 6kW electric heater was
used to maintain the desired intake air temperature. Gasoline fuel was
supplied to the DI injector at a constant pressure of 150 bar by a stand-
alone high-pressure fuel delivery system. Air and fuel flow rates were
measured by Micro-motion Coriolis flow meters, and an AVL i60
integrated five-gas analyzer emissions bench was used to measure
exhaust gas composition and thereby calculate engine's operating

equivalence ratio.

Crank angle resolved indicated data was recorded using an AVL 620
Indimodule coupled to an AVL 365X crank angle encoder delivering 0.1
CAD resolution. Cylinder pressure was measured with a Kistler 6125C
piezoelectric pressure transducer, and the intake and exhaust manifold
pressures were measured by Kulite ETL-184A-190M and EWCTV-312(M)

piezo-resistive pressure transducer, respectively. Other auxiliary



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

processes' pressures and temperatures, such as coolant temperature,
were measured by general purpose pressure transducers and
thermocouples through an in-house LabVIEW based data acquisition
system at 1Hz sampling rate. All measurement devices were in calibrated
state as per their respective manufacturer's recommendation at the time

of use.

3.1.2 Cooperative Fuel Research (CFR) engine

In this work, the standard octane rating engine was equipped with state
of the art instrumentation without affecting the engine’s compliance
with the ASTM D2699 RON method, as described in previous publications
by the authors [34], [44]. The standard engine geometry is provided in
Table 1. In addition to the ASTM knock-meter, the engine was also
equipped with an AVL GU13Z-24 spark plug pressure transducer to allow
for the simultaneous detection of high frequency pressure oscillations
during knocking combustion. While the accuracy limitations of spark plug
pressure transducers are well established, a previous study by the
authors showed good correlation to a Kistler 6045 AU20 transducer flush
mounted in the knock meter port under RON test conditions [45]. A
wideband lambda sensor was used to enable accurate control for engine

operation over a range of air-to-fuel ratios.

Table 1: Engine Specification

Parameter GDI Engine CFR Engine
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Combustion Chamber | 4-valve, 2-valve,

40° pent-roof | pancake

Bore x Stroke [mm)] 89.04 x 100.6 | 82.55x114.3

Connecting Rod [mm] | 166.44 254
Displacement [L] 0.63 0.61
12.6:1 & Adjustable
Compression Ratio [-]
15.3:1 4:1-18:1
Valve timings [aTDCf]
Intake open/close -378 /-140 -378 /-140
Exhaust open/close 145 /367 145/ 367
DI, 6-hole,
Fuel delivery Carbureted
solenoid
Inductive Capacitive
Ignition System
discharge discharge

3.2 Test Fuels

In order to better understand the impact of chemical compositional
variety on multi-mode engine combustion, the Co-Optima core research
gasolines designed as part of the Co-Optima Initiative [46] were utilized
for this study. Although the major chemical compositional classes of each
gasoline is diverse, all fuels were formulated to achieve similar research
octane numbers (RON), which facilitate investigation of chemistry

interactions that may differently respond to the auto-ignition
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characteristic under knock-limited SI and compression ignited engine
conditions. The key properties of the fuels are shown in Table 2, with the
detailed chemical compositions and distillation properties given in the
Appendix A. The Alkylate (ALK) fuel consists mostly of saturates resulting
in near-zero octane sensitivity (i.e., the difference between RON and
MON). The remaining four fuels contain approximately 30 volume
percent of major classes - Ethanol (Oxygenates), Aromatics, Olefin and
Naphthenic - identified by E30, A30, O30 and N30, respectively. This
formulation leads to high octane sensitivity, but substantially different

fuel autoignition chemistry.

Table 2: Fuel properties

Property | Method | ALK | E30 | A30 | O30 | N30

RON (R) D2699 | 98.0 | 97.4 | 98.1 | 98.2 | 98.0

MON (M) | D2700 | 96.6 | 86.6 | 87.8 | 838.0 | 87.1

S R-M 14 | 10.8 | 10.3 | 10.2 | 10.9
HoV® 309 | 565 | 412 | 337 | 393
PKL® 0.89 | 0.97 | 0.97 | 0.92 | 0.97

S = Octane sensitivity
PHoV = Heat of vaporization [kl/kg]

°PKL = Peak knock lambda at RON test conditions

3.3 Chemical Kinetic Calculations

The static auto-ignition characteristics of the fuels were used to aid

pressure-temperature analysis of the cylinder charge under knock-
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limited Sl and compression ignited operation. For this purpose, isopleths
of static auto-ignition delay were derived by performing constant-volume
calculations using an advanced kinetic solver, Zero-RK [47] for a pressure
range of 5-80 bar in steps of 5 bar, and 600-1200 K in steps of 20K, for
stoichiometric as well as lean conditions relevant to HCCI operation. The
latest version of a detailed kinetic mechanism for transportation fuels
developed by Lawrence Livermore National Laboratory [48] was used. In
this model, the core chemistry sub-model, CO—C4, is replaced with the
recent Aramco 2.0 mechanism developed by NUI Galway [49], with
updated sub-models for alkanes C5—-C7 [50]-[52], iso-alkane [53], [54],
aromatic compounds [55]-[57] cyclopentane chemistry [58]—[60], and
EtOH chemistry [61]. It has been shown that trace amounts of NO can
have a significant influence on auto-ignition chemistry [62]-[66]. In order
to access the effect of NO under conditions relevant to this study,
additional static auto-ignition delay calculations were performed, for
which, the initial mixture included residual mass fraction determined by
the Fox model [67]. For each fuel, the measured concentration of NO was
used, while all other incomplete combustion products (UHC, CO) were
excluded. The remaining residual mass was prescribed to be a mixture of
complete combustion products (CO2, H20 and N2), coming from a
stoichiometric combustion, determined individually for each fuel

according to the following formulae.
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a
CH,0p + (1 +2- g) (0, + 3.773N,)
—co +aH0+(1+“ ﬁ)3773N
I R 4 2)7 2

H . 0 .
where a = Molarzratlo,ﬁ = MolarEratlo

Mole fraction for complete combustion:

1
co, =
2 T 4773 + 1.44325a — 1.88658
a

H,0 = /2

2° 7 2773 + 1.44325a — 1.88658

3.773 (1 + % - g)

N,

T 4773 + 1.44325a — 1.88658

The effect of NO was only estimated for stoichiometric conditions.

3.4 Experimental procedure

3.4.1 Gasoline direct injection (GDI) engine

Since the engine is not equipped with variable valve timing, a geometric
compression ratio of 12.6:1 was used for SI mode and 15.3:1 was
implemented for HCCI. After engine warm-up, the engine was run in Sl
mode at 1500 rpm, with a stoichiometric air-fuel ratio and 9 bar IMEP
load. This operating condition was chosen in collaboration with industry
partners as a representative knock-limited operating point for a Sl engine
at the chosen compression ratio of 12.6:1. In addition, this load also
closely resembles the operating load of the CFR engine during standard
RON tests, which was useful for the fuel performance comparison

presented in this article. However, due to this similarity, it should be
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noted that the analysis provided in this article mainly relates to naturally
aspirated Sl engine operating at full load, rather than knock limited
operation in a highly boosted Sl engines.The combustion phasing (crank
angle at 50% mass fraction burnt — CA50%) was maintained at 20.5
degree after the firing top dead center (°aTDCf), while sweeping the
intake air temperature from 35 — 75 °C or until a 300-cycle mean knock
intensity, defined as maximum amplitude of pressure oscillation (MAPQ),

of 0.35 bar was reached.

For HCCI operation the intake air temperature and air-fuel ratio were
adjusted until a combustion phasing of 12 °aTDCf and 3 bar IMEP was
reached at 1500 rpm and intake air pressure maintained close to
naturally aspirated at 1.05 bar absolute. The resulting excess air ratio
(defined as actual air-fuel ratio divided by the stoichiometric air-fuel

ratio, lambda, A) was in the range of 3.35 — 3.85.

3.4.2 Co-operative Fuels Research (CFR) engine

The standard ASTM RON testing protocol was followed to characterize
the RON ratings of the test fuels in the CFR engine [14]. This implied that
each fuel was tested at 600 rpm and with a constant spark timing of -13
°aTDCf. While a typical RON test procedure would only require reporting
the knock intensity at peak knocking lambda (PKL) operation, lambda
sweeps were also conducted up to stoichiometry in this case. The
compression ratio, spark timing, intake air pressure and intake air

temperature upstream of the carburetor used during standardPKL
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operation was kept constant throughout the lambda sweep and the

change in knock intensity was recorded.

The HCCI fuel ratings were conducted according to the “MON-like” Lund-
Chevron HCCI number test protocol [48] at 900 rpm. With a fixed intake
temperature of 149 °C and excess air ratio of three (A = 3.4), the
compression ratio was adjusted for each fuel until stable combustion

phasing (CA50) was obtained at 3 aTDCf.

4 Results and discussions

4.1 Multi-mode temperature delta

The applicability of RON and octane sensitivity towards describing the
performance of the test fuels in the multi-mode engine was evaluated by
correlating the RON and MON to the respective knock-limited Sl and HCCI
operation. Fuels with high RON and high-octane sensitivity (RON-MON)
have previously been proposed as suitable for multi-mode SI-HCCI

operation [16], [48].

In Figure 1 the knock-limited combustion phasing (KL-CA50) is shown as
a function of RON. Recall that the knock limit was defined as 0.35 bar
maximum amplitude of the pressure oscillations (MAPO), averaged over
200 consecutive cycles. Despite the fuels having a similar RON of 98,
discernible differences in the knock-limited behavior of up to five crank
angle degrees can be seen. The poor knock resistance of the ALK fuel with

its low octane sensitivity agrees with the octane index framework.
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However, although the remaining test fuels have a similarly high-octane

sensitivity of around ten, significantly different knock-limited behavior

was found.
20
GDI Engine
1500 rpm / 9 bar
19 4 |MAPO: 0.35 bar
IAT: 35 °C B
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Figure 1 Knock-limited combustion phasing (KL-CA50) shown as a function of RON

for the test fuels

This behavior was also replicated when analyzing the knock limited intake
air temperature (KL-IAT), where a temperature difference of up to 40 °C
was found between the test fuels, as shown in Figure 2. In this case the
peak limited intake air temperature is depicted at a constant knock
intensity of 0.35 bar (MAPO). For multi-mode engine operation fuels with
a high KL-IAT need to be considered in order to enable knock-free SI
operation at elevated compression ratios and high residual gas

temperatures at intake valve closing during SI-HCCI transition.
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Figure 2 Knock-limited (0.35 + 0.1) intake air temperature (KL-IAT) shown as a

function of RON for the test fuels

Under low load HCCI conditions the fuel’s autoignition propensity can be
described by the intake air temperature requirement to obtain stable
combustion. The minimum intake air temperature for HCCI operation
(HCCI-IAT) is shown as a function of MON in Figure 3. The MON has been
suggested to be a more suitable method by which a fuel’s performance
under HCCl operation could be characterized, and the intake
temperature conditions required for HCCI operation are relatively close
to the mixture temperature of 149 C prescribed in the MON test
protocol.. Itis perhaps worth highlighting here that the MON method was
originally conceived to replicate the higher cylinder temperature
conditions prevalent in S| engines at the time [68]. While the ALK fuel
with the highest MON did require the highest amount of intake air
heating, discernible differences were noted among the remaining test

fuels, with A30 and 030 being distinct outliers. These observations are
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echoed in a recent study by Szybist and Splitter who noted that highly
aromatic gasoline blends required higher intake air temperatures for GCI

operation, while olefinic blends were more reactive [69].
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Figure 3 Minimum intake air temperature for HCCI operation (HCCI-IAT) shown

as a function of MON for the test fuels

In order to enable knock-free S| operation at high load and stable HCCI
combustion at low load, a fuel with somewhat contrasting autoignition
characteristics is required. A “low temperature sensitivity” is desirable to
prevent knocking operation under S| operation, while a “higher
temperature sensitivity” under compression ignition operation would
ease the transition to HCCl operation. This requirement can be replicated
by the intake air temperature sweep shown in Figure 4, which is defined
as the difference between the maximum knock limited intake air
temperature and the minimum intake air temperature for HCCI

operation. The ALK fuel was found to exhibit the highest intake
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temperature sweep, needing the most intake air heating for HCCI
operation and requiring the lowest air temperature at high load for knock
limited SI operation. Although the remaining fuels have the same RON
and octane sensitivity, discernible differences in the temperature
dependencies for stable low load HCCI combustion and knock-limited

high load SI combustion were found.

220
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Figure 4: A bar plot showing intake air temperature change required for switch
from knock-limited high load Sl operation to low-load compression ignited

operation

As noted earlier, octane sensitivity (RON — MON) at a fixed RON has been
suggested to be a pragmatic method by which a fuel’s performance in a
multi-mode engine could be characterized. Following this argument, the
octane sensitivity of the fuels was plotted against the intake temperature
swing required on the multi-mode GDI engine (Multi-Mode AT) as shown

in Figure 5. While a directional agreement with octane sensitivity could
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be argued for the ALK and the remaining fuels, it should be noted that
the temperature delta among the octane sensitive test fuels was found
to be approximately 25 °C. Meanwhile, the temperature sensitivity

between ALK and A30 was approximately 30 °C.

The intake air temperature for the RON test is controlled to
approximately 52 °C and the mixture temperature for the MON test is
approximately 149 °C. While the compressed temperature conditions
characterize a fuel’s temperature sensitivity to some degree, more
complicated underlying autoignition properties of the fuels are at play,
which are not captured by their octane numbers. In order to gain further
insight, a detailed analysis of the Sl and HCCl operation in the two engine

platforms was conducted as will be discussed next.
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Figure 5: Plot showing correlation between octane sensitivity and Multi-mode

AT,

4.2 Knock-limited Sl operation

4.2.1 Intake temperature sweep in the GDI engine

The impact of intake air temperature on the knock intensity (MAPQO) and
the knock limited CA50 is shown in Figure 6. For the ALK fuel, the knock
intensity limit of approximately 0.4 bar mean MAPO was reached at the
lowest intake temperature of 35 °C, while E30 allowed for the intake
temperature to be swept by a further 40 °C before the knock threshold
was reached at 75 °C. The A30 and N30 fuels displayed similar behavior,
while the 030 fuel was a bit more knock limited at elevated intake air
temperatures. This ranking of the fuels’ knocking behavior was also
evident at 35 °C, where E30 depicted lowest knocking operation while
some knocking cycles were detected for 030 and the knock threshold was

reached for ALK. The cycle to cycle variation in knock intensity increased
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for each of the fuels as the intake temperature was elevated, and the
cyclic variability appears to be consistent among the fuels at their
respective peak intake air temperatures. It is also worth highlighting that
E30 appeared to provide a stronger knock resistance at elevated
temperatures, which has previously been attributed to its higher HoV
[70]. The knock limited combustion phasing CA50 behavior at a constant
knock threshold of 0.35 bar followed the same trends for each of the test
fuels. It is worth noting that the E30 fuel allowed for a significantly more
optimal combustion phasing at 35 °C intake temperature, while this
benefit started to diminish as the intake air was heated. However, at a
fixed combustion phasing of around 19 aTDC, E30 allowed for
significantly higher intake air heating than the remaining octane sensitive
test fuels. Since the autoignition and knock propensity is dependent on
the thermodynamic state of the gas at the end of compression, more
insight may be gleaned from a cylinder pressure and temperature

analysis that will be discussed later.
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Figure 6: Variation of a) knock intensity (mean MAPO) with intake air
temperature as fixed combustion phasing, and b) knock limited combustion

phasing with intake air temperature

4.2.2 Lambda effect on RON in the CFR engine

The RON test rates a fuel’s octane number at “peak-knocking lambda”
(PKL), whereby the equivalence ratio is swept until the peak knock
intensity according to the ASTM knock-meter is found. For most fuels that

excess air ratio (Lambda) is slightly rich of stoichiometric in the region of
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0.88 — 0.95. The respective PKL for the test fuels can be found in Table 2.
A detailed discussion of the impact of the Lambda ratio on the knock-
meter reading and knock intensity measured in terms of the maximum
amplitude of pressure oscillations (MAPO) was presented by Hoth et al.
[44]. These authors presented a method to provide corrected RON
numbers based on the knock meter and MAPO reading at stoichiometric

operation.

The RON values of the test fuels used in this study were re-calculated for
stoichiometric operation in order to provide a more direct comparison to
the knock limited Sl operation in the GDI engine. The corrected numbers
according to the method proposed by Hoth et al. [44] are shown in Figure
7, using both knock intensity (KI) interpolation and critical compression
ratio (cCR) interpolation method. Regardless of the interpolation
method, the effective stoichiometric RON of the ALK fuel reduces by
more than one octane unit, while that of the sensitive fuels are relatively
unchanged. The ALK fuel was also found to be most sensitive to the
interpolation method, resulting in nearly one octane unit difference
between Kl-based and cCR-based rating method. In contrast, E30 was

found to be insensitive to the interpolation method.
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Figure 7: Plot shows correlation between knock-meter based Octane rating at
peak knocking lambda (“Standard” RON) and MAPO-based Octane rating at
stoichiometric conditions on the CFR engine. Octane rating based on
interpolation on knock-intensity space (Kl-based) at fixed compression ratio
(“standard” method), and interpolation on critical compression ratio space (cCR-

based) at fixed knock intensity of 0.6 bar MAPO are shown.

4.2.3 Cyclic knock variability in the GDI and CFR engine

Knocking combustion in SI engines is well known to be a stochastic
process and this behavior is shown in Figure 15. It shows the bivariate
distribution of the knock intensity and combustion phasing. Referring to
the GDI engine data, the distribution of combustion phasing, at nominally
constant CA50 of 20.5 aTDCf is shown to be wide but normally
distributed. While a significant portion of the combustion cycles did not
display any knocking behavior, some cycles with extremely high knock

intensity constrained the knock limited combustion phasing (KLCA50).
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The knock and combustion behavior of the CFR engine is shown to be
significantly more repeatable, displaying a normally distributed behavior
for both combustion phasing and knock intensity, under both PKL and
stoichiometric operating conditions. The knock intensity was found to be
similar between the two equivalence ratios, although a higher knock
occurrence and subsequently earlier combustion phasing can be noted
for the ALK fuel. For the remaining fuels, the equivalence ratio does not
appear to affect the knock or CA50 phasing distribution, with the minor
exception for the N30 fuel with an earlier combustion phasing. This
analysis was extended by comparing the skewness and kurtosis of MAPO
distributions for all operating conditions from the GDI engine (presented
in Figure 6) to the operation in the CFR engine. Overall, the combustion
phasing in the CFR engine is mostly defined by the fixed spark advance of
13 CA bTDC and the critical compression ratio defines the level of knock
intensity. In the GDI engine the relatively high compression ratio of 12.6:1

necessitated a retarded KLSA resulting in a delayed combustion phasing.

4.2.4 Heat release behavior in the GDI and CFR engine

In order to analyze the combustion behavior in the two engine platforms,
a heat release analysis was conducted, as shown in Figure 16. These plots
show the most representative cycle determined by matching IMEP,
CA50% and knock intensity of individual cycles with the sample mean,
using weighing factors of 1, 2 and 4, respectively. As highlighted earlier,
the start of combustion in the GDI engine can be seen to commence after

the end of compression and burn late into the expansion phase. In the
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CFR engine the combustion starts before TDC and centers around 10
aTDCf, leading to a higher rate of heat release than in the GDI engine. It
should be noted that the rate of heat release was normalized here using
totol cycle fuel energy,in order to remove the effect of fuel loading and
engine speed. The heat release rate in the GDI engine was found to be
consistent amongst the test fuels, except for the N30 fuel where a higher
rate was found for the representative combustion cycle. In the CFR
engine the equivalence ratio did not affect the heat release rate greatly,
except for the ALK fuel which can be seen to have an earlier start of
combustion, as previously highlighted in Figure 15. The circular marker
on the cylinder pressure trace indicates the onset of knock. As highlighted
in previous CFR engine studies, the so called “knock point” was defined
as the inflection point in the cylinder pressure, where the onset of
autoignition resulted in an increased burn rate [31], [37]. The knock point
was subsequently shown to closely coincide with the onset of high
frequency pressure fluctuations, indicative of knocking combustion.
While the inflection point in the CFR engine pressure trace can be
identified using a low pass filtered signal, the knock point inflection in the
GDI engine is found more robustly by detecting the onset of high
frequency pressure oscillation. Previous studies have highlighted that the
knock point in the CFR engine can occur at burnt mass fractions of 50 —
80 %, depending on the compression ratio, i.e. octane rating of the fuel
[31], [32]. In modern GDI engines, the quantity of the end-gas undergoing

autoignition is generally only around 10 % .
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To investigate this behavior, the normalized heat release rate is depicted
as a function of mass fraction burnt, as shown in Figure 17. The onset of
autoignition in the CFR engine can be clearly defined by the increase in
the burn rate, which was found to occur around 60 — 70 % of the mass
fraction burnt depending on the fuel. For the E30 and N30 fuel, the
stoichiometric air-fuel mixture appeared to result in an earlier onset of
autoignition, while the equivalence ratio did not play a role for the
remaining fuels. It was notable that the onset of autoignition in the GDI
engine also appeared to occur at a mass fraction burnt of around 70%,
which could be due to the fact that the most representative cycle with

higher-than-average knock intensity was plotted.

4.2.5 Thermodynamic state analysis at knock onset

In order to allow for a more thorough analysis of the thermodynamic
state at the onset of autoignition in the two engine devices, compressed
pressure and temperature maps were constructed as shown in Figure 18.
For each of the fuels, the compressed temperature was estimated
assuming isentropic compression. The gas temperature at intake valve
closing was estimated using the empirical model of Fox et. al. [67]. In
addition, an ignition delay contour map was created using constant
volume chemical kinetic simulations, as described in section 3.3.. Nitrous
oxide (NO) in the residual gas can have a profound impact on the
autoignition behavior of the cylinder charge, as highlighted in recent RCM
[71] and engine studies [62]—-[64]. The ignition delay contours for a

mixture including NO concentration from the residual gas fraction were
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therefore included to study their impact on the ignition delay behavior,
as described in section 3.3. A detailed investigation into the kinetic
behavior of NO is beyond the scope of this study and will be addressed in
a future publication. Furthermore, it should be noted that the impact of
LTHR in the end gas is not considered using the isentropic compression
analysis in this study. Recent studies have highlighted the impact of low
and intermediate temperature chemistry in characterizing knock
behavior [], especially under high load “beyond RON” operation. For the
“near RON” operating conditions under consideration here the impact of
preliminary was deemed to have less of an effect and was subsequently

not included.

Starting with the ALK fuel in the top left, the observations of the fuels will
be discussed in a clockwise manner in Figure 18. For the ALK fuel, one
compression trajectory for the GDI engine is depicted since the knock
limited intake temperature was constrained to 35 °C. The star marker
indicates the ignition point at around 20 bar and 800 K, while the round
markers show the location of CA10 followed by CAS50. The start of
autoignition is demarcated by the blue square marker for the case of the
ALK fuel and lies approximately on the 2 ms ignition iso-tau contours. For
the CFR engine, the black line depicts the stoichiometric operating case,
while the grey trajectory shows the PKL case. The mixture is ignited at
around 12 bar and 680 K, and the combustion midpoint roughly coincides
with the CA10 marker of the GDI engine at around 30 bar and 850 K. For

the stoichiometric case the start of autoignition occurs around 35 bar and
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900 K, while the PKL occurs at a slightly higher pressure. Since the CFR
engine is operating at less than half the speed of the GDI engine, the

knock point correlates with the 4 ms ignition delay isopleth.

For the other fuels, the intake temperature sweep depicted in Figure 6
translates into different compression trajectories in the GDI engine. As
the intake temperature was increased, the compressed temperature at
the time of spark increased as well and could span a range of up to 100
K, in the case of E30. The onset of autoignition meanwhile appeared to
occur at relatively similar temperatures, aligning approximately with the

profile of the isopleth contours.

The impact of NO can be seen to be more pronounced in the negative
temperature coefficient (NTC) region for each of the fuels. This suggests
that NO could therefore have a profound impact on the knocking
behavior in the CFR engine, since the compression trajectories traverse
the NTC region and the onset of autoignition occurs at the cusp of this
region before transitioning into the intermediate temperature regime. It
should be noted that the effect of NO during standard RON conditions
may differ due to operation with slightly rich air-fuel ratios, where both
the static auto-ignition characteristics of the fuel and the effect of NO

may be different.

In order to investigate the impact of rate of compression between the
two engines, the pressure-temperature framework was expanded to

include the time domain as shown in Figure 19. The compression
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trajectories were depicted on a temperature-time and a pressure-time
plane. The NTC temperature band is provided for guidance in order to
discuss the potential impact of low-temperature chemistry during the
compression process. The significantly longer duration of the
compression process for the CFR engine is self-evident. However, it is
interesting to note that the time spent in the temperature range above
700 K and up to the start of autoignition is similar in both engines. As
highlighted in Figure 4, significant differences in the knock-limited intake
temperatures were found amongst the fuels in the GDI engine, although
this behavior was not replicated by the critical compression ratio in the

CFR engine.

4.3 Low-load Compression Ignited Operation in the GDI and

the CFR engine

Compression ignition operation in the GDI engine was achieved by intake
air heating while the compression ratio was adjusted in the CFR engine.
In both cases the compressed gas temperature was elevated until

autoignition was achieved, as will be discussed in more detail here.

4.3.1 Thermodynamic state analysis at CA10

The compression trajectories for the compression ignited operation are
shown in Figure 8. The compression histories for the GDI engine are again
depicted in red, with the fuel specific marker indicating the start of
combustion (CA10). Similarly, black trajectories are implemented for the

CFR engine, with the fuel markers indicating the location of CA10. The
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standard RON and MON trajectories are provided for reference. The ALK
fuel required the highest compressed temperature of around 1150 K,
while 030 ignited at around 1070 K in the GDI engine. The same order of
reactivity amongst most of the test fuels was noted in the CFR engine,
except for E30 which was found to be more reactive in the CFR engine
than in the GDI engine. Since the CFR engine was operating at almost half
the engine speed of the GDI engine, the start of combustion correlates
with a constant ignition delay time of around 2 ms instead of 0.5 ms for

the GDI engine case.

The effect of the compression time can be highlighted by again expanding
the PT-framework into the time domain, as shown in Figure 9. Compared
to the 600 rpm Sl case highlighted in Figure 19, the compression times for
the HCCI cases are closer to those in the GDI engine. The dashed line
provides the approximate NTC region for the test fuels and indicates that

the ‘residence time’ in this region is similar in both engine platforms.
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581 4.3.2 Heat release analysis in the GDI and CFR engine

582 Figure 20 shows representative cycles of the cylinder pressure and heat
583 release rates observed in both engine platforms for all of the test fuels.
584 In the GDI engine the earliest combustion phasing was limited to 12
585

°aTDC in order to avoid excessive combustion noise, while in the CFR
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engine this phasing was controlled to 3 °aTDC with the aid of the
compression ratio, in line with the HCCI number (HCCI#) rating method
described previously [38], [72]. Although the equivalence ratio was fairly
similar between the two engine platforms, the peak rate of heat release
was significantly higher in the GDI engine than in the CFR. It should be
noted here that the heat release rate was again normalized in order to
remove differences due to fuel loading in the two platforms. It is worth
mentioning here that the turbulence intensity in the GDI engine is
expected to be significantly higher than in the CFR engine, due to the
higher engine speed and the intake ports that are designed to generate
tumble. Although the CFR engine is equipped with a swirl inducing
shrouded intake valve, the turbulence level are evidently lower than

those in the GDI engine.
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While appreciable differences were noted in the intake air and
compression ratio requirements for the different test
fuels, the subsequent heat release behavior was found to
be very comparable between the fuels. This behavior is
also depicted in Figure 21, where the normalized heat
release rate is plotted as a function of mass fraction
burnt. Preliminary exothermicity was not noted during

any of the tests.

4.4 Discussion

The deficiencies of the RON and MON method to characterize knock
behavior for modern S| engines are well established. While the octane
index provides a practical method to correct for the thermodynamic
states in current engine designs, the method has its limitations and has
been shown to not be entirely fuel independent [19], [75], [76].
Furthermore, the octane index metric has been shown to break down
when trying to characterize autoignition quality properties for the use in
gasoline compression ignition engines. Since the RON and MON number
characterize a knock intensity rather than autoignition quality, this non-
conformance may perhaps be expected. Of course, knock onset is
inarguably linked to the onset of autoignition, however, the resulting

knock intensity has been shown to be fuel dependent. Furthermore,
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discrepancies between knock intensity and the knock-meter reading

during the standard octane test have also been highlighted.

The detailed combustion analysis of the RON98 fuels under Sl and HCCI
operation further highlights the non-conformance of RON and octane
sensitivity towards characterizing fuel performance in a multi-mode
engine. This is replicated in Figure 10, where the intake air temperature
and compression ratio change are shown for the GDI and CFR engine,
respectively. When comparing the non-octane sensitive ALK fuel to the
remaining test fuels, the octane sensitivity provides a directional
indication of a fuel’s knock resistance and autoignition propensity.
However, significant differences in the critical temperatures for SI and
HCCI operation in the GDI engine were found for four of the test fuels
having the same RON and octane sensitivity. Similar behavior was noted
when analyzing the critical compression ratio for the two combustion

modes in the CFR engine.
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Figure 10 A bar plot showing intake air temperature change or compression ratio
change required to switch from knock-limited SI operation to low-load

compression ignited operation in the GDI and CFR engine.

One of the major differences between the CFR engine operating
conditions and those in conventional S| engines, is the effect of the
equivalence ratio on knocking behavior. The RON 98 fuels investigated in
this study had considerably different octane ratings when corrected for
stoichiometric operation, as was highlighted in 4.2.2. When correcting
the RON for stoichiometric operation and utilizing the MAPO knock
intensity metric, an improved fit with the KL-IAT was found, as shown in

Figure 11.
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Figure 11 KL-IAT in the GDI engine as a function of Stoichiometric MAPO-based

RON obtained from the CFR engine.

The variable compression ratio mechanism of the CFR engine also lends
itself to characterize the autoignition quality in HCCl mode, as discussed
in 4.3. In Figure 12 the minimum intake air temperature in the GDI engine
is shown as a function of the HCCI#. A good correlation was found,
implying that the ranking of autoignition propensity of the fuels is
captured similarly in both engine platforms. This is also in agreement with
the comparison of the minimum intake temperature and critical

compression ratio in the two engine platforms, highlighted in Figure 10.

This GDI Multi-mode AT, as previously shown in Figure 5, is now shown
in Figure 13 as a function of the A-cCR in the CFR engine. This resulted in
a good correlation, indicating that the compression ratio metric captured
the temperature sensitivities in the GDI engine under multi-mode

operation. The critical compression ratio was then converted to an
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664  fuels) as shown in Figure 14, which further improved the correlation.
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5 Conclusion

A detailed analysis of the combustion behavior in the CFR engine and a
multi-mode GDI engine was conducted, and the following conclusions

can be drawn:

e Standard RON, MON and S are insufficient to describe autoignition
behavior in a multi-mode engine

e RON and MON describe a (low pass filtered) knock intensity which,
by its nature, appears to be insufficient to describe autoignition
characteristics under compression ignited operation.

e Correlation between KLSI and RON can be improved by correcting for

stoichiometry and knock intensity metric
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e A critical compression ratio metric for Sl and ACI operation on the
CFR engine appears to show some promise in rating fuels for modern

multi-mode engines
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Figure 15: Bivariate distribution of combustion phasing (CA50%) and knock intensity (MAPO) for operation in the GDI engine at stoichiometric condition (red) and CFR engine at

peak-knock-lambda (blue) and stoichiometric condition (orange)
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Figure 16: Cylinder pressure and heat release rate characteristics in the GDI engine at stoichiometric condition (red) and CFR engine at peak-knock-lambda (blue) and

stoichiometric condition (orange)
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Figure 17: Normalized heat release rate plotted against normalized total heat released for operation in the GDI engine at stoichiometric condition (red) and CFR engine at peak-

Normalized Total Heat Released [-]

(d)

Normalized Total Heat Released [-]

(e)

knock-lambda (blue) and stoichiometric condition (orange)

1.0



Pressure [bar]

(d)

Pressure [bar]

(e)

1200 1200 1200
1100 A 1100 A 1100 A
1000 - 1000 - 1000 -
<. 900 ~ <. 900 ~ <. 900 ~
[ [ [
2 2 2
[l 800 A © 800 - © 800 -
[0 [0 [0
3 E w0l e R R A —
700 - 1 A A= - b -
© i) RS N ——
ALK fuel E30 fuel A30 fuel
600 1 —— GDI-Stoich. %  Spark 600 1 —— GDI-Stoich. %  Spark 600 1 —— GDI-Stoich. %  Spark
500 —— CFR-Stoich. A Knock Point 500 —— CFR-Stoich. A Knock Point 500 —— CFR-Stoich. A Knock Point
----- CFR-PKL ---=+ CFR-PKL ---=+ CFR-PKL
400 T T T T T 400 T T T T 400 T T T T T
0 10 20 30 40 50 60 0 20 30 40 50 60 0 10 20 30 40 50 60
Pressure [bar] Pressure [bar] Pressure [bar]
(a) (b) (c)
1200 1200
1100 1100
1000 + 1000 -
< 900 4 =< 900 -
[ [
2 2
© 800 @ 800
[} [9]
g- g- 700
7004 KT 4 -
e Y
030 fuel N30 fuel
600 —— GDIStoich. %  Spark 600 —— GDI-Stoich.  # Spark
500 —— CFR-Stoich. A Knock Point 500 —— CFR-Stoich. A Knock Point
----- CFR-PKL ----- CFR-PKL
400 T T T T T 400 T T T T
0 10 20 30 40 50 60 0 20 30 40 50 60
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Figure 20: Cylinder pressure and heat release rate characteristics in the GDI engine (red) and the CFR engine (black) under compression ignited low-load operating condition
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Figure 21: Normalized heat release rate plotted against normalized total heat released for operation in the GDI engine (red) and the CFR engine (black) under low-load

compression ignited operation
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Appendix A Test fuel properties

Property Method | ALK E30 A30 | 030 | N30
LHV?® D4809 | 44.52 | 38.17 | 42.95 | 44.07 | 43.21
Distillation
ASTM
10% 93.1 | 60.7 | 59.4 | 77.1 | 55.7
D86
50% 100.3 | 74.3 | 108.1 | 104.3 | 87.4
[°C]
90% 105.9 | 155.2 | 157.9 | 136.2 | 142.7

Composition Information

Aromatic 1 16.1 | 45.8 15 384

Olefin 0.1 5.2 4.1 321 1.5

Total saturates 98.5 | 43.8 | 48.5 | 52.1 | 59.6
ASTM

n-paraffins 2.5 11.1 6.7 9.6 6.9
D6729

i-paraffins 96 255 | 33.9 | 39.6 | 28.7
(Wt%)

Cycloalkanes 0 7.2 7.9 2.9 24

Unidentified 0.4 2.9 1.6 0.8 0.5

Oxygenates 0 32 0 0 0

Carbon ASTM | 83.75 | 74.78 | 87.22 | 85.40 | 87.08
D5291

Hydrogen 15.80 | 13.79 | 13.12 | 14.50 | 13.24
(Wt%)

3LHV — Lower Heating Value [MJ/kg]
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