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Abstract: Low temperature combustion (LTC) mitigates the nitrogen oxide (NOx) and particulate
matter (PM) trade-off in conventional compression ignition engines. Significant research on LTC using
partially premixed charge compression ignition (PPCI) has typically reduced the compression ratio
of the engine to control combustion phasing and lower peak temperatures. This study investigates
LTC using PPCI with a high-compression-ratio (=21.2) engine by varying fuel injection timing (FIT)
from 12.5◦ to 30.0◦ before top dead center (BTDC) while modulating EGR (0%, 7%, 14%, and 25%).
Advancing FIT led to a gradual rise in the equivalence ratio of the mixture, in-cylinder pressure,
temperature, and rate of heat release due to energy losses associated with ignition occurring before
the end of the compression stroke. PPCI was successfully achieved with minimal performance impact
using a combination of FIT advancements in the presence of high rates of EGR. Specifically, fuel
injected at 25.0◦ BTDC and 25% EGR reduced PM emissions by 59% and total hydrocarbons by
25% compared with conventional FIT (12.5◦) without EGR. Moreover, carbon monoxide and NOx

emissions were comparable across set points. As a result, PPCI using high compression ratios is
possible and can lead to greater thermal efficiencies while reducing emissions.

Keywords: partially premixed compression ignition; ultra-low-sulfur diesel; exhaust gas recirculation;
fuel injection; low temperature combustion; negative temperature coefficient

1. Introduction

Diesel-fueled compression ignition (CI) engines deliver more power and have bet-
ter brake thermal efficiency (BTE) compared with spark ignition (SI) engines, but their
high oxides of nitrogen (NOx) and particulate matter (PM), or soot, are concerning from
the standpoint of environmental pollution and global warming [1]. While aftertreatment
systems are used with CI engines for emission abatement, these systems are relatively
expensive, and their use often lowers fuel efficiency due to the need for treatment after
injections to maintain adequate temperature for the optimal conversion of harmful species
to less harmful products [2]. Therefore, CI engine technology is undergoing continuous ad-
vancement to achieve better fuel efficiency and lower harmful emissions simultaneously [3];
however, understanding combustion in CI engines and the mechanism of NOx and PM
formation becomes important.

CI engine performance and exhaust emissions are influenced by operator behavior and
engine runtime parameters such as fuel injection pressure and timing, speed, and load [4].
At the granular level, combustion performance depends on air–fuel mixture quality and
its spatial distribution in the combustion chamber. Here, the air–fuel mixture quality
is a function of the fuel injection timing (FIT), fuel injection pressure, and compression
ratio (CR) of the engine [5,6], whereas its spatial distribution depends on the piston bowl
and combustion chamber geometry [7,8]. These parameters govern the formation of a
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homogeneous or heterogeneous air–fuel mixture prior to the start of combustion (SOC) and
significantly influence combustion characteristics. For example, a uniformly distributed
homogeneous air–fuel mixture undergoes combustion that is kinetically controlled by the
rate of the reaction with in-cylinder pressure, temperature, type of fuel, and equivalence
ratio being the controlling parameters [9].

Once the required autoignition temperature is achieved, the mixture ignites instanta-
neously without significant temperature and heat flux gradients, resulting in higher flame
temperatures, and with the excess availability of oxygen (O2), a relatively higher combus-
tion efficiency [10]. This phenomenon is alternatively known as pre-mixed combustion.
This combination of higher temperatures and excess oxygen creates ideal conditions for
NOx kinetics to dominate at prime crank angles where nitrogen (inducted into the chamber
with air) combines with oxygen to form nitric oxide (NO), nitrogen dioxide (NO2), and
nitrous oxide (N2O) (a potent greenhouse gas) [11,12]. NOx (a combination of NO and
NO2) is usually formed around the boundary of the fuel spray as depicted in Figure 1.

Energies 2024, 17, x FOR PEER REVIEW 2 of 26 
 

 

and combustion chamber geometry [7,8]. These parameters govern the formation of a ho-
mogeneous or heterogeneous air–fuel mixture prior to the start of combustion (SOC) and 
significantly influence combustion characteristics. For example, a uniformly distributed 
homogeneous air–fuel mixture undergoes combustion that is kinetically controlled by the 
rate of the reaction with in-cylinder pressure, temperature, type of fuel, and equivalence 
ratio being the controlling parameters [9]. 

Once the required autoignition temperature is achieved, the mixture ignites instan-
taneously without significant temperature and heat flux gradients, resulting in higher 
flame temperatures, and with the excess availability of oxygen (O2), a relatively higher 
combustion efficiency [10]. This phenomenon is alternatively known as pre-mixed com-
bustion. This combination of higher temperatures and excess oxygen creates ideal condi-
tions for NOx kinetics to dominate at prime crank angles where nitrogen (inducted into 
the chamber with air) combines with oxygen to form nitric oxide (NO), nitrogen dioxide 
(NO2), and nitrous oxide (N2O) (a potent greenhouse gas) [11,12]. NOx (a combination of 
NO and NO2) is usually formed around the boundary of the fuel spray as depicted in 
Figure 1. 

 
Figure 1. NOx, PM, and CO2 chemistry around a fuel spray inside a CI engine. Adapted from [13]. 

Poor air–fuel mixture quality or spatial distribution leads to a heterogeneous air–fuel 
mixture, forming fuel pockets in the combustion chamber that auto-ignite at dissimilar 
times depending on the local equivalence ratio and energy available. In this scenario, the 
differences in temperature between local conditions and the global chamber are compar-
atively greater due to the gradients in temperature and heat flux. Hence, heterogeneous 
air–fuel combustion is often slower because the energy transport becomes a function of 
the diffusion rate of the gas in the chamber [9]. Alternatively, this phenomenon is called 
mixing-controlled combustion or, simply, diffusion burn. Slower combustion kinetics are 
considered a major cause of relatively higher PM emissions, usually in fuel-rich zones like 
the center of the spray in Figure 1 [13,14]. 

CI engines often operate nonlinearly under both pre-mixed and diffusion combustion 
modes; hence, the simultaneous control of both NOx and PM becomes challenging because 
the mitigation of one species (say NOx) results in the growth of the other species (PM) and 
vice versa. Therefore, research on this NOx–PM trade-off for the simultaneous abatement 
of both species has gained traction over the last couple of decades. The available literature 
shows that low temperature combustion (LTC) and exhaust gas recirculation (EGR) are 
promising prospects [15,16]. Specifically, LTC was theorized and advanced to decrease 
both NOx and PM without compromising engine brake thermal efficiency [17,18]. Under 
LTC, a pre-mixed air–fuel mixture combusts under lean conditions, resulting in lower heat 
transfer losses and a shortened combustion duration, thus improving fuel efficiency and 
lowering emissions, respectively [19]. 

Figure 1. NOx, PM, and CO2 chemistry around a fuel spray inside a CI engine. Adapted from [13].

Poor air–fuel mixture quality or spatial distribution leads to a heterogeneous air–fuel
mixture, forming fuel pockets in the combustion chamber that auto-ignite at dissimilar
times depending on the local equivalence ratio and energy available. In this scenario, the
differences in temperature between local conditions and the global chamber are compar-
atively greater due to the gradients in temperature and heat flux. Hence, heterogeneous
air–fuel combustion is often slower because the energy transport becomes a function of
the diffusion rate of the gas in the chamber [9]. Alternatively, this phenomenon is called
mixing-controlled combustion or, simply, diffusion burn. Slower combustion kinetics are
considered a major cause of relatively higher PM emissions, usually in fuel-rich zones like
the center of the spray in Figure 1 [13,14].

CI engines often operate nonlinearly under both pre-mixed and diffusion combustion
modes; hence, the simultaneous control of both NOx and PM becomes challenging because
the mitigation of one species (say NOx) results in the growth of the other species (PM) and
vice versa. Therefore, research on this NOx–PM trade-off for the simultaneous abatement
of both species has gained traction over the last couple of decades. The available literature
shows that low temperature combustion (LTC) and exhaust gas recirculation (EGR) are
promising prospects [15,16]. Specifically, LTC was theorized and advanced to decrease
both NOx and PM without compromising engine brake thermal efficiency [17,18]. Under
LTC, a pre-mixed air–fuel mixture combusts under lean conditions, resulting in lower heat
transfer losses and a shortened combustion duration, thus improving fuel efficiency and
lowering emissions, respectively [19].
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LTC is categorized into homogeneous charge compression ignition (HCCI), partially
pre-mixed charge compression ignition (PPCI, PCCI, or PPCCI), and reactivity-controlled
compression ignition (RCCI) combustion modes, which have their respective advantages
and disadvantages over conventional diesel combustion (CDC) [20]. Generally, HCCI
mode reduces NOx emissions while achieving high engine BTE; however, the control of
combustion phasing is difficult and limited by the load-speed range due to the significant
pressure rise at high engine loads and potential misfiring at low engine loads [21–23].
In contrast, RCCI employs the injection of a low-ignition-quality gaseous fuel through
the intake port (port fuel injection, or PFI) to enhance the combustion performance of a
direct injected (DI) high-ignition-quality liquid fuel while simultaneously lowering exhaust
emissions. However, RCCI is difficult to implement in the real world because it requires
two separate fuel tanks on board, which increases cost and system complexity [24–28]. In
contrast, the PPCI LTC mode is shown in the available literature to operate in between the
fully pre-mixed HCCI and fully stratified CDC modes, thus exhibiting the advantages of
both [29–32].

The PPCI mode adopts multiple injection strategies, like single or double injection and
varied injection timing, and can be merged with exhaust gas recirculation (EGR), as well as
combustion chamber modification strategies to offer superior combustion control compared
with HCCI, even at higher loads [33–35]. Single- and double-injection strategies combined
with PPCI have shown that single-injection events promote pre-mixed combustion (more
NOx), whereas double injection promotes mixing-controlled combustion (more PM) [36–38].
The implementation of PPCI alone faces two major challenges: (a) the chemical kinetics are
sensitive to in-cylinder pressure, temperature, and charge composition, which leads to the
ignition timing becoming a function of the chemical kinetics, and (b) the fast heat release
from spontaneous compression ignition confines the operating range to lower loads [3,39].
A prior effort by the author involved the variation of fuel injection timing (FIT) in a high-
compression-ratio CI engine operating under PPCI mode [40]. The varying FIT increased
the ignition delay (ID) period and promoted air–fuel mixture homogeneity. This study
showed that the ID period remained relatively constant for most cases considered. The
high CR of the engine pushed the SOC before the completion of the compression stroke.
Moreover, the operation of the engine was restricted to low load conditions to prevent high
in-cylinder pressure rates from combustion before top dead center (BTDC), thus ensuring
engine safety. Therefore, the extension of ID and the expansion of the operating load
conditions become important.

EGR (shown in Figure 2) is often used to do this while also simultaneously reducing
NOx emissions. Since NOx is usually formed at prime crank angles under high temperature
and oxygen-rich conditions, the introduction of EGR into the chamber offsets oxygen and
delays NOx formation [17,41]. Moreover, exhaust gases have heavier molecules, such as
carbon dioxide (CO2) and carbon monoxide (CO), which dilute the charge and remain inert
to the combustion reaction, thus lowering in-cylinder temperatures. By decreasing both the
in-cylinder oxygen concentration and the combustion temperature, it is possible to reduce
NOx emissions [42–50]. Furthermore, the combustion regime can shift to LTC at high rates
of EGR due to the dominance of low-temperature heat release chemical kinetics. This
is an important distinction between LTC and conventional combustion, where chemical
kinetics predominantly lead to a high-temperature heat release [45,51,52]. Utilizing hot EGR
gases also elevates the combustion chamber temperature before SOC, which aids in fuel
atomization by evaporating the injected fuel. EGR is the most common strategy to operate
in the LTC regime with a stable engine operation [53]. However, employing EGR reduces
combustion efficiency and increases brake-specific fuel consumption (BSFC) [42,47,49,54,55].
In addition, increasing the EGR rate reduces the combustion pressure, temperature, and
rate of heat release (ROHR) [46,48,56]. As a result, CO, total hydrocarbons (THCs), and PM
emissions are generally higher when employing EGR [41–49,52,56–58].
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The literature illustrates that varying the FIT in the presence of EGR can help in
reducing the NOx-PM trade-off. LTC can be conducted with the PPCI strategy by obtaining
instantaneous autoignition of a (largely) homogeneous air–fuel mixture by extending the
ID period by modulating the level of EGR and FIT. This approach is applicable for both
biodiesel and ULSD utilized in a CI engine [59]. Other techniques, such as employing fuel
additives [60,61], water injection [62], and emulsions [61], can also assist in achieving LTC.
However, these might not be possible due to restrictions in their practical implementation.
Reviewing the literature finds that a significant missing part is the investigation of varying
the FIT and EGR to attain LTC in a high-compression-ratio engine. Therefore, experiments
using a CI engine with a high compression rate of 21.2 were performed, aiming to achieve
PPCI through FIT modulation and EGR strategies. PPCI was successfully achieved using an
advanced fuel injection timing (25.0◦ BTDC) and a relatively high rate of EGR (25%). Both
PM and THCs were reduced compared with conventional combustion with comparable
CO and NOx emissions and a minimal impact on performance.

2. Materials and Methods

The engine utilized for testing was a single-cylinder naturally aspirated CI engine. The
specifications of the test engine (Yanmar L100V, Yanmar America, Adairsville, GA, USA)
and a schematic of the test bed are in Appendix A Table A1 and Figure A1, respectively. A
stand-alone EGR system capable of dynamically controlling the EGR rate and temperature
was employed [63]. The sensor-measured data were recorded using an in-house built
LabVIEW 2017 program in conjunction with National Instruments compact reconfigurable
input–output (model #cRIO-9014, Emerson, Austin, TX, USA). This program works as an
automated data acquisition software controlled through a laptop computer. The installa-
tion of the in-cylinder pressure transducer, the electronic fuel injection system, and the
engine data acquisition and control interface were completed by a previous student [64]. In
addition, the various sensors and measurement peripherals were set up prior [65]. Details
including part numbers and sensitivity information (when applicable) of the dynamome-
ter, fuel and air measurement systems, emission analyzer, and various sensors used are
described in the dissertation of the first author [66].

The conventional FIT of the engine is 12.5◦ and 12.0◦ BTDC when fueled with ULSD
and biodiesel, respectively, at low and medium load conditions. Before testing, the FTIR
system was calibrated, and the dynamometer was calibrated through an InterLoc dyno
controller. Prior to collecting data, the engine was warmed up until the engine oil tem-
perature and exhaust temperature stabilized (i.e., steady state) with a deviation margin
of no more than 2% in ◦C. The same temperature stabilization criteria were used when
FIT/EGR/torque was changed throughout the course of the test before collecting data. The
data from all peripheral systems and sensors were collected at 1 Hz, and the in-cylinder
pressure was recorded at a crank angle resolution of 0.2◦ CA. All performance data were
collected for 2 min at 1 Hz, and the result presented was the average. Similarly, the emis-
sions from the analyzer were recorded at 1 Hz, and the data presented were the average
over a sampling period of 5 min. Additionally, two measurements of the particulate matter,
each sampled for 60 s through the smoke meter, were collected and averaged.
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Table 1 presents the physical properties of ULSD utilized in this study. Engine oper-
ating load conditions were set to be consistent with earlier works to ensure a normalized
comparison of results [40]. In this prior effort, FIT was advanced from the conventional
12.5◦ BTDC to 35◦ BTDC in steps of 2.5◦. Based on the data collected on the same engine,
the conclusion of this earlier study indicates that a significant deterioration in combustion
performance and emissions occurs for FIT earlier than 30◦ BTDC. Therefore, 12.5◦ BTDC
to 30.0◦ BTDC was selected as the limits for the FIT sweep in the current study. A few
intermittent FIT points were eliminated as the combustion performance and emission
results obtained at these intermittent points were similar and did not add any significant
information to the trends observed (discussed in [17]). Only one variable (for example, FIT)
was varied while keeping the rest of the operating conditions unchanged.

Table 1. ULSD fuel properties [64].

Property ULSD

Density (kg/m3) 839.60 ± 0.01
Kinematic Viscosity (cSt) 2.481 ± 0.001
Dynamic Viscosity (cP) 2.083 ± 0.001
Cetane Number (-) 42.3
Energy Content (kJ/kg) 45,494 ± 44
H/C Molar Ratio 1.80 ± 0.04

With respect to EGR, experiments were conducted to estimate the maximum EGR rate
achievable at low load conditions. EGR is defined as follows:

EGR =
COIn

2 − COAmb
2

COEx
2 − COAmb

2
× 100, (1)

where COIn
2 , COAmb

2 , and COEx
2 are the inlet, ambient, and exhaust carbon dioxide levels,

respectively. It was found that 25% EGR was the maximum attainable EGR rate. The 0%
to 25% span was split into four approximate quarters, and 0%, 7%, 14%, and 25% EGR
rates were selected as the intermediate operating points. This was performed to assist in
identifying any potential differences in combustion performance and emission behavior
with increasing EGR. Table 2 supplies the FIT, EGR, and engine load settings at which
engine performance and emissions data were collected. Since the combustion performance
and emission trends of all three load conditions were similar, only the 1.5 N-m load results
are discussed. The results of the 0.5 N-m and 1.0 N-m tests are given in Appendix A. The
choice of presenting the results using torque ensures consistency with the reporting of
earlier efforts. Graphs of the indicated mean effective pressure (IMEP) are also provided in
Appendix A.

Table 2. Engine operating load conditions and associated EGR and FIT settings.

Target Engine Loads (N-m) FIT (◦ BTDC) Target EGR Rates (%)

0.5, 1.0, and 1.5 12.0, 15.0, 20.0, 25.0, and 30.0 0.0, 7.0, 14.0, and 25.0

A zero-dimensional heat release model was employed to compute thermodynamic
parameters, such as the in-cylinder temperature, ROHR, ID period, and SOC timing [67].
The in-cylinder temperature and ROHR (dQHR/dt) were calculated using the ideal gas law
and the first law of thermodynamics, respectively. The generalized version of the first law
is as follows:

dQHR
dt

=
dUCV

dt
− dQHT

dt
+

dWCV

dt
− ∑

in

.
minhin + ∑

ex

.
mexhex (2)
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This equation includes the change in internal energy (dUCV/dt), heat transfer rate
(dQHT/dt), power (dWCV/dt), and the impact of inlet and exit enthalpy flows while assum-
ing negligible potential and kinetic energies. The ID period and SOC timing were deter-
mined using the second derivative of the in-cylinder pressure, which is a well-established
method in the literature, as discussed by Mattson et al. [67].

Additional performance parameters calculated include the equivalence ratio, brake-
specific fuel consumption, and brake-specific emissions. The equivalence ratio (ϕ) is
determined from the mass flow rates of air (

.
ma) and fuel (

.
mf) as compared with the

stoichiometric air-to-fuel ratio (AFs) of 14.6, as follows:

ϕ =
AFs

.
ma/

.
m f

(3)

The brake-specific fuel consumption (bsfc) is calculated from the fuel flow rate and
brake power (Pb), as follows:

bs f c =
.

m f

Pb
(4)

and the brake-specific emissions (bsxx) are determined from the mass flow rate of emissions
(

.
mxx) and the brake power, as follows:

bsxx =

.
mxx

Pb
(5)

3. Results and Discussion
3.1. Effect of Advancing FIT—Combustion Characteristics

Figure 3 highlights the influence of FIT on the equivalence ratio of ULSD. For the 0%
EGR case, advancing the FIT from the maximum brake torque (MBT) timing (12.5◦ BTDC)
led to a gradual increase in the equivalence ratio for all three load conditions. This was
due to the early onset of combustion and its associated energy loss, as explained in the
following section. EGR rates of 7%, 14%, and 25% showed similar trends of increasing fuel
consumption with advancing FIT.
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The fuel consumed was highest for the 1.5 N-m (Figure 3c) load condition and least
for the 0.5 N-m (Figure 3a) load condition at all EGR and FIT set points considered in
Figure 3. As expected, running at higher loads requires more fuel. At each load, it was
predicted that BSFC would gradually rise with advancing FIT due to an increase in the
level of fuel needed to maintain engine load while heat transfer losses grew. However,
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there is no clear trend noticeable in Figure 4a due to difficulties associated with maintaining
a constant engine torque during the data acquisition period. As depicted in Figure 4b, the
actual engine torque is marginally higher or lower than the required setting (1.5 N-m).
Here, the ultra-lean operating conditions cause combustion variability, hence skewing the
BSFC trends.
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The SOC and ignition delay details presented in Figure 5d also reflect this outcome. 
Since ignition occurs a few degrees before TDC for fuel injected at 15.0° BTDC and earlier, 
the interaction between the compressing piston and the combustion process results in a 
double compression effect. Generally, most of the expended energy is recaptured during 
the expansion stroke. The interaction of the flame with the compressing gases increases 
its interaction with the wall, resulting in combustion flame quenching. In addition, ad-
vancing the SOC timing into the compression stroke gradually increases energy losses 

Figure 4. (a) BSFC and (b) engine torque vs. FIT at 1.5 N-m load condition for all EGR rates
with ULSD.

With respect to performance parameters, advancing FIT generally resulted in a gradual
growth in in-cylinder pressure (Figure 5a), temperature (Figure 5b), and ROHR (Figure 5c)
for the 0% EGR rate. In addition, the timing of the peak in-cylinder pressure (θ-max,Pressure),
temperature (θ-max,Temperature), and ROHR (θ-max,ROHR) happened earlier during the com-
pression stroke while advancing FIT. The values of peak in-cylinder pressure (Figure 6a),
temperature (Figure 6b), and ROHR (Figure 6c) and the corresponding crank angle of maxi-
mum pressure (θ-max,Pressure), temperature (θ-max,Temperature), and ROHR (θ-max,ROHR)
are provided in Figure 6d, Figure 6e, and Figure 6f, respectively, to assist in understanding
these trends. Similar results of advancing θ-max,Pressure, θ-max,Temperature, and θ-max,ROHR
and rising in-cylinder pressure and ROHR with FIT advancement were obtained by other
researchers [48,52,54,57,68]. The ignition timing moves earlier into the compression stroke
as FIT is advanced. This is illustrated through the divergence of the in-cylinder pressure
curve away from the motoring trace.
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The SOC and ignition delay details presented in Figure 5d also reflect this outcome.
Since ignition occurs a few degrees before TDC for fuel injected at 15.0◦ BTDC and earlier,
the interaction between the compressing piston and the combustion process results in a
double compression effect. Generally, most of the expended energy is recaptured during
the expansion stroke. The interaction of the flame with the compressing gases increases its
interaction with the wall, resulting in combustion flame quenching. In addition, advancing
the SOC timing into the compression stroke gradually increases energy losses through heat
transfer. Thus, keeping a constant engine load requires a further fuel addition due to the
combination of energy loss through flame quenching and heat transfer losses. This results
in the higher equivalence ratio observed in Figure 3 and the corresponding in-cylinder
pressure (Figure 6a), temperature (Figure 6b), and ROHR (Figure 6c) growth for FIT events
between 12.5◦ and 25.0◦ BTDC.

Oscillations in the pressure curve signifying CI knock were seen for most set points.
These oscillations were relatively negligible for the 30.0◦ BTDC event, suggesting a gradual
combustion of a comparatively more homogeneous air–fuel mixture (also seen in a prior
work [40]). Here, CI knock was analyzed solely on observed oscillations in the in-cylinder
pressure curve, and no extensive knock analysis was performed. Moreover, the peak in-
cylinder pressure, temperature, and ROHR for the 30.0◦ BTDC event were marginally lower
than those for the 25.0◦ BTDC event (Figure 6a–c). In addition to greater heat transfer losses,
this decline in ROHR seen at 30.0◦ BTDC could be due to (a) transition in combustion from
conventional to LTC or (b) deteriorating combustion efficiency. The emission results and
the comparison of ID versus in-cylinder temperature at the corresponding FIT (presented
later) will assist in making this conclusion.
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Figure 6d highlights a shift in the trend of θ-max,Pressure. As FIT is advanced between
12.5◦ and 20.0◦ BTDC, θ-max,Pressure moves into the compression stroke. It shifts towards
TDC for fuel injected at 25.0◦ BTDC. This is due to the negative temperature coefficient
(NTC) characteristics of ULSD in CI engines, which will be explained in the following
section with the aid of ID versus in-cylinder temperature plots.

The ID marginally reduces as the FIT is advanced between 12.5◦ and 20.0◦ BTDC
(Figure 5d) for the 0% EGR case. The ID period for the 20.0◦ and 25.0◦ BTDC events are
comparable. In general, this suggests that the high CR of the engine (21.2) ensures that
the in-cylinder pressure and temperature when fuel is injected are sufficiently high for
the vaporization and later ignition of the fuel. This is the case even though there is a
reduction in in-cylinder temperature when FIT is advanced between 12.5◦ and 30.0◦ BTDC
(Figure 7a).
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The ID decreases gradually for FIT advancement between 12.5◦ and 25.0◦ BTDC, as
seen in Figure 7b and Table 3. As explained in an earlier work, this is due to the NTC
behavior of ULSD [17,69–72]. Briefly, at high initial temperatures, air–fuel mixtures prefer
a channel propagation pathway, resulting in ignition, followed by a high energy release.
Alternatively, at lower initial temperatures, ULSD prefers a chain branching pathway for its
later ignition. The reactivity of the charge increases during the transition from the channel
propagation to the branch propagation pathways or due to the competition in the two
available pathways. In other words, a temperature window exists in which the decreasing
initial temperature causes an increase in the reactivity of the system. This is called the
NTC region. A lower ID period is a well-known characteristic of air–fuel mixtures in the
NTC region [69–72]. For instance, the ID periods for the fuel injected at 12.5◦ and 15.0◦ are
greater than the 20.0◦ and 25.0◦ events even though temperatures in the cylinder when fuel
is injected are higher for the former events (Figure 7a).

Alternatively, there is a sharp rise in the ID for the injected fuel at 30.0◦ BTDC. This is
also reflected by the SOC trend, which sharply deviates from the (almost) linear pattern
for the 30.0◦ BTDC event (Figure 5d). This shows that the in-cylinder temperature and
pressure conditions in the cylinder when fuel is injected switch the kinetics to a pathway
that has a comparatively lower reactivity. Additionally, the lower in-cylinder pressure at the
corresponding FIT enhances fuel penetration, resulting in possible fuel wall wetting. The
fuel that adheres to the combustion chamber walls (also known as wall wetting) does not
take part in the main combustion process. This can be further proven through incomplete
combustion products (CO and THC emissions), as described in the following section. As
a result, it can be assumed that this extended ID provides the necessary time to create an
air–fuel mixture with better homogeneity as compared with conventional combustion. It is
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imperative to say that the air–fuel mixture for fuel injected at 30.0◦ BTDC is still stratified,
especially, in contrast with the homogeneity of mixtures obtained through PFI systems.

Table 3. Ignition delay period and in-cylinder temperature at the corresponding FIT for all set points
considered at 1.5 N-m load condition.

FIT [◦ BTDC]

EGR Rate 12.5 15 20 25 30

0%

ID [ms]

1.194 (∆) 1.185 1.167 1.167 1.704

7% 1.157 1.130 1.111 1.130 1.685

14% 1.157 1.130 1.093 1.111 1.685

25% 1.176 1.167 1.148 1.111 1.704 (∆)

FIT [◦ BTDC]

EGR Rate 12.5 15 20 25 30

0%
In-cylinder

temperature at
FIT [K]

770.93 767.04 733.98 699.81 651.54

7% 782.21 777.67 742.10 706.93 658.71

14% 784.79 778.74 743.76 710.64 660.12

25% 788.55 781.52 746.39 710.49 661.18

Subsequently, the in-cylinder pressure, temperature, ROHR, SOC, and ID trends for
7% EGR (Figure 8), 14% EGR (Figure 9), and 25% EGR (Figure 10) are comparable with
the no-EGR case. As depicted in Figures 8a, 9a and 10a, analogous to the 0% EGR case,
as FIT is advanced, the magnitude of peak pressure gradually rises for FIT between 12.5◦

and 25.0◦ BTDC. In addition, the combustion pressure declines marginally for 30.0◦ FIT
compared with the 25.0◦ BTDC event. Like the 0% EGR case, θ-max,Presssure (Figure 6d)
moves into the compression stroke between 12.5◦ and 20.0◦ BTDC for the 7%, 14%, and
25% EGR rates. However, θ-max,Pressure shifts towards TDC for the 25.0◦ BTDC for all three
EGR cases. The oscillations in the pressure curve are negligible for the 30.0◦ BTDC events.

Like the combustion pressure, the combustion temperature and ROHR trends for the
7% (Figure 8b,c), 14% (Figure 9b,c), and 25% (Figure 10b,c) EGR cases are comparable with
the 0% EGR case. Combustion temperature (Figure 6b) gradually increased as FIT was
advanced due to the excess fuel injected. This excess fuel is needed to compensate for the
energy loss through heat transfer, double compression effect, and flame quenching to keep
a constant operating load. The combustion temperature and ROHR marginally declined
for fuel injected at 30.0◦ compared with the 25.0◦ BTDC event.
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at 1.5 N-m load condition for 7% EGR with ULSD.
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FIT at 1.5 N-m load condition for 25% EGR with ULSD.

The ID and SOC trends for the 0%, 7% (Figure 8d), and 14% EGR (Figure 9d) cases
were comparable. Recalling the temperatures in the cylinder when fuel was injected,
advancing FIT gradually reduced the temperature for the 7%, 14%, and 25% EGR rates. The
ID decreased with FIT advancement between 12.5◦ and 20.0◦ BTDC. Therefore, a noticeable
temperature window existed, where the decreasing temperature led to a marginal decrease
in the ID period, as seen in Figure 7b. The lowest ID for the 0%, 7%, and 14% EGR cases
was observed for fuel injected at 20.0◦ BTDC.

The lowest ID for the 25% EGR case occurred for FIT at 25.0◦ BTDC. This marginal
difference in the ID shift seen could be due to cyclic variations or caused by a change in
the kinetic behavior in the NTC region due to the presence of excess CO2 and/or due to
the lack of O2. Unfortunately, there are no kinetic studies reported in the literature that
support or reject this theory. Like the 0% EGR case, the ID period stays comparable at 25.0◦

BTDC while increasing significantly at 30.0◦ BTDC for the 7%, 14%, and 25% EGR rates. As
discussed earlier, this is caused by an assumed increase in cylinder wall wetting due to fuel
penetration, which slows down the atomization and ignition process.

3.2. Effect of Increasing EGR—Combustion Characteristics

Increasing the rate of EGR from 0% to 7% led to an approximately 10% rise in equiva-
lence ratio, as shown in Figure 3. This was true for all FIT and load conditions. Similarly,
a further 10% (approximate) rise in the equivalence ratio was seen as EGR was raised
from 7% to 14%. For the 25% EGR set point, there was a sharp increase in the equivalence
ratio seen (between 25% and 28%) compared with the 14% EGR case. In summary, the
equivalence ratio for the 25% EGR case was about 52% to 57% higher than the 0% EGR
set point. The highest equivalence ratio recorded is approximately 0.26 for the 1.5 N-m
load condition with 25% EGR. Therefore, sufficient O2 is still available in comparison with
the amount of fuel injected. Increasing EGR typically leads to an elevated BSFC due to a
growing level of fuel required to meet the engine load [48,51,52,56]. However, the BSFC
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data shown in Figure 4a do not show a specific trend. As discussed earlier, the cyclic
combustion variations of the engine apparently skew the trend of BSFC (Figure 4b).

The in-cylinder pressure, temperature, and ROHR decrease with an increasing EGR
rate (see Figure 5). As the EGR rate increases, the amount of O2 displaced by CO2 and H2O
rises. The general trend of declining combustion temperature, pressure, and ROHR is due
to the following:

1. The excess CO2 and H2O in the intake acts as a diluent (i.e., heat sink) and is mostly
inert, hence reducing the charge reactivity in the combustion chamber.

2. The reduction in the availability of O2 lowers the rate of oxidation of the hydrocarbons,
resulting in lower chemical energy released. Additionally, the released energy is
absorbed by CO2 and H2O since they have a higher heat capacity.

3. Since EGR is relatively hot, the higher temperature when fuel is injected assists with
fuel evaporation and results in a subsequent earlier SOC. Increasing EGR lowers the
ID period, which results in less constant volume-like combustion.

4. Somewhat counterbalancing these effects is the greater equivalence ratio, which
results in a higher adiabatic flame temperature.

As expected, the size of the peak pressure marginally declined for all FIT set points
(Figure 6a) with increasing EGR. The maximum decline in pressure between the 0% and
25% EGR rates was about 6.4% for fuel injected at 12.5◦ and 20.0◦ BTDC (Table 4). The cor-
responding minimum decline was about 2%, as seen for the 30.0◦ BTDC event. Analogous
to the pressure, temperature in the cylinder gradually declines with an increasing EGR
rate for all FIT points (Figure 6b). A maximum in-cylinder temperature decline of 4.2%
was seen at 12.5◦, and a minimum of 2.6% was seen at 30.0◦ BTDC. Overall, the decrease
in pressure and temperature are relatively low. Finally, the ROHR gradually decreases
with increasing EGR for all FITs considered (Figure 6c). The size of decline between the 0%
and 25% EGR rates was relatively high for fuel injected at 12.5◦ (16.9%) and 15.0◦ (15.1%).
Subsequently, for the 20.0◦ and 25.0◦ events, the corresponding decline was only about
8.8% and 6.6%, respectively. For the fuel injected at 30.0◦ BTDC, increasing EGR from 0%
to 25% resulted in a 7.4% decline in the ROHR.

Table 4. Maximum decrease in performance parameters for increasing EGR from 0% to 25% at
1.5 N-m load condition with ULSD.

FIT [◦ BTDC]
Maximum Decrease between 0% and 25% EGR

Pressure [%] Temperature [%] ROHR [%]

12.5 6.4 4.2 16.9

15.0 5.0 3.2 15.1

20.0 6.4 3.6 8.8

25.0 3.5 3.1 6.6

30.0 1.8 2.6 7.4

With respect to ID, the reduction in the reactivity of the system is expected to extend
the ID period with an increasing EGR. On close observation of the ID data presented in
Table 5, the ID period marginally drops (about 3–4%) when the EGR rate is increased from
0% to 7% for all FIT set points. When raising the EGR rate from 7% to 14%, the ID stays
relatively unchanged for FITs of 12.5◦ and 15.0◦ BTDC. Subsequently, the ID decreases by
about 1.6% for fuel injected at 20.0◦ and 25.0◦. By introducing hot EGR gases, the cylinder
temperature at the corresponding FIT slightly rises with an increasing EGR rate for all FIT
set points (Figure 7). This suggests that the rise in the initial temperature of the charge due
to the hot EGR gasses contributes to the reduction in the ID period [10]. In addition, the
amount of fuel injected rises gradually with increasing EGR, resulting in higher adiabatic
flame temperatures, which also reduces the ID.
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Table 5. Ignition delay period for all set points considered at 1.5 N-m load condition for ULSD.

FIT [◦ BTDC]

EGR Rate 12.5 15.0 20.0 25.0 30.0

0%

ID [ms]

1.194 (∆) 1.185 1.167 1.167 1.704

7% 1.157 1.130 1.111 1.130 1.685

14% 1.157 1.130 1.093 1.111 1.685

25% 1.176 1.167 1.148 1.111 1.704 (∆)

For the final bump in the EGR rate from 14% to 25%, the ID marginally increases for
all FIT set points, except for fuel injected at 25.0◦ BTDC, for which the ID stays constant.
This shows that the charge reactivity begins to decline due to the increase in diluents,
such as CO2 and H2O. Comparing the no-EGR case and the 25% EGR setting, the ID is
marginally lower for the 25% EGR case for FITs between 12.5◦ to 25.0◦ BTDC. Finally, the ID
is still relatively constant for fuel injected at 30.0◦ BTDC for all EGR rates with a maximum
difference of 1.1%. This suggests that the lower cylinder pressure at the corresponding
FIT has a dominating effect on the ID compared with the EGR rate. Here, wall wetting at
30.0◦ BTDC due to fuel penetration could contribute to this extension in the ID period, as
indicated in Table 5.

3.3. Effect of Advancing FIT—Emissions

Brake-specific NOx, PM, CO, and THC emissions for the 1.5 N-m load condition
for all FIT and EGR settings are presented in Figure 11. The uncertainty analysis of the
brake-specific emission data was performed and found that the uncertainty was less than
±4.7% for all emission species presented in the 1.5 N-m load condition. In addition, the
uncertainty was less than ±5.4% for all emission species for the 0.5 N-m and 1.0 N-m load
conditions. To aid in the clean presentation of the data, the uncertainty results are not
incorporated into the graphs.
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condition with ULSD.

NOx emissions gradually increase between 12.5◦ and 25.0◦ BTDC, as depicted in
Figure 11a. As discussed earlier, the in-cylinder temperature for these injection events
rises with FIT advancement along with more time for NOx kinetics, hence leading to
elevated NOx generation. Since the maximum equivalence ratio is only about 0.26 for
the 1.5 N-m load condition, abundant O2 is available for NOx production via the thermal
NOx mechanism. However, there is a marginal decline in the NOx emissions for the 30.0◦

BTDC event due to the lower in-cylinder temperature obtained (Figure 6). This can also
be correlated with the rise in the products of incomplete combustion, CO (Figure 11c) and
THC (Figure 11d), for the 30.0◦ BTDC event. Thus, this drop in NOx emissions is also due
to declining combustion efficiency.
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PM emissions declined for the FIT advancement between 12.5◦ and 25.0◦ BTDC, as
shown in Figure 11b. The rising combustion temperature and the lean operating conditions
led to this decrease in PM seen even though the ID decreased, resulting in a slightly more
heterogeneous combustion process. Additionally, PM emissions marginally increased for
the 30.0◦ case as compared with the 25.0◦ event. The NOx and PM emissions for all EGR
rates had the opposite trend as FIT was advanced, hence following the traditional NOx-
PM trade-off. Therefore, advancing FIT alone has no success in alleviating the NOx-PM
trade-off for ULSD.

As the injection timing is advanced between 12.5◦ and 20.0◦/25.0◦ BTDC, THC emis-
sions gradually decrease. As shown earlier, the temperature in the cylinder and ROHR
gradually increases for these set points, aiding in the oxidation of THC. However, THC
marginally rises with further advancement (25.0◦/30.0◦). The relatively lower in-cylinder
pressure and temperature results in fuel wetting at these advanced FITs due to elevated
fuel penetration. Additionally, due to the SOC happening before the end of the compres-
sion stroke, there is an energy loss associated with the double compression effect, flame
quenching, and excess time available for heat loss. To keep the required load condition,
it is necessary to increase the amount of fuel injected. Those fuel droplets adhered to the
combustion chamber walls do not take part in the main combustion event. After a delay,
these adhered fuels separate from the walls, vaporize, and combust during an afterburn
phase. The increase in THC emissions seen is due to the relatively less time available for
the oxidation of these droplets.

Like THC, CO emissions gradually decline for the initial FIT advancement from 12.5◦

to 15.0◦/20.0◦ BTDC. This is from the increasing in-cylinder temperature and ROHR for the
15.0◦ event compared with conventional FIT. However, CO emissions gradually increase
for earlier injection events. It is well documented that CO is the primary byproduct of
HC combustion, which eventually oxidizes to form CO2 [73]. CO oxidation is preferred
only after the completion of HC oxidation and the subsequent disappearance of all HC
species [74]. In other words, HC oxidation inhibits the conversion of CO to CO2. Therefore,
sufficient time is necessary for CO conversion after HC oxidation. The delayed oxidation of
HC in the afterburn phase deters the effective conversion of CO to CO2. Due to this deteri-
orating time availability, CO emissions start to grow at 20.0◦ BTDC injection. Analogous to
THC, there is a significant jump in CO for all EGR cases at 30.0◦ BTDC compared with later
injections. The ID period is relatively longer for the 30.0◦ BTDC event. Again, the shorter
time available for CO2 formation results in elevated CO emissions.

3.4. Effect of Increasing EGR—Emissions

NOx emissions steadily decrease with an increasing EGR rate for all FIT set points
(Figure 11a). As the rate of EGR is increased, O2 is displaced by heavier molecules, such as
CO2 and H2O. These molecules are relatively inert and do not contribute to the exothermic
combustion reaction. Additionally, they function as a heat sink and absorb the released
chemical energy, hence lowering the in-cylinder temperature. The equivalence ratio gradu-
ally rises for high rates of EGR due to the displaced O2. The combustion of relatively richer
mixtures yields elevated adiabatic flame temperatures. Here, the reduction in reactivity
due to the presence of CO2 and H2O dominates, thus resulting in lower NOx emissions
with increasing EGR. Alternatively, as discussed earlier, the lower NOx emissions could be
due to the relatively more uniform distribution of temperature in the combustion chamber.
For this, the air–fuel mixture homogeneity before the SOC must gradually improve with
an increasing EGR rate. The ID period at all FIT set points marginally decreases with
increasing EGR, which suggests a more heterogeneous combustion process. Therefore, the
PM, CO, and THC emission results obtained will provide further information to conclude
that the mixture homogeneity improves with increasing EGR.

PM emissions are formed from the combustion of locally rich air–fuel mixtures
(Figure 11b). Recalling the literature, using high rates of EGR typically results in ele-
vated PM, CO, and THC emissions in the conventional combustion regime due to the
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combination of a lower combustion temperature with associated combustion efficiency
deterioration [43,57]. Most studies that present this a general conclusion run the engine
at relatively higher loads that include both premixed and diffusion burn (i.e., mixing con-
trolled) phases. Incomplete combustion products are relatively higher in the diffusion burn
combustion phase as compared with the premixed burn phase. As explained earlier, the
results presented in this study are for the purely premixed burn phase. Recalling the ID
results presented in Table 3, the ID marginally decreases with the rising EGR rate used. The
ID for the 0% EGR case is the highest for all the FIT set points. However, PM emissions
gradually decline with increasing EGR. In general, PM emissions decrease if the formed
particulates oxidize through high in-cylinder temperatures, sufficient availability of O2,
excess time available for oxidation, and relatively homogeneous and lean air–fuel mixtures
surrounding the flame.

As shown in Figure 6, the peak in-cylinder temperature gradually declines with
increasing EGR. In addition, elevated rates of EGR reduces the O2 availability, as shown
by the growing equivalence ratio (Figure 3). The time available for the oxidation for the
particulates formed is marginally lower for high EGR rates due to the shorter ID period
(Table 3). Therefore, the reducing PM emissions with rising EGR rates is due to mixture
homogeneity improvements and the later combustion of the locally lean air–fuel mixture,
where the maximum equivalence ratio used is 0.26. In this avenue, Lee et al. and Jadhav and
Mallikarjuna suggest that the fuel evaporation rate rises with an increasing EGR rate [75,76].
They discuss that using elevated EGR rates improves the mixture fraction distribution in
the combustion chamber. In addition, studies conducted by Idicheria et al. and Maiboom
et al. indicate that the lift-off length increases with rising EGR rates used [77,78]. Lift-off
length is the distance between the point of fuel injection and a stabilized flame location.
Thus, a longer lift-off length implies that the spatial distribution of the air–fuel mixture
is comparatively more uniform at high rates of EGR. Therefore, a comparatively uniform
distribution of in-cylinder temperature is obtained by the instantaneous combustion of a
relatively homogeneous and locally lean mixture. This results in the simultaneous reduction
in NOx and PM emissions [79,80]. This highlights the successful shift in the combustion
regime from conventional to PPCI using a high-compression-ratio engine. The combination
of the elevated compression ratio used in the presence of EGR aids in reducing the ID and
improving the homogeneity of the air–fuel mixture simultaneously.

For all the EGR rates considered, THC and CO emissions have similar trends. Due to
the differences in the trends seen with FIT variations, the THC and CO emission discussion
with an increasing EGR rate is split into two parts:

(a) Conventional FIT at 12.5◦ BTDC: The rising EGR rate leads to a gradual growth in
THC emissions (Figure 11c). This is due to a combination of declining in-cylinder
pressure, temperature, and ROHR and increasing fuel injection quantity at higher
rates of EGR. Since both NOx and PM emissions decline at higher rates of EGR, the
hot EGR gases help in improving the homogeneity of the fuel. Since the SOC is close
to TDC, and the combustion gases begin to rapidly expand soon after the SOC, the
time available for the oxidation of THC and CO is comparatively less. In addition, the
amount of O2 available declines at high rates of EGR; hence, THC and CO emissions
rise with EGR for fuel injected at 12.5◦ BTDC.

(b) Earlier injection events: The THC and CO emissions for fuel injected between 12.5◦

and 25.0◦ BTDC for the 7% EGR case were marginally higher than those for the no-EGR
setting. Alternatively, further increasing EGR to 14% and 25%, THC and CO emissions
declined for these points. Comparable peak in-cylinder pressure, temperature, and
ROHR were seen for the 7% and 14% EGR rates, as depicted in Figure 6; however, the
decline in the peak performance properties was noticeable for the 25% EGR case. This
suggests that the elevated in-cylinder temperature assists in forming a comparatively
homogeneous mixture. In addition, the ID period for the 14% EGR case is marginally
shorter than that for the 7% EGR case for this FIT. Thus, an earlier combustion onset
supplies more time for THC and CO oxidation, hence lowering emissions. Moreover,
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abundant O2 is available as the air–fuel mixture is lean. As discussed earlier, fuel
penetration appears to intensify for fuel injected at 25.0◦ and earlier for the 0% EGR
case. However, there is a drop in THC for the 25.0◦ injection event for the 14% and
25% EGR cases. This suggests that the fuel evaporation is relatively improved, and the
amount of fuel wall wetting is alleviated for the high EGR cases, hence lowering THC
and CO emissions. The marginal improvement of the homogeneity of the mixture
dominates and aids in lowering the THC and CO emissions. The in-cylinder pressure
and temperature with respect to FIT have a bigger effect on THC and CO emissions
even with high rates of EGR for fuel injected at 30.0◦ BTDC. It appears that CO and
THC emissions were impacted the most by combustion cyclic variations as compared
with PM and NOx emissions.

Data comparing the percentage decrease in brake-specific emissions of the 25% EGR
cases at earlier injection timings with that in conventional FIT without EGR are presented
in Table 6. NOx and PM for the 25% EGR case are lower than the MBT without the EGR
case at nearly all FIT set points (slightly higher NOx for the 25.0◦ BTDC with 25% EGR).
Furthermore, CO emissions are comparable for the 20.0◦ and the 25.0◦ BTDC with the
25% EGR cases (see β in Figure 11c). In addition, THC emissions are lower for all early
injection events with 25% EGR compared with that in conventional FIT with no-EGR (see
α in Figure 11c). Since the NOx and PM emissions for the 20.0◦ BTDC with the 25% EGR
case are lower than that in conventional FIT without EGR (see λ in Figure 11a and δ in
Figure 11b), the NOx-PM trade-off is overcome. The results obtained for fuel injected
between 12.5◦ and 20.0◦ BTDC with 25% EGR represent the LTC regime, and PPCI is
successfully achieved.

Table 6. Percentage decrease in emissions at PPCI set points compared with conventional FIT with
no-EGR for the 1.5 N-m load condition.

FIT [◦ BTDC]
EGR [%]

NOx
[g/kW-h]

PM
[g/kW-h]

CO
[g/kW-h]

THC
[g/kW-h]

12.5◦; 25% 53.872 14.894 −40.919 −20.091

15.0◦; 25% 39.407 3.036 −9.642 9.244

20.0◦; 25% 7.768 40.432 0.152 20.444

25.0◦; 25% −12.592 59.193 −2.408 24.345

4. Conclusions

Due to the difficulties associated with achieving PPCI combustion through FIT ad-
justments alone with a high-compression-ratio engine, PPCI was tested while using EGR.
Experiments were conducted to decide FIT set points and target EGR rates. Based on results
obtained from an earlier study, 12.5◦, 15.0◦, 20.0◦, 25.0◦, and 30.0◦ BTDC were selected
for the FIT sweep trial. Additionally, since the maximum achievable EGR rate at a low
load condition (0.5 N-m) was 25%, intermittent rates of 7% and 14% were selected. The
following are the key conclusions of the results obtained:

1. Effect of advancing FIT:

(a) Advancing FIT resulted in a gradual rise in the fuel amount needed to ensure
a constant engine torque.

(b) The peak in-cylinder pressure, temperature, and ROHR gradually increased
for the advancement in FIT between 12.5◦ and 25.0◦ BTDC. However, these
performance parameters marginally declined for fuel injected at 30.0◦ BTDC
due to the combustion efficiency deterioration.

(c) ID was slightly reduced for FIT advancement between 12.5◦ and 25.0◦ BTDC
as the NTC regime of ULSD was reached. However, the ID period for the 30.0◦

BTDC event was respectively higher. This suggests the limit where the decreas-
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ing in-cylinder temperature and pressure are too low for the instantaneous
atomization and evaporation of the fuel and later ignition.

(d) NOx gradually increased, while PM declined with advancing FIT between
12.5◦ and 25.0◦ BTDC, hence following a traditional NOx-PM trade-off. NOx
emissions declined, and PM grew for the 30.0◦ event. Overall, CO and THC
emissions followed PM emission trends.

2. Effect of increasing EGR:

(a) The equivalence ratio gradually grew with the EGR rate used for all FIT set
points with the 25% EGR case about 52% to 57% higher than the no EGR case.

(b) The peak in-cylinder pressure, temperature, and ROHR declined gradually
with increasing EGR. The excess CO2 and H2O act as a diluent and reduce
the reactivity of the charge in the cylinder, resulting in lower peak values of
the performance parameters. Additionally, the amount of released energy
absorbed by CO2 and H2O due to their higher heat capacity rises at higher
rates of EGR.

(c) The ID period marginally declined with rising EGR, suggesting that the en-
gine’s high compression ratio had a dominating effect on SOC timing. Hot
EGR gases help in reducing the physical delay period.

(d) NOx and PM reduced simultaneously with increasing EGR at most FIT set
points with 20.0◦ BTDC FIT and 25% EGR particularly advantageous with
THC and CO also decreasing. Following the traditional definition, LTC was
achieved through the PPCI method using a high-compression-ratio engine. As
mentioned earlier, the ID with higher rates of EGR is marginally lower than
that in the no EGR case. Hence, EGR aids in forming a relatively homogeneous
air–fuel mixture. This later leads to a comparatively more uniform temperature
distribution in the combustion chamber, resulting in lower NOx emissions.
Additionally, the comparatively more homogeneous mixture formed aids
in lowering PM, THC, and CO emissions at high EGR rates, especially at
advanced FIT set points. The relatively lean nature of the mixture and the
excess time available for the oxidation of THC and CO for advanced FIT
set points ensure lower incomplete combustion products even at high rates
of EGR.

Finally, due to the variance inherent in real-world applications, PPCI efforts such as
those presented here should be subjected to sensitivity studies based on environmental
conditions to understand the entire LTC range possible.
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Nomenclature

BSFC brake-specific fuel consumption
BTDC before top dead center
CI compression ignition
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CO carbon monoxide
CO2 carbon dioxide
CR compression ratio
EGR exhaust gas recirculation
FIT fuel injection timing
H2O water
HC hydrocarbon
ID ignition delay
LTC low temperature combustion
MBT maximum brake torque
N2 nitrogen
NOx nitrogen oxides
NTC negative temperature coefficient
O2 oxygen
PM particulate matter
PPCI partially premixed charge compression ignition
ROHR rate of heat release
SOC start of combustion
THC total hydrocarbon
ULSD ultra-low-sulfur diesel
θ-max,Pressure crank angle of maximum in-cylinder pressure
θ-max,ROHR crank angle of maximum rate of heat release
θ-max,Temperature crank angle of maximum in-cylinder calculated temperature

Appendix A

Table A1. Yanmar single-cylinder engine specifications.

Manufacturer and Model Yanmar L100V

Engine Intake Naturally Aspirated

Fuel Intake Type DI

Cycle 4-Stroke

Number of Cylinders 1

Number of Valves per Cylinder 1 Intake, 1 Exhaust

Bore [mm] 86

Stroke [mm] 75

Displacement [L] 0.435

CR [-] 21.2

FIT [◦ BTDC] 12.5 (ULSD) and 12.0 (BD)

Intermittent Rated Output at 3600 rpm [hp] 9.1

Rated Speed [rpm] 3600

Clearance Volume [m3] 2.161 × 10−5

Connecting Rod Length [m] 0.188

Inlet Valve Closing [◦ ATDC] 122

Exhaust Valve Opening [◦ BTDC] 144

Fuel Injection Pressure [MPa] 47 ± 2

Number of Injectors 1

Injector Holes 6
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