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Featured Application: The work is applicable in renewable energy and automotive engineering,
specifically for fuel utilization in compression ignition engine to further advance the RCCI mode
for reduced emissions.

Abstract: High unburned hydrocarbon (UHC) and carbon monoxide (CO) emissions, on account
of the premixed air-fuel mixture entering the crevices and pre-mature combustion, are setbacks
to reactivity-controlled compression ignition (RCCI) combustion at a low load. The influence of
direct-injected B5 and port injection of biogas at the intake valve was, experimentally, examined
in the RCCI mode. The port injection at the valve was to elevate the temperature at low load and
eliminate premixing for reduced pre-mature combustion and fuel entering the crevices. An advanced
injection timing of 21° crank angle before top dead centre and fraction of 50% each of the fuels, were
maintained at speeds of 1600, 1800 and 2000 rpm and varied the load from 4.5 to 6.5 bar indicated
mean effective pressure (IMEP). The result shows slow combustion as the load increases with the
highest indicated thermal efficiency of 36.33% at 5.5 bar IMEP. The carbon dioxide and nitrogen oxides
emissions increased, but UHC emission decreased, significantly, as the load increases. However, CO
emission rose from 4.5 to 5.5 bar IMEP, then reduced as the load increases. The use of these fuels and
biogas injection at the valve were capable of averagely reducing the persistent challenge of the CO
and UHC emissions, by 20.33% and 10% respectively, compared to the conventional premixed mode.

Keywords: diesel engine; RCCI combustion; premixed port-injection; port-injection at valve;
oxygenated fuel; biogas

1. Introduction

Reactivity controlled compression ignition (RCCI) is a dual fuel low-temperature combustion
(LTC) mode that adapts an in-cylinder mixing of at least two fuels of different reactivity to manipulate
and improve the combustion phase by stratification [1-4]. The auto-ignition of the high reactivity fuel
(HREF) initiates the combustion while a rise in the temperature and pressure facilitates the burning of
the low reactivity fuel (LRF) [5]. The RCCI combustion concept has turned out to be a promising model
for the upcoming progeny of internal combustion engines, but is still subject to an in-depth study for its
perfection [2,6]. According to Firmansyah et al. [7] the measures taken to address the nitrogen oxides
(NOx) and soot emissions in RCCI resulted in an unacceptable rise in carbon monoxide (CO) and
unburned hydrocarbon (UHC) emissions; hence dual direct injection (DDI) was developed to improve
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the local reactivity index and reduces the amount of fuel entering the crevices as a source of these
emissions. According to Lim and Reitz [8], use of DDI along with the exhaust gas recirculation (EGR)
could extend the RCCI load to a 21 bar indicated mean effective pressure (IMEP), as a consequence
of utilizing the piston geometry and important regions by the two injectors. Achieved also was high
thermal efficiency of 48.7% with a very low NOx and soot emissions. Utilizing a considerable quantity
of the fuel during the first injection timing enables effective control of the combustion by maximizing
evaporative cooling in the squish region as similarly reported in [9]. Despite the achievement of the
DDI technique, an unacceptable rise in the CO and UHC emission still manifested at low load [10].
Evidences in literature show that, over a decade few researchers such as; Lim and Reitz [11], Lim
and Reitz [8], Wissink and Reitz [12], Kavuri et al. [10], Mikulski and Bekdemir [13], and recently
Firmansyah et al. [7] considered the use of dual direct injectors to inject both low and high reactivity
fuels directly into the cylinder with the view to reducing the amount of premixed air-fuel mixture
in the crevice region using gasoline-diesel and natural gas (NG)-diesel in RCCI combustion. The
reduced attractiveness of the DDI technique may attribute to the complexity in the cylinder head
modification posing technical challenges to achieving its maximal utilization and practical examination.
However, Agarwal et al. [14] in their review suggested that more of the techniques on the reduction of
UHC and CO emissions should be on studies. Likewise, Li et al. [4] suggested investigations on the
various injection approaches for more control in RCCI combustion. Therefore, the quest for further
reduction of UHC and CO emission through a simple to achieve, easy to implement and cost-effective
modified port injection approach motivated the research on gaseous LRF injection at the valve, which
aimed at eliminating air-fuel mixing before entering the cylinder, raising the in-cylinder temperature
at low load and reducing the amount of fuel mixture entering the crevices. Comparatively, Figure 1
shows the various LRF delivery methods; conventional premixed port injection [15-17], dual direct
injection [8,10,12,13], and the proposed port injection at the valve for this research. To the best of the
authors” knowledge, this article is the first to report this approach.

HREF direct injector LEF injector LEF injection HEF direct injector

valwve

Premixed port
injection point

LEF direct
injection point
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Figure 1. Comparative methods of low reactivity fuel (LRF) delivery in the reactivity controlled
compression ignition (RCCI) engine: (a) conventional premixed port injection, (b) dual direct injection,
and (c) proposed injection at the valve.

Besides, the benefits of using biodiesel as HREF, in place of conventional diesel in RCCI combustion,
are of utmost importance. Biodiesel offers certain advantages to improve fuel stratification, control
combustion phase, and extend the load in the RCCI engine. According to Gashaw et al. [18] direct
use of biodiesel, produced from vegetable oils, might result in some technical faults. However, the
use of biodiesel blends made ways and has been recording successes since the early 80s [19]; thus,
biodiesel gets mixed with the fossil diesel, to form a mixture, in a given proportion and served as
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HREF [19]. A blend of biodiesel at 20% and below by volume, has less detrimental effects on the
diesel engine and can be used with no or minor modifications [20]. As observed from the literature,
minimal effort was devoted to exploring the benefits of biodiesel blends in RCCI, as; Benajes et al. [21]
studied experimentally, the workability of B7 along with different low reactivity fuels, Isik and
Hiiseyin [22] studied the effects of B10, B20, and B50 in reactivity with the ethanol as LRF while Kalsi
and Subramanian [23] investigated numerically, the performance of B60 and B80 in responsiveness
with hydrogen blended compressed natural gas; thus, the performance of B5, diesel with the 5%
biodiesel as also readily available in Malaysia, is not yet examined in the RCCI mode. However,
Li et al. [4] suggested the use of oxygenated fuel to improved combustion and increased efficiency
in RCCI, hence, the motivation to consider strategies like the use of oxygenated HRF and advanced
injection timing, that enhances the in-cylinder mixing and fuel combustion at light engine load [10,24],
for better performance.

Nevertheless, numerous researches were conducted under RCCI combustion using none gaseous
biofuel and natural gas. Many studies have also underseen the workability of biogas in the compression
ignition engine, under various multi-fuel combustion techniques, with a minimal reference to
RCCI [25-29]. Hence, the motivation to adopt diesel engine with the RCCI combustion mode
for an efficient and hitch-free operation using biogas [30]. The use of biogas, as a fuel, would
reduce the buoyancy of fossil energy and deter its environmental impacts [31]. The production
of biogas is through anaerobic digestion of natural compounds like food waste, animal waste,
and cellulosic biomass [25,27,32]. It is used for cooking, electricity generation, and as a fuel for
vehicles, which constitutes mainly; methane (CHy), carbon dioxide (CO;), and a small percentage of
nitrogen, though there is a considerable amount of objectionable impurities such as hydrogen sulfide,
ammonia, and silicon oxides. These depend upon the biogas sources and could be detrimental to any
thermal conversion device [31,33-38]. Some studies were conducted in RCCI using biogas of various
compositions without taking into consideration the actual form of biomass-based biogas. Wang et
al. [17] investigated the possibility of clean utilization of low-grade biogas having a fraction of 5%
H;, 40% CO, 5% CHy, and 50% Nj. A similar fraction has been reported in another study by Qian et
al. [16]. Kakaee et al. [39] also studied the influence of gaseous fuel composition, 78.2% CHy, 2.31%
CyHg, 0.25% C3Hg, 18.89% Ny, and 0.28% CO,, on the combustion and emissions of the RCCI engine.
The various composition studied in RCCI also motivated the authors to investigate the workability of
biogas having a high CO, fraction; 75% CH,4 and 25% CO, by mole. Therefore, this paper investigated
the characteristics of an oxygenated diesel (B5) along with the biogas injected at the valve to enable
further reduction of the UHC and CO emissions in the RCCI mode.

2. Materials and Methods

2.1. Experimental Set-Up and Measurement

The research was carried out at the Center for Automotive Research and Electric Mobility,
Universiti Teknologi PETRONAS. A single-cylinder, four-stroke, Yanmar diesel engine was modified to
achieve the biogas delivery at the valve for in-cylinder mixing of the fuels. The technical information
on the test equipment is presented in Table 1, while Figure 2 depicted the layout of the engine test
rig. However, this research investigated the effects of direct-injected B5 and port-injected biogas
delivered at the valve on the combustion, performance, and emission parameters. The concept aimed
at eliminating air-fuel mixing before entering the cylinder, though delivered through the air intake
manifold, thereby reducing the amount of mixture entering the crevices. To raise the in-cylinder
temperature, thus reducing the pre-mature combustion at low load (4-7 bar IMEP). An injector holder
and a delivery hose were developed and coupled to the air intake manifold to enable achievement
of the gaseous fuel delivery at the valve for the in-situ mixing of the biogas and B5 in the cylinder.
The delivery hose is a metallic tube of 4 mm inner diameter, connected at the end of the injector with
the aid of the injector holder, through which the biogas was injected and delivered very close to the
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air inlet valve attaining nearly zero mixing rate and eliminated or minimizing the air-fuel mixing
before entering the cylinder; hence, directly offered to the combustion chamber. The delivery hose
was equipped with a gasket at its tip to minimize vibration, avoid direct metallic contact due to valve
movement and enable biogas fuel flow control using intake valve closure. It was assumed that; the air
and biogas maintained a forward flow direction, hence no gaseous fuel backflow to get mixed with the
air before delivery into the cylinder otherwise, the quantity of biogas fuel that might backflow and gets
mixed with the air, was assumed negligible.

Table 1. The technical specification of the test equipment (engine).

Description Specifications
Model L1000V
Type Single cylinder, 4-stroke, air-cooled engine
Bore 86 mm
Stroke 75 mm
Displacement 435 cm?
Compression ratio 20.0£0.3
Fuel injection timing 21° CA BTDC
Continuous Rate Output Engine speed 3600 rpm
Output 6.2 kW
Maximum Rated Output Engine speed 3600 rpm
Output 6.8 kW
Diiesel tank
Fuel  Fuel ==, Weighing scale

pump  filter Data acquisition p
Flow, pressure and temperature :}_[m

PSS | Pressure LEF injection valve |  Pressure sensor
repulator " Gas flow meter . Thesel injector
Air filter e
Air flow, -
meater -
Gas delivery hnge/
Cot off LEF :_'31“ ”
valve injection poin

Gas evlinders Combustion system

Air sampling pump
(PM meter)

Figure 2. An illustration of the engine test rig.

The eddy current dynamometer (DW10, 10 kw, 50 Nm, 13,000 rpm) was used for the measurement
of engine load and speed while a rotary type encoder (E5058-360-3-T-24) was utilized for the crank
angle measurement. The engine used a pressure transducer to detect the pressure inside the cylinder.
A hot-wire airflow meter was used to measure the airflow rate, range: 0-30 m/s, and a pressure sensor,
range: —1 to 1 bar, was also used for the air pressure measurement. A K-type thermocouple, 0 to
1100 °C range, was employed to measure the air temperature. The information on the diesel mass flow
rate and volume were obtained from the data acquisition system through a weighing scale attached to
the engine control unit. However, a Linde HiQ pressure regulator was incorporated to decompress the
biogas pressure to 2 bar, and its mass flow rate was measured using IGO8 R3 Concoa gas flow meter.
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An SPTC AutoChek gas analyzer (M-GS-V1.5 E IC) was also used to measure the NOx, UHC, CO, and
CO;, emissions with an accuracy of 1 ppm, 1 ppm 0.01%, and 0.01% respectively.

2.2. Experimental Procedure

The test was conducted to investigate the engine characteristics at high speed and low load
(4-7 bar IMEP) conditions in a modified approach of port injection at the valve. The manufacturer
recommended operation of the engine at a speed of 2000 rpm and above. A consistent engine speed of
2000 rpm was initially considered based on the manufacturer’s recommendation and varied the load
from the no-load indicated mean effective pressure (4.5 bar IMEP) to maximum capacity (6.5 bar IMEP)
at an interval of 0.5 bar IMEP, which correspond to an increase by 25% engine load. Subsequently,
1600 rpm, 1800 rpm, and 2000 rpm were further investigated in a premixed port injection approach to
ascertain the contribution of the high speed selected in elevating some of the emissions. The research
reported the engine capacity based on the actual indicated mean effective pressures (IMEP) to reflect the
low load range, unlike the usual load percentages. A test was carried out to determine the appropriate
proportions of the dynamometer brake applied and throttle position to achieve the average IMEP
corresponding to the percentage increase in the load for each of the HRFs and speeds selected. Table 2
shows the detailed engine loading with the corresponding percentages of the dynamometer brake
applied and throttle position for the regular diesel and B5 fuels at a speed of 2000 rpm. A B5 diesel
was injected directly as test fuel while the regular diesel was considered a reference. The amount
of direct-injected fuel for the conventional diesel combustion was reduced in such a way that the
remaining amount would serve as a source of ignition and provide some heat to enable an explosion
of the port injected biogas during RCCI combustion. The percentage reduced at each load capacity
is offered in Figure 3a, while Figure 3b shows the analysis of the fuel quantities used for the RCCI
combustion compared to the fractions reduced. The amount of fuel directly injected at every load level
was preliminarily estimated, by running the engine five times under each of the conditions shown in
Table 2 after which the average was taken and considered a direct-injected quantity. This quantity
was maintained as a fraction of 50% for each of the directly injected fuel used, as presented in Table 2.
Initially, the engine has an injection timing of 13° CA BTDC, then a shim of 0.8 mm was removed,
which advanced the injection timing by 8 degrees, as each of the 0.1 mm advanced the injection timing
by 1 deg. Therefore, an advanced injection timing of 21° CA BTDC was considered because early direct
injection timing improves the in-cylinder mixing and fuel combustion at low load [10,24]. The biogas
was premixed port-injected at a full mixing distance of 110 mm from the injector to the air intake valve
position, as premixed distance. A nearly zero mixing distance from the valve position was considered
for the approach of injection at the valve. The biogas fuel was delivered at a constant pressure of 2 bar
while its flow rate was varied with the engine load to ensure a 50% biogas energy fraction for both
fully premixed and port injection at the valve approaches.

Table 2. Preliminarily estimated test parameters, on average, at various load capacities.

. . B5 at HRF LRF
Engine Load Diesel at 2000 rpm 2000 rpm Mass Mass
o IMEP Brake Throttle Brake Throttle
%) (ban) sb (%) (%) (%) %) ® sb ®
0 4.495 + 0.083 22 53 23 53 0.0181 +0.0066 0.0181
25 4.998 +0.092 35 55 36 55 0.0256 +0.0058 0.0256
50 5.520 +0.043 54 57 56 57 0.0347 +0.0051 0.0347
75 6.013 + 0.076 72 59 74 60 0.0408 +0.0073 0.0408

100 6.553 + 0.068 90 61 91 62 0.0499 +0.0021 0.0499
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Figure 3. (a) An estimated percentage of initial direct-injected fuel reduced and (b) analytical mass of
fuel injected at various load capacities and a speed of 2000 rpm.

2.3. Test Fuels

This research investigated the performance of an oxygenated diesel, which is Euro 2M diesel
containing 5% biodiesel, available in Malaysia, as direct-injected test fuel in the RCCI mode. The
Euro 2M diesel, used as a reference, was obtained from the Petronas Research Center. The research
uses low-quality gaseous fuel, as premixed and port-injected LRF, which composed of 75% CH,4 and
25% CO, by mole, to simulate biomass-based biogas fuel. The biogas fuel was obtained from a gas
company, Linde Malaysia. Table 3 presented some properties of the direct-injected fuels, and simulated
biogas used. To the best of the authors” knowledge, this article is first to report the effects of these fuels’
reactivity in RCCI mode.

Table 3. Characteristics of the fuels used for the test.

Properties Biogas Diesel B5-Diesel
Proportion by mole 75% CHy, 25% CO, C10-24
Density (kg/m3) 1.353 820-832 823.45
Lower flammability limit (mol%) 6.1-22.4 0.6-7.5 0.75-4.6
Molecular weight (g/mol) 23.5132 168 174
Specific gravity at 0 °C 1.05 0.85 0.852
Specific volume (mS/kg) 0.739 1.18-1.22
Kinematic viscosity (cSt) 12.74 1.5-5.8 1.5-5.8
Lower heating value (MJ/m?) 26.24 36.0
Cetane number 59.8 62-63
Stoichiometric air-fuel ratio 4.56:1 15.05:1 14.97:1

3. Results

The results of the combustion, performance, and emission mannerism of the engine for B5 as
direct-injected test fuel and diesel as reference fuel along with the biogas as port-injected fuel, are
discussed in this section.

3.1. Effects of Injection at the Valve and Reactivity Fuels on the Combustion Attributes

To examine the combustion attributes of the engine many parameters were studied as
discussed below.
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3.1.1. Analysis of The In-Cylinder Pressure Traces

The B5 fraction was maintained at 50% for the various load conditions, to study its effect as
an oxygenated fuel on the RCCI engine using simulated biogas as LRE. According to Figure 4a, the
pattern of the pressure traces, for B5 and port-injected biogas at the valve, varies as the engine load
increases with the maximum pressure developed at the first peak for all the loads except 6.5 bar IMEP,
which manifested at the second peak. As observed in Figure 4a, the broadness of the pressure curves
increased as the load increased. The increase in the area under the pressure curve signified more work
done during the combustion at higher IMEP. The work output increased by 1.79% as the load increased
to 5 bar IMEP while an extension to 5.5, 6, and 6.5 bar IMEP, relative to no-load condition, increased the
work done by 9.15%, 15.40%, and 26.56% respectively. The more work could attribute to the increase in
the concentration of the methane, which was more combustible in the biogas, as the load increased.
Although there might be an insignificant rapid explosion, the trend in Figure 4a indicated no rise in the
pressure due to an explosion at the early stage of the combustion. This phenomenon could be due to
the reduced amount of B5-diesel injected, for which the ignition could be initiated in some reactivity
pockets causing a delay in the explosion due to its burning. Subsequently, the explosion of the small
amount of B5 might not be significant to cause a sudden rise in the in-cylinder pressure and cause
an explosion of the biogas for the primary combustion without delay. Another reason could be an
insufficient temperature at the early stage of the combustion to cause the rapid explosion as shown in
Figure 5 below. In addition to the delayed eruption of the biogas, the amount of low quality of the
biogas injected also affected the sudden rise in the cylinder pressure developed, especially at lower
engine loads. Figure 4a also portrays that the rise in the second peak increase with the increase in the
engine load as a consequence of more heat generated due to the burning effect of the biogas injected at
the valve. A relatively insignificant rise in the peak manifested at 4.5 and 5 bar IMEP capacity. This
characteristic signifies that the quantity injected at 4.5 and 5 bar IMEP capacity might relatively be
insufficient to cause a significant rise in the second peak of the cylinder pressure. However, extending
the load further resulted in more substantial growth in the second peak due to increased quantity of
biogas burned, though maintained relatively the same fraction. Figure 4a also showed that the second
peak development occurred during expansion as the period in which most of the heat generated could
be due to the burning of LRF in the RCCI combustion. The trends of the pressure development signify
that the combustion of the B5 and biogas injected at the valve was affected by the poor quality of
the biogas used. However, the in-cylinder mixing of the biogas, as a consequence of injection at the
valve, has an insignificant effect on the variation of the pressure traces at 6.5 bar IMEP, as indicated in
Figure 4b. Similar trends of the pressure traces were, also, observed at other load capacities. As seen
in Figure 4b, the biogas injection at the valve resulted in higher in-cylinder pressure at the first peak
compared to premixed mode. It is because the heterogeneity of the charge mixture facilitates more
stratification of the methane compound causing early burning of the biogas. However, the combustion
of B5 and biogas injected at the valve produces more negative temperature coefficient, which affects the
progression of the pressure development before attaining peak stage contrary to that of the premixed
port-injected biogas. Retarded combustion phase could be another factor that affects the cylinder
pressure development [40]. Figure 4b further shows that both B5 and traditional diesel fuels indicated
similar patterns of the in-cylinder pressure developed, though there were slight differences at various
crank angle positions, under 6.5 bar IMEP. However, the figure depicted that use of B5 along with the
premixed port-injected biogas, in reactivity, co-assisted in reducing the negative temperature coefficient
causing smoother pressure development contrary to the outcome of the traditional diesel.

To elaborate on the port injection at the valve, as a modified LRF delivery approach. Figure 4c
depicted that, the combustion of the regular diesel and biogas, in a formally premixed RCCI mode,
generates more in-cylinder pressure during compression, unlike the approach of port injection at the
valve. The higher in-cylinder pressure could be due to the magnitude of the air-fuel mixing causing
partial oxidation of the biogas during low-temperature heat release, in addition to the usual oxidation
of the diesel. Besides, Figure 4c reaffirmed the benefit of premixing, though insignificant, in reducing
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the effect of negative temperature coefficient, which affects the progression of the pressure development

before attaining peak stage.
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Figure 4. In-cylinder pressure traces for (a) combustion of B5/biogas injected at valve for various loads,
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Figure 5. In-cylinder temperature for the combustion of B5/biogas injected at valve for various loads.
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Figure 6a shows that the peak in-cylinder pressure falls with the use of B5 and biogas injected at
the valve, at all the load levels compared to that of the regular diesel except the full capacity. At 6.5
bar IMEP, the combustion of B5 and biogas injected at the valve demonstrated the highest maximum
in-cylinder pressure. The rise in the maximum pressure at 6.5 bar IMEP could be due to the combined
effects of the injected quantity of B5 and fuels reactivity. The use of these fuels indicated a steady
increase in the maximum in-cylinder pressure as engine load increased. The differences in the maximum
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pressure, for the regular diesel and biogas injected at the valve, were more significant at no-load to
mid-load and decreased as the engine load approached 6.5 bar IMEP. As observed from Figure 6a, the
maximum in-cylinder pressure, for the burning of BS and premixed biogas, insignificantly increased as
the engine load increases; thus, 5 bar IMEP indicated higher maximum in-cylinder pressure compared
to mid 5.5 bar IMEP. Reaching balance in the energy provided by the reactivity fuels at a load of 5.5
bar IMEP resulting in various abnormalities might be the reason for the little rise in the pressure
at this particular load. The combustion of B5 along with both premixed and biogas injected at the
valve showed the same maximum strength developed at no-load condition, but injection at the valve
comparatively developed higher maximum pressure as the engine load increased from 5 to 6.5 bar
IMEP. The balance in the strength at no-load condition could be due to the effect of injection method on
the maximum pressure was relatively independent of the engine load, hence could virtually rise or fall
at any load setting. Besides, the margin in the maximum pressures also increased as the engine load
increased. Above discussions showed that the rise in the engine load or reduced air to fuel mixing
before entering the cylinder might be the cause for rising the cylinder pressure, as also evidenced in
Figure 6b. Compared to the usual premixed approach, Figure 6b illustrates that the peak pressure
developed was higher with the use of diesel and biogas in a premixed than port-injection at the valve
for all the load conditions except 6.5 bar IMEP, which indicated relatively the same pressure. This
pattern at 6.5 bar IMEP revealed that injection at the valve did not influence the attainment of the
maximum pressure, as also shown in 4c above. It further implies that the variability of the maximum
pressure could be dependent on the reactivity of the fuel at this particular load capacity. The figure
also revealed that the variation in the maximum in-cylinder pressure was insignificantly influenced by
the increase in the engine load though escalated at a maximum of 6.5 bar IMEP.

According to Figure 5 above, the in-cylinder temperature traces for the combustion of B5 and
biogas injected at the valve varies with the engine loads. The figure shows an increase in temperature
with the increase in the engine capacity at certain stages of the combustion more, especially during
expansion. As the injection of the B5 begins around 156-160° CA BTDC in the presence of biogas,
the temperature builds up was steadily shown up to about 4 CA BTDC. At this stage, an apparent
increase in the temperature as a consequence of the rise in the engine capacity can be seen mainly due
to compression, B5 impingement and likely some ignited pockets. The temperature in the cylinder does
not reach an autoignition temperature of the HRF until the piston gets very closed to the TDC. This
phenomenon implies that an explosion does not occur until 4-5 CA BTDC. Subsequently, an abrupt
rise in the temperature was shown due to the explosion of the B5 at some concentrated areas in the
cylinder, though not sufficient enough to erupt the whole mixture and cause a quick rise in the pressure.
Presence of the low-quality biogas injected from the beginning of the intake stroke was another factor
that suppressed the significant impact of the initial explosion. The explosive characteristics manifested
up to around 195° CA irrespective of the load capacity. From 195° onward the autoignition temperature
of methane was reached leading to more burning of the biogas and subsequently exploded. Poor
quality of the biogas still affected the quick explosion of the whole mixture until it reached around
195-200° CA. This phenomenon significantly affected the rate of pressure development, as shown in
Figure 4a above. Figure 5 indicated that the maximum in-cylinder temperature correlates with the
pattern in Figure 6c, as discussed below. Amidst the power stroke, the cylinder temperature increased
with the increase in the engine load because the combustion at the stage was mainly due to the burning
of the biogas, which varied with the engine load. According to Figure 6¢, the reactivity of B5 and biogas
injected at the valve generated high maximum in-cylinder temperature, at all the load conditions except
6.5 bar IMEP. The high in-cylinder temperature could relate to the oxygenated nature of biodiesel
content in the blend and reduced port mixing, which enabled more burning of the B5 at the early
stages of the combustion, unlike the low-quality biogas that might affect the temperature development.
However, the maximum in-cylinder temperature decreased as the engine load increased from no-load
to mid-load and rose to the maximum at 6 bar IMEP; hence, the least maximum temperature manifested
at mid-load. The decrease in the cylinder temperature from no-load to mid-load could be due to the
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ratio of the low-quality biogas, because of the high CO, concentration, that affects the rate of the heat
released to contribute in raising the cylinder temperature. At the mid 5.5 bar IMEP, the energy supplied
by the reactivity fuels reached equilibrium position, hence generating least heat and developed a least
maximum in-cylinder temperature. As the engine load rose to a higher capacity, the heat generated
due to the burning of B5 outweighed that of the biogas, causing a rise in the maximum in-cylinder
temperature. The pattern of the heat release rate shown in Figure 7a could be a justification to the said
argument. Besides, the fall in the maximum temperature at 6.5 bar IMEP for the burning B5 relative to
diesel combustion could also relate to the less heat generated due to some heat losses subjecting the
engine to be less efficient with the use of B5 (see Figure 8a and Section 3.2). Figure 6¢ further explained
that the burning of B5 along with the biogas in a premixed mode lowers the maximum in-cylinder
temperature, at all the load capacities, compared to the biogas injection at the valve. Although the
trend of the maximum in-cylinder temperature generated looked closely similar to that of the biogas
injected at the valve, the margin of the temperature difference was more pronounced at the higher
loads. The rise in the in-cylinder temperature reaffirmed the benefits of biogas injection at the valve,
which may help reduce the CO and UHC emissions at a light engine load. However, the use of B5 as an
oxygenated HRF and biogas injection at the valve served more significant advantage over the regular
diesel and biogas in the same mode for the light engine load operation, as evidenced in Figure 6¢c. The
benefit of biogas injection at the valve is further shown in Figure 6d though 6 bar IMEP indicated
otherwise likely because other factors such as longer ignition delay might have affected the maximum
cylinder pressure developed.
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Figure 6. Variation of (a) maximum in-cylinder pressure (PMax.) for B5/biogas RCCI combustion,
(b) maximum in-cylinder pressure for biogas injection approaches in RCCI, (¢) maximum in-cylinder
temperature (TMax.) for B5/biogas RCCI combustion, and (d) maximum in-cylinder temperature for
biogas injection approaches in RCCI.
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Figure 8. Variation of total heat release rate (HRR) for (a) B5/biogas RCCI in a premixed and injection

at the valve and (b) diesel/biogas in a premixed and port injection at the valve.

3.1.2. Rate of the Combustion Heat Release

Figure 7a above presented the heat generated when burning B5 along with the biogas injected at
the valve. As observed from Figure 7a, the significant rise in the temperature began during expansion,
as the period of which a considerable amount of the mixture gets burned. The rate of the heat
development at various crank angles decreased as the engine load increased to mid-load, then rose as
the load approached a maximum of 6.5 bar IMEP. This trend might be an attribute of short ignition
delay exhibited at a load of 4.5 bar IMEP (refer to Section 3.1.4 for more explanation). The short ignition
delay might increase the rate of burning of the mixture resulting in higher peak heat released though
developed lower pressure at the second peak, as depicted in Figure 4a. According to Figure 7b, use
of B5 and biogas in a conventional premixed mode resulted in higher maximum heat, at some crank
angle position (210-240 CAD) during expansion, compared to that of the injection at the valve. The
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heat released pattern behaved otherwise at crank angles before and after such a range. The trend
might be due to factors other than injection approach or in-cylinder temperature because Figures 6¢
and 8a, respectively, indicated that biogas injection at the valve yielded higher maximum in-cylinder
temperature and total heat released at full load of 6.5 bar IMEP. Besides, Figure 7c justified that biogas
injection at the valve contributed to raising the heat in the cylinder as a consequence of the higher
temperature developed. Figure 8a presented some details on the total rate of heat generated for the
combustion of these fuels at various load capacities. As observed from Figure 8a, the burning of B5 and
biogas injected at the valve indicated a higher total rate of heat generated, compared to the conventional
premixed approach, at all the load capacities, which could be a consequence of higher temperature
generated as shown in Figure 6¢ under Section 3.1.1. Using diesel as test fuel along with the biogas
injection at the valve indicated an escalated total heat at a load of 6.5 bar IMEP, which could be due to
a higher engine efficiency compared to the use of B5 under both premixed and port injection at the
valve. Although, Figure 8a further indicated that the total heat generated at the mid 5.5 bar IMEP was
affected by the less in-cylinder temperature developed at this particular load capacity causing lower
total heat compared to that of 5 bar IMEP. A balance in energy supplied by the reactivity fuels could be
the reason for the lower cylinder temperature at 5.5 bar IMEP. Compared to the use of conventional
diesel and biogas injected at the valve, the heat generated using B5 remained higher at all the engine
load except full 6.5 bar IMEP. This higher heat generated could be attributed to the oxygenate property
of B5 that led to high cylinder temperature. The benefits of the injection at the valve is, also, shown in
8b, though the figure indicated an abnormal behavior at a load of 6 bar IMEP likely because of the
longer ignition delay that might affect the rate of the heat and temperature development (Figure 6d).

3.1.3. Rate of the In-Cylinder Peak Pressure Rise

Figure 9a revealed that the peak pressure rises rate (PPRR) increased gradually with the increase
in the engine load for the B5 fuel combustion in reactivity with the biogas injected at the valve, though
went down drastically at a maximum of 6.5 bar IMEP. A similar pattern manifested with the premixed
biogas, especially at no-load to mid-load positions. The PPRR fell as the engine load extended to full
6.5 bar IMEP. To explain this trend, Figure 9b indicated the tendency of having a high PPRR with the
conventional diesel at the no-load state and decreased with the increased engine load for both premixed
and biogas injected at the valve, though it went much low at a capacity of 5 bar IMEP. Therefore, the
reduction in the PPRR could be due to the rise in the proportion of the CO, gas that did not contribute
in heating the cylinder as the load increased, but the heating effect of the biodiesel proportion in the
B5 mixture counteracted the impact of the CO, gas resulting in higher PPRR during B5 combustion.
However, the high in-cylinder temperature has been the expected cause of PPRR, hence having high
PPRR at a mid 5.5 bar IMEP deviate from the usual trend. Homogeneity of the mixture due to advanced
injection timing could be a contributing factor in rising the PPRR [41]. Looking at it from another
perspective, the values of the PPRR obtained are generally low, in fact, much lower than the 4 bar/CA
as the EURO VI limit for the light-duty diesel engine. This attribute signifies that 5.5 bar IMEP could
likely remain an equilibrium state for the change in reactivity status, implying that the energy supplied
by the reactivity fuels might be balanced and reduced the impact of the direct-injected fuel, causing a
significant rise in the pressure for change in the crank angle. Furthermore, this is indicating that, at a
load of 5.5 bar IMEP, the increase in the peak pressure was influenced by the variability in the fuel
reactivity. As shown in Figure 9b, the biogas injection at the valve could potentially cut down the PPRR
at high load, hence reducing the tendency of having ringing intensity because of the higher quantity of
direct-injected fuel [42]. Generally, the engine demonstrated acceptable PPRR for all the high reactivity
fuels used, under both premixed and biogas injection at the valve, as depicted in Figure 9a,b. The patter
of the PPRR in both Figure 9a,b does not reflect a uniform attribute across the engine capacities for
both premixed and port injection at the valve. The figures indicated that biogas injection at the valve
showed less PPRR at 5 and 6.5 bar IMEP while the premixed mode superseded at other loads capacities
signifying that the PPRR is independent on the combined effects of the loads and injection technique.
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Figure 9. Variation of peak pressure rise rate for (a) B5/biogas RCCI in a premixed and injection at the
valve and (b) diesel/biogas in a premixed and port injection at the valve.

3.1.4. The Dynamism of the Combustion Phase

To have more understanding of the effects of these fuels, with the in-cylinder mixing of biogas
as a result of injection at the valve, on the magnitude and direction of the combustion; combustion
phase (CA50) was examined as the period when 50% of the fuel burned. The use of B5 and biogas
injected at the valve demonstrated slow combustion as the engine load increased from 5 to full 6.5 bar
IMEP, as shown in Figure 10a. Figure 10a indicated that the combustion was fastest at a charge of 5 bar
IMEP, unlike the no-load 4.5 bar IMEP, though both capacities resulted in the same burning period of
34 degrees. It implies that the fastness of the combustion at a load of 5 bar IMEP might be due to the
better atomization and mixture reactivity of the direct-injected fuel. The fastness of the burning at
a 5 bar IMEP has also manifested in the trend of the fuel burned in Figure 11a, as magnified in the
inset graph. Similarly, the use of B5 and biogas in a premixed mode also resulted in slow-burning
as the engine capacity increased from no-load to full-load state, but the combustion was found more
advanced across the loads compared to the biogas injection at the valve. This trend was found contrary
to the outcome of diesel and biogas in a premixed mode, which advanced as the load increased from 5
to 5.5 bar IMEP, as shown in Figure 10b. The trend implies that the combustion of diesel and premixed
biogas also retarded as the load increased from 5.5 to 6.5 bar IMEP but found more advanced compared
to the result of B5 and biogas injected at the valve. The use of diesel as pilot fuel also displayed the
fastness of the combustion at a charge of 5 bar IMEP similar to the attribute of B5 as discussed above.
However, the variability of the combustion phase could be due to the variation in the burning period
of the reactivity fuels or combustion duration; thus, longer combustion duration slows the combustion
center [40]. According to Figure 10b, when the biogas was premixed, the trend of the combustion phase
was relatively similar to that of the condition when it was injected at the valve, though tends to be more
closely identical to the pattern of B5, which was found less retarded by 1 degree at the full 6.5 bar IMEP.
In the reactivity with the conventional diesel fuel, Figure 10b further indicated that biogas injection at
the valve was more influential to the retarded combustion phase at various engine loads. Analytically,
burning of B5 and biogas injected at the slowed the combustion approximately by 1.4 degrees (0.486
ms) compared to the burning of conventional diesel and biogas in a premixed mode. In contrast, the
use of B5 and premixed biogas advanced the combustion by 1.3 degrees (0.451 ms). It indicated that
the use of B5 and biogas at the valve retarded the combustion by almost 3 degrees (0.938 ms) compared
to premixed mode. The burning of diesel and biogas injected at the valve retarded approximately by
0.4 degrees roughly equivalent to 0.139 ms compared to the premixed way. Wang et al. [17] observed
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retarded combustion phase with the use of premixed biogas as LRF because of the atomization of the
direct-injected fuel and in-cylinder mixture reactivity that delayed the combustion phase.
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Figure 10. Variation of the combustion phase (CA50) for (a) B5/biogas RCCI in premixed and injection
at the valve and (b) diesel/biogas in a premixed and port injection at the valve.
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Figure 11. Variation of the (a) fraction burned for the B5 and biogas injected at the valve in RCCI and
(b) combustion period of the B5 and biogas RCCI for premixed and injection at the valve in various
load capacities.

e Burning and ignition delay periods:

As shown in Figure 12a, the period taken to burn the B5 and biogas injected at the valve was
found relatively the same from a load of 4.5-5 bar IMEP, then rose at 5.5 bar IMEP and remained
constant up to full 6.5 bar IMEP. The figure shows a drop in burning duration across the engine loads
for the combustion of B5 and premixed biogas, which could be an effect of premixing that might cause
early burning of some fractions of the biogas. The use of B5 and premixed biogas indicated a rise
in the burning period as the load increased to 5 bar IMEP, then gradually decreased. The burning
duration was relatively higher during combustion of B5, compared to the conventional diesel, along
with the biogas injected at the valve, more especially at the low to medium loads, which could likely
be due to a higher flammability limit of the conventional diesel that might result to faster burning
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of the fuel. Besides, there was a drop in the cylinder temperature at low to medium loads; hence
more of the less reactive mixture of B5 and biogas injected at the valve could be trapped and extended
the burning duration likewise the combustion period as evident in Figure 11b. As analyzed from
Figure 11b, the combustion period for the burning of B5 and biogas injected at the valve was extended
approximately by 5 degrees compared to the burning of diesel in the same fueling approach, unlike the
use of premixed biogas that extends the period by about 1 degree. Figure 11a shows more detailed
dynamism of the burning duration at various loads. Compared to the usual premixed approach, as
depicted in Figure 12b, a significant reduction in the burning duration was observed with the injection
at the valve. The decrement could be a consequence of the less amount of biogas fuel burned along with
the diesel during low-temperature combustion, which likely improves the burning of the diesel under
in-cylinder mixing condition. Comparatively, Wang et al. [17] reported lesser burning duration, which
could be due to the fuel quality that the biogas used in the said report constitute some combustible
and highly flammable compound such as hydrogen gas, which might facilitate more burning. These
outcomes imply that in-cylinder mixing, as a consequence of biogas injection at the valve, could be
advantageous over the premixed injection method in reducing the burning duration. Analytically,
the trends for the 5-6 bar IMEP in Figure 12a,b indicated a reverse rule applied, signifying that the
influence of the biogas injection at the valve in reducing the burning duration was compromised in
establishing a definite pattern instead the reduction in the burning period might be an influence of
other factors such as variability in the amount of direct-injected fuel due to improper control of injection
or proper atomization of the B5 occurred when biogas was premixed resulting in faster burning.

[ Diesel/ Biogas at valve 20- Diesel / Bi tvalv
—~ 40- . —ii— Diesel iogas atvalve
A [ B5 /Biogas at valve | —&— BS / Biogas at valve
0 [ BS5 / Premixed Biogas — —d— BS / Premixed Biogas
kA g 16+
= ) - —_——
% E 12 4/ T
— < E
= - = . __.?-I—O
g ‘8 8 - —— " \\1
=g c
= o 1
B £ 44
=2 =
@ = 1
0 . s — e
4.5 5.0 5.5 6.0 6.5 4.5 5.0 5.5 6.0 6.5
IMEP (bar) IMEP (bar)
(a) (c)
40 - B Diesel/ Biogas at valve 20 —— Diesel / Biogas at valve
— [ Diesel/ Premixed Biogas ] “— Diesel / Premixed Biogas
»
> 164
s & i
°
g G :
— < g
< r— -
g g o ! '_k—-——_.,__—‘-"\'
© c
=] (=] 1
= s 4
= =
] = 1
m 0 T L T L T = T M T
4.5 5.0 5.5 6.0 6.5 4.5 5.0 5.5 6.0 6.5
IMEP (bar) IMEP (bar)
(b) (d)

Figure 12. Variation of (a) burning duration for B5/biogas RCCI combustion, (b) burning duration for
biogas injection approaches in RCCI, (c) ignition delay period for B5/biogas RCCI combustion, and (d)
ignition delay for biogas injection approaches in RCCI.
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As seen in Figure 12¢, the ignition delay period was virtually constant with the increase in the
engine load, though higher at 5.5-6.5 bar IMEP compared to lower IMEP, during combustion of B5 and
biogas injected at the valve. It could be because an advanced injection causes the directly injected fuel to
diffuse towards the cylinder wall forming poor reactivity distribution, hence delayed the ignition [17].
Besides, early burning of biogas or more of the biogas in the cylinder might subject the mixture more
difficult to combust. Figure 12¢ further shows that the combustion of B5 and premixed biogas delayed
the ignition more significantly compared to the approach of biogas injection at the valve. This attribute
signifies the effect of the early burning of the biogas due to premixing that resulted in shorter burning
duration. In other words, the early combustion of premixed biogas, which is less reactive, causes more
ignition delay. The variation of the ignition delay period was more significant at 5.5-6.5 bar IMEP
during combustion of conventional diesel and biogas at the valve. The higher ignition delay indicated
that more diffusion of the direct-injected fuel occurred at these loads and the least difference in the
ignition delay among the test fuels could be an influence of fuel quality or direct injection pressure [43].
Figure 12d further revealed that the traditional premixed approach demonstrated the highest ignition
delay period at all the load condition, though decreased as the load increased.

3.2. Effects of Injection at the Valve and Reactivity Fuels on Performance Attributes

The efficiency of the engine for B5 and biogas injected at the valve, as the reactivity fuels, increases
with the increase in the engine load from 4.5 to 5.5 bar IMEP then steadily decreased as the load
increase, which is depicted in Figure 12a. According to Figure 13a, the highest indicted thermal
efficiency achieved was 36.33% at a mid 5.5 bar IMEP during the combustion of B5 and biogas injected
at the valve, as a consequence of fewer heat losses through the cylinder wall at this particular load.
This trend also deviates from the expected gradual decrease in the indicated thermal efficiency with
the increase in the engine load, showing the highest ability at mid 5.5 bar IMEP. As earlier stated, 5.5
bar IMEP could likely remain an equilibrium capacity for the change in reactivity status that is the
energy supplied by the reactivity fuels could be balanced, hence causing some abnormal behaviors. A
similar trend manifested for the combustion of B5 and premixed biogas, though more efficient at 4.5
bar IMEP compared to that of BS and biogas injected at the valve likely due to reduced heat loss under
no-load condition. The trends also looked closely similar to that of the conventional diesel at all the
load conditions, but the traditional diesel demonstrated a little bit higher efficiency at high IMEP while
less at low IMEP in comparison with the B5 and biogas injected at the valve. The indicated efficiency
was found higher for all the engine loads compared to that of B5 and premixed biogas combustion.
Figure 13b also shows that the burning of the conventional diesel and biogas injected at the valve,
demonstrated high indicated thermal efficiency, at all the load conditions though insignificant at
certain levels, compared to the usual premixed injection. The difference could be a result of more
heat generated and relatively less heat loss through the cylinder wall with the in-cylinder mixing of
biogas [44], though contrary to the fact that retarded combustion phase resulted in lower indicated
thermal efficiency as reported by Shi et al. [44].

The specific amount of fuel consumed decreased drastically as the engine load increase for all the
pilot fuels used, under both premixed and in-cylinder mixed methods, as shown in Figure 14a. As
observed from Figure 14a, the burning of B5 and premixed biogas indicated the highest brake specific
fuel consumed for all the load capacities compared to the approach of injecting the biogas at the valve.
More of the specific fuel consumption could be due to the poor quality of the biogas used and its mixing
rate. Considering the economy of the pilot fuels used under port injection at the valve, Figure 14a
displayed that B5 and regular diesel competing at various engine capacities. At no-load condition,
B5 shows higher brake specific fuel consumed likely due to some power loses leading to more fuel
consumed besides Figure 13a shows that the B5 was less efficient at no-load condition, hence could
also lead to fuel consumption. As the competition progresses at the various engine capacities, a wide
margin was exhibited at 6 bar IMEP showing that regular diesel has high BSFC. As the low-quality
biogas get premixed, more of the biogas get trapped in the cylinder due to extended ignition delay.
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However, Figure 14b shows that the injection of biogas at the valve has little influence on the rise in
fuel consumed; hence, the attribute is mostly because of the poor quality of the biogas.
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Figure 13. Variation of indicated thermal efficiency (ITE) for (a) B5/biogas RCCI in premixed and
injection at the valve and (b) diesel/biogas in a premixed and port injection at the valve.
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Figure 14. Variation of brake specific fuel consumption (BSFC) for (a) B5/biogas RCCI in premixed and
port injection at the valve and (b) diesel/biogas in a premixed and port injection at the valve.

3.3. Effects of Injection at the Valve and Reactivity Fuels on the Emission Attributes

Various emission parameters were investigated at a speed of 2000 rpm along with the different
load capacities as discussed in the subsequent sub-sections. As observed, the emissions were relatively
high irrespective of the patterns and biogas injection method used, more especially at high IMEP for
the CO, and NOx emissions, medium IMEP for the CO emission, and low IMEP for the UHC emission.
These attributes lead to the assertion that the engine speed selected might be an influential factor; thus,
various speed levels were also investigated, using B5 and biogas in a premixed injection method, to
ascertain its influence as also discussed in the subsequent sub-section.
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3.3.1. CO, Emission

CO; remained an important emission component in this study because the simulated biogas
used composed of 25% CO, by mole. As shown in Figure 15a, the CO, emission increased as the
engine load increased during combustion of B5 and biogas injected at the valve, because of the rise
in the amount of the non-combustible CO, concentration in the fuel burned at the high IMEP. When
the biogas was premixed, the CO; emission was insignificantly higher from 4.5 to 6 bar IMEP and
showed otherwise at 6.5 bar IMEP. Although, the CO, discharge increased with the increase in the
engine load but found less at every load level compared to the outcome of the conventional diesel
in reactivity with the premixed biogas. The burning of diesel and premixed biogas resulted in low
in-cylinder temperature, which influenced a slow conversion process, hence high CO, production in a
thermochemical process involving gaseous fuel [45]. However, the CO, emission for the combustion
of diesel and biogas injected at the valve remained higher, at all the load conditions, compared to the
usual premixed approach as depicted in Figure 15b. This trend signifies that the CO, emission could
be independent of the injection method, somewhat might be influenced by other factors such as high
CO oxidation, high biogas quantity injected, and mixing rate, among others.
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Figure 15. Engine-out CO, emission for (a) B5/biogas RCCI for premixed and port injection at the
valve, (b) diesel/biogas in a premixed and port injection at the valve, and (c) B5 and premixed biogas
RCCI combustion at various engine speeds.

The effect of the engine speed was examined, for B5 and premixed biogas, to have a better
understanding of the causes of some patterns of the CO, emission. Figure 15¢ shows the variation of
the CO, radiation in response to the change in the engine speed. The CO, emission was found less at a
rate of 1600 rpm compared to a speed of 1800 rpm for all the load capacities. The difference in the CO,
radiation was more significant at a load of 5.5-6.5 bar IMEP. The difference could be an influence of
the noncombustible CO, concentration, which increased with the increase in the engine load or less
in-cylinder temperature at 1600 rpm resulting in a reduced rate of CO oxidation to form more of the
CO; compound. However, the emission of the CO, at a speed of 1800 rpm was relatively at par with
the use of 2000 rpm, though, the emission at 1800 rpm was found to be insignificantly higher for light
load condition. The trends signify that the in-cylinder temperature development at light load was
strictly similar; thus, generating relatively similar CO, emission.
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3.3.2. CO Emission

As also observed in Figure 16a, the CO emission increased from 4.5 to 5.5 bar IMEP, then decreased
as the load increased during the combustion of the B5 in reactivity with the biogas injected at the valve.
The burning of the B5, along with the biogas injected at the valve, demonstrated the highest capability
in reducing the CO emission. When the biogas was premixed, the CO emission rises, especially
at 4.5-5.5 bar IMEP and shows otherwise at full 6.5 bar IMEP. The reduction in the CO emission
manifested more significantly at low to mid charges, compared to the combustion of conventional
diesel and premixed biogas. The less CO emission could be due to the higher in-cylinder temperature
developed when B5 was used, hence improved the rate of the CO oxidation, as shown in Figure 6¢
under Section 3.1.1. Generally, Figure 6¢c indicated the less in-cylinder temperature at a load of 5.5 bar
IMEP, which could likely be the reason for a high CO emission with this particular load. The use of B5
and biogas injected at the valve reduced the CO emission averagely by 20.33%, at moderate IMED,
compared to the combustion of conventional diesel and premixed biogas. However, the trend of the
CO emission was found comparable to that of the usual diesel RCCI combustion for both premixed
and biogas injected at the valve. The in-cylinder mixing of biogas minimized the persistent challenge
of CO emission compared to the traditional premixed way, as clearly shown in Figure 16b. The analysis
of the reduction, relative to the biogas injection approaches, revealed that injection of the biogas at the
valve was able to cut down the CO emission on average by 9.87%.
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Figure 16. Engine-out CO emission for (a) B5/biogas RCCI for premixed and port injection at the valve,
(b) diesel/biogas in a premixed and port injection at the valve, and (c) B5 and premixed biogas RCCI
combustion at various engine speed.

According to Figure 16¢, the CO emission was found less at 1600 rpm and increased as the speed
progressed to 1800 rpm then decreased as the engine speed reached 2000 rpm and maintained the
pattern at 4.5-5.5 bar IMEP. The difference in the CO emission reduced as the load increased and
remained virtually similar at medium load capacity for all the engine speeds. However, the CO
emission tended to decrease with the increase in the engine speed from 5.5 to 6.5 bar IMEP. Besides, as
observed from Figure 16¢, the pattern of the CO emission at an engine speed of 1600 rpm differed from
that of other speed levels; thus, generating the highest CO emission at 6-6.5 bar IMEP. More of the
production of the CO happened at 6-6.5 bar IMEP because of the increase in the amount of biogas.
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However, these trends could be because, at this load range, most of the CO generated gets emitted at
1600 rpm while oxidized and gets emitted as CO, when the engine speed increases to higher levels.

3.3.3. UHC Emission

As depicted in Figure 17a, the UHC emission decreased significantly as the engine load increased
during the combustion of B5 and biogas injected at the valve. The cause of the decrease in the UHC
emission might likely be an influence of either rise in the in-cylinder temperature, which might increase
the rate of the fuel burned or fewer amounts of the fuel entering the crevices [8,12,46]. When the
biogas was premixed, the combustion emitted higher UHC at all the engine capacities except 4.5 bar
IMEP, which could also be an influence of high in-cylinder temperature or the amount of fuel entering
the crevices. To explain the cause of the rise in UHC emission under the premixed mode, Figure 6¢
indicated that the combustion of B5 and premixed biogas generated less in-cylinder temperature,
compared to the outcome of the biogas injection at the valve. The attribute of having less in-cylinder
temperature accompanied by high UHC emission indicated the effect of the amount of fuel entering
the crevices due to air-fuel mixing. Therefore, an estimate of the emission reduction shows that the
combustion of B5 and biogas injection at the valve was found more promising in terms of reduced
UHC emission, by about 5%, due to a rise in the cylinder temperature while the reduction in the
amount of fuel entering the crevices lowered the emission by about 8%. However, the trend of the UHC
emission was found identical to that of the conventional diesel RCCI combustion for both premixed
and biogas injection at the valve. In contrast, Figure 17b revealed that the use of traditional diesel and
biogas injected at the valve superseded in reducing the UHC across the engine loads, unlike the usual
premixed RCCI combustion that showed the highest UHC emission at merely all the load conditions.
The advantage could be due to the less homogeneity of the mixture in the cylinder, as a consequence of
in-cylinder mixing, which enabled the air to occupy the crevice regions, hence resulting in less UHC
emission [8].
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Figure 17. Engine-out UHC emission for (a) B5/biogas RCCI for premixed and port injection at the
valve, (b) diesel/biogas in a premixed and port injection at the valve, and (c) B5 and premixed biogas
RCCI combustion at various engine speeds.
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Figure 17c shows that the UHC emission decreased gradually with the increase in the engine
speed for the various engine capacity likely because of the rise in the cylinder temperature resulting in
reduced UHC emission as the load increased while given more of the discharge at low engine speed
due to more mixture entering the crevices. Figure 17c¢ also indicated that the difference in the UHC
emission was more significant as the engine speed increased to 1800 rpm compared to the difference
when proceeded to 2000 rpm. This trend could be because the change in the thermodynamic state
of the in-cylinder charge tended to decrease as the engine speed increased and would likely remain
constant with the further increase in the speed.

3.3.4. NOx Emission

NOx emission was found less at the 4.5-5.5 bar IMEP but increased drastically as the engine load
proceeded to 6.5 bar IMEP during the combustion of B5 and biogas injected at the valve, as depicted in
Figure 18a. The increase in the NOx emission could be an attribute of the significant rise in the cylinder
temperature that reaches the nitrogen-oxygen bond formation temperature and virtually the period of
such temperature increase [22]. A similar trend manifested for B5 and biogas in a premixed mode, and
the exhibited highest NOx emission was observed at 4.5-5.5 bar IMEP while lowest emission displayed
as the load extended to full 6.5 bar IMEP. Besides, the trend of the NOx emission was identical to that
of the conventional diesel RCCI combustion for both premixed and biogas injected at the valve, as
shown in Figure 18b. The figure further shows that biogas injection at the valve rises the NOx emission
at 6-6.5 bar IMEP, which could be an influence of the rise in the cylinder temperature. Figure 18¢c
indicated that the NOx emission increased with the increase in the engine speed at various capacities,
as an attribute of the increased cylinder temperature. The NOx emission maintained a closed range at
the load of 4.5-5.5 bar IMEP for all the engine speed levels. As shown in Figure 18c, the NOx emission
increased with the increase in the engine speed at merely all the load conditions. However, the margin
between 1600 rpm and the rest of the speed levels increased with the rise in the engine capacity due
to an increase in the cylinder temperature, causing an increased rate of the nitrogen—oxygen bond
formation when operated at higher speeds.
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Figure 18. Engine-out NOx emission for (a) B5/biogas RCCI for premixed and port injection at the
valve, (b) diesel/biogas in a premixed and port injection at the valve, and (c) B5 and premixed biogas
RCCI combustion at various engine speed.
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4. Discussion

The combustion of B5 and biogas is disadvantageous to the rise in the cylinder pressure due to the
poor quality of the biogas used. Besides, the burning of the fuels was found beneficial to the rate of heat
released at low to medium engine loads due to higher in-cylinder temperature compared to the use of
diesel under injection at the valve approach. The reactivity of the fuel was also found highly beneficial
in reducing PPRR. The use of B5 and biogas injected at the valve demonstrated slow combustion as
the engine load increased, but the combustion was more advanced with the use of premixed biogas
while the trend was found similar to the outcome of diesel and biogas, which was also more beneficial
to advanced combustion phase. Besides, the burning of B5 and biogas injected at the valve gave the
highest indicated thermal efficiency of 36.33% at a load of 5.5 bar IMEP. In general, the results showed
that the in-cylinder mixing, as a consequence of biogas injection at the valve, significantly influenced
slow combustion with the rise in the indicated thermal efficiency. The reactivity of B5 and low-quality
biogas did not considerably benefit the combustion phase but indicated thermal efficiency. The use of
low-quality biogas also significantly affected the in-cylinder pressure development resulting in very
poor combustion.

The CO; emission increased as the engine load increased during combustion of B5 and biogas
injected at the valve. However, the burning of these fuels demonstrated the capability in reducing the
CO emission, though increased from 4.5 to 5.5 bar IMEP, then decreased as the load increased. The
UHC emission also significantly reduced as the load increases while NOx emission was found less at
4.5-5.5 bar IMEP but increased drastically as the engine load proceeds to full 6.5 bar IMEP. The trends
of the emissions were found comparable to that of the conventional diesel RCCI combustion for both
premixed and biogas injected at the valve. Besides, the patterns of the emissions in response to the
change in the engine speed, for B5 and biogas injected at the valve, signify that the high engine speed,
2000 rpm, selected might also contribute to high emissions of both premixed and biogas injection
at the valve; thus, demanding for more investigation of the workability of the approach of injection
at the valve for low engine speed. Inferentially, the outcome of the emissions revealed that using
B5 and biogas with high CO; concentration, in RCCI mode, was disadvantageous in elevating CO,
emission. The use of B5 and biogas injected at the valve was quite beneficial in rising the in-cylinder
temperature and reducing the stream of fuels entering the crevices that aid in cutting down the CO and
UHC emissions but rose the NOx emission. The fuel reactivity reduced the CO and UHC emissions,
averagely, by 20.33% and 10% respectively.

The approach facilitated a reduction in the persistent challenge of the CO and UHC emissions,
compared to the premixed method. However, the research recommended that the fuel delivery hose
should be constructed as an integral part of the air intake manifold and its outlet to be part of the valve
seat for proper control of the gaseous fuel delivery with the aid of valve closing. The concept should
be investigated numerically for better evaluation and understanding.

5. Conclusions

An experimental investigation on the influence of premixed port injection and biogas injection at
the intake valve was carried out in RCCI mode. B5 and regular diesel were, directly, injected as test
fuels along with the biogas in a premixed and port-injected at the valve, as a modified gaseous fuel
delivery approach. The influence of B5 and biogas fuels’ reactivity on the CO and UHC emissions
reduction along with an improvement in other essential parameters was investigated. The results
showed that the combustion of B5 and biogas injected at the intake valve was disadvantageous to
the rise in the cylinder pressure due to the poor quality of the biogas used. The use of low-quality
biogas significantly affected the in-cylinder pressure development resulting in very poor combustion.
Besides, the burning of the fuels was found beneficial to the rate of heat released at low to medium
engine loads due to higher in-cylinder temperature developed. The result also shows retarded the
combustion phase as the engine capacity increased with the highest indicated thermal efficiency of
36.33% at a load of 5.5 bar IMEP. The CO, and NOx emissions increased, but the UHC emission
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decreased, significantly, as the capacity increased while the CO emission increased at a load of 4.5-5.5
bar IMEDP, then reduced as the load increased. The use of these fuels together with the in-cylinder
mixing, due to injection at the valve, was capable of averagely reducing the persistent challenge of the
CO and UHC emissions, by about 20.33% and 10% respectively, compared to the premixed mode. The
trends of the emissions were found comparable to that of the traditional diesel RCCI combustion for
both approaches. Furthermore, the patterns of the emissions in response to the change in the engine
speed signify that the high engine speed selected might also contribute to high emissions for both
premixed and in-cylinder mixing approaches.
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