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ABSTRACT

In the present work, an attempt has been made to operate a low-temperature reactivity controlled
compression ignition (RCCI) engine using fuel produced from agro/food industry waste. Biodiesel
produced from residual cooking oil (RCOB) and n-hexanol has been used as high reactivity fuel (HRF)
and low reactivity fuel (LRF) respectively, in a modified diesel engine. The engine was operated at mid-
load and 1500 rpm with RCOB injected in-cylinder at higher injection pressures (Pir) of 400 to 600 bar
whereas hexanol was injected into the inlet manifold at a lower Piy; of 3 bar. The proportion of Hexanol
to RCOB was varied from 20% to 50%. Two injection pulses per cycle were used for injection of RCOB
and the injection timing, duration, and fuel quantity were varied whereas hexanol injection was
maintained constant at 355 ° bTDC. The injection parameters, along with exhaust gas recirculation
(EGR) were optimized for the lowest smoke and NO emissions. It was observed that smoke and NO
emissions reduced with late main injection, whereas smoke increased and NO reduced with advanced
pilot injection. The test engine was operated at these optimized conditions and the combustion and
emission data were collected and compared to that of a single injection of HRF. A maximum reduction
in NO emissions by 96% and smoke emission by 80% were observed with 25% EGR. The increase of
1% in indicated thermal efficiency is an added benefit.
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Nomenclature

American Society For Testing And ID Ignition Delay
ASTM Materials IMEP Indicated Mean Effective Pressure
aTDC After Top Dead Centre KOH Pottasium Hydroxide
ETS Exhaust Treatment System LPG Liquified Petroleum Gas
°bTDC | Degree Before Top Dead Centre LRE Low Reactivity Fuel
CA Crank Angle LTC Low-Temperature Combustion
CD Combustion Duration NO Nitric Oxide
Cl Compression Ignition P Injection Pressure
co Carbon Monoxide Premixed Charge Compression
EGR Exhaust Gas Recirculation PCCI Ignition
EU European Union PFI Port Fuel Injection
EV Electric Vehicle Reactivity Controlled Compression
HC Hydrocarbon RCCI Ignition

Homogenous Charge Compression RCO Residual Cooking Oil
HCCI Ignition RCOB Residual Cooking Qil Biodiesel
HRF High Reactivity Fuel Sl Spark Ignition
HRR Heat Release Rate SOC Start Of Combustion
ICE Internal Combustion Engine SOl Start Of Injection
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TDC ‘ Top Dead Centre ‘ ‘ uUs United States

1. INTRODUCTION

With the rapid increase in the automotive market, urban air quality, as well as national energy
security, is deteriorating. The exhaust gases during idling from a conventional internal
combustion engine (ICE) can cause nausea, breathing trouble, cardiac arrest, or even death
(Rahman et al., 2013). In 2018, the CO- emissions for China, the US, EU, and India were 10,
5.41,4.39, and 2.65 billion tonnes respectively, 30% of which comes from the transportation
sector (Hindu, 2020). The European Commission is targeting a reduction in CO2 emissions by
15%, by 2025 and at the same time, the upcoming emission norm (Euro VII) will impose a
reduction in NO and soot emission by 50% compared to current Euro VI norms (Garcia, 2020).
As such, this demands a simultaneous reduction in NOx, smoke, and CO> emissions. Electric
vehicles (EVs) provide a promising solution to the emission problem and at the same time
improve the energy security of the country, given that electrical power is generated via
renewable energy sources. The total CO emissions over an EVs full life depends on the power
source used at the location where the vehicle is manufactured and operated. Considering life
cycle assessment, CO2 emissions from EVs are 59% higher than those from ICE vehicles (Goel
et al, 2021). As a result, in a nation like India, where over 80% of electricity is generated by
fossil fuels, EVs lose their advantages.

ICE operating in CI (compression ignition) mode involves a trade-off between CO2, NOx, and
smoke emissions, and as a result, they cannot all be reduced simultaneously. (Reijnders et al.,
2016). Though the efficiency of Diesel ICE is comparatively higher than gasoline ICE, the
increased NOx and smoke emissions emitted require costly exhaust-treatment systems (ETS)
which adds to the automobile's total cost (Guan et al., 2013). Low-temperature combustion
(LTC) on the other hand can reduce these three emissions simultaneously (Benajes et al, 2018).
The LTC method employs combustion techniques, such as exhaust gas recirculation, earlier
multiple injections (Papagiannakis et al., 2017) together with combustion chamber
optimization to reduce the necessity of ETS.

Among the various LTC strategies such as HCCI, PCCl and RCCI; RCCI (reactivity controlled
ClI) has been shown to improve combustion process control by changing the charge reactivity
inside the cylinder (Zehni et al., 2017). Within the cylinder, a mixture of two fuels with varying
reactivities is created. The low reactivity fuel (LRF) is inducted into the inlet port during early
suction stroke whereas the high reactivity fuel (HRF) is injected into the combustion chamber
during compression stroke (Kokjohn, 2011). RCCI combustion is capable of operating at a
wide range of engine loads (4.6-14.6 bar) while emitting low NOx and smoke and achieving a
greater thermal efficiency (Kokjohn & Reitz, 2013). Curran et al (2012) compared RCCI
operation on a light-duty diesel engine to CDC operation and observed that the thermal
efficiency increased by 7% compared to Diesel operation, NOx emissions reduced whereas HC
and CO emission increased. It was understood that the enhancement in thermal efficiency and
lower fuel intake, was a result of decreased heat losses. Dempsey et al. (2013) operated an
RCCI engine with methanol/diesel and gasoline/diesel and discovered that using alcohol fuel



may increase engine load without requiring EGR, while gasoline/Diesel combination requires
EGR at higher loads (>7 bar IMEP). Li et al. (2015) conducted a computational analysis of the
impacts of gasoline and biodiesel fuels on RCCI combustion and discovered that
gasoline/biodiesel produced less NOx than straight biodiesel. Mohsin et al (2014) demonstrated
that biodiesel may be utilized in a dual-fuel engine without major modification to Diesel
engine. Gharehghani et al (2015) observed a more stable cycle to cycle operation with natural
gas/biodiesel fuelled RCCI compared to natural gas/Diesel due to higher cetane number and
presence of in-fuel oxygen. While NOx and smoke emissions have decreased, since the CO>
emission is proportional to fuel consumption, the need is to move from traditional non-
renewable fuels to carbon-neutral renewable fuels to meet the normative. Biofuels such as
biodiesel, bio alcohol are alternatives for propulsion in this regard.

Biodiesels are esters of long-chain fatty acids that are produced from animal fats, vegetable
oils and are refined to meet the ASTM standards for Diesel fuel (Wiznia et al. 2006). However,
the hurdle with biodiesel is the higher price of raw oil which increases the overall cost of the
fuel in comparison to fossil diesel (Wei et al., 2018). The utilization of waste resources as
feedstock for biodiesel preparation can help in this regard. Residual cooking oil (RCO) is
essentially a surplus or residue and therefore the use of RCO as an energy source lowers the
total cost of the fuel (Aboelazayem et al., 2018). In more than 70% of the households, RCO is
improperly disposed into kitchen or other sinks and eventually into the sewage system. This is
primarily because there is no widespread collection system in place (Tsoutsos et al., 2019).
This RCO being poured into drains and sewers contaminates water supplies as well as creates
issues for treatment plants. RCO in sewage systems can lead to blockage and flooding of sewers
which can lead to pollution of nearby water resources (Wallace et al., 2017). RCO, as it is
insoluble and has a lower rate of decomposition, escapes the treatment facility and pollutes the
land and water resources (Ramos et al., 2013). Therefore recycling RCO into biodiesel not only
contributes in terms of renewability of fuel but also solves the issue of waste disposal.

Similarly, alcohol fuels are considered as an alternative to petroleum-based fuel because of the
presence of fuel-bound oxygen which enhances the mixture formation and hence reduces
smoke and hydrocarbon (HC) emissions (Lu et al, 2004). Bio-alcohols can be produced from
carbon-based agricultural feedstocks (sugarcane, rice straw, corn stalks) (Rakopoulos et al.,
2019). Stubble burning after harvest is a major concern in India especially in northern states
where agriculture is the main economy. After the harvest, an estimate of 500 million tonnes of
crop residues is burnt in Indo-Gangetic plain (Sharma et al., 2010). The PM2.5 (particulate
matter with size less than 2.5 ) levels at Delhi in 2017 were 710 pg/m? with the Air Quality
Index of 999 (>100 is unhealthy, >300 is hazardous) (Chaitanya, 2018). In contrast, agricultural
wastes such as rice straw, corn stalk, or forest biomass wastes such as wood pulp, paper mill
waste, can be converted into bio-alcohols, such as hexanol. Therefore, the production of
hexanol is not only renewable but solves a big environmental issue faced by the country today.

Lower alcohols such as methanol or ethanol have a lower energy density, lower cetane number
and higher latent heat, leading to difficulty in auto-ignition compared to higher (>C4) alcohols
(Karabektas & Hosoz, 2009, Zhong et al., 2022). Additionally, the poor miscibility with
mineral Diesel and poor lubricating property is a hindrance towards use in Cl engines (Campos-
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Fernandez et al, 2012). Hexanol is a straight-chain alcohol with 6 C atoms produced from
agricultural residue. It is a colourless liquid and is miscible with mineral Diesel and has a
greater calorific value and cetane number than all lower alcohols (Thomas et al, 2021).

Guan et al (2017) compared the effects of residual cooking oil biodiesel (RCOB)/liquefied
petroleum gas (LPG) and Diesel/LPG on combustion as well as emission in a 4-cylinder ClI
engine. While RCOB/LPG decreased smoke emissions in dual-fuel mode, NOx emissions rose in
comparison to Diesel/LPG. Atmanli (2016) compared the effect of Diesel (D), RCOB, propanol
(Pr), butanol (Bn), pentanol (Pn) blends in a diesel engine. The addition of higher alcohols
improved the cloud point and cold flow plug point of the D-RCOB mix, though density, heating
value, cetane number, and viscosity were reduced. Alcohol blends produced less NOx than diesel
and the impact on NOx emissions increased with increasing carbon. CO emissions, on the other
hand, rose for all alcohol mixes. Ma et al. (2017) used a constant volume chamber to examine the impact
of n-pentanol blending to RCOB in ratios of 0,20, 40% (by volume) on spray properties, ignition, and
combustion. The results suggested that the liquid length reduced with increasing temperature.
An increase in the proportion of pentanol also promoted the ignition timing. Additionally, it was
found that the addition of pentanol resulted in a reduction in soot emissions.

Kumar et al. (2016) did a comparative analysis of diesel-alcohol blends' effect on engine
performance. Four blends comprising 30% (volume) of C4, Cs, Cs and Cg alcohol with diesel fuel
were investigated. Ignition delay (ID) decreased with increasing the C atom in the alcohol.
Combustion duration (CD) showed the opposite trend and increased with increasing C atoms.
NOx emission reduced for all blends at lower loads whereas it increased for pentanol and
hexanol at rated load. Smoke and CO emissions reduced with an increase in C atoms in the
alcohol and were lower in comparison to diesel. Victor et al. (2017) studied the use of 1-
Hexanol in a Cl engine by mixing it with diesel in percentages of 10, 20, and 30 (by volume).
Tests were conducted on a single-cylinder constant speed engine. The results indicated that
adding hexanol to diesel resulted in a prolonged ID, resulting in increased heat release rate
(HRR) and pressure. Smoke emissions decreased as the percentage of hexanol rose, but NOx
emissions increased.

Qian et al. (2015) studied RCCI operation with Diesel-gasoline and Diesel-ethanol in a 1-
cylinder engine. It was witnessed that ID increased for ethanol-diesel combination whereas the
temperature and pressure dropped with increased premixed fraction. With increased premixed
fraction, NOx and Smoke were reduced. HC emissions from Diesel-ethanol were greater than
from Diesel-gasoline. Benajes et al. (2015) explored the effects of LRF and its ratio on a heavy-
duty diesel engine using different fuel blends: E85, E20-95, E10-98 and E10-95. Tests were
performed on a 1-cylinder heavy-duty CI engine at 1200 rpm and constant CA50 at 5 °bTDC.
Results showed that the in-cylinder reactivity gradient affected engine efficiency. A reduced
gradient improved the indicated efficiency by about 4.5%. NOx and smoke emissions were
lesser than Euro VI standards and CO, HC emission was also lower than high reactivity
gradient fuels.

From the review of the available literature, it is evident that both RCOB and higher alcohols
are suitable alternatives for petroleum-based fuels in CI engines. However, most of the works



available in the literature are about the use of these fuels in blended form along with Diesel or
Gasoline. Neat alcohol fuels are restricted to Sl engines because of their physicochemical
properties. The studies available on RCCI combustion were also limited to traditional fuels and
their blends with lower alcohol or biodiesel. Investigations on higher alcohol fuel (hexanol) in
neat form or LTC were not available at the time of the present work. Therefore the present
investigation would provide insight into the combustion of RCOB and hexanol in a RCCI
engine.

In the present work, RCOB and hexanol, both of which are renewable fuels produced from
agro wastes, were utilized as LRF and HRF in a RCCI engine. Hexanol was injected into the
inlet port during early suction stroke whereas RCOB was injected directly into the combustion
chamber during the compression stroke. Base readings were taken with Diesel and
RCOB/hexanol with a single injection of HRF (Thomas et al, 2020). Thereafter, exhaust gas
recirculation and injection parameters for double injection (pilot and main injection) such as
timing, quantity, and pressure were experimentally optimized for the lowest smoke and NO
emissions. The test engine was later operated at the optimized conditions and performance,
combustion, and emission readings were recorded. The recorded readings were compared to
that of a single injection of HRF with RCOB/hexanol. The future scope of the investigation
would include the implementation of a similar strategy for automotive engines with an
increased number of injections (>2).

2.MATERIALS AND METHODOLOGY

The current research seeks to optimise the operating parameters of an RCOB/Hexanol dual-
fuel RCCI engine for lowest smoke and NO emissions at medium load (1.85 kW) operation. The
work is built upon the previous work of the author (Thomas et al. 2020) and compares the
effects of double injection of HRF over a single injection concerning combustion and
emissions. The tests were performed on a single-cylinder water-cooled CI engine, utilised as a
Genset. Since such an engine typically operates at part load, and to reduce the number of
graphs, the present work only covers experimentation at medium load. Hexanol (LRF) was
injected into the intake port at 3 bar Piy using a PFI system, during early suction stroke whereas
RCOB (HRF) was injected directly into the combustion chamber during compression stroke
by means of a common rail direct injection (CRDi) system at Piy; 400, 500, and 600 bar. Intake
air was maintained at a constant temperature of 40 °C and pressure of 1 bar. The LRF ratio was
varied from 20 to 50 % while engine operating parameters such as HRF injection timings,
injection quantity and pressure, as well as EGR quantity, were varied to optimize the engine
operation for the lowest smoke and NO emissions. Combustion and emission data were collected
for the engine operating at the optimized condition and were compared to data from a single
injection (Thomas et al. 2020).

2.1. Test Engine

The tests were carried out on a Kirloskar AV1 single-cylinder Cl engine. Table 1 contains the
technical specifications for the test engine.



Table 1: Technical details of the engine

Make Kirloskar AV1
Combustion chamber (mm x mm) 80x 110
Engine speed (rpm) 1500
Displacement volume (cc) 553
Compression ratio 16.5:1

Rated power kW at rpm 1.85 at 1500
Connecting rod length (mm) 235

Bowl type Hemispherical
Valve opening (°bTDC CA)*

Inlet 5

Exhaust -145

Valve closing (°®bTDC CA)*

Inlet 145

Exhaust -5

e =0 °CA corresponds to firing or compression TDC

The stock engine was altered to operate in RCCI mode. The low-pressure fuel injection system
was replaced by a Bosch make CRDi system with a 6-hole solenoid injector for DI of HRF into
the combustion chamber at higher Piy; (400 to 600 bar). An additional low-pressure Denso make
PFI1 system was also equipped to inject LRF (at 3 bar) into the intake manifold. An air preheater
was utilized to maintain intake air constant at 40 °C and an automotive EGR unit was used to
recirculate exhaust gases into the combustion chamber. Necessary sensors and measuring
instruments such as Bosch cam sensor, Kistler crank angle encoder, Kistler pressure transducer,
thermocouple, Bosch rail pressure sensor, and Bosch pressure control valve were used to
control and maintain the engine operating parameters. The sensors and injectors were
controlled using National Instruments' open ECU (NI DIDS). Pressure data was acquired with
the help of a Kistler pressure transducer integrated with a National Instruments’ data
acquisition system (NI DAQ). The NI DAQ worked in conjecture with a LabVIEW based
software which plotted and stored the pressure as well as crank angle data in real-time. The
exhaust emissions were determined using an AVL 437c smoke metre and an AVL 444n di gas
analyzer. AVL 444n DIGAS analyzer uses infrared measurement for CO, CO, and HC
measurement whereas for O, and NO emissions it uses electrochemical measurement. AVL
437c smoke opacity meter detects and measures the amount of light blocked in the smoke
emitted by diesel engines with the help of a halogen bulb and selenium photocell detector. The
measurement device’s accuracy and uncertainties are given in Table 2. The experimental
engine is shown in Figure 1 complete with all required equipment.

2.2.  Test Fuels

In the present work, RCOB and hexanol were employed as HRF and LRF, respectively. Both
these renewable fuels are made from food/agro-industry waste. The hexanol used in the present



work was bought from Research Lab Chemicals, Pune, India. However, RCOB was produced
in the laboratory at Anna University from RCO collected from the food court.

| g i-a

1.Kirloskar AV1 test engine

2. Intake air preheater 3. Intake air surge tank

4. Crank angle encoder 5. Cam position sensor 6. Shp ac motor

7. Electrical loading device 8. Exhaust gas recirculation 9. High pressure fuel pump
10. Common rail 11. Open ECU controls 12. Data acquisition controls
13. Electricalloading device control 14. Direct injection assembly 15. AVL smoke meter

16. High reactivity fuel sump 17. Air preheater control and 18. PFI injector assembly

19. Low reactivity fuel sump temperature display 20.NIDAQ

Figure 1: Experimental rig with instrumentation

Table 2: Measurement devices range and accuracy

Measuring Device Unit Range Accuracy
Speed Indicator rpm 0-5000 +1

K type thermocouple °C 0-1000 +1

AVL Di gas analyzer

CO2 % of vol 0-20 0.5

CO % of vol 0-10 +0.03

HC ppm 0-20,000 +10

NO ppm 0-5000 150
AVL 437c Smoke meter % opacity  0-100 +0.1%
Weighing balance for fuel measurement kg 0-10 +0.001

2.2.1 Biodiesel preparation

RCO was filtered using a sieving cloth and then with filter paper to remove any traces of dust
or food particles. Thereafter the oil was titrated with 1N KOH solution to find the free-fatty
acid percentage. Based on the titration, the trans-esterification process was selected for the



conversion of RCO to RCOB. Transesterification was carried out with methanol using KOH
as a base catalyst (Thomas et al, 2020).

The process was carried out using a 5-litre pilot plant equipped with a heater, reflex condenser,
and an electrically controlled stirrer. The oil was heated to 55 °C and methanol was added in a
4:1 molar ratio to the heated oil. KOH was utilized as the catalyst at a concentration of 1% by
weight. The mixture was maintained at 60 °C for about 90 minutes and stirred at a speed of 60
rpm. After completion, the heater and stirrer were turned off and the mixture was transferred
to a separating flask for overnight retention. The glycerol accumulated in the bottom and was
subsequently removed. This glycerol was used for the manufacture of soap. To eliminate
residues of glycerol, the oil was sprayed with hot distilled water. After washing the oil, it was
heated to around 115-120 °C and maintained at that temperature for 15 minutes to remove
moisture.

Basic properties of the test fuels were measured in the biodiesel lab of Anna University and
others were taken from the literature (Kumar & Saravanan, 2016, Babu & Anand, 2017) as
mentioned in Table 3.

Table 3: Test fuel properties compared to that of Diesel

Properties RCOB 1-Hexanol Diesel
Molar mass 250-260 102.18 190-211.7
Density in kg/m®* @ 15° C * 875 822 836
Kinematic viscosity incSt @ 40 °C* | 4.75 3.33 2.4
Net calorific value in MJ/kg 39.7 39 ~43
Enthalpy of vaporization in kJ/kg - 605 <305
Cetane number 58 24 46
Fire point in °C * 164 65 55
Flash point in °C * 159 58 47
lodine value (gl2/ 100g) 176 - -
Acid value (mg KOH/g) * 0.44 - -
Oxygen (wt. %) 11.98 15.70 0

* = Measured quantity

2.3.  Methodology

Based on the previous study of the author it was observed that LTC combustion of hexanol and
RCOB using a single injection and without EGR can significantly reduce NO and smoke
emissions (Thomas et al, 2020). The engine was operated at medium load (1.85 kW) at 1500
rpm, for the duration of the research, with hexanol and RCOB as LRF and HRF respectively.
The pressure-crank angle data were collected for an average of 120 cycles to account for cyclic
variations. HRR was calculated from the pressure crank angle data based on the first law of
thermodynamics. Hexanol was injected at constant 3 bar Pi; and 5 °aTDC while RCOB
injection parameters were varied parametrically to optimize the operation for lowest smoke and
NO emissions. Initially, the experimental engine was operated using BDH30 (30% hexanol &



70% RCOB), based on a previous study (Thomas et al, 2020), and air temperature and pressure
at intake were maintained constant at 40 °C and 1 atm. The amount of exhaust gas recirculated
through the engine was increased from 10% to 30% in steps of 5 and the engine combustion
and emission data were recorded. EGR was limited to 30% because any further increase in the
proportion of exhaust gases hurt the engine combustion as well as increased the smoke
emissions. The calculations for EGR were done by measuring the intake and exhaust CO2 using
Equation 1 given below.

CO, in the intake
CO, in the exhaust

EGR % =

x 100 1)

Thereafter, the RCOB injection parameters were optimized parametrically. Initially, the
injection angles for pilot and main injections (SOI1 and SOI12) were varied maintaining the fuel
injected at SOI1 and SOI2 constant. SOI1 injection angle was maintained at 45 °bTDC and
SOI2 was varied from 11 to 17 °bTDC in steps of 2° CA. Later with SOI2 optimized for lowest
NO and smoke emission, SOI1 was varied from 41 to 49 °bTDC in steps of 2° CA and the
engine data were recorded. Once the injection angles were optimized, the fuel-injected during
SOI1 and SOI2 were optimized by varying them from 30:70 (30% RCOB injected during SOI1
and 70% during SOI2) to 70:30 in steps of 10%. Thereafter with injection angles and quantity
optimized for lowest smoke and NO emissions, the fuel Pi;; was changed from 400, 500 to 600
bar. Finally, the engine was operated at the optimized conditions with different fuel
combinations, BDH20 to BDH50, and the combustion and emission data were gathered and
compared to those obtained from LTC with a single injection and without EGR (Thomas et al,
2020). The comparisons are presented in Section 3. The operating conditions for the parametric
study are summarized in Table 4. The uncertainties in measurement are provided in Table 5.

Table 4: Engine operating conditions for parametric study

Operating Parameters Values

Load (kW) 1.85

Engine speed (rpm) 1500

Intake air temperature (°C) 40

Intake air pressure (bar) 1

Hexanol Piy; (bar) 3

Hexanol energy share 30

EGR rate (%) 10, 15,20, 25, 30
SOI1 timing (° bTDC) 49, 47, 45, 43, 41
SOI2 timing (° bTDC ) 17,15,13,11

Fuel quantity at SOI11:SOI2 30:70, 40:60, 50:50, 60:40, 70:30
SOI1 and SOI2 Piy (bar) 400, 500, 600




Table 5: Uncertainty in measurement

Parameter Uncertainty (x %)

Engine speed 0.14
Fuel flow:

Hexanol 1.04

Diesel 1.1
NO 0.45
HC 0.65
Smoke 1.2
CO 0.61

3. RESULTS AND DISCUSSIONS

3.1.  Effect of EGR on Combustion and Emissions

This section discusses the effects of exhaust gas recirculation on engine combustion and
emissions. The test engine was operated on BDH30 (biodiesel 70% and hexanol 30%), based
on a previous study of the author (Thomas et al, 2020). The exhaust gases introduced into the
intake was varied from 10 to 30% in steps of 5. Figure 2(a) illustrates the cylinder pressure and
HRR values for engine combustion at mid-load when the EGR rate is increased from 10% to
30%.
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Figure 2: (a) Pressure and HRR vs Crank angle (b) Emissions with increasing EGR

It is observed that when the proportion of EGR increases, the pressure curve shifts
towards TDC. This is because when the amount of EGR increases, the cylinder temperature
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decreases (Rajesh and Saravanan, 2015). Reduced cylinder temperature results in increased time
for vaporisation and mixing, resulting in a delayed SOC (Kosmadakis et al., 2019). Another point
to note from Figure 2(a) is the reduction in pressure peak (57 bar to 54.5 bar) and HRR peak (53 to
44 kJ/Im® deg CA\) as the amount of exhaust gases increases. This tendency is due to EGR's dilution
and heat capacity effects (Pundir, 2010). Due to the fact that exhaust gases replace O in the
mixture, combustion efficiency decreases. Furthermore, the specific heat of exhaust gases
primarily CO2 and HO are high and therefore they absorb more heat from the surrounding
compressed air and decrease the cylinder temperature (Rakopoulos et al., 2020). As shown in
Figure 2(a), the combined effect results in a decrease in pressure and HRR peaks.

The increase in exhaust gases from 10% to 30% results in an increase in smoke
output. Smoke emissions increase from 8.3 to 9.4 (% vol) as the exhaust gases substitute fresh
air from the cylinder. As shown in Figure 2(b), EGR is an efficient technique for reducing NO
emissions. NO emission was substantially decreased (from 205 to 60 ppm) when the EGR
proportion was increased from 10 to 30 %. CO2 emissions increased marginally from 4.9 t0 5.6
(% vol). EGR is basically the recirculation of CO2 and H20 from the exhaust back into the
combustion chamber, and as the proportion of EGR increases, CO2 emissions rise, as shown in
Figure 2(b). The increase in CO emission (from 0.24 to 0.3 (% vol)) associated with increased
EGR may be attributed to the decrease in the cylinder temperature associated with increased
EGR, implying that CO oxidation to COz is not complete (Rakopoulos et al., 2018). As shown
in Figure 2(b), HC emissions increase gradually from 310 to 368 ppm with an increase in EGR
flow rate. The higher HC emission is caused by a reduction in cylinder temperature and a
decrease in combustion efficiency. With 25% exhaust gases recirculated, the engine emissions
were observed to be the lowest.

3.2.  Effect of Double injection on Combustion and Emissions

The effects of SOI1 and SOI2 timings, fuel amount injected at SOI1 and SOI2
(SOI1:S0I12), and Pinj of SOI1, SOI2 on combustion and emissions during mid-load operation
are shown in Figures 4 to 8. SOI1 was initially set to 45 °bTDC CA while SOI2 was changed
from 17 and 11 °bTDC CA. The ratio of fuel injected at SOI1 to SOI2 was constant at 50:50.
As presented in Figure 3(a), when the injection angle of SOI2 is delayed or retarded (moved
towards TDC) from 17 °bTDC to 11 °bTDC, there is a decrease in peak pressure as well as
HRR peak, and both the curves shift towards TDC. Peak pressure reduced from 60.5 to 54 bar
whereas HRR peak reduced from 24.5 to 11.5 kJ/m? deg CA. With a further delay in SOI2, at
9 °bTDC engine starts to misfire as presented in Figure 4. As the injection is delayed, the
cylinder temperature and pressure rise, which should enhance combustion via improved
atomization and mixing. However, before the combustion can complete, the piston returns to
the bottom dead centre, and the cylinder temperature and pressure fall (Pundir, 2010). As a
result, it exhibits poor engine performance and combustion efficiency (Yesilyurt et al., 2018).
The same trend can be observed in the HRR as well. As the SOI12 moves towards the TDC, the
HRR peak reduces and shifts towards the right as depicted in Figure 3(a). The Low-temperature
reaction (LTR) region is also visible which is the heat release due to SOI1 and is depicted by
the small first peak in the HRR diagram (Vallinayagam et al., 2017).
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As SOI2 is retarded from 17 °bTDC, smoke emissions decrease from 3.5 to 2.8 (% vol)
(Figure 3(b)). This is because, at late compression stroke, the compression temperature and
pressure are higher. This leads to finer droplets of injected fuel which evaporates faster and
therefore results in lower smoke emission (Wei et al. 2014). NO emission also decreases with
delayed SOI2 (280 to 127 ppm), because NO emission is temperature dependant and as
exhibited in Figure 3(a), HRR and therefore cylinder temperature reduces with delayed SOI2.
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Since the combustion quality deteriorates as SOI2 is retarded, more fuel is injected to
compensate for the power loss (Akcay et al., 2020), this leads to an increase in CO, emission
from 3.6 to 4 (% vol) as shown in Figure 3(b). CO emission also increases (0.38 to 0.53 (%
vol)) as a consequence of poor combustion efficiency and reduced cylinder temperature. Higher
compression pressure and temperature as the SOI2 delays, lead to the smaller droplet size of
injected fuel as well as lesser wall impingement since the cylinder pressure is higher, this results
in a drop in HC emission from 280 to 205 ppm (Qian et al., 2019).

From the experimental outcome, SOI2 at 13 °bTDC was fixed and SOI1 was varied.
SOI1 was advanced from 41 °bTDC to 49 °bTDC as presented in Figure 5(a). It can be
observed that with advancing SOI1, the pressure curve retards and peak pressure reduces. The
peak pressure drops from 59 to 57 bar. This is because, with advanced SOI1, the compression
pressure and temperature are lower and with the injection of fuel, the temperature further drops
down because of the higher specific heat of the fuel (Jatoth et al., 2021). This leads to retarded
SoC and therefore the curves shift towards TDC and hence the drop in peak pressure. From the
HRR curve it is observed that at SOI1 of 41 °bTDC, the compression temperature is high
enough in such a way that it forms a combustible mixture by SOI2 and therefore combustion
starts immediately as perceived from Figure 5(a). Whereas with advanced SOI1, the
compression temperature drops, and therefore, the heat release is delayed. With SOI2 at 13
°bTDC, the rise in HRR is slowed down as observed in the figure as the plateau region. The
combustion, therefore, starts a few crank angle degrees later by that time all the fuel (entrained
hexanol and RCOB) burn together, and therefore HRR increases.

Figure 5(b) illustrates the impact of advanced SOI1 on emission. Smoke emissions
rise from 3 to 8.3 (% vol) with advanced SOI1 due to reduced compression temperature and
pressure, which results in wall impingement and bigger droplet size, as well as slower
vaporisation and mixing (Janbarari & Ahmadian, 2020). This also explains the increase in HC
emission from 269 to 415 ppm with advanced SOI1. At 41 °bTDC SOI, the compression
temperature is high enough for the start of combustion almost immediately after SOI2, but as
SOI1 is further advanced, the compression temperature drops. From 41 °bTDC to 45 °bTDC,
the NO emission decreases (203 to 173 ppm) due to inefficient combustion.
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Figure 5: Variation in combustion and emission curves with SOI1 injection timings

As the SOI further advances, because of lower temperature, the ID or lag increases,
therefore more fuel is accumulated and combustion of that fuel leads to an increase in NO
emissions from 173 to 195 ppm (Borah et al., 2018) as observed in Figure 5(b). Advanced
SOI1 has no effect on CO2 emissions, however, CO emissions rise (from 0.54 to 0.76 (% vol))
as a consequence of inefficient combustion..

SOI1 was set to 45 °bTDC based on testing findings, and the proportion of fuel
injected during SOI1 and SOI2 was adjusted. The fuel injection ratio in SOI1:SOI2 was
changed between 30:70 and 70:30, as shown in Figure 6(a). With an increase in the proportion
of SOI1 injection quantity from 30% to 70 %, it is observed that the pressure and HRR curve
advances as well as peak pressure and HRR peak increases. The peak pressure increased from
53 to 67 bar whereas the HRR peak increased from 25 to 67 kJ/m? deg CA. Increased quantity
of fuel in SOI1 means more fuel mixes with air and makes a combustible mixture by the time of
SOI2 and therefore more fuel takes part in the premixed stage of combustion resulting in a higher
peak (Giakoumis et al., 2016) as observed in Figure 6(a), which could lead to engine knocking.
With a very high quantity of SOI1 injection, it is observed that the peak shifts before TDC, which
results in an increased compression work. With an increased quantity of SOI2 injection, more and
more fuel takes part in diffusion combustion instead of premixed combustion, therefore the peaks
are lower as observed from the HRR diagram in Figure 6(a).

As shown in Figure 6(b), increasing the percentage of SOI1 fuel from 30% to 70%

results in a decrease in smoke output from 7.1 to 3.8 (% vol). This is because more quantity of
fuel forms a homogenous combustible mixture with air resulting in fewer fuel-rich zones and
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therefore fewer smoke emissions (Sharma et al., 2019). NO emissions increase from 169 to
433 ppm with an increased SOI1 fraction. The large quantity of premixed fuel mixture results
in higher heat release and therefore increased NO emission as perceived from Figure 6(b). This
increased temperature also leads to a rise in CO2 emission and a drop in CO emission from
30% SOI1 to 70% SOI1. CO2 increases from 4.1 to 5.3 (% vol) whereas CO reduces from 0.68
to 0.55 (% vol). Higher fuel injection quantity early in the compression stroke when
compression temperature is lower leads to increased HC emission (233 to 309 ppm) as a result
of increased wall impingement (Zehni et al., 2017).
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Figure 6: Variation in combustion and emission curves with SOI1:SOI2 injection
guantities

The 50:50 ratio of SOI1 to SOI2 fuel quantity was selected for further testing in
order to achieve reduced emissions. Now, with SOI1 set to 45 °bTDC, SOI2 set to 13 °bTDC,
and the SOI11:SOI2 injection ratio set to 50:50, the fuel Pinj was altered to investigate the effect
on engine combustion and emission. The combustion pressure and HRR curves for 400, 500,
and 600 bar Pinj at mid-load are shown in Figure 7(a). As Pinj rises, the ID increases, which
may be attributed to wall impingement and therefore a delay in the onset of combustion. More
fuel accumulated during ignition lag results in a higher peak in HRR (from 15 to 54 kJ/m? deg
CA) as portrayed in Figure 7(a).
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Figure 7: Variation in combustion and emission curves with HRF injection pressure

Figure 7(b) shows that when Pj,; increases smoke emissions increase marginally from
2.5 to 3.2 (% vol), which could be because of the retarded combustion. NO emission is
temperature dependant and with an increase in temperature as evident from Figure 7(a), NO
increase with increasing Pi,jfrom 220 to 294 ppm. Additionally, increased temperature results in
greater conversion of CO to COg, resulting in increased CO2 emissions (4.6 to 4.8 (% vol)) and
decreased CO emissions (0.64 to 0.62 (% vol)). Higher wall impingement at higher Pi,; and
lower load conditions could be the reason for increased HC emission (302 to 341 ppm) as
perceived from Figure 7(b). The lowest NO emission is observed at a Pinj pressure of 400 bar.

3.3.

Comparison with Single Injection

With the exhaust gas quantity and fuel injection parameters optimized experimentally
for the lowest possible emissions, the collected combustion and emission data for the optimized
operation were compared to those of a single HRF injection as well as Diesel to ascertain the
advantages of double injection in reducing smoke and NO emissions. Table 6 summarises the
optimal operating conditions.

Table 6: Engine operation conditions for comparative study

Operating Parameters

Values

EGR rate (%)

25

SOIL (° bTDC)

45

SOI2 (° bTDC)

13
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SOI1 to SOI2 fuel quantity | 50:50
Pinj (bar) 400
Hexanol energy share 20,30,40,50

3.3.1. Cylinder Pressure and HRR

The comparison of cylinder pressure and HRR for double injection with a single
injection as well as diesel combustion is shown in Figure 8.
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Figure 8: Pressure and HRR for single injection compared to that of double injection

As shown in the figure, the pressure and HRR for BDH combinations (both single
injection and double injection) (52-56 bar) are lower than that of Diesel (60.5 bar) which may
be ascribed to the lower energy density of both RCOB and hexanol in comparison to Diesel.
However higher cetane number of RCOB and advanced injection angle results in advanced
SOC of BDH combination compared to that of Diesel. Double injection of RCOB increases the
pressure and HRR curves relative to a single injection due to the advanced injection angle (45
°bTDC CA). There is only a marginal difference between pressure and HRR peaks of single
and double injection with double injection peaks (54-55 bar) marginally lower than for single
injection (53-56 bar). This may be because the premixed combustion phase is shorter for double
injection as the air-fuel mixture is available for combustion by SOI2 because of earlier injection
(SOI1 at 45 °bTDC) (Papagiannakis et al., 2017).

3.3.2. Combustion Parameters

The combustion parameters such as the start of combustion (SOC), ignition delay (ID)
are critical for comprehending the combustion process within the engine cylinder. Figure 9
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shows the comparisons for SOC and ID between single injection and double injection of RCOB
in dual-fuel operation. SOC and ID were calculated by plotting mass fraction burnt.

The start of combustion is considered as the crank angle at which 10% of the fuel has
been consumed (Sharma et al., 2019). From Figure 9(a), it can be observed that SOC is
advanced for double injection (2-4 °bTDC) than that for a single injection (0.5-2 °bTDC). This
is because of advanced injection at 45 °bTDC CA compared to single injection at 15 °bTDC.
When the fuel is injected in advance (SOI1), sufficient time is available for the formation of
the combustible mixture, and therefore with a second injection (SOI2) the physical delay is
reduced and this leads to a shorter premixed combustion phase (Papagiannakis et al., 2017). It
can also be understood from Figure 9(a) that with an increase in the percentage of LRF from
20% to 50% the SOC also advances marginally. This is due to an increase in in-cylinder
temperature caused by improved combustion in the presence of higher oxygen in the premixed
charge (Rakopoulos et al., 2018).

Bl single Injection
[ Multiple Injection

Start of Combustion (°CA)
Ignition Delay (°CA)

20 30 40 50 20 30 40 50
LRF Quantity (%) LRF Quantity (%)
@) (b)

Figure 9: Combustion parameters for single and double injection of HRF

Figure 9(b) shows the comparison of ID between single injection and double injection
of RCOB. Here ID is taken as the time gap in crank angle degrees between the start of injection
and the start of combustion (Sharma et al., 2019). Since the fuel is injected earlier in the
compression stroke (45 °bTDC) for double injection, the ID is considerably large (41 to 43
°bTDC) compared to single injection (14-17 °bTDC) for all BDH combinations. This increased
ID helps in the preparation of a better air-fuel mixture which helps in the reduction of smoke
emissions (Thomas et al., 2021). However, with the increase in the percentage of LRF, ID
reduces for both single injection and double injection as can be observed from Figure 9(b).
This is due to an increase in in-cylinder temperature as a consequence of improved combustion
in the presence of higher fuel-bound oxygen.
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3.3.3. Emissions

The exhaust emissions for single injection and double injection are compared with that
of Diesel operation and are presented in Figure 10.
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Figure 10: Comparison of exhaust emissions for single and double injection

It is observed from Figure 10(a) that CO emissions have increased for RCCI (0.3-0.9
(% vol)) combustion compared to that of Diesel (0.11 (% vol)) as an outcome of LTC.
Oxidation of CO to CO:z is hindered because of the low temperature (Guan et al., 2014). It can
also be noticed that with an increase in the percentage of LRF from 20 to 50 %, CO emissions
increase for both single injection (0.3-0.44 (% vol)) and double injection (0.72-0.9 (% vol))
which could be due to the cooling effect of hexanol (Thomas et al., 2021). The CO emissions
for double injection are comparatively higher than single injection. This could be attributed to
lower in-cylinder temperature because of increased amount premixed charge as well as
increased O concentration earlier in the compression stroke. The HC emissions for RCCI
combustion with single injection as well as double injection are compared to Diesel combustion
(33 ppm) as observed from Figure 9(b). HC emissions are higher in the case of double injection
(317-522 ppm) which is credited to the lower in-cylinder temperature as well as an advanced
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injection during earlier compression stroke that results in wall wetting and improper oxidation
(Zehni et al., 2017). As the proportion of LRF increases (Figure 10 (b)), these HC emissions
rise further due to hexanol's greater latent heat of vaporisation.

There is a concurrent reduction in smoke and NO emissions for both single injection
and double injection when compared to Diesel injection as observed from Figure 10 (c) and (d)
because of the LTC and improved mixing and evaporation leading to improved premixed
combustion phase (Zehni et al., 2017). The reduction in NO (from 508 to 15 ppm), as well as
smoke emission (from 59 to 7.2 (% vol)), is higher for double injection because of earlier
injection which provides more time for preparation of the combustible mixture (Rakopoulos et
al., 2018). With the increase in the percentage of LRF, oxygen content increases which lead to
better oxidation of soot particles, and the reduced temperature as a result of the cooling effect
of hexanol hinders the NO production (Rahman et al., 2013).

3.3.4. Efficiency

Thermal efficiency measures how effectively the heat energy provided to the engine by
the chemical energy in the fuel is transformed into productive work (Qian et al., 2019). The
indicated thermal efficiency for single injection and double injection are compared and shown
in Figure 11.
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Figure 11: Comparison of indicated thermal efficiency for single injection and double
injection

It is observed from Figure 11 that the indicated thermal efficiency is higher for double
injection at a lower LRF fraction, however, as the proportion of hexanol increases, efficiency
reduces compared to a single injection of RCOB. This is due to the lower in-cylinder
temperature caused by the advanced injection during an earlier compression stroke, as well as
the cooling action of hexanol (Thomas et al., 2021). Thermal efficiency decreases as the LRF
proportion increases for both single and repeated injections, due to hexanol's greater latent heat
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of vaporisation. Maximum improvement in thermal efficiency is at 20% LRF fraction (BDH20)
and is equal to 0.9 %.

4. CONCLUSIONS

The single-cylinder water-cooled CI was operated at mid-load in dual-fuel RCCI mode using
direct injection of RCOB and PFI of hexanol. The double injection of RCOB was
experimentally optimized for the lowest emission by optimizing the injection parameters such
as injection timing, injection quantity, and injection pressure in addition to the amount of
exhaust gas recirculated into the engine combustion chamber. Later the engine was operated at
the optimized condition. The data collected from the optimized operation was compared to
dual-fuel operation with a single injection of RCOB based on the author's previous work
(Thomas et al, 2020). The following conclusions were drawn from the parametric study and
comparisons made between single and double injection:

1. EGR is an effective NO reduction technique. With an increase in the percentage of
exhaust gases recirculated (from 10 to 30%) into the combustion chamber, NO
emissions reduced by 70%, however other emissions increased; smoke (13.2%), CO
(25%), CO2 (14.3%), and HC (18.7%). A drop in peak pressure was also noticed with
the increasing EGR rate.

2. Fuel injection is critical for compression ignition, smoke and NO emissions reduced by
20 and 56.4% respectively with late main injection (17 to 13 °bTDC CA) whereas
smoke increased by 2.7 times and NO reduced by 14.7% with advanced pilot injection
(41 to 49 °bTDC CA); NO increased with pilot injection advanced beyond 45 °bTDC
CA. Concerning engine performance, peak pressure dropped by 9% with late main
injection and 3.3% with advanced pilot injection.

3. With increased SOI1 injection quantity (from 30to 70 %), smoke decreased by 46.5%
whereas NO increased by 2.5 times, however, when Pinj rose from 400 to 600 bar, both
smoke and NO emissions increased by 28% and 33% respectively. With regard to
performance peak pressure increased by 26.4% with pilot injection quantity.

4. Compared to a single injection of RCOB, a maximum reduction of 96% in NO and an
80% reduction in smoke emissions were observed with the double injection of RCOB
and 25% EGR. Additionally, there is a marginal increase in thermal efficiency (~1%).
However, peak pressure dropped by about 7.4% and CO and HC emissions increased
as is typical with LTC,

Thus, RCOB and Hexanol generated from agricultural waste can be effectively used in dual-
fuel LTC to simultaneously reduce NO and smoke emissions with a marginal increase in
thermal efficiency. Being carbon-neutral fuels, this would also reduce net CO, emissions. The
promotion of these biofuels would empower the agricultural economy and help the farmer in
operating farm equipment and vehicles using these fuel generated from the farm waste. It would
also promote small scale industries and business establishments in the rural area to setup
production plant and sell the fuel conveniently.
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HIGHLIGHTS

e Hexanol-Residual cooking oil biodiesel in low-temperature combustion
o Double injection strategy to reduce emissions

e Reduction in nitric oxide emission by 96% and smoke emission by 80%
e Peak pressure drop by 7.4% compared to Diesel combustion

e Improvement in thermal efficiency by 1% compared to single injection
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