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ABSTRACT: Biodiesel with additives is attracting increased attention for performance and emission improvement of
diesel engines. Higher fuel injection pressure is an effective way to improve the performance and reduce Particulate Matter
(PM) emissions. In this present work, Isobutanol as an additive to the diesel and biodiesel blends was investigated
experimentally in a direct injection diesel engine to evaluate performance, combustion and emissions at different injection
pressures such as 200,225,250 and 275 bars respectively. Isobutanol was added as 10% by volume to diesel-biodiesel
blends. From experimental results it was found that injection pressure could be increased up to 250 bar when the engine
operates with biodiesel-diesel blends with isobutanol as an additive. At this increased pressure, brake thermal efficiency and
fuel economy were improved with increasing blend percentage. Carbon Monoxide (CO) emissions and smoke opacity were
reduced significantly while Nitrogen Oxides (NO,) emissions increased marginally.
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l. INTRODUCTION

Fuel injection pressure in diesel engine plays an important role in engine performance. Higher injection pressure
decreases fuel particle diameter which aids in better formation of mixing of fuel to air during ignition period, as a result of
which engine performance will increase. High-pressure injection in combination with small orifice can achieve lean
combustion which allows better fuel atomization, evaporation and improved emissions [1]. High injection pressure also
reduces soot emissions [2]. The effect of injection pressure on performance of Direct Injection (DI) diesel engine shows the
best performance at 220 bar and better fuel economy at 200 bar respectively [3]. In turbocharged diesel engines, high
injection pressures for O,, SO,, and CO,, while low injection pressure for NO, and smoke level are preferred for decreasing
emissions [4]. The problem of higher NO, emissions at high injection pressures can be addressed by the addition of Carbon
dioxide (CO,) as diluents to the diesel [5]. Injection pressure variation is also investigated on various diesel-biodiesel
blends by researchers. Higher injection pressures are preferred for biodiesel for effective atomization and mixing, since the
viscosity of biodiesel is higher than diesel which causes problems in atomization and mixing. Optimum fuel injection
pressure for linseed methyl ester was found to be 240 bar, based on comparable thermal efficiency, reduction in carbon
monoxide, unburned hydrocarbons and smoke emissions. However oxides of nitrogen increase at higher injection pressures
[6]. Diesel-Karajan biodiesel blends at fuel injection pressure of 210 bar demonstrate that the Hydro Carbon (HC)
emissions decrease by 25 % and NO, emissions decrease by 30 to 39 % respectively [7]. Hone oil can be blended with
diesel up to 30% when the engine is operated at increased injection pressures [8]. Biodiesel-diesel blends in a turbocharged,
high-pressure common rail diesel engines increase thermal efficiency and NO, emission while Hydrocarbon, CO and CO2
emissions reduce significantly [9]. Bio-Ethanol at higher injection pressures reduces emissions without comprising the
performance [10]. Hone oil-diesel blends show the better injector opening pressure of 240 bar for improving the brake
thermal efficiency and emissions [11]. Diesel-methanol blends with the increased injection pressure from 180 bar to 220 bar
reduce smoke, unburned hydrocarbon, and carbon monoxide emissions, while combustion efficiency, nitrogen oxides and
carbon dioxide emissions increase [12]. Recent studies show that additives have become indispensable tools for
performance and emission improvement. Oxygenates are the candidates for reducing particulate matter. Oxygenates like
ethanol, I-propanol, I-butanol and I-pentanol improve performance parameters and reduce exhaust emissions [13, 14].
Gasoline-ethanol blends with additives such as cyclooctanol, cycloheptanol increase brake thermal efficiency when
compared to gasoline with reduction in CO, CO, and NO, while HC and O, increase moderately [15]. Gasoline with
additives like ethanol and ethanol-isobutanol increase the brake power, volumetric and brake thermal efficiencies and fuel
consumption. The CO and HC decreased while the NO, concentration increased [16]. Bio-additives (matter extracted from
palm oil) as gasoline additives showed improvement in fuel economy and exhaust emissions of Sl engine [17]. Methyl-ester
of Jatropha oil diesel blends with Multi-DM-32 diesel additive showed comparable efficiencies, lower smoke, CO, and CO
[18]. The addition of Di Methyl Carbonate (DMC) to diesel fuel increases efficiency marginally with reduction in NOy
emissions while PM and soot emissions decrease considerably [19, 20]. Ethanol addition to diesel-biodiesel blends
increases brake thermal efficiency with reduction in carbon monoxide and smoke emissions and at the same time
hydrocarbons, oxides of nitrogen and carbon dioxide emissions increase[21].Some researchers have used cetane improvers
and some others have used additives in coated engines. Addition of di-tertiary-butyl peroxide and the conventional cetane
improver, ethyl hexyls’ nitrate additives to diesel fuel reduced all regulated and unregulated emissions including NOy
emissions [22]. Additives with coated engines improved efficiency, in addition to the increase in cylinder pressure,
reduction in NO, and maximum heat release rate. Thermal Barrier Coated (TBC) DI diesel engine with fuel additives
reduced the smoke density and NO, emission of the engine exhaust [23]. 1-4 dioxins, as an additive to the diesel fuel
showed the potential to reduce smoke density with slight increase in NO, and drop in fuel economy for a normal engine.
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2.5% improvement of brake thermal efficiency and smoke reduction of 19% were observed when compared to neat diesel
for TBC engines [24]. P-series glycol ethers were effective in reducing hydrocarbon, carbon monoxide, and particulate
matter emissions [25]. Isobutanol—diesel fuel blends containing 5, 10, 15 and 20% isobutanol show marginal decrease in
brake power and increase BSFC in proportion to the isobutanol content in the blends. It was also observed that slight
improvement in BTE with the blend containing 10% isobutanol. CO emissions decrease with the use of the blends, while
HC emissions increase compared to diesel fuel [26].

Present work attempts to investigate performance, combustion and emission characteristics of diesel engine with
isobutanol as an additive to the diesel-biodiesel blends at different injection pressures from 200 bar to 275 bar. Since
isobutanol has higher energy density and lower Reid Vapor Pressure (RVP) it can be used as a potential fuel additive to
petroleum fuels.

Il.  Experimental Set-Up and Procedure

2.1 Experimental Set-up

The engine shown in Fig.1 for investigation on fish oil biodiesel-diesel blends to evaluate the performance and
emission characteristics was a computerized single cylinder four stroke, naturally aspirated direct injection and water cooled
diesel engine. The specifications of the test engine are given in Table 1. It was directly coupled to an eddy current
dynamometer. The engine and the dynamometer were interfaced to a control panel which was connected to a computer.
Engine Soft version 2.4 was used for recording the test parameters such as fuel flow rate, temperatures, air flow rate, load
etc, and for calculating the engine performance characteristics such as brake thermal efficiency, brake specific fuel
consumption.

Tablel. Specifications of the test engine

Particulars Specifications
Make Kirloskar
Rated power 3.7 k(5hp)
Bore 80 mm
Stroke length 110 mm
Swept volume 562 cc
Compression ratio 16.5:1

Rated speed 1500 rpm

2.2 Test Fuels

For experimental investigation, biodiesel derived from fish oil was mixed with diesel in varying proportions such as
20%, 30% and 40% by volume and isobutanol as an additive was added as 10% by volume to all the blends designated as
B20, B30 and B40 (i.e. B20 indicates biodiesel 20%, isobutanol 10% and remaining proportion diesel by volume
respectively). Table.2 shows the properties of isobutanol.

Table 2. Properties of Isobutanol

Property Range
Flash point, open cup, °C 37.7
Specific gravity, 20/20°C 0.8030
Viscosity at 20°C (Centipoises) 3.95
Auto ignition temperature, °C 440
Surface tension at 20°C, ((dynes/cm) 22.94
Heat of combustion, kJ/kg 36162
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2.3 Experimental Procedure

The entire engine experiments were conducted at a rated speed of 1500 rpm with an injection timing of 27° before
Top Dead Center (TDC). The engine was allowed to run till the steady state is reached. Then the engine was loaded in terms
of 0%, 25%, 50%, 75% and 100% load. At each load, the experiments are conducted by varying the injection pressure from
200 to 275 bars. The first stage of experiments was performed with pure diesel at different loads from no-load to full load
(20 N-m) by varying injection pressure form 200 bar to 275 bars with an interval of 25 bars. The engine loads were adjusted
by an eddy current dynamometer. The second stage of experiments was conducted using various blends of diesel-biodiesel
with isobutanol as an additive with same injection pressures and same operating conditions. All the performance and
combustion characteristics readings were recorded online while exhaust emissions CO, and NOy were recorded by the flue
gas analyzer (FGA533) and smoke opacity was measured with Hart ridge smoke meter (OMS103).

I11.  Results and Discussion

3.1 Performance analysis

Performance parameters such as BTE and BSFC results of diesel and blends are shown in figures 2 and 3. Figure
2(a) and (b) shows the variation of BTE with injection pressure for different fuels at part load and at full load respectively.
Figure 2(a) shows that at part load BTE increases considerably from 200 to 250 bars, and thereafter the increase is
insignificant. This may be attributed to the improved spray characteristics, better atomization and better fuel and air mixing
as a result of increased injection pressure. This will lead to improved combustion process and in turn improved efficiency.
However higher injection pressures (i.e. more than 250bar) lead to smallest diameter of fuel droplet and affect the spray
pattern and penetration which lowers the performance [27]. Figure 2(b) shows that at full load only marginal improvement in
BTE was observed. Blends with isobutanol maintain better BTE than diesel. Figure 3(a) and (b) shows the variation of Brake
Specific Fuel Consumption (BSFC) with injection pressure for different fuels. Figure 3(a) shows that at part load operation,
BSFC of the blends was considerably higher than diesel and Figure 3(b) shows that at full load it was slightly more when
compared to diesel. The reason for this tendency is slight decrease in energy content of the blended fuel when isobutanol was
added. It can also be observed that the BSFC of all the blends including diesel decreases with increase in injection pressure.
The reason for decrease in BSFC with increase in injection pressure is due to complete combustion of fuel. Higher injection
pressures assist in better mixing of fuel with air [28]
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Figure2. Variation of Brake Thermal Efficiency with Injection Pressure for different fuel blends
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Figure 3. Variation of Brake Specific Fuel Consumption with Injection Pressure for different fuel blends

3.2 Combustion analysis

Combustion analysis such as cylinder pressure versus crank angle is shown in figure 4. Figure 4(a), (b), (c) and (d)
shows the variation of cylinder pressure with crank angle at 200 bar, 225 bar, 250 bar and 275 bar injection pressures
respectively for different fuels at 20N-m load. It can be seen from these figures that the cylinder pressure of the blends was
lower than diesel at all injection pressures. The reason for decrease in cylinder pressure with the blends was due to the fact
that the isobutanol has lower cetane number and heating value which lowers the combustion the pressure, these results are
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also identical with the literature [29]. And also cylinder pressure of the blends including diesel increases with increase in
injection pressure up to 250 bar after that it decreases slightly at 275bar.
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Fig.4 Variation of Cylinder Pressure with Crank Angle for different fuel blends

3.3 Emission Analysis

Exhaust emission results such as CO, NO, and smoke are shown in figures 5 to 7. Figure 5(a) and (b) shows the
variation of CO emissions with injection pressure for different fuels both at part load and full load respectively. Figure 5(a)
shows that, CO emissions at part load decrease up to 225 bar and thereafter the variation was insignificant, while at full load
as shown in Figure 5(b) significant reductions were observed with the blends than the diesel. The reasons for reduction in
CO emissions were oxygen content of the blends enhances the fuel air mixing and isobutanol has lower C/H ratio and also it
causes the leaning effect on the blends resulting in lower CO emissions. The effect of injection pressure at full load on CO
emissions was significant than at part load operation. Figure 6(a) and (b) shows the variation of NO, emissions with injection
pressure for different fuels both at part load and full load respectively. NO, emissions are lower for the blends when
compared to diesel at all injection pressures. However they increase with increase in injection pressure. The rate of increase
in NO, is higher at higher injection pressures when compared to that of lower injection pressures. The formation of NO, is a
temperature dependent phenomenon, at higher injection pressures the increase in NOXx level is due to faster combustion and
higher temperatures reached in the cycle [30]. Isobutanol has lower heating value and oxygen content which results in lower
combustion temperatures and consequently NO, emissions decrease [31]. Figure 7(a) and (b) shows the variation of Smoke
opacity with injection pressure for different fuels. Smoke density decreases significantly with the addition of isobutanol to
the blends and it decreases further with increase in injection pressure. However slight variation was observed with the
increase in blend percentage. The results of NO, and smoke also compare with the results of [32].
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Fig.5 Variation of CO emissions with Injection Pressure for different fuel blends
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Fig.7 Variation of Smoke Density with Injection Pressure for different fuel blends

IV. CONCLUSION
The conclusions derived from present experimental investigation to evaluate performance, combustion and emission

characteristics on four stroke single cylinder diesel engine fuelled with diesel-biodiesel blends with isobutanol as an additive
at different injection pressures are summarized as follows:

1

2.
3.

(1]
(2]
(3]
(4]
(5]
(6]
[7]

(8]
(9]
(10]

Brake thermal efficiency increased with all blends when compared to the conventional diesel fuel. Maximum Brake
thermal efficiency obtained was 33.5% with B40 blend with 10% isobutanol against 28% with conventional diesel.
Brake specific fuel consumption decreased with the blends with isobutanol when compared with diesel fuel.

Cylinder pressure of the blends increase with increase in injection pressure.

CO emissions and smoke density decrease significantly with the blends and isobutanol and further decrease with the
increasing injection pressure when compared with diesel. NO, emissions decrease marginally with the blends and
isobutanol which however increase with injection pressure
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The effects of isobutanol- and n-butanol-enriched diesel fuel on the diesel engine performance and emissions are
investigated. Neat diesel, 15% isobutanol-85% diesel, 30% isobutanol-70% diesel, 15% n-butanol-85% diesel, and 30% n-
butanol-70% diesel blends are investigated in this study. The tests were carried out at light and medium loads and a fixed
low engine speed, and by using various combinations of the exhaust gas recirculation rate and the injection timing to
investigate the effect of the molecular structure difference on soot formation. The results show that n-butanol-diesel blends
give a longer ignition delay than isobutanol—diesel blends do. Hence isobutanol has a higher peak cylinder pressure and a
higher premixed heat release rate than n-butanol does. Adding butanol (isobutanol and/or n-butanol) to diesel fuel is able to
decrease the soot emissions substantially, while the change in the nitrogen oxide emissions varies slightly. Soot emissions
from n-butanol-diesel blends are lower than those from isobutanol—diesel blends. Introducing exhaust gas recirculation and
retarding the injection timing are effective approaches to decrease the nitrogen oxide emissions. However, a high exhaust gas
recirculation rate leads to a loss in the fuel efficiency. The combination of a low exhaust gas recirculation rate, later injection
and butanol blends can achieve low-temperature combustion and simultaneously decrease the nitrogen oxide and soot
emissions.
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