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Abstract

In this study, the effect of blending pentanol to biodiesel derived from mahua oil on emissions and performance pattern of a diesel
engine under exhaust gas recirculation (EGR) mode was examined and compared with diesel. The purpose of this study is to
improve the feasibility of employing biofuels as a potential alternative in an unmodified diesel engine. Two pentanol-biodiesel
blends denoted as MOBD90P10 and MOBD80P20 which matches to 10 and 20 vol% of pentanol in biodiesel, respectively, were
used as fuel in research engine at 10 and 20% EGR rates. Pentanol is chosen as a higher alcohol owing to its improved in-built
properties than the other first-generation alcohols such as ethanol or methanol. Experimental results show that the pentanol and
biodiesel blends (MOBD90P10 and MOBD80P20) have slightly higher brake thermal efficiency (0.2—-0.4%) and lower brake-
specific fuel consumption (0.6 to 1.1%) than that of neat biodiesel (MOBD100) at all engine loads. Nitrogen oxide (NOx)
emission and smoke emission are reduced by 3.3-3.9 and 5.1-6.4% for pentanol and biodiesel blends compared to neat biodiesel.
Introduction of pentanol to biodiesel reduces the unburned hydrocarbon (2.1-3.6%) and carbon monoxide emissions (3.1-4.2%)
considerably. In addition, at 20% EGR rate, smoke, NOx emissions, and BTE drop by 7.8, 5.1, and 4.4% respectively. However,
CO, HC emissions, and BSFC increased by 2.1, 2.8, and 3.8%, respectively, when compared to 0% EGR rate.
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Introduction

Diesel engines are employed in the transportation sector because
of its lower fuel consumption, higher efficiency, and excellent
durability. Human health and air quality get affected by the
emissions from on-road engines (diesel). Many research works
have attempted to sort out these issues by suitable reserves
(Atmanli 2016; Dincer 2008). Combustion of biodiesel reduces
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the smoke and HC emissions but increases NO, emissions.
Biodiesel-fuelled diesel engine emits a higher concentration of
NO, emission (Barabas et al. 2010; Devarajan et al. 2017a).
High-pressure direct injection (HPDI) seems to be one of the
most efficient ways to tackle the stringent emission norms. But,
in our study, we are not altering with the injection timing and the
whole experiment is done under steady-state condition.

Many studies have proven that by doping alcohols (octanol/
pentanol/butanol) to diesel improves its properties (Yilmaz et al.
2018; Yilmaz et al. 2017; Yilmaz and Atmanli 2017a, b;
Atmanli 2016; Barabas et al. 2010; Devarajan et al. 2017a, b).
Yilmaz et al. (2018) investigated the effect of alcohols (pentanol
and propanol) in biodiesel/diesel/vegetable oil blends in four-
cycle, four-cylinder diesel engine. The speed of the engine was
maintained at 1800 rpm and by varying loads in step of 3 kW.
An 11.9% reduction in NOx emissions was achieved for
pentanol/biodiesel/diesel/vegetable oil blends than propanol/
biodiesel/diesel/vegetable oil blends at all loads. However,
CO and smoke emissions increased with the addition of both
alcohols to biodiesel/diesel/vegetable oil blends. Yilmaz et al.
(2017) performed an experimental study on diesel and biodiesel
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(waste oil) with pentanol in a direct injection compression-
ignition engine. The dosage level of pentanol in the diesel and
biodiesel (waste oil) was about 10-20%. Since pentanol mole-
cule donates oxygen for NOx oxidation, a significant reduction
in NOx emissions was found for diesel/pentanol and biodiesel/
pentanol blends. In addition, due to higher heat of vaporization
of pentanol, considerable increase in heat loss between cylinder
and gas was achieved which slightly increased HC and CO
emissions for diesel/pentanol and biodiesel/pentanol blends
than neat diesel and biodiesel. Results found a significant in-
crease in brake thermal efficiency by adding 20% of pentanol to
biodiesel. Further, BSFC increased for diesel/pentanol and
biodiesel/pentanol blends than neat diesel and biodiesel owing
to higher heating loss. They also concluded that by blending
20% of pentanol to biodiesel (waste oil), the creation of NOx,
HC, and CO emissions were lowered at part loads. Yilmaz and
Atmanli (2017a, b) performed an experimental study on diesel
with pentanol in a direct injection compression-ignition engine.
The dosage level of pentanol in the diesel was about 5—
35 vol%. Results found that the D95pen5 (95% diesel and
5% pentanol on a volume basis) showed a significant reduction
in NOy, CO, and EGT than neat diesel operation. However,
brake thermal efficiency (BTE) and HC emissions increased by
adding 5 vol% of pentanol to diesel. In addition, higher %
increase of pentanol (10-35%) increased all the emissions of
diesel engines at all loads. Most of the studies conducted earlier
involving pentanol in diesel engine employed it in lower per-
centage as emulsifier/surfactant/solvents. More experimental
information is essential for complete understanding of its im-
pact on engine parameters as a neat biofuel. In addition, no
study has been conducted on blending pentanol at various pro-
portions to neat biodiesel to scrutinize its possessions on per-
formance and emission.

EGR technology is highly effective in reducing the flame
temperature and oxygen concentration of the working fluid in-
side the combustion chamber. In addition, it has been experimen-
tally found that introducing EGR reduces the NO, emissions of
biodiesel (Zhu et al. 2011; Agarwal et al. 2011; Hussain et al.
2012; Bhaskar et al. 2013). However, there exists a gap in the
literature on information related to the effect of EGR on engine
pattern of biofuel (pentanol/neat biodiesel)-fuelled diesel engine.
Hence, in the present study, the effect of EGR on performance
and emission characteristics of two pentanol/biodiesel blends (10
and 20 vol%) under two EGR rates of 10 and 20% was investi-
gated and compared with baseline diesel operation.

Materials and reagents
Fuel characteristics and blending

Mahua seeds consist of three layers namely endocarp, epicarp,
and mesocarp. Mesocarp consists of natural resin which holds
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the source (oil). Moisture content in the seeds is dried. It is
then milled for higher content of oil. Mahua oil contains 10%
of cardol and 90% of anacardic acid. Pentanol is employed as
higher alcohol. Pentanol is produced during the synthesis of
the ester and offer potential advantages when blended with
liquid fuels. Table 1 shows the properties of pentanol.

Transesterification

The methanolic solution comprised of 95 mL of methyl alco-
hol and 5 mL of sulfuric acid which was added at a molar ratio
of 16:1 to the mahua oil. This sample was then heated (60 °C)
at four different time durations (30, 45, 60, and 90 min) at the
constant stirring rate by employing magnetic stirrer with a hot
plate. Based on the result, it was found that heating the mix-
ture at a temperature below 60 °C for 45 min was the optimum
operating condition for acid-catalyzed esterification process
(Yuvarajan and Venkata Ramanan 2016). Table 2 shows the
properties of biodiesel-alcohol blends. From Table 2, it is in-
ferred that all the properties of tested fuels meet the limits
specified by Biodiesel standard ASTM D6751.

Engine setup

Water-cooled, 1500 rpm diesel engine was employed in this
study. Table 3 illustrates the specification of the experimental
setup. Table 4 illustrates the smoke meter and gas analyzer
range and their accuracy. The external cooled EGR system is
used in this work to achieve a lower intake charge temperature
and to establish a lower cylinder temperature.

Result and discussion
Carbon monoxide (CO)

CO is formed due to deficient fuel combustion (Hasimoglu
2012; Karthikeyan and Prathima 2016). Deviation of CO for

Table 1 Properties of pentanol

Properties Pentanol
Chemical formula CsH,,OH
CAS Number 71-41-0
Cetane number 20

Low heating value (MJ/kg) 32.1
Latent heat of vaporization (kJ/kg) 310
Kinematic viscosity at 40 °C (mm?/s) 2.9
Density (kg/m*) 815
Flash point (°C) 50
Self-ignition temperature (°C) 300
Oxygen (% by wt) 18.1
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Table2  Chemical properties of tested fuels
Properties MOBD80P20 MOBD90P10 MOBD100 Diesel Method Allowable limits
Max Min
Density at 15 °C (g/em®) 0.82 0.84 0.86 0.80 ASTM D4052 0.8 0.92
Kinematic viscosity at 40 °C (mm?/s) 53 54 5.6 3 ASTM D445 1.9 6.0
Calorific value (kJ/kg) 38,554 39,188 40,141 42,500 ASTM D240 35,000 -
Cetane number 45 47 49 52 ASTM D976 42 -
Flash point (°C) 140 143 147 48 ASTM D93 93 -
fuels (diesel, MOBD100, MOBD90P10, and MOBD80P20)  Hydrocarbons (HC)

is exemplified in Fig. 1. CO emissions from diesel are higher
than all the tested fuels. Oxygen contained in MOBD100,
MOBD90P10, and MOBD80P20 lowers CO formation
(Ibrahim 2016). CO emissions for MOBD90P10 and
MOBDS80P20 are lower than MOBD100 by 3.1 and 4.2%,
respectively, at all loads. The reason for lower CO emissions
for MOBD90P 10 and MOBDS8O0P20 is due to improved com-
bustion rate (Ibrahim 2016). Hydroxyl group and n-pentanol
oxygen atoms get bonded during the combustion and result in
the lower formation of soot by slowing down the soot forma-
tion and increase the oxygen availability (Devarajan et al.
2016, 2017a).

Deviation of CO for fuels with EGR rates (diesel,
MOBD100, MOBD90P10, and MOBD80P20) is exemplified
in Fig. 2. The comparative rise in CO emission was observed
for diesel, MOBD100, MOBD90P10, and MOBDS80P20 at
various fractions of EGR (10 and 20% flow rate). Oxygen
content in the air reduces with EGR during the combustion
and originates poor combustion. Higher CO emissions were
observed as a result of lesser combustion temperature and
oxygen content of fuels and deteriorated performance.
Lower O, content in EGR forms rich and heterogeneous air-
fuel mixture and engenders high CO emissions. CO emissions
for diesel, MOBD100, MOBD90P10, and MOBD80P20 are
0.12,0.10, 0.095, and 0.09% correspondingly at full load and
0% EGR conditions.

Table 3  Specification of experimental setup

Make AVL 5402
Power 42 kW
Speed 1500 rpm
Diameter (D) 87.5 mm
Stroke (L) 110 mm
Compression ratio 18:1

Cone angle 110°

Injection type Direct injection

Fuel injection pressure 200-1400 bar

Deviation of HC for fuels (diesel, MOBD100, MOBD90P10,
and MOBD80P20) is exemplified in Fig. 3. HC emission from
biofuels (MOBD100, MOBD90P10, and MOBD80P20) is
lower than diesel (Mahalingam et al. 2017; Li et al. 2015).
HC emission reduces with the addition of pentanol at various
proportions. Adding 10 and 20 vol% of pentanol to
MOBD100 resulted in 2.1 and 3.6% reduction in HC emis-
sions, respectively, at all loads when compared to neat
MOBD100. Pentanol increases the combustion efficiency of
fuel and promotes the combustion and reduces HC emission
(Devarajan et al. 2016, 2017a).

Deviation of HC for fuels with EGR rate (diesel,
MOBD100, MOBD90P10, and MOBD80P20) is exempli-
fied in Fig. 4. The rise in HC emission was observed for
diesel, MOBD100, MOBD90P10, and MOBDS&0P20 at var-
ious fractions of EGR (10 and 20% flow rate). Oxygen con-
tent in the air reduces with EGR during the combustion and
originates poor combustion (Bhaskar et al. 2013). Higher
HC emissions were observed as a result of lesser combus-
tion temperature, charge dilution, and oxygen content of
fuels and deteriorated performance (Hussain et al. 2012).
Lower O, content in EGR forms rich and heterogeneous
air-fuel mixture and engenders high HC emissions
(Agarwal et al. 2011). Overall, HC emissions for diesel,
MOBD100, MOBD90P10, and MOBD80P20 are in 89,
76, 71, and 69 ppm correspondingly at full load and 0%
EGR condition.

Table 4 Smoke meter and gas analyzer range, accuracy, and
uncertainties details

Measured Range Accuracy Uncertainties
quantity

Cco 0-4000 ppm 0.015% +0.5 (%)
HC 0-19,999 +10 ppm +0.1 (%)
NOx 0-4000 ppm +10 ppm +0.3 (%)
Smoke AVL 437 smoke meter  0.005% +1.0 (%)
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Oxides of nitrogen (NOy)

The NOx emission formation inside the engine cylinder is
because of the presence of excess oxygen content, the higher
temperature of combustion, and residence time available for
chemical reactions (Anderson et al. 2017; Devarajan et al.
2016). Under these circumstances, the diatomic nitrogen mol-
ecule present in the air is being converted into monoatomic
nitrogen molecule and then reacts with excess oxygen mole-
cule that resulted in NOx emissions. The mechanism of NOx
formation in a diesel engine as described by Zeldovich mech-
anism from the presence of oxygen, nitrogen, and hydrogen
free radicals is presented below (Nalgundwar et al. 2016).

N; + [O]->NO + [N]
[N] + 0,—NO + [O]
[N] + [OH]—-NO + [H]

Deviation of NOx for fuels (diesel, MOBD100,
MOBD90P10, and MOBD80P20) is exemplified in Fig. 5.
NOx emission is higher for biofuels (MOBD100,
MOBD90P10, and MOBDS80P20) than from diesel at all
loads. Adding 10 and 20 vol% of pentanol to MOBD100
resulted in 3.3 and 3.9% reduction in NOx emissions,

= MOBD100 = MOBD90P10 W MOBD80P20 M DIESEL
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Fig. 3 Deviation of HC emissions for fuels

respectively, at all loads compared to neat MOBD100.
Pentanol in biodiesel mixture lowers the cylinder temperature
during combustion by making the air-fuel mixture leaner and
reduces NOx emission (Devarajan et al. 2016, 2017a; Joy
etal. 2017).

Deviation of NOx emissions for fuels with EGR rate (die-
sel, MOBD100, MOBD90P10, and MOBD80P20) is exem-
plified in Fig. 6. Comparative drop in NOx emission was
observed for diesel, MOBD100, MOBDO90P10, and
MOBDS80P20 at various fractions of EGR (10 and 20% flow
rate). Oxygen content in the air reduces with EGR during the
combustion and lowers the temperature (Zhu et al. 2011).
Lower NOx emissions were observed as a result of lesser
combustion temperature and oxygen content of fuels
(Agarwal et al. 2011). Shorter availability of oxygen also
causes the reduction in NOx (Bhaskar et al. 2013). NOx emis-
sions at peak load and 0% EGR for diesel, MOBD100,
MOBD90P10, and MOBD80P20 are 1035, 1365, 1310, and
1247 ppm correspondingly.
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Fig. 5 Deviation of NOx emissions for fuels

Smoke opacity

Deviation of smoke for fuels (diesel, MOBD100,
MOBDY90P10, and MOBD80P20) is exemplified in Fig. 7.
Smoke emissions from biofuels are lesser than diesel (Yilmaz
and Atmanli 2017a, b; Yuvarajan et al. 2016; Venkata
Ramanan and Yuvarajan 2015b). Adding 10 and 20 vol% of
pentanol to MOBD100 resulted in 5.1 and 6.4% reduction in
smoke emission, respectively, at all loads when compared to
neat MOBD100. Hydroxyl group in the fuel and the oxygen
atoms present in n-pentanol gets bonded during the phase of
combustion and lowers the formation of soot (Devarajan et al.
2016, 2017a).

Deviation of smoke emissions for fuels with EGR rate (die-
sel, MOBD100, MOBD90P10, and MOBD80P20) is exempli-
fied in Fig. 8. The comparative rise in smoke emission was
observed for diesel, MOBD100, MOBDO90P10, and
MOBDS8O0P20 at various fractions of EGR (10 and 20% flow
rate). Oxygen content in the air reduces with EGR during the
combustion and originates poor combustion (Hussain et al.
2012). Higher smoke emissions were observed as a result of
lesser combustion temperature and oxygen content of fuels
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Fig. 7 Deviation of smoke for fuels

(Zhu et al. 2011). Overall smoke emissions at full load and
0% EGR conditions for diesel, MOBD100, MOBD90P10,
and MOBD80P20 are 15.9, 14.5, 14.1, and 12.2% respectively.

Brake thermal efficiency

Deviation of BTE for fuels (diesel, MOBD100, MOBD90P10,
and MOBDS80P20) is exemplified in Fig. 9. BTE from biofuels
is lesser than diesel (Agarwal et al. 2011; Yuvarajan etal. 2018;
Venkata Ramanan and Yuvarajan 2015a). Adding 10 and
20 vol% of pentanol to MOBD100 resulted in 0.2 and 0.4%
increase in BTE, respectively, at all loads when compared to
neat MOBD100. The lower cetane number of pentanol leads to
leaner combustion, minor heat loss, and more proportion of
combustion at constant volume and result in slightly higher
BTE (Zhu et al. 2011).

Deviation of BTE for fuels with EGR rate (diesel,
MOBD100, MOBD90P10, and MOBD80P20) is exemplified
in Fig. 10. Comparative fall in BTE was observed for diesel,
MOBD100, MOBD90P10, and MOBD80P20 at various frac-
tions of EGR (10 and 20% flow rate). Oxygen content in the
air reduces with EGR during the combustion and originates
poor combustion (Devarajan et al. 2016). Lower BTE was
observed as a result of lesser combustion temperature and
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Fig. 8 Deviation of smoke emissions for fuels with EGR
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Fig. 9 Deviation of BTE for fuels

oxygen content of fuels (Devarajan et al. 2017a). BTE at full
load and 0% EGR conditions for diesel, MOBD100,
MOBD90P10, and MOBD80P20 are 29, 26.7, 27, and
27.5%, respectively.

Brake-specific fuel consumption

Deviation of BSFC for fuels (diesel, MOBD100,
MOBD90P10, and MOBD80P20) is exemplified in Fig. 11.
BSFC from biofuels is lesser than diesel (Venkata Ramanan
and Yuvarajan 2015b; Devarajan et al. 2017¢). Adding 10 and
20 vol% of pentanol to MOBD100 resulted in 0.6 and 1.1%
decrease in BSFC, respectively, at all loads when compared to
neat MOBD100. This is due to the improved oxidation reac-
tion of oxygen molecules present in pentanol. Pentanol’s
higher energy improves the combustion rate and results in
lower BSFC (Zhu et al. 2011). Pentanol also enhances the heat
transfer rate between the fuel and air and exchange the mo-
mentum among the fresh charge and burnt products inside the
combustion chamber (Agarwal et al. 2011).

Deviation of BSFC for fuels with EGR rate (diesel,
MOBD100, MOBD90P10, and MOBD80P20) is exemplified
in Fig. 12. BSFC for diesel, MOBD100, MOBD90P10, and
MOBDS80P20 reduces at various fractions of EGR (10 and

EMOBD100 = MOBD90P10 W MOBD80P20 m DIESEL

35+

Brake Thermal Efficiency (%)

EGR 0%

EGR 10%
EFFECT OF EGR ON BTE

Fig. 10 Deviation of BTE for fuels with EGR

EGR 20%
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Fig. 11 Deviation of BSFC for fuels

20% flow rate). Oxygen content in the air reduces with EGR
during the combustion and originates poor combustion
(Devarajan et al. 2017a). Lower BSFC was observed as a
result of lesser combustion temperature and oxygen content
of fuels (Devarajan et al. 2016). BSFC at full load and 0%
EGR conditions for diesel, MOBD100, MOBD90P10, and
MOBDS80P20 are 0.17, 0.21, 0.2, 0.18 kg/kW/h, respectively.

Conclusion

This work examines the effect of n-pentanol/neat biodiesel
blends on emission and performance of unmodified research
engine. Two pentanol-biodiesel blends denoted as
MOBD90P10 and MOBD80P20 which match to 10 and
20 vol% of pentanol in biodiesel, respectively, were used as
fuel in research engine at 10 and 20% EGR rates. The follow-
ing findings were found on engine’s emission:

1. Pentanol gets miscible with mahua oil biodiesel without
any separation of phase.

2. Pentanol does not require any solvents/surfactants for
blending with mahua oil biodiesel.

EHMOBD100 = MOBD90P10 W MOBD80P20 m DIESEL

0.3
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Fig. 12 Deviation of BSFC for fuels with EGR
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3. CO and HC emissions remained low for biodiesel
pentanol-blended fuel. A maximum reduction of up to
4.2 and 3.6% of was CO and HC emissions obtained re-
spectively for MOBD80P20 than MOBD100. However,
these emissions increased with EGR introduction.

4. NOy and smoke emissions drop drastically with increas-
ing pentanol concentration. A maximum reduction of up
to 3.9 and 6.4% of NOx and smoke emissions was obtain-
ed, respectively. EGR further reduces the NOx with a
minor increase in other smoke emissions of the neat bio-
diesel and alcohol blends.

5. BTE increased and BSFC reduced with increasing
pentanol fraction in biodiesel. Nevertheless, both the pa-
rameters suffered at 10 and 20% EGR rate.

In summary, from this study, it has been experimentally
found that the engine emissions during mahua biodiesel are
well within the current emission standards. In addition,
pentanol is an excellent higher alcohol which can be poten-
tially employed with lower NOy, CO, smoke, and HC emis-
sions. Therefore, the mahua biodiesel and pentanol blends can
be best suited to diesel engines at 10 and 20% EGR rates.
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