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Abstract

Biodiesel-fuelled diesel engine with oxygen enrichment technique is one of the

promising attempts for improving the performance and combustion character-

istics of an engine without compromising emissions. The present study

emphasizes the utilization of Calophyllum Inophyllum biodiesel with three dif-

ferent percentages of oxygen rates, namely, 1%, 2%, and 3%, were inducted in

the intake manifold of stationary diesel engine; and the results were compared

with B20 (without oxygen enrichment) and conventional diesel. Results indi-

cated that biodiesel blend B20 with 2% oxygen enrichment substantially

improved the BTE to about 28.1%, which is higher than B20 and diesel fuel.

The BTE is improved by 43.5 and 15% as compared with B20 and diesel fuel,

respectively. Results also revealed that the cylinder pressure using B20 with 2%

oxygen enrichment is improved to about 9.6% with B20 and diesel. The

precombustion phase was reduced along with ignition delay, producing longer

diffusion phase for all oxygen-enriched fuels. Also, significant reduction in

stringent emissions of CO (67% with B20 and 50% with diesel) and smoke (85%

with B20 and 63% with diesel) but NOx emissions were increased. The experi-

mental study reveals that the impact of oxygen enrichment on biodiesel

blended fuel offered superior engine characteristics than diesel fuel.
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1 | INTRODUCTION

According to the global scenario, the internal combustion
(IC) engine market demand was pegged at 1,57,105 thou-
sand units in 2017, and it is expected to exhibit a com-
pound annual growth rate (CAGR) of 4.9% from 2018 to
2025.1 Simultaneously, the crude oil demand is expected
to reach 100 million barrel per day.2 Apart from

automotive sector, the usage of stationary engine also
could be the reason for this demand. As the development
of next-generation agricultural equipment, cell phone
towers, construction projects, mining, and gensets will
further increase the usage of stationary engines, it is fore-
cast to climb at the fastest phase for the upcoming
periods.3 In order to face the demand, researchers focused
on blending biodiesel with diesel, which could be the
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alternate source, and they suggested that blending up to
20% biodiesel could produce optimum results than could
standard diesel. From various studies, it was found that
B20 biodiesel blend shows closer or similar values with
diesel and that there were no superior characteristics on
performance and emission.4–10 In order to overwhelm the
performance and also continuous improvement in emis-
sion norms, researchers attempted for various techniques.
Li et al.11 assessed the emission and combustion perfor-
mance of a diesel engine fuelled with straight vegetable
oil (SVO) by varying the oxygen rates from 21% to 24%.
They found that increasing the oxygen concentrations
increases the peak cylinder pressure and temperature by
about 6% and 9%. Shorter ignition delay and ~60% reduc-
tion in particulate emissions were observed when the
oxygen rates varied from 21% to 22% and not much larger
scale difference when the rate was increased beyond 22%.
Emissions such CO and hydrocarbon (HC) also reduced
significantly but resulted in 50% increase of NOx emis-
sions for every 1% of increase in oxygen rate.

Baskar and Senthilkumar12 reported a better perfor-
mance and emission of diesel engine with increased
oxygen concentration. The increase in brake thermal effi-
ciency (BTE) of about 4–8% and lower brake specific fuel
consumption (BSFC) was witnessed. In addition, with
the increase of oxygen concentration from 21% to 27%,
their results showed the drastic reduction of smoke, HC,
and CO, whereas NOx increased. The major drawback of
oxygen enrichment technique resulted in higher NOx,
and this can be controlled by means of either retarding
the injection timing13 or using emulsified fuels.14 Baskar
and Senthilkumar15 did an experiment with 10% water
emulsified diesel fuel maintaining at 27% oxygen rate and
stated that NOx values reduced from 3,040 to 2,450 ppm
than did neat diesel possessing 27% oxygen-enriched air.
Added oxygen also leads to shorter ignition delays and
offers the potential for burning lower grade and non-
petroleum fuels.16,17 Dinesha et al.18 examined the effect
of oxygen-enriched air (3%, 5%, and 7%) with cardanol–
diesel–methanol blend (B20M10), and the results indi-
cated significant improvement in thermal efficiency.
Also, results showed that there was a significant reduc-
tion in emissions as compared with that of B20M10 with-
out oxygen enrichment. The impact of oxygen
enrichment over reactivity controlled compression igni-
tion (RCCI) engine using waste cooking oil as the high-
reactivity fuel was studied by Senthil Kumar et al.19 It
was reported that increased amount of oxygen concentra-
tion significantly improved the BTE. This is completely
due to availability of excess oxygen, which leads to the
complete combustion of the low- and high-reactivity fuels
available in the combustion chamber. An average
reduction of 15% in SFC and 5%–20% increase in

mechanical efficiency were reported when the engines'
intake oxygen level is increased from 1 to 4 L/min.20

Reduced local oxygen deficiencies, shorter ignition delay,
and high in-cylinder temperature could be achieved by
means of oxygen enrichment resulting in higher in-
cylinder pressure.21

The adverse effect of oxygen enrichment is NOx for-
mation in after combustion. Liang et al.22 studied the
combined effect of oxygen enrichment and water-diesel
emulsion. It was reported that the NOx formation is
reduced by adding water content less than 20% with low
oxygen level.

Nanthagopal et al.23 studied the effect of varying
injection pressure of Calophyllum inophyllum methyl
ester (CIME) biodiesel blend on a stationary diesel
engine. From their study, it was observed that the in-
cylinder pressure was higher with injection pressure of
220 bar. On comparing the BTE, CIME exhibited higher
thermal efficiency at 200-bar injection pressure, whereas
the engine is operated at a full load condition. It was con-
cluded that the optimum injection pressure of 220 bar
exhibited lower emissions of HC, CO, and smoke,
whereas the level of NOx increased.

Nanthagopal et al.24 used TiO2 and ZnO as additives
to CIME biodiesel blends to study the performance, com-
bustion, and emission characteristics of prepared fuel for
its substantial replacement for diesel fuel. Two different
concentrations, namely, 50 and 100 ppm of TiO2 and
ZnO, was chosen and sonicated in distilled water known
as nanofluid. The addition of a nanoadditive with the bio-
diesel blend improved the thermal efficiency by 17% than
did CIME biodiesel alone. A similar trend of BTE was
observed with the use of CIME biodiesel with 50 and
100 ppm of TiO2, and it is slightly higher as compared
with ZnO nanoparticle. Emissions such as NOx and CO
are slightly reduced as compared with those of diesel fuel.

Ashok et al.25 studied the influence of injection
timing on stationary diesel engine equipped with exhaust
gas recirculation (EGR) and fuelled with CIME as alter-
native fuel. Three different injection timing, namely,
21, 23, and 23�bTDC (degree before top dead centre
[TDC]), was chosen, whereas the EGR rate is varied by
10%, 20%, and 30%. Results indicated that the influence
of injection timing significantly reduced the smoke, HC,
and CO emissions with improved BTE, whereas the NOx

formation increased. Similarly, whereas the engine was
equipped with EGR, the level of smoke, HC, and CO
emissions increases, whereas the performance decreases.
Also, it was noted that the increase in EGR concentration
reduces the NOx emission.

The effect of different biodiesel blends of CIME on
compression ignition (CI) engine was experimentally
analysed by Ashok et al.26 Three different blends,
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namely, CIME30, CIME60, and CIME100, were used,
and the performance and emission characteristics of the
fuels were tested. A comparative analysis was carried out
with diesel fuel to study the BTE, BSFC, HC, NOx,
smoke, heat release rate (HRR), and ignition delay. It
was concluded that higher blends of biodiesel resulted in
lower ignition delay with higher smoke. Similarly, the
BTE using CIME100 is lower than that of diesel fuel
owing to its higher viscosity and density.

From the literatures, it is clear that there is a potential
use of C. inophyllum as a sustainable alternative fuel for
IC engine. The literature also reveals that the enrichment
of oxygen with the fuel helps in complete combustion of
fuel with reduced smoke and CO with possible increase
in BTE. The present study extensively focuses on improv-
ing the C. inophyllum biodiesel blend (D80 + B20) to pro-
vide higher engine characteristics than diesel.
Furthermore, the effect of oxygen enrichment over the
biodiesel blend B20 (80% diesel and 20% biodiesel), which
is derived from C. inophyllum, on performance, combus-
tion, and emission characteristics is experimentally
studied in a stationary single cylinder diesel engine. The
experiment was conducted by varying the rate of oxygen
percentage from 1% to 3% with the fuel B20, and the
results were plotted and compared with those of B20 and
standard diesel fuel.

2 | MATERIALS AND METHODS

To investigate the influence of oxygen enrichment tech-
nique on characteristics of a diesel engine fuelled with

B20, an engine test rig is used. The layout of an engine
test rig is shown in Figure 1. An eddy current dynamom-
eter, which is used to vary the operating loading
conditions, is coupled with a diesel engine, and their
specifications are listed in Table 1. The stationary diesel
engine and dynamometer are interfaced to the control
panel, which is connected to the computer. In order to
study the combustion characteristics, an equipment such
as pressure transducer (to measure in-cylinder pressure),
TDC encoder (used for crank angle [CA] measurements),
and charge amplifier for amplifying the signals from the
sensors were mounted on the test engine and interfaced
to the computerized data acquisition system. AVL DI gas
analyser and AVL 437 smoke meter were used to analyse
the emission characteristics. The oxygen enrichment
technique consists of an industrial-purpose oxygen cylin-
der equipped with pressure regulator and control valve.
A rotameter is fixed with the cylinder to govern the
percentage of oxygen flow. A surge tank is provided to
stabilize the atmospheric air and oxygen.

The experiment was conducted in two phases: in the
first phase for all the loading conditions, blend B20 and
diesel fuels were tested, and the readings were noted. In
the second phase, blend B20 with three different rates of
oxygen percentage on volume basis was tested. Before an
engine was started, fuel lines and coolant lines were
checked thoroughly to ensure no leakage. To attain the
steady-state condition, the engine is run for 5–8 min. The
loading conditions (e.g. 0%, 25%, 50%, 75%, and 100%)
were achieved by adjusting the current level of an eddy
current dynamometer. For each load, performance oper-
ating parameter (BTE, brake specific consumption, and

FIGURE 1 Layout of an experimental set-

up
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exhaust gas temperature), combustion parameter (cylin-
der pressure and HRR), and emission parameter (carbon
monoxide, oxides of nitrogen, and smoke opacity) were
analysed and recorded. The same procedure was repeated
for all the fuels, and its properties are listed in Table 2.
Furthermore, the properties of C. inophyllum and B20 are
compared with those from the literature of Kishna et al.27

From Table 2, it is found that the CI biodiesel and B20
blend of the present study and the CI biodiesel and B20
blend have an almost similar property. Whenever the
blend fuel is replaced, the engine is allowed to run till the
steady-state condition for a particular mode of operation
is reached. The biodiesel blended fuels B20 (20% biodiesel
and 80% diesel) and B20 with three oxygen percentages
on volume basis such as B20 (1%), B20 (2%), and B20
(3%) were tested; and the results were compared with
those of B20 and base diesel fuel.

2.1 | Uncertainty analysis

In order to get accurate error limits, root mean square
method was used in the study to carry out the

uncertainty analysis. Uncertainties and errors in the
experiments occurred owing to the human observation,
calibration, working conditions, and environment condi-
tions.28 The percentage uncertainties of various parame-
ters like brake power, total fuel consumption (TFC), SFC,
and BTE were calculated using the percentage uncer-
tainties of various instruments given in Table 3.

R= √
Xn

i=1
:x2i , ð1Þ

where R is the total percentage of uncertainty and Xi is
the individual uncertainty of computed parameters. With
the use of Equation 1, the overall percentage uncertainty
of parameters was found to be ±1.45%.

3 | RESULTS AND DISCUSSIONS

3.1 | Engine performance

For different oxygen concentration (1%, 2%, and 3%) of
B20, the variations of BSFC with brake power are shown
in Figure 2, and it was noted that the rise in brake power
reduces the BSFC for all the tested fuels. Blend B20 with
2% increase in oxygen rate shows a lesser value of BSFC
of 0.3 kg/kW�h, which is 31% lesser than B20 and 13%
lesser than diesel. At a low load, the difference between
the value of BSFC for diesel and blends with oxygen
enrichment is large when compared with that at higher
loads. The reason could be the strong mixture strength at
high loads, whereas at a low load, the mixture strength
becomes very weak, which affects the fuel utilization.
Increased oxygen rate in the air enables the oxidation
process, which enhances the reaction rate of the blends;
thus, the reduction in BSFC is obtained.

The variation of BTE with brake power by varying
oxygen concentration is shown in Figure 3, and it is likely
that the BTE increases with increase in brake power for
all the tested fuels. Blend B20 exhibited lower thermal
efficiency at a higher load and higher thermal efficiency

TABLE 1 Engine specification

Manufacturer Kirloskar Oil Engines Ltd.

Model 240PE

Engine type Four-stroke, single-cylinder,
direct-injection, water-cooled
compression ignition engine

Cylinder bore 87.5 mm

Stroke 110 mm

Rated power 3.5 kW at 1500 rpm

Compression ratio 17.5

Swept volume 661 cm3

Injection timing 23�bTDC

Fuel injection pressure 200–210 bar

Dynamometer SAJ make eddy current
dynamometer

TABLE 2 Properties of test fuels

Properties Diesel CI biodiesel CI biodiesel27 B20 B2027 ASTM testing

Density (kg/m3) at 15�C 820 868.6 872 830.8 854 D4052

Kinematic viscosity (mm2/s) at 40�C 2.2 4.72 5.61 2.81 3.22 D445

Heating value (kJ/kg) 43,000 38,900 38,500 42,220 41,000 D270

Flash point (�C) 75 122 162 84 79.5 D93

Fire point (�C) 65 178 180 87 87 D93

Cetane index 45 52 59 47 48 D976–91

Abbreviation: CI, Calophyllum Inophyllum.
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at a part load condition. This is due to the dissolved oxy-
gen content available in B20 blend, which is simulta-
neously enabled during a part load condition for higher
BTE. Also, the increase in the thermal efficiency at a part
load is due to the premixed combustion phase by the fuel
droplets, creating lubricity by the blend with the cylinder
walls, thus resulting in reduced wear rate between the
piston and cylinder walls. The increased thermal effi-
ciency with B20 at lower loads is due to the ignition delay

by the fuel injected into the cylinder.29 The highest BTE
of 28.01% was attained for blend B20 with 2% oxygen
enriched, which is 15% higher than diesel and 43.6%
higher than B20. Supplying oxygen concentration pro-
gresses the combustion stability and avoids misfire inside
the engine cylinder, which would be the reason for this
improvement in thermal efficiency. The gaseous fuel–air
mixture at these conditions originally forms a sustainable
flame, and therefore, further oxygen enrichment has
almost no effect upon fuel consumption and thermal
efficiency.

3.2 | Combustion characteristics

The variations in pressure with respect to different CAs
for B20 and B20 with different oxygen enrichment ratios
at a full load is shown in Figure 4. The cylinder pressure
increases by increasing the oxygen concentration by
means of reducing the ignition delay. At a full load, blend
B20 with 1%, 2%, and 3% shows peak pressure of 63.9,
63.58, and 63.51 bar (Figure 5), respectively, whereas
diesel and B20 show 57.98 and 58.01 bar, respectively.
Generally, the oxygen enrichment increases the oxygen
concentration inside the engine cylinder, which reduces
the heat dissipation and increases the in-cylinder temper-
ature. Owing to this, the fuel present inside the cylinder
gets atomized quickly for the upcoming cycles, and there
is a significant improvement in the combustion stability.
This improves the quality of combustion, which in turn
increases the cylinder pressure significantly. At the same
end here, the oxygen enrichment act as cetane improver
by igniting the air–fuel mixture at lower temperatures,
which reduces the ignition delay and helps to achieve
high pressure inside the cylinder.

TABLE 3 Uncertainty of instruments used

S.
No Parameter Range

Per cent
uncertainty

1 Brake power 0–3.5 kW ±0.7

2 Fuel quantity 0–50 cm3 ±1

3 Time — ±0.2

4 Oxygen flow rate 0–25 L/min ±1

5 In-cylinder
pressure

0–100 bar ±1.2

6 Crank angle — ±0.2

7 Carbon
monoxide (%)

0–10% (vol) ±0.8

Nitric oxide
(ppm)

0–5000 ppm
(vol)

±1

8 Smoke opacity
(%)

0–100% ±1

9 Brake specific fuel
consumption

— ±1.6

10 Brake thermal
efficiency

— ±0.9

FIGURE 2 Variation of brake specific fuel consumption for

different test fuels

FIGURE 3 Variation of brake thermal efficiency for different

test fuels
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The difference in the CA between the fuel starting to
inject and the start of combustion occurring in the cylin-
der is usually termed as ignition delay. The variation in
the ignition delay for different fuel tested under various
loads is shown in Figure 6. It is inferred that the ignition
delay for B20 with 3% oxygen enrichment is higher than
that for B20 with 2% and 1% oxygen enrichment during
the peak load condition as the in-cylinder peak pressure
is lower. Also, during the test condition, diesel fuel and
B20 blend exhibited somehow the same ignition delay,
which is due to its cetane number. It is also found that
the ignition delay for diesel is higher as compared with
the ignition delay of biodiesel. The available oxygen con-
tent in biodiesel decreases the ignition delay period of the
fuel. The ignition delay of increased blends of biodiesel
exhibited shorter ignition delay as discussed by Ashok
et al.26

At an earlier position, the sudden rise in HRR curve
is observed in Figure 7, and it was evidence of earlier
start of combustion for the fuels with oxygen enrichment.
Figure 7 shows the HRR–CA degree (CAD) diagrams for
blend B20 and B20 with different oxygen enrichment
ratios at a full load. Blend B20 with 1%, 2%, and 3% shows
the HRR of 46.62, 44.8 and 40.9 J/deg, respectively,
whereas diesel shows 48.5 J/deg. Here, the reduced HRR
for the blends with oxygen enrichment is due to lesser
premixed combustion phase, which reduces the amount
of fuel accumulation. Thus, the autoignition took place
as soon as it finds an oxygen molecule with fewer
CA. Hence, from the figure, it can be observed that the
occurrence point of peak HRR was also earlier for the
blends with oxygen enrichment.

3.3 | Emission characteristics

The variation of CO emission with brake power for
different percentages of oxygen enrichment is shown in
Figure 8. The CO emissions decrease with increases in
oxygen concentration. In common is that the formation
of CO is mainly dependent on the ratio of air–fuel
mixture and in-cylinder temperature. At a medium load
condition, the CO emission reduces for B20 blend, as it is
due to a phenomenon of complete combustion helping in
oxidising the CO to CO2.

27 Blend B20 with 3% increase in
oxygen rate releases lower CO emissions of 0.07%
(0.055 g/kW�h), whereas blend B20 with 2% increase in
oxygen rates releases 0.11% (0.079 g/kW�h) of CO emis-
sions, which is 67% lesser than B20 and 50% lesser than
diesel. This drastic reduction in CO emission was due to
lean mixture combustion, attributed to the excess supply

FIGURE 4 Variation of in-cylinder pressure at high load for

different test fuels

FIGURE 5 Variation in peak cylinder pressure for different

test fuels under various loads

FIGURE 6 Variation in ignition for different test fuels under

various loads
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of oxygen. Also, as already discussed in the combustion
characteristics, the high in-cylinder temperature and high
HRR in the controlled combustion phase strengthen the
process of oxidation of carbon atoms to CO2.

NOx formation after combustion is influenced by
different in-cylinder parameters such as temperature, res-
idence time, and content of oxygen. For different oxygen
concentrations (1%, 2%, and 3%) of B20, the variations of
NOx emissions with brake power are shown in Figure 9,
and it is noted that the rise in brake power increases the
NOx for all the tested fuels owing to high thermal effect
at higher loads. It is observed that there is an increase in
NOx formed for all the test fuels. The increase in NOx

formation is completely due to the increase in in-cylinder
temperature and excess oxygen present in the fuel during
oxygen enrichment, which leads to faster combustion.
Blend B20 with 3% oxygen enrichment shows higher
NOx emission of 1863 ppm, whereas blend B20 with 2%
oxygen enrichment reduced the NOx emission up to 27%
(1359 ppm; 11.3 g/kW�h). Similarly, the NOx emission
using blend B20 with 2% oxygen enrichment is higher to
about 71% and 17.4% compared with that of B20 and
diesel, respectively, whereas the engine is operated at a
higher load. Usually, the combustion of fuels with excess
oxygen concentration in the premixed zone is reduced
owing to lesser ignition delay.24 In contrast to the lesser
ignition delay and premixed combustion phase, the
higher HRR was observed in the longer diffusion com-
bustion phase, which leads to high mean in-cylinder peak
temperature. This thermal effect leads to higher NOx
emissions.

The variation in smoke opacity from engine operated
between zero and full load conditions for diesel, B20, and
B20 with 1%, 2%, and 3% is shown in Figure 10. From
Figure 10, it is observed that blend B20 with 3% oxygen
enrichment shows reduced smoke opacity of 5.7% and
lower than that of B20 with 2%, which shows an increase
of about 13.2%, whereas by using diesel and B20, the
smoke opacity was found to be 36% and 89%, while the
engine is operated at higher load conditions.25 The level
of smoke will reduce as the oxygen concentration
increases, indicating cleaner and complete combustion
inside the cylinder. The supply of excess oxygen even
dilutes the fuel-rich region inside the cylinder, because
the richer the fuel, the higher the smoke.

FIGURE 7 Variation of heat release rate at high load for

different test fuels

FIGURE 8 Variation of carbon monoxide emissions for

different test fuels

FIGURE 9 Variation of nitrous oxide emissions for different

test fuels
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4 | CONCLUSIONS

On the basis of current investigation made on the perfor-
mance and emission characteristics of a stationary diesel
engine fuelled with blend B20 and oxygen enrichment
influencing blend B20, the following conclusions were
drawn:

• The enrichment of biodiesel with oxygen stimulates
the engine performance by improving the efficiency
and fuel consumption. Blend B20 with 2% oxygen con-
centration improved the BTE by 43.6% and 15% as
compared with that of B20 and diesel fuel, respectively.
Similarly, there is a reduction of about 31% and 13% in
BSFC for the same condition.

• Ignition delay during the early start of ignition is
reduced by means of higher oxygen concentration in
the air–fuel mixture. An increase of about 9.6% is
observed in the peak in-cylinder pressure at a higher
load when the engine is operated with B20 biodiesel
with 2% oxygen enrichment.

• Increase in oxygen concentration reduced the pre-
mixed combustion zone and lengthened the con-
trolled/diffusion combustion zone, as it is clearly
evident from the observations of HRR curve. This
reduces the attainment of peak HRR owing to resisting
fuel accumulation.

• But peak HRR was attained in the diffusion phase for
the blends with higher oxygen concentration leading to
higher in-cylinder temperature, which in turn
increases the NOx emissions. There is an increase in
NOx emission of about 17.4 to 71% using B20 with 2%
oxygen enrichment compared with that of diesel and
B20, respectively.

• The higher the oxygen concentration, the cleaner the
combustion; and the emissions such as CO and smoke

drastically reduced with higher oxygen concentration
with the blend B20. In comparison with B20 and diesel,
blend B20 (2%) emits 67% and 50% lower CO emissions
and 85% and 63% lower smoke release, respectively.

4.1 | Future recommendations

Furthermore, an after-treatment process using efficiency
catalytic convertor with higher conversion efficiency is
proposed, which will reduce the emission such as NOx,
CO, CO2, and HC from the diesel engine.

ORCID
Padmanaba Sundar S. https://orcid.org/0000-0002-
7790-5604
Ravishankar Sathyamurthy https://orcid.org/0000-
0002-2881-3455

REFERENCES
1. https://www.grandviewresearch.com, Internal Combustion

Engine Market Size & Share, Industry Report, 2018–2025,
Report ID: 978–1–68038-591-5.

2. https://www.iea.org, International Energy Agency Report
2018.

3. https://www.gminsights.com, Global Diesel Gensets Market
Size by Power Rating, by End-use, by Application, Industry
Analysis Report, Regional Analysis, Application Potential,
Price Trend, Competitive Market Share & Forecast,
201m9–2025, Report ID: GMI3114.

4. Dhar A, Agarwal AK. Performance, emissions and combustion
characteristics of Karanja biodiesel in a transportation engine.
Fuel. 2014;119:70-80. https://doi.org/10.1016/j.fuel.2013.11.002

5. Raman LA, Deepanraj B, Rajakumar S, Sivasubramanian V.
Experimental investigation on performance, combustion and
emission analysis of a direct injection diesel engine fuelled with
rapeseed oil biodiesel. Fuel. 2019;246:69-74. https://doi.org/10.
1016/j.fuel.2019.02.106

6. Arunkumar M, Kannan M, Murali G. Experimental studies on
engine performance and emission characteristics using castor
biodiesel as fuel in CI engine. Renew Energy. 2019;131:737-744.
https://doi.org/10.1016/j.renene.2018.07.096

7. Pali HS, Kumar N, Alhassan Y. Performance and emission
characteristics of an agricultural diesel engine fueled with
blends of Sal methyl esters and diesel. Energ Conver Manage.
2015;90:146-153. https://doi.org/10.1016/j.enconman.2014.
10.064

8. Shameer PM, Ramesh K. Green technology and performance
consequences of an eco-friendly substance on a 4-stroke diesel
engine at standard injection timing and compression ratio.
Journal of Mechanical Science and Technology. 2017;31(3):1497-
1507. https://doi.org/10.1007/s12206-017-0249-3

9. Muthukumaran N, Saravanan CG, Prasanna Raj Yadav S,
Vallinayagam R, Vedharaj S, Roberts WL. Synthesis of cracked
Calophyllum inophyllum oil using fly ash catalyst for diesel
engine application. Fuel. 2015;155:68-76. https://doi.org/10.
1016/j.fuel.2015.04.014

FIGURE 10 Variation of smoke emissions for different test

fuels

8 of 9 S. ET AL.

https://orcid.org/0000-0002-7790-5604
https://orcid.org/0000-0002-7790-5604
https://orcid.org/0000-0002-7790-5604
https://orcid.org/0000-0002-2881-3455
https://orcid.org/0000-0002-2881-3455
https://orcid.org/0000-0002-2881-3455
https://www.grandviewresearch.com
https://www.iea.org
https://www.gminsights.com
https://doi.org/10.1016/j.fuel.2013.11.002
https://doi.org/10.1016/j.fuel.2019.02.106
https://doi.org/10.1016/j.fuel.2019.02.106
https://doi.org/10.1016/j.renene.2018.07.096
https://doi.org/10.1016/j.enconman.2014.10.064
https://doi.org/10.1016/j.enconman.2014.10.064
https://doi.org/10.1007/s12206-017-0249-3
https://doi.org/10.1016/j.fuel.2015.04.014
https://doi.org/10.1016/j.fuel.2015.04.014


10. Rahman SMA, Masjuki HH, Kalam MA, Abedin MJ, Sanjid A,
Sajjad H. Production of palm and Calophyllum inophyllum
based biodiesel and investigation of blend performance and
exhaust emission in an unmodified diesel engine at high idling
conditions. Energ Conver Manage. 2013;76:362-367. https://doi.
org/10.1016/j.enconman.2013.07.061

11. Li H, Biller P, Hadavi SA, Andrews GE, Przybyla G, Lea-
Langton A. Assessing combustion and emission performance
of direct use of SVO in a diesel engine by oxygen enrichment of
intake air method. Biomass Bioenergy. 2013;51:43-52. https://
doi.org/10.1016/j.biombioe.2012.12.039

12. Baskar P, Senthilkumar A. Effects of oxygen enriched combus-
tion on pollution and performance characteristics of a diesel
engine. Engineering Science and Technology, an International
Journal. 2016;19(1):438-443. https://doi.org/10.1016/j.jestch.
2015.08.011

13. Poola RB, Sekar R. Reduction of NOx and particulate emissions
by using oxygen-enriched combustion air in a locomotive diesel
engine. Journal of Engineering for Gas Turbines and Power.
2003;125(2):524-533. https://doi.org/10.1115/1.1563236

14. Subramanian KA, Ramesh A. Experimental investigation on
the use of water diesel emulsion with oxygen enriched air in a
DI diesel engine. SAE Technical Paper Series. 2001; 1-7. https://
doi.org/10.4271/2001-01-0205

15. Baskar P, Senthil Kumar A. Experimental investigation on per-
formance characteristics of a diesel engine using diesel–water
emulsion with oxygen enriched air. Alex Eng J. 2017;56(1):137-
146. https://doi.org/10.1016/j.aej.2016.09.014

16. Sekar, R.R., Marr WW, Cole RL, Marciniak TJ, and Schaus JE
(1990). Diesel Engine Experiments with oxygen Enrichment,
Water Addition, and Lower-Grade Fuel, Twenty-Fifth Inter-
society Energy Conversion Engineering Conference, Reno,
Nevada, United States.

17. Iida N, Sato GT. Temperature and mixing effects on NO, and
particulates. Journal of Engines SAE Paper, 1988; 97(6):
702–714. https://doi.org/10.4271/880424

18. Dinesha P, Nayak V, Mohanan P. Effect of oxygen enrichment
on the performance, combustion, and emission of single cylin-
der stationary CI engine fueled with cardanol diesel blends.
Journal of Mechanical Science and Technology. 2014;28(7):2919-
2924. https://doi.org/10.1007/s12206-014-0644-y

19. Senthil Kumar M, Arul K, Sasikumar N. Impact of oxygen
enrichment on the engine's performance, emission and com-
bustion behavior of a biofuel based reactivity controlled com-
pression ignition engine. Journal of the Energy Institute. 2017;
92:51–61. https://doi.org/10.1016/j.joei.2017.12.001

20. Rajkumar K, Govindarajan P. Impact of oxygen enriched com-
bustion on the performance of a single cylinder diesel engine.
Frontiers in Energy. 2011;5(4):398-403. https://doi.org/10.1007/
s11708-011-0157-7

21. Abdelaal MM, Rabee BA, Hegab AH. Effect of adding oxygen
to the intake air on a dual-fuel engine performance, emissions,
and knock tendency. Energy. 2013;61:612-620. https://doi.org/
10.1016/j.energy.2013.09.022

22. Liang Y, Shu G, Wei H, Zhang W. Effect of oxygen enriched
combustion and water–diesel emulsion on the performance
and emissions of turbocharged diesel engine. Energ Conver
Manage. 2013;73:69-77. https://doi.org/10.1016/j.enconman.
2013.04.023

23. Nanthagopal K, Ashok B, Raj RTK. Influence of fuel injection
pressures on Calophyllum inophyllum methyl ester fuelled
direct injection diesel engine. Energ Conver Manage. 2016;116:
165-173.

24. Nanthagopal K, Ashok B, Tamilarasu A, Johny A, Mohan A.
Influence on the effect of zinc oxide and titanium dioxide
nanoparticles as an additive with Calophyllum inophyllum
methyl ester in a CI engine. Energ Conver Manage. 2017;146:
8-19.

25. Ashok B, Nanthagopal K, Raj RTK, Bhasker JP, Vignesh DS.
Influence of injection timing and exhaust gas recirculation of a
Calophyllum inophyllum methyl ester fuelled CI engine. Fuel
Process Technol. 2017;167:18-30.

26. Ashok B, Nanthagopal K, Vignesh DS. Calophyllum inophyllum
methyl ester biodiesel blend as an alternate fuel for diesel
engine applications. Alex Eng J. 2018;57(3):1239-1247.

27. Kishna RS, Nanthagopal K, Ashok B, Srinath R, Kumar MP,
Bhowmick P. Investigation on pilot injection with low temper-
ature combustion of Calophyllum inophyllum biodiesel fuel in
common rail direct injection diesel engine. Fuel. 2019;258:1–13.
https://doi:10.1016/j.fuel.2019.116144

28. Sundar SP, Kumar MH, Muthiya SJ. Experimental investiga-
tion on performance combustion and emission characteristics
of direct injection diesel engine using Calophyllum inophyllum
methyl ester. Indian Journal of Environmental Protection. 2019;
39(7):614-620.

29. Rajak U, Nashine P, Verma TN. Characteristics of microalgae
spirulina biodiesel with the impact of n-butanol addition on a
CI engine. Energy. 2019;189:1–15. https://doi.org/10.1016/j.
energy.2019.1163110360-5442

How to cite this article: S. PS, P. V, M. B,
Sathyamurthy R, Chamkha AJ. Influence of
oxygen enrichment on performance, combustion,
and emission characteristics of a stationary diesel
engine fuelled with Calophyllum Inophyllum
biodiesel blend. Asia-Pac J Chem Eng. 2020;15:
e2472. https://doi.org/10.1002/apj.2472

S. ET AL. 9 of 9

https://doi.org/10.1016/j.enconman.2013.07.061
https://doi.org/10.1016/j.enconman.2013.07.061
https://doi.org/10.1016/j.biombioe.2012.12.039
https://doi.org/10.1016/j.biombioe.2012.12.039
https://doi.org/10.1016/j.jestch.2015.08.011
https://doi.org/10.1016/j.jestch.2015.08.011
https://doi.org/10.1115/1.1563236
https://doi.org/10.4271/2001-01-0205
https://doi.org/10.4271/2001-01-0205
https://doi.org/10.1016/j.aej.2016.09.014
https://doi.org/10.4271/880424
https://doi.org/10.1007/s12206-014-0644-y
https://doi.org/10.1016/j.joei.2017.12.001
https://doi.org/10.1007/s11708-011-0157-7
https://doi.org/10.1007/s11708-011-0157-7
https://doi.org/10.1016/j.energy.2013.09.022
https://doi.org/10.1016/j.energy.2013.09.022
https://doi.org/10.1016/j.enconman.2013.04.023
https://doi.org/10.1016/j.enconman.2013.04.023
https://doi:10.1016/j.fuel.2019.116144
https://doi.org/10.1016/j.energy.2019.1163110360-5442
https://doi.org/10.1016/j.energy.2019.1163110360-5442
https://doi.org/10.1002/apj.2472

	Influence of oxygen enrichment on performance, combustion, and emission characteristics of a stationary diesel engine fuell...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Uncertainty analysis

	3  RESULTS AND DISCUSSIONS
	3.1  Engine performance
	3.2  Combustion characteristics
	3.3  Emission characteristics

	4  CONCLUSIONS
	4.1  Future recommendations

	REFERENCES


