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The experimental investigation of the influence of Al2O3 nanoadditive on perfor-
mance and emissions in a methyl ester of neem oil fueled direct injection Diesel 
engine is reported in this paper. The Al2O3 nanoparticles are mixed in various 
proportions (100 to 300 ppm) with methyl ester of neem oil. The performance and 
emissions are tested in a single cylinder computerized, 4-stroke, stationary, wa-
ter-cooled Diesel engine of 3.5 kW rated power. Results show that the nanoaddi-
tive is effective in increasing the performance and controlling the NO emissions 
of methyl ester of neem oil fueled Diesel engines.  
Key words: Al2O3, nanoparticle, biodiesel, additive, engine performance, 

emission 

Introduction 

Biodiesel is one of the alternatives to fossil diesel fuel in the world today and its 
production and demand has been growing at a very fast rate [1]. Biodiesel is a CO2 neutral be-
cause it emits the same quantity of CO2 emissions while it absorbs during the plants growth 
[2]. Apart from NOx, emissions like HC, CO, particulate matter, smoke intensity, sulfates, 
polycyclic, and nitrated aromatic HC are less in biodiesel [3]. The higher NOx emissions are 
due to the inherent oxygen content in biodiesel itself and also due to the high local tempera-
ture raised due to excess HC combustion and oxidation. This higher oxygen content increases 
the maximum temperature during the combustion process, and increase the thermal NOx for-
mation. For 100% biodiesel, NOx emission increases around 13% more than that for petro 
diesel [4, 5]. The NOx is a major cause of smog, low level ozone, which causes respiratory 
problems besides being the cause of acid rain. As the use of biodiesel has increased, the high-
er NOx emission has become a significant barrier to market growth. Improved NOx reduction 
technologies are therefore becoming vital to the global environment. Biodiesel, on the other 
side, also has some disadvantages like higher viscosity, pour point, lower volatility, and lower 
oxidation stability when compared with diesel fuel. The performance of biodiesel is low due 
to its high viscosity which results in poor atomization, fuel air mixing, vaporization, and 
combustion process.  

Nanofluids having a stable suspension of nanoparticles with 1-110 nm, size, have 
emerged as an interesting area in recent years [6-9]. Nanofluids can be used in energy-related 
systems because of their enhanced thermal conductivity. Karthikeyan et al. [10] found that the 
–––––––––––––– 
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brake specific fuel consumption, CO, HC, and smoke emissions were reduced by adding zinc 
oxide nanoparticle with pomolion stearin wax biodiesel. This was due to the positive effects 
of fuel properties, reduced ignition delay period, improved ignition characteristics and better 
air-fuel mixing. The high surface area of nanosize energetic materials offered higher reactivi-
ty, reduced the ignition delay period and enjoyed faster energy release [11]. Selvan et al. [12] 
found that the addition of cerium oxide nanoparticles and carbon nanotubes with diesterol, ac-
celerated burning rate, reduced the ignition delay period, and gave the lower heat release rate 
and advance peak heat release rate position. This resulted in an increase in brake thermal effi-
ciency and reduction of harmful exhaust emissions. Tyagi et al. [13] revealed that nanoalu-
minum significantly increased the ignition probability of diesel. Solero [14] found that the ad-
dition of Al2O3 nanoparticles to diesel fuel lowered CO emission levels by improving the 
combustion features of the spray flame.  

Mehta et al. [15] found that the brake thermal efficiency was enhanced and CO, HC 
emissions reduced by adding aluminum, iron, and boron nanoparticles with diesel fuel. This 
was due to the decreased ignition delay period, decreased burning period and rapid oxidation 
which leads to complete combustion. Nanoadditive enhanced the surface area to volume ratio 
and increased catalytic activity [8]. The peak pressure and the maximum rate of pressure rise 
were also lower for the alumina and CNT nanoparticles blend due to shorten ignition delay 
[16, 17]. Alumina nanoparticles with ethanol and n-decane liquid fuels reduced the flame 
temperature. The peak temperature location was also shifted downstream, resulting in the re-
duction of mass fraction of CO and NOx pollutants [18]. Nanoorganic additive to emulsion 
fuel accelerated the fuel evaporation rate and also the mixing of fuel with air with reduced 
combustion duration. This lead to improved brake thermal efficiency and reduced NOx emis-
sions [19]. 

These earlier studies exposed some ignition characteristics of fuels with the addition 
of nanoparticles. The effects of nanoparticles on the performance and emission characteristics 
of fuels have been rarely investigated. In this experimental investigation, the methyl ester of 
neem oil (MENO) is taken as a test fuel and Al2O3 as nanoadditive. This research paper pre-
sents the investigation outcome of the effect of nanoadditive on performance and emissions of 
a neem-derived biodiesel fueled direct injection Diesel engine.  

Test fuels 

The neem tree, belonging to the mahogany family, is native and endemic to the Indi-
an subcontinent. Neem oil ranges from light to dark brown in color, is bitter in taste and has a 
strong odor. It can be obtained from the solvent extraction of neem seed, fruit, oil-cake or 
kernel [20]. The whole tree is useful for wide-ranging applications like medicines, pesticides, 
cosmetics, toiletries, organic plant food, etc. The neem tree can tolerate extreme drought con-
ditions, like temperature of 45 °C and rain less than 35 cm per year [2]. Neem can be grown 
in any type of soil, rocky, shallow or dry. Neem trees attain full maturity in just eight to ten 
years and continue to yield seeds for 150 to 200 years. It gives an average seed yield of 
around 5.5 tones per hectare and has an oil content of 25-45%. The energy ratio of neem bio-
diesel is around 1.64, an important factor in considering neem oil as an alternative renewable 
fuel. Azadirachtin is the main constituent of neem seed oil, which varies from 300 to 
2500 ppm depending on the extraction technology and quality of the neem seeds crushed. The 
biodiesel can be prepared after its removal for medicinal purposes. The oil contains sulfurous 
compounds, which gives it a pungent odor and a less clean burn than other vegetable oils.  
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Transesterification  

The neem biodiesel is to be prepared by the double esterification process because of 
its higher free fatty acid (FFA) content. First, it is esterified by acid catalyst and then by base 
catalyst [20]. In acid catalyzed esterification FFA content of the oil is reduced below 1%. In 
alkaline catalyzed esterification, the products of the acid esterification are converted into mo-
noesters and glycerol. In acid esterification, 1000 ml of neem oil is heated to about 55 °C, 
250 ml of methanol is added to it and it is stirred for a few minutes. To this mixture 2% of 
H2SO4 is also added and it is stirred at a constant rate with temperature of 60 °C for one hour. 
After the reaction is over, the solution is allowed to settle for 24 hours in a separating funnel. 
The excess alcohol along with sulfuric acid and impurities floating on the top surface are sep-
arated. The bottom layer is separated for further base catalyst esterification. The yield of the 
acid esterification is heated again to about 55 °C. An 2% of KOH dissolved in 250 ml of 
methanol is added to this mixture and stirred for one hour. After the reaction is complete, the 
solution is again allowed to settle for 24 hours [21]. The glycerin settles at the bottom and es-
terified neem oil rises to the top. The biodiesel produced contains no sulfur and phosphorous 
is separated and purified with warm water. The biodiesel is used within 48 hours of produc-
tion to avoid any loss of oxidative stability or increase in water content caused by long-term 
storage. The measured properties of diesel fuel, neem oil and MENO are given in tab. 1.  

Table 1. Properties of test fuels and blends 

 Density 
[gcm–3] 

Net calorific 
value [kJkg–1] 

Kinematic  
viscosity [Cst] 

Flash point 
[°C] 

Cetane  
number 

Standard method ASTM D941 ASTM D240 ASTM D613 ASTM D445 ASTM D93 

Measuring  
instruments Hydrometer Bomb 

calorimeter 
Red wood 
viscometer 

Penksy-Martins 
closed cup apparatus 

Ignition 
quality tester 

Diesel 0.8359 44500 2-3 75 51 

Neem oil 0.944 39742 38.2 201 55 

MENO 0.890 40678 4.27 180 53 

MENO+ALN100 0.889 40920 4.28 181 53 

MENO+ALN200 0.889 40921 4.28 181 54 

MENO+ALN300 0.888 40926 4.29 182 54 

MENO+ALN400 0.888 40929 4.29 182 55 

To study the Al2O3 particle morphology the photographic image is taken from the 
scanning electronic microscope (SEM) and given in fig. 1. To confirm the purity and size of 
Al2O3 particle, X-ray diffraction (XRD) test is also done. The variations of relative intensity 
with respect to 2-theta of the XRD test are shown in fig. 2. The properties of Al2O3 nanoad-
ditive are given in tab. 2. Nanoadditive is accurately weighed using a high precision elec-
tronic weighing balance and added to the measured quantity of neem biodiesel. To make 
0.010%-m of biodiesel blend 100 mg of nanoadditive is added to 1 kg of biodiesel. The per-
formance and emissions from the engines were studied at different biodiesel and biodiesel 
blends 0.010%-m (MENO+ALN100), 0.020%-m (MENO+ALN200), 0.030%-m  
(MENO+ALN300), with a mean engine speed of 1500 rpm. To prepare a better homogeneous  
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Figure 1. The SEM image 

 
Figure 2. Variation of relative intensity with 2-theta 

 

mixture of Al2O3 nanoadditive with neem bio-
diesel an ultrasonic 20 kHz homogenizer 
(SONOPULS-HD2070) is used. It also helps in 
the stability improvement of nanoadditive with 
neat biodiesel. One liter of biodiesel blend was 
used for each test run. In between the test runs 
diesel fuel was run through the engine to clear 
the deposits of the biodiesel blends in the fuel 
tank, engine, and oil passages. This also helps to 
increase the engine temperature, which is in turn 
useful for the higher viscosity biodiesel combus-
tion.  

Experimental set-up 

A single cylinder 4-stroke water cooled di-
rect injection Diesel engine was used to conduct 

the experiment. The layout of the engine test rig and data acquisition system is shown in fig. 3. 
The engine runs at a constant speed of 1500 rpm through governor control. It had a maximum 

power output of 3.5 kW at full load condi-
tion. The engine was a Kirloskar make TV1 
model with overhead valves operated by 
push rods. The injection timing recom-
mended by the manufacturer was 23o bTDC 
and the injector opening pressure was set at 
210 bar. The fuel injection system was 
maintained and calibrated as per manufac-
turer’s recommendations. The engine had a 
hemispherical combustion chamber on its 
crown. The details of the engine specifica-
tions are given in tab. 3. The engine was 
cooled by circulating water through the 
jackets on the cylinder block and head. A 

Table 2. Properties of alumina nanopowder 

Purity 99.9% 

Average particle size 18 nm 

Density 3.89 gm/cm3 

Elastic modulus 375 GPa 

Bulk modulus 228 GPa 

Shear modulus 152 GPa 

Compressive strength 2600 MPa 

Hardness 1440 kg/mm2 

Thermal conductivity 35 W/mK 

Specific heat 880 J/kgK 
 

 
Figure 3. Layout of engine test rig and data 
acquisition system; 1 – engine, 2 – eddy current 
dynamometer, 3 – fuel tank, 4 – exhaust pipe,  
5 – data acquisition system, 6 – gas analyzer,  
7 – smoke gun, 8 – surge tank, 9 – air-flow meter,  
10 – pressure transducer 
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piezoelectric pressure transducer was 
flush mounted on the cylinder head in 
order to measure the pressure. 

The air, fuel consumption meas-
urements were obtained from pressure 
transmitter interfaced instruments. The 
difference in pressure due to flow of air 
between air surge tank and inlet mani-
fold was sensed for air flow measure-
ment. The differential pressure due to 
fuel flow was sensed for fuel measure-
ment. Temperature of the exhaust gas 
was measured with chromel alumel (K 
type) RTD make PT100 thermocouples. 
The thermocouples were calibrated pe-
riodically. A digital indicator with au-
tomatic room temperature compensation 
facility was used. 

In-cylinder pressure and TDC signals were acquired and stored on a high speed 
computer based digital data acquisition system. Data were stored continuously for multiple 
cycles at each operating load of the engine. The recorded data were processed to obtain com-
bustion parameters like heat release rate, maximum rate of pressure rise, combustion duration, 
and ignition delay. The TDC position sensor consists of infrared diode and a phototransistor 
aligned perfectly, which forms an electro optical sensor system.  

The load was applied and the values measured with an eddy current dynamometer. 
A strain gauge load cell measures the load. The speed is measured by toothed wheel and mag-
netic pulse picks up set-up. A digital rpm meter converts this pulse into digital form and dis-
plays. Water cooled, flush mounted piezoelectric pressure transducer on the cylinder head 
senses the in-cylinder pressure, and produces a charge output proportional to the pressure. A 
PCB Piezotronics make transducer with an accuracy of 0.5 bar was used for this purpose. The 
charge output was fed into a charge amplifier which acts as a charge to voltage converter. 
This equivalent voltage signal produced was converted into a digital signal by an analog to 
digital converter. As the piezoelectric transducer provides the change in pressures, it is essen-
tial to know the actual pressure. For this the average pressure at some point in the cycle has to 
be known. With this pressure the pressure at all other points could be found out. The cylinder 
pressure at suction, which is at bDC, was assumed to be equal to mean manifold pressure. The 
digital output was stored by a digital data acquisition system.  

The fuel flow rate, speed, load, exhaust gas temperature, and gas flow rate are dis-
played on a personal computer through enginesoft software. Exhaust emissions are measured 
with an AVL DiGas 444 gas analyzer and with a smoke meter. Engine exhaust emissions of 
unburnt HC and CO were measured on dry basis. The NO was measured by chemilumines-
cence method by a chemical sensor fitted in the gas analyzer. The exhaust gas sample to be 
evaluated was passed through a cold trap and filter which prevented the condensed water va-
por and particulates from entering into the analyzer. The analyzer was calibrated annually 
with standard gas containing a balance mixture of gases as per the procedure specified by the 
manufacturer. The HC and NO were measured in parts per million (ppm) and CO in terms of 
percentage volume.  

Table 3. Specifications of the engine 

Make and model Kirloskar and TV1 

Power 3.5 kW at 1500 rpm 

Type Stationary and multi fuel 

Speed 1500 rpm 

Compression ratio 12:1 to 18:1 (17.5) 

Bore 87.5 mm 

Stroke 110 mm 

Injection variation 0-25° bTDC (23) 

Capacity 661 cm3 

Method of loading Electrical load 

Method of cooling Water 

Type of ignition Compression ignition 
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Smoke level was measured using a standard Bosch smoke measurement system. The 
measuring system consists of a sampling pump which sucks 330 cm3 of exhaust sample 
through a white filter paper. The reflectivity was then measured using a standard Bosch 
smoke meter.  

Results and discussion 

The effects of Al2O3 nanoparticle on performance and emissions with MENO are 
investigated in this experimental study. The performance and emission measurements are tak-
en repeatedly for five times and the analysis is done for the average of the readings. The digi-
tal voltage signals from the analog to digital converter which were stored in a two column 
type file of data acquisition system at regular time intervals serve as the input for calculation 
of heat release rate. The software installed was used to compute the average pressure for 
crank angle over 100 consecutive cycles. The peak pressure and its crank angle, maximum 
rate of pressure rise can be obtained from this data. The heat release rate in the cylinder caus-
es the variation of gas pressure and temperature and strongly affects the fuel economy, power 
output, and emissions. In fact it provides an insight into the combustion process that takes 
place inside the cylinder. Hence obtaining the optimum heat release rate is significant in en-
gine research. The heat release rate was calculated by making a first law analysis of the average 
pressure vs. crank angle variation obtained from a number of consecutive cycles, say 100.  

This heat release method includes three assumptions. The first is that the air-fuel 
mixture inside the cylinder behaves as an ideal gas. The second is that the charge in the cylin-
der is a uniform single zone of constant composition from the intake valve closing to the ex-
haust valve opening. The last one is that, the energy released due to fuel combustion can be 
considered as a heat addition to the cylinder. 

The heat release rate was calculated using the equation: 

 d d
1 d d

VCV PQ P V
R

γ
γ θ θ

= +
−

 (1) 

The start of combustion was determined from the differentiated cylinder pressure 
variation time data. This showed a sudden rise in the slope at the point of ignition due to the 
sudden high premixed heat release. The ignition delay is the time lag between the start of in-
jection and the start of combustion. The ignition delay is accounted by time taken in terms of 
crank angle degree, for a 5% heat release to occur, and is calculated from the cumulative heat 
release curve. Similarly, the combustion duration is calculated as the crank travel for 90% of 
heat release.  

The experimental uncertainty may be taken as the possible value the error may have. 
The uncertainties in the experiments may arise from instrument type, calibration, observation. 
We wish to estimate the uncertainty in the calculated result on the basis of uncertainties in the 
primary experiments. The result R is a given function of the independent variables x1, x2, … xn. 
Thus R = R(x1, x2, …, xn). Let WR be the uncertainty in the result and w1, w2, …, wn be the 
uncertainties in the independent variables. Then the uncertainty in the result is given by 
Moffat [22]: 

 
22 2

1 2
1 2

...
         ∂ ∂ ∂

= + + +          ∂ ∂ ∂               
R

n

R R RW w w
x x x

 (2) 
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The percentage uncertainty of various parameters like load, speed, fuel consump-
tion, air consumption were calculated by the previous mentioned method and is given in tab. 
4. The uncertainties in performance, combustion and emission parameters were calculated by 
the following method. The uncertainty in brake thermal efficiency, Y, was calculated using the 
uncertainties of load, speed, and fuel consumption: 

 2 2 2 2 2 2
1 2 3 0.5 0.5 1 1.22%= + + = + + =Y X X X   (3) 

 Table 4. List of instruments and their range, accuracy, and percentage uncertainties 

Performance characteristics  

The variation of brake thermal efficiency and brake specific fuel consumption with 
respect to brake mean effective pressure (BMEP) for diesel, neat biodiesel, and biodiesel- 
-nanoparticle blends are given in figs. 4 and 5. The brake thermal efficiency is lower for ME-
NO at all loads when compared with diesel fuel due to its high viscosity and poor fuel air mix-
ture formation. For MENO+ALN100, MENO+ALN200, and MENO+ALN300 blends, brake 
thermal efficiency increases by 2.17, 4.23, and 3.49%, respectively, compared to neat biodiesel 
at full load condition. The increase in nanoparticle proportion with MENO increases brake 
thermal efficiency till MENO+ALN200 and then it decreases compared to neat for MENO for 
all loads. This is due to the positive effects of nanoparticles on physical properties of fuel and 
also because of decrease in the ignition delay period which leads to better combustion from 
additive addition.  

It is observed that the brake specific fuel consumption of neat biodiesel is more than 
diesel fuel. This is due to higher viscosity and lower calorific value of biodiesel. The addition 
of nanoparticles decreases the brake specific fuel consumption for all biodiesel blends com-

Instrument Type and manufacturer Range Accuracy Uncertainty [%] 

Fuel flow  
measurement 

Differential pressure 
transmitter,  

Yogokawa, Japan 

0-500 mm  
of water column ±1 mm of water column 1 

Load sensor 
Load cell – strain 

gauge, Sensotronics 
Sanmar 

0-50 kg ±0.1 kg 0.5 

Air-flow  
measurement 

Pressure transmitter 
Wika 

200 mm  
of water column ±1 mm of water column 1 

NO 
AVL exhaust gas  

analyzer,  
Austria 

0-5000 ppm < 500 ppm: +50 ppm 
> 500 ppm : +10% 0.3 

HC 0-20000 ppm ±10 ppm 0.2 

CO 0-10% ±0.03% 0.3 

CO2 0-20% ±0.5% 1 

Smoke meter Bosch 0-10 ±0.1 1 

Piezo sensor PCB Peizotronics 0-110 bar ±0.5 bar 1 

Speed measur-
ing unit Kubler, Germany 0-2000 rpm ±10 rpm 0.5 

Temperature 
sensors 

RTD PT100 type K  
thermocouple 

0-1200 °C for EG, 
0-100 °C for water ±1 °C 2 
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pared to neat biodiesel. This is due to the improved fuel air mixing in the presence of nano-
particles causing enhanced burning characteristics.  

 
Figure 4. Variation of brake thermal efficiency 
 

 
Figure 5. Variation of brake specific fuel 
consumption 

Combustion characteristics  

Figure 6 shows the variation of exhaust gas (EG) temperature with BMEP for diesel 
fuel, neat biodiesel, and biodiesel nanoadditive blends. The exhaust gas temperature decreases 
till MENO+ALN200 blend and then it increases. The addition of nanoparticles decreases the 

exhaust gas temperature for all biodiesel 
blends. This is due to better combustion due 
to shortened ignition delay period resulting 
from the additive addition. Figures 7 and 8, 
show the variation of in-cylinder pressure 
and maximum pressure developed for diesel 
fuel, neat biodiesel, and biodiesel nanoad-
ditive blends. The cylinder pressure for ME-
NO is higher than diesel. It is observed that 
in-cylinder pressure and maximum pressure 
decreases with the increase of nanoadditives. 
This is due to reduced ignition delay period, 
better air-fuel mixing and combustion.  

Figures 9 and 10 show the variation of ignition delay period and heat release rate for 
diesel fuel, neat biodiesel, and biodiesel nanoadditive blends. It is observed that the ignition  

 
Figure 6. Variation of exhaust gas temperature 

 
Figure 7. Variation of pressure with crank angle 
 

 
Figure 8. Variation of maximum pressure 
developed  
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Figure 9. Variation of ignition delay period 

 
Figure 10. Variation of heat release rate 

delay period and rate of heat release for neat biodiesel is more than diesel fuel due to longer 
diffusive combustion period. The ignition delay period and heat release period decreases till 
MENO+ALN200 blend and then it increases. The addition of nanoadditive decreases the igni-
tion delay period and thus reduces the heat release rate for all biodiesel blends. This is due to 
better air-fuel mixing and preflame combustion. 

Emission characteristics  

The variation of NO emission and smoke intensity with BMEP for diesel, neat biodi-
esel and biodiesel-additive blends are shown in figs. 11 and 12. Results show that NO emission 
increases with the increase of BMEP. This is due to the higher quantity of fuel and combustion 
temperature. Addition of nanoadditive decreases NO emission compared to neat biodiesel. The 
NO emission decreases till MENO+ALN200 blend and then it increases. For MENO+ALN100, 
MENO+ALN200, and MENO+ALN300 blends NO emission reduces by 3.12, 7.15, and 4.97%, 
respectively, compared to neat biodiesel at full load condition. The peak pressure and the maxi-
mum rate of pressure rise were low for the Al2O3 nanoparticles blend due to shortened ignition 
delay period. This reduces the NO emissions with the addition of additives.  

 
Figure 11. Variation of NO emissions 

 
Figure 12. Variation of smoke emission 

The results show that smoke intensity increases for all fuels with the increase of 
BMEP. Neat MENO gives more smoke than diesel as the higher viscosity of oil leads to poor 
atomization and mixture formation. Addition of nanoadditive decreases the smoke intensity at 
all load conditions. For MENO+AT100, MENO+AT200, and MENO+AT300 blends, smoke 
intensity decreases by 3.11, 8.58, and 5.84%, respectively, compared to neat biodiesel at full 
load condition. This is due to better combustion resulting from better air-fuel mixing. 
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Emissions of HC contribute to the formation of smog and may include photochemi-
cally reactive species as well as carcinogens. Nanoadditive addition has been shown to de-
crease HC emissions. Figures 13 and 14, indicates the variation of HC and CO emission with 
BMEP for diesel, neat biodiesel, and biodiesel additive blends. The HC emission decreases 
till MENO+ALN200 and the further addition of nanoadditives increases the HC emission as 
the fuel is contaminated with the nanoadditives [12]. For MENO+ALN100, ME-
NO+ALN200, and MENO+ALN300 blends, HC emission decreases by 3.77, 10.37, and 
7.54%, respectively, compared to neat biodiesel at full load condition.  

 
Figure 13. Variation of HC emission 

 
Figure 14. Variation of CO emission 

Low flame temperature and too rich fuel air ratio are the major causes of CO emis-
sions from the engine. The CO emissions can cause neurological problems, brain damage, and 
death. Higher CO emissions result in loss of power in the engine. The higher density and vis-
cosity of neat MENO cause poor mixture formation, which results in high partial burning dur-
ing the combustion process. So CO emissions for neat MENO are more than diesel at all 
loads. The addition of nanoadditive decreases CO emissions. For MENO+ALN100, ME-
NO+ALN200, and MENO+ALN300 blends, CO emission decreases by 8.05, 16.56, and 

11.37%, respectively, compared to neat bio-
diesel at full load condition. The CO emis-
sion reduction is due to shorter ignition de-
lay and the improved ignition characteristics 
of Al2O3 nanoparticles leading to higher cat-
alytic activity due to their higher surface to 
volume ratio and enhancing fuel air mixing 
in the combustion chamber.  

Figure 15 shows the variation of CO2 
emission with BMEP for diesel, neat bio-
diesel, and biodiesel additive blends. The re-
sults show that CO2 emission increases with 
the increase of engine load. The CO2 emis-
sion increases with an additive addition for 

all blends. For MENO+ALN100, MENO+ALN200, and MENO+ALN300 blends, CO2 emis-
sion increases by 2.06, 6.06, and 4.11%, respectively, compared to neat biodiesel at full load 
condition. The slight CO2 emission increase is due to better combustion resulting from addi-
tive addition.  

 
Figure 15. Variation of CO2 emission with brake 
power 
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Conclusions 

The influence of Al2O3 nanoadditive addition on the performance and emissions in a 
MENO fueled direct injection Diesel engine at various loads has been studied and the main 
conclusions are as follows. 
• The brake thermal efficiency, increased by 4.23% and NO emissions, reduced by 7.81% 

for MENO+ALN200 blend compared to neat biodiesel.  
• The NO, HC, CO, and smoke emissions were reduced by adding nanoadditive to the neat 

biodiesel. 
• The performance parameters like brake thermal efficiency increased and brake specific 

fuel consumption decreased by adding nanoadditive. 
• This nanoaddition is a simple and easy method for simultaneous performance improve-

ment and NO reduction. 
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