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A B S T R A C T

In the current work, an experimental investigation was conducted to recommend the optimal concentration of
alumina nanoparticles (Al2O3) into Jojoba biodiesel-diesel (JB20D) fuel blend at which the best diesel engine
performance and exhaust emissions were attained. The Al2O3 nanoparticles with concentrations varied from 10
to 50mg/l by step of 10mg/l were mixed into JB20D fuel blend with the help of ultrasonic stabilization. The
results of the present study revealed that JB20D slightly reduced the engine performance and increased its
emission characteristics at all engine tested operating conditions as compared to pure diesel oil. Utilizing of
Al2O3 additives was found to improve all engine performance characteristics. However, the best emission
characteristics were obtained at the dose level of 20mg/l, where remarkable emissions reduction were observed;
NOx by 70%, CO by 80%, UHC by 60%, and Smoke opacity by 35%. While the best of both mechanical per-
formance and engine combustion characteristics were achieved at a concentration of 40mg/l, where the re-
duction in the brake specific fuel consumption – bsfc was by 12% and increase in the cylinder peak pressure –
pmax, the maximum rate of pressure rise – dp/dθmax, and maximum rate of gross heat release – dQg/dθmax were
4.5%, 4%, and 4%, respectively. According to the comparisons of engine performance and emissions, the re-
commended concentration of Al2O3 in JB20D blends was concluded to be 30mg/l, which gave remarkable
enhancement in all engine performance parameters.

1. Introduction

Compression ignition engines play a substantial role in transporta-
tion, locomotives, irrigation sector and industrial sectors due to their
simplicity of operation, high reliability, durability and well-established
design. On the other hand, diesel engines are considered one of the
primary sources of many toxic emissions, especially, the particulate
matter (PM), and nitrogen oxides (NOx) which have hazardous en-
vironmental impacts. These toxic compounds cause the formation of
acidic rains, the depletion of ozone layer, the increase of greenhouse
phenomena, the formation of smog, and undesirable climatic changes
[1–3]. There are essential approaches to reduce diesel emissions; in-
cluding engine design modifications, engine combustion enhancement,
and the use of exhaust gas treatment tools [4]. The modification of
engine combustion seems to be the most recommended because it may
need only minor changes to engine systems rather than the use of new
designs or the use of additional systems. This approach is realized by
regulating the fuel properties, modifying fuel injection, and use of fuel

additives [4,5]. In this regard, the use of oxygenated fuels as biodiesel is
found to be a promising alternative to substitute the conventional diesel
fuel. Thus, the alternative fuels would depend on renewable resources.
Currently, the most promising renewable fuel resource is the use of
biomass to produce the commonly called biofuels. On the other hand, to
completely overcome additional problems related to food requirements
around the world, the proposed biomass resources shall be non-edible
[4,6]. The most recommended non-edible oils are those generated from
plants that do not need a significant amount of water or can grow in the
barren lands using waste-water [4,6,7]. These generated fuels will
support nations to reduce the import of fossil fuels or extend the time
until the depletion of the current fuel reserves [4].

Jojoba is a name that is becoming increasingly common as an in-
dustrial crop in several countries. In recent years, Jojoba oil has become
the most genuinely Egyptian product [8]. Jojoba plant is one of the
promising non-edible plants growing in the desert. Also, its seed has
more than 50% of its weight as raw oil. Thus, raw Jojoba oil would be
suitable feedstock for biodiesel production. Furthermore, the choice of
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the Egyptian Jojoba oil (GREEN GOLD) is due to its availability in
Egypt, its low price, and its low chemical reactivity [8,9]. From the
literature, most of the studies used various methods for extraction of
Jojoba oil from the seeds [10]. Those techniques are mainly mechanical
pressing, mechanical pressing followed by solvent extraction, or solvent
extraction only. Jojoba oil is primarily composed of straight-chain wax
esters in the range of C26–C48 with two double bonds, one at each side
of the ester bond. It is not a triglyceride, making Jojoba and its deri-
vative Jojoba esters more similar to sebum and whale oil than tradi-
tional vegetable oils [11]. The raw Jojoba oil is converted into biodiesel
via transesterification process to receive Jojoba Methyl Ester (JME). It
has many advantages as it performs under normal conditions and yields
better quality biodiesel [11].

A few researchers examined the utilization of Jojoba oil as an al-
ternative engine fuel. They emphasized the suitability of such pro-
mising fuel for diesel engines [12–14]. However, as reported by many
researchers [15,16], the usage of Jojoba oil in the diesel engine de-
crease the engine thermal efficiency, increase the specific fuel con-
sumption and increase the engine emissions, especially the NOx emis-
sions. Shehata and Abdel Razek [15], Huzayyin et al. [16], Saleh [17]
and Al-Widyan et al. [18] investigated the performance and emissions
of the diesel engine fueled by sunflower (S100) and blend of 20% Jo-
joba oil plus 80% pure diesel fuel (B20). The results showed that the
brake thermal efficiency was reduced due to the lower heating value of
S100 and B20 compared to diesel fuel. Also, they found that the CO and
NOx emissions were increased for both S100 and B20 compared to pure
diesel fuel.

Currently, there is considerable attention to utilizing nanoparticles-
additives to improve the combustion quality of the burned fuel. Metallic
based and oxygen-containing compounds, such as Aluminum oxide
(Al2O3), Titanium oxide (TiO2), Copper oxide (CuO), and others which
act as a combustion catalyst for hydrocarbon fuels [19], [20]. These
additives enhanced the radiative mass transfer properties, reduced ig-
nition delay and improved the ignition temperature parameters of the
fuel within the combustion zone [21]. For engine applications, there are
many trials to study the effect of nano-additives on engine performance.
Accordingly, some experimental investigations were conducted with
the use of nano-additives blends with biodiesel and diesel fuel to im-
prove the fuel properties and engine performance, as well as to reduce
the engine emissions [22–24].

Ganesh and Gowrishankar [25] studied the effects of the addition of
Magnalium and Cobalt Oxide nanoparticles on diesel engine perfor-
mance fueled by Jatropha biodiesel. They found that the addition of
nanoparticles resulted in a significant improvement in the brake
thermal efficiency and reduction in the bsfc by 2%. Also, the emissions
have remarkable reduction where UHC was reduced by 60%, CO by
50% and the NOx by 45%. Moreover, Solero [26] examined the effects

of adding Al2O3 nanoparticles on the combustion characteristics of
diesel fuel spray. He found that the addition of Al2O3 with a con-
centration of 0.1% by volume to diesel fuel improved the combustion
characteristics of the fuel spray, and reduced the level of CO emission.
In addition, Gürü et al. [27] studied the improvement of diesel fuel
properties utilizing additives of organic compounds of Mn, Mg, Cu and
Ca with different concentrations of 13.5, 27.1, 54.2, and 94.9 µmol/l
blended fuel. The results showed that the Mn had the significant re-
duction in the fuel freezing point, while the cetane number was in-
creased by about 5%. The CO emission was decreased by 14.3%, and
the brake thermal efficiency was increased by 0.8%.

Furthermore, Selvan et al. [28], Sajeevan and Sajith [29] and Sajith
et al. [30] investigated the impacts of Cerium oxide additives in diesel
and diesel-biodiesel-ethanol blends on the diesel engines performance.
They found that the addition of nanoparticles into diesel-biodiesel-
ethanol blends decreased the specific fuel consumption, increased the
peak pressure and shortened the ignition delay. The addition of Cerium
oxide also accelerated earlier initiation of combustion and caused a
lower heat release rate. Emissions of CO, UHC, and NOx were sig-
nificantly reduced. They also reported that the optimum engine per-
formance was achieved at nanoparticles dose level of 35 ppm.

Kao et al. [31], Aalam and Saravanan [32] and Basha and Anand
[33–35] also examined the effects of adding Aluminium (Al) nano-
particles and Aluminium oxide (Al2O3) with diesel, biodiesel, emulsi-
fied diesel fuel, and emulsified biodiesel fuel on a diesel engine per-
formance. They found that the peak pressure, pressure rise rate, heat
release rate, and the brake specific fuel consumption were reduced. The
NOx, CO, UHC, and soot emissions were remarkably reduced due to the
addition of nanoparticles.

In another experimental investigation, Tyagi et al. [36] studied the
effects of the addition Aluminium (Al) and Al2O3 nanoparticles on the
ignition characteristics of diesel fuel. They found that the radiative and
heat/mass transfer properties of diesel fuel were enhanced remarkably.
They also reported that the hot plate ignition probability of the diesel
fuel increased significantly. Also, Gan and Qiao [37] studied the im-
pacts of the addition of nano and micron-sized Aluminum (Al) particles
on combustion characteristics of n-decane and ethanol droplets by
varying its size, dispersant concentration, and type of base fluid. They
found that the engine power was remarkably enhanced. They also re-
ported that the CO2 and NOx emissions were significantly reduced.

Mehta et al. [38] studied the engine performance and emission
characteristics of a diesel engine operated with diesel fuel with the
addition of Aluminum and Iron nanoparticles. They found that the peak
cylinder pressures and the brake thermal efficiency were increased by
4% and 9%, respectively while the bsfc was decreased by 7%. Engine
emissions of CO and UHC were reduced by 40%, and 8% respectively.
Kannan et al. [39] examined the effects of ferric chloride (FeCl3)

Nomenclature

ASTM American Society for Testing and Materials
ATDC after top dead center
CA crank angle, degree
CO carbon monoxide, ppm
D100 pure diesel oil
EGT exhaust gas temperature, °C
EVC exhaust valve closed
EVO exhaust valve opened
hc heat transfer coefficient, w/m2.k
IVC inlet valve closed
Al2O3 Aluminum oxide
JME Jojoba methyl ester
JB20D blended fuel containing 20% JME+80% D100
JB20D10A blended fuel (JB20D)+10mg/l of Aluminum oxide

JB20D20A blended fuel (JB20D)+20mg/l of Aluminum oxide
JB20D30A blended fuel (JB20D)+30mg/l of Aluminum oxide
JB20D40A blended fuel (JB20D)+40mg/l of Aluminum oxide
JB20D50A blended fuel (JB20D)+50mg/l of Aluminum oxide
N engine speed, rpm
NOx nitrogen oxides, ppm
p instantaneous cylinder pressure, bar
T mean gas temperature, K
Tw wall temperature, K
UHC unburned hydrocarbons, %
V instantaneous cylinder volume, m3

dp/dθ pressure rise rate per crank angle, bar/deg.
dV/dθ volume rise rate per crank angle, m3/deg.
dQg/dθ gross heat release rate per crank angle, J/deg.
θ crank angle, deg.
γ specific heat ratio
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additives into biodiesel on the diesel engine performance and emissions
characteristics. They found that the bsfc was decreased by 8.6%, while
the brake thermal efficiency was increased by 6.3%. They also reported
that the cylinder pressure and heat release rate were increased. Emis-
sions of CO, UHC, NOx, and smoke were reduced by 52.6%, 26.6%,
21.5% and 6.9%, respectively.

Furthermore, Venu et al. [40] examined the effects of adding Alu-
mina (Al2O3) nanoparticles with biodiesel-diesel-ethanol blends on a
diesel engine performance and emissions. They found that the com-
bustion characteristics were significantly improved. Emissions of UHC,
CO, NOx, and smoke were remarkably reduced. Also, Gumus et al. [41]
studied the influences of adding Aluminium oxide (Al2O3) and Copper
oxide (CuO) nanoparticles to diesel fuel on diesel engine performance
and emissions. They found that the flash point and cetane index were
increased. The authors also concluded that the engine torque and power
were increased by 1% and 3.3%, respectively. Engine emissions of CO,
UHC, and NOx were significantly reduced by 11%, 13%, and 6%, re-
spectively.

From the literature survey, it can be concluded that nanoparticles
have a significant positive effect in improving combustion character-
istics. Recently, few studies were found concerning an experimental
investigation of the engine performance and emissions of the nano-
additive-blended biodiesel-diesel mixture. Therefore, the main aim of
this work is to compare the engine performance, combustion and
emissions characteristics of the recommended Jojoba biodiesel-blended
diesel fuel (JB20D) without and with the AL2O3 additives at different
engine speeds and loads to obtain the optimum concentration of na-
noparticles. The Al2O3 were added to the JB20D at five different dose
levels of 10, 20, 30, 40 and 50mg/l. The combustion characteristics
parameters, such as cylinder pressure, pressure rise rate, gross heat
release rate, ignition delay and mass fraction of burned fuel were
considered. The engine performance parameters, such as brake thermal
efficiency (BTE), brake specific fuel consumption (bsfc) and exhaust gas
temperature (EGT) as well as CO, NOx, UHC emissions and smoke
opacity were also examined.

2. Experimental setup and procedures

The specifications of the test rig which was utilized in this study are
shown in Table 1. The whole experimental layout equipped with the
necessary instruments to measure the different engine parameters is
shown in Fig. 1. The DC generator (MODEL, MEZ-BURNO, 10.5 kW) is
coupled to the diesel engine to measure the engine brake power. The
electric heaters within flowing water are used to consume the power of
the generator. Thus, an external controllable excitation electrical circuit
consisting of an AC autotransformer (Variac) and a rectifier bridge is
used to supply the DC generator with the magnetic field. The load va-
lues are chosen and defined by selecting the generator excitation vol-
tage values using the autotransformer.

The engine brake power was determined by measuring output vol-
tage and current from the DC generator. The fuel consumption was
measured by recording the time needed to consume a specific volume of
the test fuel contained in a graduated glass jar. The intake airflow rate
was measured as the flow throughout laminar flow element (MERIAM-
50MC2) entering a damping air box of 0.45m3. The engine speed was
measured by using the digital optical tachometer (Pioneered Electrical
& Research Corporation, Model DS-303). Temperature measurements
were carried out at various locations in the experimental set-up; in-
cluding the temperature of ambient air, intake air, oil, exhaust, and
cylinder wall. For this purpose, five calibrated thermocouple props of
type (K) were adjusted in these positions. A selecting switch (type
omega) is used to change among these thermocouples, and any reading
is read out by a digital thermometer (Omega-Model 650).

The CO, CO2, O2, NOx and UHC emissions are measured by using
AVL Dicom 4000-NOx self-calibrated exhaust analyzer. The smoke
opacity was measured using opacity chamber Model AVL DiSmoke

4000. The technical specifications for gas analyzer are shown in
Table 2.

The cylinder pressure was measured by a Kistler piezoelectric
pressure sensor (Model 6061B of pressure range up to 250 bar and
sensitivity≈−27.5 pc/bar) connected with Kistler charge amplifier
(Model 5018A). The crank angle encoder of Model LM12-3004NA (at
detecting distance of 4mm supplied with DC voltage up to 36 V) was
adjusted to work effectively at the location of piston top dead center
(TDC). The location of TDC was detected with the help of a digital
linear displacement relative to the position of the proximity
(SONY-MAGNESCALE-LY-1115, the sensitivity of 5 µm). Both signals
from charge amplifier and the proximity sensor are converted from
analog to digital data via Data-Acquisition Card (DAQ Model NI PCI-
6251with terminal block SCB-68) that is installed on PC and controlled
by LabVIEW software.

2.1. Heat release rate model

A single zone combustion model is utilized in this work in order to
understand the phenomena that occur during a combustion cycle, from
the intake fuel entry to the end of exhaust operation. The net heat re-
lease rate (dQnet/dθ) and heat transfer to cylinder wall (dQwall/dθ) are
primary parameters. These parameters were calculated using the mea-
sured cylinder pressure p(θ). Thus, the gross heat release rate was
calculated using first law-single zone model equation as follows [42].
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−
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−
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The specific heat ratio γ(T) influences the shape, and the peak of the
heat release rate, γ (T) of the gases was calculated using the following
equation [22]:

= − × × + ×− −γ T T1.35 6 10 10T( )
5 8 2 (2)

With the help of the measured cylinder pressure and the calculated
cylinder volume, the gas temperature (T) was calculated using the
equation of state as follows [43].

=
× ×

×
T

T p V
p V

r

r r (3)

All thermodynamic states (Pr, Tr, Vr) were evaluated at a given re-
ference condition such as IVC (PIVC, TIVC, VIVC). TIVC and PIVC were
temperature/pressure at IVC and equal 350 K, and 1.013 * 105 Pa re-
spectively.

The rate of heat transfer from gases to cylinder wall was calculated
using convection heat transfer equation as follows [42].

= × × −dQ
dθ

h A θ T T( ) ( )wall
C wall (4)

Table 1
Technical specifications of the test engine.

Engine parameters Specification

Engine model DEUTZ F1L511
Number of cylinders 1
Bore, mm 100
Stroke, mm 105
Displacement, cc 824
Rated power, kW/hp 5.775/7.7
Rated speed, rpm 1500
Idle speed, RPM 900
Maximum torque, N.m 44/900 rpm
Injection point 24° C.A, bTDC
Type of injection Direct injection
Type of cooling Air cooling
Starting up Electrical
Injection pressure 175 bar
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The heat transfer calculations are not very sensitive to the wall
temperature. The wall temperature (Tw) was experimentally estimated
as 450 K, which yielded satisfactory results. There are many models for
heat transfer coefficient (hc). The most commonly employed for a diesel
engine is Hohenberg Correlation [44].

= × × × × +−h C V p T C V( )c m1
0.06 0.8 0.4

2
0.8 (5)

where p is the immediate pressure, in bar, C1 and C2 constant values are
equal 130 and 1.4, respectively.

2.2. Ignition delay

The ignition delay is a significant parameter in a diesel engine
combustion. It has a substantial impact on the combustion process,
which will be reflected on performance and exhaust emissions of the
engine. This period is counted from the start of fuel injection (SOI) into
the combustion chamber to the point where the pressure-time curve
separates from the motoring curve indicated as the start of combustion
(SOC). The start of fuel injection can be defined by the engine design
specification (injection needle lift at 24° bTDC for engine test rig). The
start of combustion is harder to measure, but it can be estimated by the
following approaches [45]:

• When the heat release rate becomes zero (that is when the cumu-
lative heat release is at a minimum)

• The start of combustion can be defined as the minimum that occurs
in the first derivative of cylinder pressure after the onset of injec-
tion.

• Can be defined by the start of combustion from pressure theta dia-
gram, when the start of rapid pressure rise.

In the current study, two approaches for the time delay period have
been tested to obtain the better of them. The ignition delay period es-
timated using the pressure rise rate is comparable to that achieved by
using the heat release rate. Thus, the ignition delay period for the dif-
ferent fuel types and operating conditions is investigated using the
pressure rise rate approach.

2.3. Mass fraction of burned fuel

One technique used in engine simulation modeling is to estimate the
mass fraction burned as a function of engine crank angle using the
Wiebe function [42]. The Wiebe function is expressed in Eq. (6) [46].
The Wiebe function has a characteristic S-shaped curve, and it is po-
pularly utilized to characterize the combustion process. The mass
fraction burned shape increases from zero, where zero mass fraction
burn indicates the start of combustion, and then increases to unity
showing the end of combustion. The variance between those two per-
iods is known as the duration of combustion [46].

⎜ ⎟⎜ ⎟= − ⎛

⎝
− × ⎛

⎝

− ⎞
⎠

⎞

⎠

+

X θ a θ θ
θ

( ) 1 expb
d

m
0

1

(6)

where Xb (θ) is the burned fuel fraction at the instantaneous crank
angle, a is a constant for a combustion duration corresponding to
0–99.9% mass fuel burned, and it is equal to 6.908, θ0 is the position of
the crank at the beginning of the combustion, and it is also called the
start of combustion (SOC), θd is the combustion duration, and m is a
parameter that determines the speed of combustion and it can be cal-
culated by the following equation [46]:
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where θmax is the crank angle duration from the start of combustion to
the position of Qgross maximum.

The value of the parameter (m) is calculated from Eq. (7) for dif-
ferent fuel at an engine speed of 1500 rpm and various loads as shown
in Table 3.

Fig. 1. The layout of the experimental test rig.

Table 2
Specification of the exhaust gas analyzer.

Gas emission Measuring range Resolution Uncertainty

Smoke opacity 0–100% 0.1% 0.1%
CO 0–10% by vol. 0.01% by vol. 0.1%
CO2 0–20% by vol. 0.1% by vol. 0.5%
UHC 0–20000 ppm 1 ppm 3%
O2 0–25% by vol. 0.01% by vol. 0.04%
NOx 0–5000 ppm 1 ppm 0.02%
Engine speed 250–8000 rpm 10 rpm 0.125%
Oil temperature 0–120 °C 1 °C ± 1 °C
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Quantitative evaluations of the expected uncertainty in the present
measurements were estimated by using the procedure of Kline [47].
The peak uncertainty in the measurement of engine brake power, brake
specific fuel consumption, and engine speed were found to be 0.9%,
2.2% and 0.15% (± 2 rpm), respectively.

First, the experimental test procedure discussed in the present work
starts by warming up the engine using diesel fuel stored in the main
tank. Next, the fuel line is switched to use the test fuel. Then, the
specific engine load percentage is adjusted by regulating the excitation
voltage supplied to the generator. After that, the rack location is used to
control the required engine speed. Finally, the different readings from
the measuring devices for a particular test are recorded at steady state
condition of the engine operation. This procedure is repeated to cover
the engine speed range at the specified load percentage; according to
the test program summarized in Table 4. At the end of a specified load
test, the engine is allowed to run using diesel fuel for half an hour,
under no load at 900 rpm to avoid thermal cracking, and make sure that
the engine fuel system is cleaned from any residuals of the previously
tested fuel.

3. Jojoba methyl ester production

In the present work, the Egyptian raw Jojoba oil is utilized to pro-
duce the biodiesel fuel using a laboratory-scale setup. The manufacturer
provided the technical specifications, and fatty acid composition of the
Egyptian raw Jojoba oil are listed in Tables 5 and 6 [9]. The tools and
devices used in the transesterification process are shown in Table 7
while the schematic diagram of JME preparation setup is illustrated in
Fig. 2. The preparation process was conducted according to the con-
ditions summarized in Table 8.

FT-IR spectrometry is a rapid and precise method for quantification
of FAME. FT-IR spectrometry identifies the primary functional group's
presence at both the optimum produced Jojoba biodiesel sample and its
parent raw Jojoba oil [48]. Bruker-Spectrum Model Vertex 70 in a
wavelength range of 400–4000 cm−1 was used to identify functional
groups and the bands corresponding to different vibrations. The most
characteristics absorption peaks of the raw Jojoba oil were indicated in
Fig. 3(a). The absorption peak appearing at 719.61 is representative to
eCH2 rocking and the other one at 1738.91 is representative to C]O
ester stretch. The FT-IR applied for Biodiesel produced using optimum
conditions were nearly similar. Fig. 3(b) showed the produced biodiesel
absorption peaks appearing at 1453.63 which is the methyl ester group
(COeOeCH3) and the characterization peak at 1173.6 is due to (CeO)
ester peak. It was evident the reduction of CH2eO groups in raw oil and
the appearance of CH3eOe vibrations in Jojoba biodiesel. Also, the

split of 1173.6 in the raw oil sample into 1179.75 and 1055.45 in the
biodiesel sample indicates the conversion of raw oil into biodiesel. The
main difference between the two FTIR spectrums is related to the
transformation of ester groups at the raw Jojoba oil sample into methyl
esters at the produced biodiesel [48]. The FT-IR spectrum is similar to
that reported for Jojoba biodiesel oil by Shah et al. [49].

Gas Chromatography-Mass Spectrometry (GCMS-Model,
QP2010Ultra, Shimadzu, Japan) fitted with 5MS column (30m,
0.25mm ID, 0.25 μm) was used to study the chemical composition of
the Jojoba oil biodiesel product. The GC–MS of Jojoba biodiesel is
shown in Fig. 4. There were five key feature peaks of fatty acid methyl
esters (FAMEs) appearing by the retention time and the fragmentation
pattern data of GC–MS analysis. These five peaks identified FAMEs as 9-
Octadecenoic acid methyl ester (E) (peak 2), Oleyl Alcohol (peak 3),
Cycloporopaneoctanoic acid 2-hexyl-methyl ester (peak 4), 1,19-Eico-
sadiene (peak 5) and 13-Docosenoic acid methyl ester (Z) (peak 7). The
identified FAMEs were verified by retention time data and mass frag-
mentation pattern from previous studies [49].

4. Dispersion of AL2O3 nanoparticles with JB20D mixture

The Al2O3 nanoparticles were dispersed into a combination of
Jojoba biodiesel-diesel fuel at the recommended composition (JB20D)
with the aid of an ultrasonicator (Hielscher ultrasonic Model
UP200S40) set at a frequency of 24 kHz for 30min. The Alumina na-
noparticles of the average size of 20–50 nm are supplied by Nanotech
Egypt Company, with detailed specifications list in Table 9.

From Table 9, it can be observed that the thermal conductivity of
Al2O3 at room temperature is over 30 times greater than that of JB20D
blends. Thus, JB20D blends containing suspended Al2O3 are expected to
exhibit significantly higher thermal conductivity relative to diesel-bio-
diesel blends. Therefore, the evaporation rate of fuel droplets will be
increased, which in turn corroborates shorter ignition delay. Also, the
surface-area-to-volume ratio of Al2O3 is higher than JB20D blends.
Consequently, Al2O3-JB20D fuels predictably have superior heat
transfer properties compared to JB20D blends.

The Manufacturer provides the transmission electron microscope
(TEM) of alumina nanoparticles as shown in Fig. 5. TEM morphology of
Al2O3 nanoparticles confined to the crystalline nature with minimal
agglomeration and aggregate formation. The average grain structure
was about 30 nm. X-ray Diffraction (XRD, Shimadzu X-lab 6100, Japan)
of Al2O3 nanoparticles is shown in Fig. 6(a). The diffraction peaks of γ-
Al2O3 with different planes confirm to the crystalline structure of na-
noparticles. Sharp peak was observed at 2θ=25.26° from which the
grain size is calculated using Debye-Scherer’s method, D= (k * λ)/
(β * cos θ) where D – average grain size of the nanoparticles, k – Shape
factor (0.89), λ – X-ray wavelength of Al2O3 (1.54 Å), β – Full width at
half maximum (5.128 * 10−2), 2θ – Bragg angle (25.26°), θ=12.36°
and hence, D is calculated to be 27.36 nm. The X-ray Diffraction ana-
lysis is similar to that reported for Al2O3 nanoparticles by Venu et al.
[40].

The Al2O3 nanoparticles were analyzed by Fourier transform in-
frared (FT-IR), using a Bruker-Spectrum Model Vertex 70 in a wave-
length range of 400–4000 cm−1 to identify functional groups and the

Table 3
Parameter (m) calculation for tested fuel at 1500 rpm for various loads.

Fuel type Loads Start of
combustion

Theta at Qgross

maximum
θmax θd m

D100 50% −7 1.5 8.5 59 0.435
75% −7.5 −0.5 7 67.5 0.466

JB20D 50% −6.5 1.5 8 59.5 0.4929
75% −7 0 7 71.5 0.4746

JB20D10A 50% −6 1 7 58 0.459
75% −7 −0.5 6.5 69 0.4578

JB20D20A 50% −7.5 1.5 9 59.5 0.4578
75% −8.5 −1.5 7 70.5 0.5027

JB20D30A 50% −7 1.5 8.5 58.5 0.4653
75% −8 −1 7 68.5 0.4446

JB20D40A 50% −7 1 8 60 0.5027
75% −7.5 −1 6.5 70.5 0.3645

JB20D50A 50% −6.5 1 7.5 61.5 0.4644
75% −7 −0.5 6.5 70 0.3667

Table 4
The experimental program.

Fuel type Load percentage Speed

D100 No load, 25%, 50%, and 75% 900, 1100, 1300, 1500 and
1700 rpmJB20D

JB20D10A
JB20D20A
JB20D30A
JB20D40A
JB20D50A
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bands corresponding to different vibrations as shown in Fig. 6(b). From
this figure, it can be observed that the high broadband at
3600–2500 cm−1 occurring for the γ-Al2O3 is due to various eOH
groups at the surface. The bands below 1150 cm−1 correspond to AleO
vibrations. The band at 1632 cm−1 represents the scissoring vibrations
of two OeH bonds in physisorbed water molecules or can be connected
to the small amount of adsorbed impurities (such as CO2 or carbonates)
[50]. The FT-IR analysis is similar to that reported for γ-AL2O3 nano-
particles by Ledwa et al. [51].

The AL2O3 nanoparticles are weighted regarding the predefined
mass fraction in the range of 10–50mg/l with the step of 10mg.
Correspondingly, the received mixture is symbolized as JB20D10A,
JB20D20A, JB20D30A, JB20D40A, and JB20D50A indicating Alumina
nanoparticle contents of 10, 20, 30, 40, and 50mg/l into the JB20D
mixture, respectively. A sample of JB20D containing 50mg/l Al2O3 was
kept in a long tube under static conditions to observe mixture stability.
There was no mixture settling recorded for about one week.

The properties of the pure diesel fuel, JME, JB20D without and with
Al2O3 were measured according to ASTM standards, as listed in
Table 10. The most critical fuel properties that affect engine perfor-
mance are the viscosity, heating value, and cetane number. Viscosity is
an important characteristic, as it affects fuel atomization and operation
of the fuel injection system. Fuel atomization improves as fuel viscosity
decreases. Regarding the properties of fuels, the JB20D blend has a
higher viscosity and molecular weight over those of diesel fuel by about

22% and 18%, respectively, while the addition of Al2O3 nanoparticles
into the JB20D blend increases the kinematic viscosity by about 8%.
The heating value for the JB20D blend is decreased slightly as com-
pared to diesel fuel, while the heating value is approximately the same
with the addition of Al2O3 nanoparticles into the JB20D blend. The self-
ignition temperature of the fuel is a critical ignition quality parameter.
Lower self-ignition temperature resulted in a shortened ignition delay
period. Cetane number is used for comparing the ignition quality of
fuels. The ignition delay decreases with the increase in cetane number
with all the other parameters affecting ignition quality being the same.
The cetane number is increased by about 5% for JB20D blend compared
to diesel fuel, while the cetane number is enhanced by about 10% due
to the addition of Al2O3 nanoparticles to JB20D blend. Oxygen content
improves the combustion quality of fuel. On contrast, it decreases fuel
heating value. The oxygen content in Jojoba biodiesel is about 13% by
mass. These properties affect and govern the combustion behavior of
JB20D as an alternative fuel in the diesel engine. Test results have also
shown positive effects on the combustion process with the addition of
Al2O3 to JB20D blend.

5. Results and discussions

The thermal analysis, mechanical performance and the emission
characteristics of a diesel engine using diesel oil and JB20D blend with
and without Al2O3 nanoparticle additives regarding test program in

Table 5
Specifications of the utilized raw Jojoba oil [9].

Property Range

Freezing point 10.6–7.0 °C
Melting points 6.8–7.0 °C
Boiling point 398 °C
Flash point 295 °C
Specific gravity at 25° 0.863

Viscosity
100 °C 57.9 mm2/s
25 °C 27mm2/s
Viscosity index 232
Iodine value 82mg KOH/g oil
Average molecular weight of wax esters 606 kg/kmol

Table 6
The fatty acid composition of raw Jojoba oil [9].

Fatty acid Relative percentage %
Oleic (C18:1) 2.47
Linoleic (C18:2) 0.38
Eicosenoic (C20:1) 46.8
Erucic (C22:1) 39.8
Tricosanoic (C23:0) 2.09
Lignoceric (C24:0) 6.27
Nervonic (C24:1) 2.16

Table 7
Summary of the used devices in the transesterification process.

Device Specifications

Mechanical stirrer
(Servodyne mixer head model 50003–45 with mixer
controller model 50003–05)

Speed from 150 to 6000 rpm with a resolution of 1 rpm, Maximum torque is 1.2 kg.cm
Counter downtime up to 99min., 59 s with time accuracy of± 1 s. Dimensions (L×D) are (292× 92mm)

Temperature controllable digital and ceramic hot plate (Start
Scientific Model SM26)

Temperature range (25–300 °C)
Temperature resolution 0.1 °C

Glass beakers 50ml, 250ml, 500ml, 2000ml
Sensitive scale, Denver instrument company, model AC-12 k. Capacity 1200 g, Sensitivity 0.1 g, Automatic calibration, Pan size 20 * 23 cm
Type K thermocouple Omega with accuracy ± 2 °C
Temperature thermometer

EXTECH Model AZ-8852
Range (−200 to 1370 °C), Accuracy (± 0.1% rdg+ 0.7 °C), Resolution 1 °C

Fig. 2. Schematic diagram of JME preparation setup.

Table 8
Optimum condition of the transesterification process.

Catalyst and
concentration

Methanol:
oil molar
ratio

Reaction
time, h

Reaction
temperature,
°C

Mixing
intensity,
rpm

Washing
times

KOH, 0.5 wt% 6:1 2 60 ± 1 600 4–5
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Table 4 were determined. Based on the combustion data, cylinder
pressure, pressure rise rate, gross heat release rate and mass fraction of
burned fuel were plotted against the crank angle, while the ignition
delay period was plotted against engine load percentage. The perfor-
mance parameters, such as brake specific fuel consumption and exhaust
gas temperature as well as the emission concentrations of NOx, CO,
UHC and smoke opacity were plotted against the engine speed.

5.1. Combustion characteristics

5.1.1. Cylinder pressure
Fig. 7 shows the change of cylinder pressure for tested fuels with

various speeds at 75% load. Using the JB20D blend led to a lower value
of peak pressure (by about 1.5%), and its location is retarded when
compared to diesel fuel. This is attributed to the adverse effect of its
higher viscosity and molecular weight which lead to inefficient utili-
zation of fuel energy contents [15]. However, the retardation to receive
this peak value could be attributed to the increase in the ignition delay
period necessary to balance the effect of the high viscosity of fuel
burned that worsen the processes of fuel atomization and evaporation.
These results have a good agreement with findings that were obtained
by Shehata and Abdel-Razek [15].

The beginning of the combustion process is remarkably advanced
with the addition of Al2O3 into the JB20D mixture. Also, the peak
pressure was increased with the addition of nanoparticles for all engine
speeds. This is attributed to the higher surface to volume ratio and
thermal conductivity of Al2O3 nanoparticles which improved the eva-
poration rate of the fuel droplets, resulting in enhanced combustion
process. The maximum peak pressure was obtained at the dose level of
30–40mg/l for all engine speeds. These results have a good agreement
with that cited in the literature [40,52].
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Fig. 3. FT-IR spectrum for (a) raw Jojoba oil (b) Jojoba biodiesel oil.

Fig. 4. Gas chromatography–mass spectrometry of Jojoba biodiesel.

Table 9
Details of alumina nanoparticles.

Item Specification

Manufacturer Nanotech Company, Egypt
Chemical name Gamma Aluminum Oxide (Alumina, Al2O3)

Nano powder, gamma phase, 99.9%
Average particle size 20–50 nm
Surface area (SSA) > 150m2/g
Appearance White
Thermal Conductivity ∼35W/m.K
Melting point 2045 °C
Boiling point 2980 °C
Density 3.9 g/cm3

Fig. 5. TEM image of Al2O3.

A.I. El-Seesy et al. Fuel 224 (2018) 147–166

153



It is essential to record the peak pressure and its location relative to
the crank angle. These factors were recorded for all runs to get a real
indication of how fast the heat liberation rate is finished against the
upward piston motion. Fig. 8, represent the peak pressure and its lo-
cation with the different operating conditions and various tested fuels.
At lower engine speed the cylinder aerodynamics is worsened, and it is
necessary to inject a relatively higher fuel volume to compensate the
weak mixing effect between fuel and air. Thus, the peak pressure may
be increased while its position is retarded. Also, the results presented in
this figure reveals that the position of where the maximum cylinder
pressure is attained for the tested fuels have the same trends with the
engine speed but with different numerical values. However, for JB20D
blended fuel, this position is retarded in comparison with that for D100,
due to the high viscosity effect. Also, for all the tested fuels, the position
of Pmax decreases with the increase in engine speed due to mixing and
combustion process improvements because of higher turbulence in-
tensities. As the engine speed increases, the delay period decreases,
start of combustion is advanced and Pmax occurs earlier. These results
have a good agreement with Shehata and Abdel-Razek [15]. At high
load and high speed, the peak pressure is decreased, which could be due
to the increase in friction losses resulting in reduced heat release rate.
The addition of Al2O3 additives into JB20D blended fuel leads to an
advanced position of Pmax. This is attributed to improved evaporation
rate and better fuel-air mixing resulting in shortened ignition delay. The
maximum advance in the position of peak pressure occurs at Al2O3

additives dose level of 20–30mg/l. Furthermore, the maximum value of
the percentage increase of the cylinder pressure is about 4.5% at Al2O3

additives concentration of 30–40mg/l as compared to JB20D mixture
fuel. These results were comparable with that obtained by Selvan et al.
[28] and Sajith et al. [30].

5.1.2. Pressure rise rate
The shape of the pressure rise rate curve depends on whether the

combustion process is fast or weak. Under normal conditions, the po-
sition of peak pressure rise rate occurs after TDC but not too far [42,45].
The point of attainment the peak pressure rise rate indicates that the
major part of the heat release due to premixed combustion mode has
taken place. This peak of pressure rise rate is followed by a sharp fall in
the rate of pressure rise and a steady value of dp/dθ [45]. The rate of
pressure rise is a direct indication of the rate at which the heat is re-
leased, and thus the degree to which the reaction proceeds. The max-
imum value of pressure rise rate is an important design parameter re-
flecting the dynamic limits to be withstood by different engines
components [40]. The rate of pressure rise is the differential of the
cylinder pressure data with respect to the crank angle (θ).

Fig. 9 represents the variation of pressure rise rate with the crank
angle when the engine is fueled by diesel fuel, JB20D with and without
Al2O3 additives at 75% load and different engine speeds. The results
showed that the maximum rate of pressure rise rate for JB20D is slightly
lower than that for diesel oil. This is attributed to the laminar burning
velocity for JME is found to be lower than that for diesel fuel [12],
which leads to a decrease in heat release rate and consequently reduce
the pressure rise rate. These results have a good agreement with
Radwan et al. [12]. The addition of Al2O3 nanoparticles into JB20D fuel
blend leads to an increase of fuel droplet evaporation rate and better
fuel-air mixing. Thus, the overall combustion process improved leading
to higher peak pressure rise rate as compared to the JB20D mixture.
This effect could be attributed to the catalytic behavior of Al2O3 na-
noparticles during the combustion process resulting in higher cylinder
pressure as well as higher rate of pressure rise.
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Fig. 6. Al2O3 nanoparticles (a) XRD, (b) FT-IR spectrum.

Table 10
Properties of diesel oil, JME, JB20D without and with Al2O3 samples.

Property Testing method Diesel oil JME (B100) JB20D JB20D10A JB20D20A JB20D30A JB20D40A JB20D50A

Calorific value, kJ/kg ASTM D-240 45448 44866 45432 45439 45445 45453 454563 45467
Viscosity @40 °C, mm2/s ASTM D-445 3.34 11.72 4.06 4.12 4.28 4.29 4.32 4.38
Molecular weight, kg/kmol – 191.02 350.73 223.96 – – – – –
Specific gravity at 15.56 °C ASTM D-1298 0.8421 0.8645 0.8471 0.8471 0.8471 0.8471 0.8471 0.8471
Cetane index ASTM D-976 49.5 – 52 53.1 54.4 55.2 56.6 57
Initial boiling point, °C ASTM D-86 180 185 180 – – – – 200
Elemental analysis, % by mass
C% 86.21 76.01 – – – – – –
H% 11.59 10.05 – – – – – –
N% 1.91 Nil – – – – – –
O2% Nil 13.64 – – – – – –
S% 0.29 0.3 – – – – – –
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5.1.3. Gross heat release rate
The variation of gross heat release rate (dQg/dθ) as a function of

crank angle for engine fueled with pure diesel fuel, JB20D with and
without Al2O3 additives at 75% load with all engine speeds is shown in
Fig. 10. The results showed that the heat release rate is negative during
the ignition delay period [40]. This is mainly attributed to the cooling
effect caused by fuel vaporization and heat losses to the engine cylinder
walls. The peak gross heat release rate for JB20D is slightly lower as
compared to those of diesel fuel. This is attributed to the higher

molecular weight value and the lower laminar burning velocity of
JB20D blended fuel as compared to those of diesel fuel [16]. At the
engine speed of 1700 rpm, the gross heat release rate is slightly de-
creased, possibly due to increase in the friction losses. The gross heat
release rate is higher for the Alumina nanoparticles blended JB20D
fuels compared to pure JB20D blend. This could be attributed to the
enhanced effect of surface area to volume ratio and the improved ig-
nition properties of Alumina nanoparticles which initiate early start of
combustion, leading to increased peak gross heat release rate compared
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Fig. 7. The change of cylinder pressure with crank angle at different engine speeds and 75% load.
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to JB20D blended fuel. These results have a good agreement with the
literature [28,30,33,40].

5.1.4. Ignition delay period
The ignition delay period in the diesel engine has a significant in-

fluence on engine design and performance [53]. The ignition delay can
be divided into two parts, physical delay and chemical delay [53]. It
depends mainly on fuel properties and engine operating conditions in
conjunction with fuel injection system features. Fig. 11 shows that the
variation of ignition delay with engine loads for all tested fuel. Gen-
erally, for all engine speeds, it can be observed that the ignition delay is
decreased with the engine load. This is attributed to an increase of the

cylinder temperature and the turbulence intensity which in turn im-
prove the fuel-air mixing and increase the fuel vaporization rate. These
results have a good agreement with the literature [33]. The ignition
delay for JB20D mixture fuel is slightly higher by about 0.5 CA as
compared to diesel fuel. This is attributed to the higher viscosity and
molecular weight of JB20D, which lead to an increase of fuel droplet
size and vaporization time. The addition of Al2O3 nanoparticle leads to
a decrease the ignition delay. The reason is attributed to the higher
surface area to volume ratio and higher thermal conductivity of the
Al2O3 nanoparticles which enhanced the evaporation rate, resulting in a
reduction in physical delay. These results were confirmed with others
cited in the literature [33,40].
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5.1.5. Mass fraction of burned fuel
Mass fraction burned is the fraction of injected fuel burned and

relative to the whole mass of fuel injected per cycle during the com-
bustion process [42]. When combustion of the fuel-air mixture in diesel
engine begins, a single flame front travels through the instantaneously
injected fuel until it gets thoroughly burned. During the burning of the
fuel, the combustion zone can be divided into burned and unburned
zone. As the combustion proceeds, the burned region part is increased,
and unburned zone portion is decreased. The variation in the mass
fraction of burned fuel with a crank angle (CA) for diesel fuel, JB20D
blend without and with Al2O3 additives at an engine speed of 1500 rpm
with 50% and 75% load is shown in Fig. 12. It can be observed that 90%
of the mass fraction of burned fuel for diesel fuel is burned faster than
that for JB20D blended fuel. This trend may be attributed to the higher

viscosity of JB20D that leads to delay at the beginning of combustion
process. The addition of Al2O3 nanoparticles into JB20D blended fuel
accelerated the start of combustion and reduced the combustion dura-
tion. This is attributed to the positive effect of the additives which in-
creased the evaporation rate and improved the mixing of fuel with air,
resulting in a reduction of the ignition delay. The minimum combustion
duration was obtained at the Al2O3 nanoparticles concentration of
20–40mg/l.

5.2. Engine mechanical performance

Fig. 13 shows the variation of bsfc and engine thermal efficiency at
engine loads of 50% and 75% for different engine speeds. Using JB20D
blend led to an increase in the bsfc by about 12% as compared to diesel
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Fig. 9. Variation of pressure rise rate with crank angle at 75% load with different engine speeds for tested fuels.
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fuel, irrespective of the operating conditions. The main parameters that
affect the bsfc are the fuel heating value and the combustion quality or
the utilization of the fuel energy [45]. In this regard, the effect of the
heating value is insignificant compared to that other effects. Therefore,
the main parameters that affect the bsfc are parameters that control the
combustion quality of the fuel. These parameters include the fuel
viscosity and molecular weight. As discussed in the previous sections,
the higher viscosity of JB20D leads to poor fuel atomization which in
turn increases the amount of fuel burned in the diffusion mode which is
characterized by lower combustion efficiency. From the molecular
weight point of view, the fuel that has higher molecular weight needs
more time and energy for the fuel degradation process, and

consequently increasing in the ignition delay period. These results have
a good agreement with the findings of Shehata and Abd-Elrazik [15].

From Fig. 13, it can be observed that the bsfc was decreased by 12%
with the addition of Al2O3 nanoparticles. This improvement in the
engine performance continues until the minimum bsfc which is
achieved at the dose levels of 30–40mg/l. At these concentrations, the
bsfc is improved, to slightly lower than that of diesel fuel. Beyond these
dose levels, the additional of Al2O3 nanoparticles leads to an increase
again in the bsfc. This influence can probably be noticed from the im-
proved cylinder pressure characteristics discussed in Section 5.1.1. The
addition of nanoparticles improved the carbon oxidation rate in the
combustion process, leading to complete combustion and reduction in
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Fig. 10. Variation of gross heat release rate with crank angle at 75% load with different speeds for all tested fuels.
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the fuel consumption. These results have a good agreement with find-
ings that were obtained by Ganesh and Gowrishankar [54], and Basha
and Anand [34].

The variation of EGT with engine loads and speeds when using
diesel fuel, JB20D without and with the addition of Al2O3 nanoparticles
is shown in Fig. 14. Using of JB20D led to a lower value of EGT than
those recorded when diesel fuel is used. This could be attributed to
slower combustion resulting from the relatively poor combustion
characteristics of the JB20D blended fuel. The addition of Al2O3 na-
noparticles into JB20D reduced the exhaust gas temperature as shown
in Fig. 15, irrespective of the operating conditions. This reduction in the
EGT with increase of concentration level proceeds until certain dose;
then EGT begins to rise again. The addition of Al2O3 nanoparticles
decreased the bsfc as discussed above, and consequently reduced the

energy content which in turn reduced the global exhaust gas tem-
perature. Moreover, the results show that the addition of Al2O3 nano-
particles significantly improved the cylinder combustion process as
discussed in Section 5.1.1. Thus, the required amount of fuel to produce
the designated engine load at particular engine speed is reduced, which
decreases the bsfc as presented in Fig. 13. Correspondingly, the energy
content of the engine cylinder is reduced, and thus the global tem-
perature of exhaust gases is reduced. Another reason may be that the
addition of Al2O3 reduces the rich mixture zone in diffusion mechanism
leading to lower exhaust gas temperature [31,55].

5.3. Engine emission characteristics

Fig. 15 shows the variation of engine emissions with engine speeds
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at 50% and 75% load when the engine is fueled by diesel fuel, JB20D
without and with Al2O3 additives. At low engine speeds, the use of
JB20D blend resulted in a considerable reduction in the NOx emissions
compared to diesel. This is mainly attributed to a decrease in the local
reaction temperature. In contrast, at high engine speeds, this trend is
opposite where it may be attributed to the increase of oxygen content in
JME (contains 13% O2), and thus the growth in the reaction tempera-
ture leading to an increase in NOx emissions (Zeldovich mechanism).
These results have a good agreement with findings of Al-Widyan et al.
[18] and Shehata and Abdel Razek [15].

From Fig. 15, it can be observed that the NOx emission was

significantly reduced with the addition of Al2O3 nanoparticles as
compared to the values for both diesel and JB20D blended fuels, irre-
spective of the engine conditions. This effect is attributed to the cata-
lytic behavior of Al2O3 nanoparticles that facilitates the reaction to be
completed forming the final products (heterogeneous combustion) with
a minimum thermal breakdown of the hydrocarbon compounds.
Therefore, the existence of lower active radicals lowers the possibility
to form thermal NOx. This catalytic behavior is decreased as the engine
load is increased with the rise in-cylinder temperature, and thus the
existence of greater chance of thermal NOx formation. Furthermore, at
high engine speeds the effect of nanoparticles on NOx emissions is
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approximately saturated, especially at low and half load conditions. As
shown, there were slight differences in NOx emissions regarding the
dose level of nanoparticles in the fuel blend. This effect may be de-
pending on the degree of combustion quality indicated by the peak
pressure value. Correspondingly, the minimum NOx emission was ob-
tained at Al2O3 additives of 20–30mg/L for all loads and speeds. These
results were confirmed with findings that achieved by Ganesh and
Gowrishankar [54] and Selvan et al. [28].

The variation of smoke opacity for tested fuel with different engine

speeds and loads is shown in Fig. 15. At half load, for all tested fuels,
the smoke emission was reduced with an increase in engine speed. In
contrast, the smoke concentration increased as the engine speed in-
creases at 75% load. This is attributed to insufficient oxygen to com-
pletely burn larger amounts of fuel, leading to reduced oxidation rate of
carbon monoxide to CO2, and thus higher concentrations of soot. Using
JB20D fuel blend increased smoke emissions as compared to pure diesel
fuel. This behavior is attributed to the lower chance of soot oxidation
during the expansion stroke because of lower time for combustion
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process and poorer fuel atomization, resulting in prolonged ignition
delay.

The addition of Al2O3 led to a reduction in the concentration of
smoke opacity as compared to JB20D blend as represented in Fig. 15.
The reason is attributed to increased evaporation rate and improved
fuel-air mixing resulting in shortened ignition delay and enhanced

oxidation rate. Kao et al. [31] and Basha with Anand [33] also found
similar trends of smoke reduction using Aluminum nanoparticles
blended with biodiesel fuel.

The variation of CO and UHC emissions for tested fuels with engine
speeds at various loads are presented in Fig. 16. At half engine loads, for
all tested fuels the concentration of CO emission was relatively low

50% load

Speed, rpm
900 1100 1300 1500 1700

C
O

,%
vo

l

0.0

0.1

0.2

0.3

0.4

0.5

75% load

Speed,rpm
900 1100 1300 1500 1700

C
O

,%
vo

l

0.0

0.1

0.2

0.3

0.4

0.5

50% load

Speed, rpm
900 1100 1300 1500 1700

U
H

C
, p

pm

2

4

6

8

10

12

14
75% load

Speed, rpm
900 1000 1100 1200 1300 1400 1500 1600 1700

U
H

C
, p

pm

2

4

6

8

10

12

14

Fig. 16. Engine CO and UHC emissions with different loads and speeds.

50 % load, bsfc reduction, %

4

4
4

4 4

2
2 2 26

6

6

6

6

6

2

2

2

8

8

8

8
8

10

10

Speed, rpm
900 1100 1300 1500 1700

N
an

o-
 a

dd
iti

ve
s,

 m
g/

l

0

10

20

30

40

50
75 % load, bsfc reduction, %

6

6

6

6

6

6

4

4

4

4

4

4

2

2

2
2

2 2

66

8
8

8

0

0

0

0

0

0

0

2

-2

-2

-4

Speed, rpm
900 1100 1300 1500 1700

N
an

o-
 a

dd
iti

ve
s,

 m
g/

l

0

10

20

30

40

50

Fig. 17. The percentage reduction of bsfc at all engine loads and speeds conditions.

A.I. El-Seesy et al. Fuel 224 (2018) 147–166

162



irrespective of the engine speed, owing to the global mixture in the
engine cylinder being very lean. While at high engine load and high
speed, where insufficient oxygen to completely burn larger amounts of
fuel will reduce the oxidation of carbon compounds to CO2, and thus
higher concentrations of CO were formed. Using JB20D blended fuel
resulted in a remarkable increase in both CO and UHC emissions
compared to diesel fuel. This effect is attributed to the higher viscosity
of JME which causes poorer fuel atomization, resulting in prolonged
ignition delay. Another reason may be attributed to the improper
combustion of layers adjacent to the cylinder wall. These layers would
contain a larger fraction of hydrocarbons which have escaped from the
denser and longer-penetrated fuel spray in case of JB20D, and thus
more UHC were emitted in the exhaust gases. These results were
comparable with that found by Huzayyin et al. [16] and Shehata and
Abdel-Razek [15].

From Fig. 16, it can be observed that the Al2O3 additives have a
remarkable positive effect on CO and UHC emissions. This could be
probably due to the higher surface to volume ratio, high catalytic ac-
tivity and enhanced fuel-air mixing in the combustion chamber,

resulting in shortened ignition delay. Generally, irrespective of the
value of nanoparticles concentration, the CO and UHC emissions were
lower than those emitted when either diesel fuel or JB20D fuel blend
was used. The maximum reduction in CO and UHC emissions were
attained at the dose level of 20–30mg/l. These results were matched
with findings of Ganesh and Gowrishankar [54], Selvan et al. [28], and
Basha and Anand [33].

6. Recommendations of Al2O3 nanoparticles dose level

Figs. 17–19 show the summary of the results indicating the impact
of adding Al2O3 into JB20D compared to pure JB20D blended fuel on
the engine performance and emissions characteristics. The results show
that the maximum reduction in bsfc by up to 12% was recorded at the
dose level of 30–40mg/l as represented in Fig. 17. From Figs. 18 and
19, it can be observed that at 50% load the maximum reduction in NOx

was by 60%, CO by 70%, UHC by 50%, and smoke opacity by 20%,
which was obtained at the dose level of 20–40mg/l. While at 75% load
the highest emission reductions were as follows: NOx by 70%, CO by

50% load, NOx reduction, %

60

60

60

6060

60

50 5040 4030 3020 2010 10

60

50

50

40

40

50

3020

Speed, rpm
900 1100 1300 1500 1700

0

10

20

30

40

50
50% load, Smoke opacity reduction, %

50
-5
-10

-15

0
-5

-5 -10

-10

0

0

10
5

20
15

10

55

0

0
-5

-5
-10

-10

-15

-15

-20-25-30

0

-10

-5

-35

Speed, rpm
900 1100 1300 1500 1700

N
an

o-
 a

dd
iti

ve
s,

 m
g/

l

0

10

20

30

40

50

75% load, NOx reduction, %

70
70

70

7070

70

70

606060

60

60

50 50 50 5040 40 40 4030 30 30 3020 20 20 2010 10 10 10

60

60

60

50

50

40

Speed, rpm
900 1100 1300 1500 1700

0

10

20

30

40

50
75% load, Smoke opacity reduction, %

0

0

0

0

0
-5

-5

-5

5
5

5

55

5

0

0

0

0

0

0

-5
-10

-5

-5

-5

-10

-10

-15-20

Speed, rpm
900 1100 1300 1500 1700

N
an

o-
 a

dd
iti

ve
s,

 m
g/

l

N
an

o-
 a

dd
iti

ve
s,

 m
g/

l
N

an
o-

 a
dd

iti
ve

s,
 m

g/
l

0

10

20

30

40

50

Fig. 18. The percentage reduction of engine NOx and smoke opacity emissions at different engine loads and speeds.

A.I. El-Seesy et al. Fuel 224 (2018) 147–166

163



80%, UHC by 60%, and smoke opacity by 15%, which was obtained at
the concentration of 20–40mg/l. Furthermore, from combustion char-
acteristics discussion in Section 5.1, it can be concluded that the max-
imum improvement in pmax, dp/dθmax, and dQg/dθmax were obtained at
the Al2O3 concentration of 30–40mg/l. From the results of the whole
investigation, it is necessary to select only one concentration of Al2O3

nanoparticles. Accordingly, during the selection process, the following
features should be considered.

• Nanoparticles concentration should lead to optimal performance, or
at least dosage should not deteriorate the mechanical performance
of the diesel engine.

• Nanoparticles concentration should have the best improvement on
engine emissions characteristics to achieve new emission norms.

• The dose level that may satisfy the above conditions should be of
small value such that the mixture stability, the cost paid for dis-
persion process and cost paid for nanoparticles are kept the
minimum.

The last point is critical to keep mixture uniformity and to reduce
any negative effect of nanoparticles on engine components. In ac-
cordance to that and by comparing the overall effect of Al2O3 additives,
it can be concluded that the concentration of 30mg/l gave the best
overall mechanical engine performance and the engine emissions
characteristics simultaneously.

7. Conclusion

The experimental study was conducted on a single cylinder direct
injection diesel engine at different speeds and load conditions to obtain
the optimum concentration of Al2O3 additives into JB20D blend based
on the evaluation of engine performance and emissions. Based on this
investigation, the following conclusions were obtained:

1. The addition of Al2O3 nanoparticles into the JB20D blended fuel
resulted in higher peak cylinder pressure, pressure rise rate and
gross heat release rate as compared to pure JB20D.
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2. Engine performance tests showed a remarkable increase in brake
thermal efficiency by up to 15% and bsfc was decreased by up to
12% with the addition of Al2O3.

3. Emissions of NOx, CO, UHC, and smoke opacity with the addition of
Al2O3 into JB20D were significantly decreased by up to 70%, 80%,
60% and 35%, respectively as compared to JB20D.

4. The best mechanical performance was obtained at the Al2O3 con-
centration of 40mg/l (bsfc was reduced by 12%, pmax was increased
by 4.5%, dp/dθmax by 4%, and dQg/dθmax by 4%). While the max-
imum reduction in engine emissions was obtained at the dose level
of 20mg/l (NOx was reduced by 70%, CO by 80%, UHC by 60% and
smoke opacity by 35%).

5. The recommended Al2O3 concentration to obtain the remarkable
enhancement in engine performance and emission was 30mg/l.

This study recommends the nanoparticles concentration that im-
proved the engine performance and emissions when fueled by Al2O3-
JB20D blended fuels. This improvement helped in increasing the bio-
diesel blending ratio in the biodiesel-diesel blended fuels and reduced
the energy and environmental problems resulting from the use of fossil
fuels. During the current work, which lasted approximately two
months, erosive effects of the Aluminium oxide on the engine fuel in-
jection and exhaust system were not observed. However, long-term
investigations on the life of the engine exhaust manifold and fuel in-
jection system are needed to determine such effects.
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