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luation of the blends of gas-to-
liquid (GTL) fuels and biodiesels with diesel at high
idling conditions: an in-depth analysis on engine
performance and environment pollutants

S. Hossain,* H. H. Masjuki,* M. Varman, M. A. Kalam and S. M. Ashrafur Rahman

This study focuses on the physicochemical fuel characteristics and engine performance-emission features

of three prospective alternative transportation fuels: Alexandrian laurel biodiesel (ALBD), jatropha biodiesel

(JBD) and GTL fuel at high idling conditions. The blends of GTL fuel (G10, G20), JBD (J10, J20) and ALBD

(AL10, AL20) with diesel had been investigated in a multi-cylinder diesel engine at different load-speed

conditions. Analysis of the fuel properties showed a linear variation of the major fuel properties with an

increase of alternative fuel quantity in the blends. Engine performance test results revealed an average

decrease of brake specific fuel consumption (BSFC) (ca. 8.65–12.26%) and brake specific energy

consumption (BSEC) (ca. 8.27–11.51%), but a higher brake thermal efficiency (BTE) (ca. 8.56–12.58%) by

GTL blends, whereas, the biodiesel blends showed higher BSFC (ca. 5.01–12.18%) and BSEC (ca. 3.41–

9.67%) and lower BTE (ca. 3.68–9.93%), respectively, than those of diesel. Referring to the emission

analysis, the results revealed that GTL blends showed a slight reduction in NOx (ca. 3.89–6.85%), but a

significant reduction in CO (ca. 48.25–51.38%), HC (ca. 44.81–51.43%) and smoke (ca. 15.21–18.78%),

respectively, when compared to diesel. The biodiesel blends demonstrated reduced CO (on average ca.

29.12–33.71%), HC (ca. 29.67–35.46%) and smoke (ca. 2.49–6.87%), but increased NOx (on average ca.

2.83–9.81%), respectively, than those of diesel.
1. Introduction
1.1. Background

Worldwide petroleum upheaval and environmental distress
have heightened the urge for research and development of
alternative fuels in the transportation sector. Biodiesel and gas-
to-liquid (GTL) fuel can be considered as prospective future
transportation fuels. Biodiesel is dened as the mono-alkyl
esters of fatty acids, which can be extracted from vegetable
oils, animal fats and alcohol. It has special features such as
being renewable, biodegradable and free from toxicity; contains
a higher cetane number (CN) and ash point, has inherent
lubricity and demonstrates more diminution in emissions,
when compared with fossil diesel.1,2 Jatropha curcas and Alex-
andrian laurel can be regarded as potential feedstock for bio-
diesel production because of their non-edible origin, higher oil
yield than other non-edible feedstocks and the compliance of
the biodiesel yield from its crude oil with the US ASTM D6751
and European Union EN 14214 biodiesel standards.3,4 GTL fuel
can be synthesized in a number of ways, such as, the methane
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reforming process, Fischer–Tropsch (FT) synthesis, and hydro-
cracking processes.5,6 The FT synthesis converts a mixture of
carbon monoxide and hydrogen into various liquid hydrocar-
bons, by using suitable catalysts.7 GTL fuel possesses higher
CN, virtually no sulfur and negligible amounts of aromatics8–10

and also demonstrates signicantly lower emission than diesel
and biodiesel.11–13 Thus, it can be regarded as a clean alternative
fuel that can yield low exhaust emissions, without any major
engine modications and signicant loss in efficiency. Previous
studies regarding the engine performance-emission tests of
alternative fuels like biodiesel, GTL and their blends with
diesel, were only conned to some common test conditions,
such as, full load or medium load and variation of engine
speeds. Most of the studies14–19 showed that biodiesel blends
with diesel showed decreasing power, CO, HC and smoke
emissions, whereas an increase was observed in fuel
consumption and NOx emissions. The research8–10,20 in GTL–
diesel blends reported that blending GTL fuel with diesel can
certainly improve the fuel properties of the blends, which lead
towards better engine performance and exhaust emission than
diesel.

The effect of idling conditions on alternative fuels at major
engine performance-emission parameters should also be
considered as a signicant research scope, which has not yet
This journal is © The Royal Society of Chemistry 2015
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been investigated thoroughly. Idling refers to the incessant
operation of the primary propulsion engine of any automobile
during its stationary position. Generally, automotive engines
switch to idling modes in traffic ambiences, particularly at
traffic signals and intermittent driving during traffic jam in
urban areas. However, the duration of engine idling in these
conditions is short compared to the idling state of heavy-duty
diesel engines whilst parked during journey intervals on high-
ways with running engines to utilize the air conditioning. Idling
results in emission of harmful environmental pollutants and
also a signicant increase in fuel consumption. A number of
studies21–24 on the idling effects on diesel fuel have been
reported in the last decades. As the blends of alternative fuel
and diesel are being considered as prospective transportation
fuels, a comparative analysis of these blends will be of great
signicance to study their performances at high idling condi-
tions. When the engine is operated at low load-low rated speed
conditions, it is regarded as high idling condition.25 At these
conditions, the engine cannot attain the required operating
temperature, which leads to incomplete combustion. Thus,
higher fuel consumption, associated with an increase in
exhaust emissions have been observed in idling conditions.
Regarding the high idling test conditions, only three studies26–28

have been reported using diesel–biodiesel blends, but no study
with GTL–diesel blends have been performed till now. The
previous studies had some limitations. The comparative anal-
ysis of multiple alternative fuel blends were not illustrated.
Besides, those studies did not include smoke emissions at high
idling conditions.
1.2. Objective

The objective of this study is to investigate the idling effects of
the six blends of JBD, ALBD and GTL fuel with diesel in the
context of different engine performance-emission parameters at
four different engine test conditions. This study of the idling
effects on alternative fuel blends will provide a justication in
commercial application of these fuels.
2. Experimental set up and
procedures
2.1. Biodiesel production

The production process of biodiesel from crude oil depends on
the free fatty acid (FFA) content of the crude oil. High FFA
content leads to the occurrence of soap formation, which not
only constrains the isolation process of the ester from glycerin,
but also decreases the transformation rate of ester. According to
Canakci and Van Garpen,29 oils with FFA higher than 1%, which
illustrates the acid value of 2 mg KOH per g is not susceptible to
the alkaline-catalyzed trans-esterication process. Jatropha
curcas and Alexandrian laurel crude oil have an FFA content of
8% (acid value 16 mg KOH per g) and 20% (acid value 40 mg
KOH per g), respectively. So, acid-catalyzed esterication should
be applied at rst for both of these crude oils to reduce the FFA
level.30 Aer that the alkali-catalyzed trans-esterication process
can be applied. At rst, crude oil was placed in a jacket reactor
This journal is © The Royal Society of Chemistry 2015
of 1 liter capacity, equipped with an IKA Eurostar digital model
stirrer and Wiscircu water bath arrangement. Next, methanol
(in 12 : 1 molar ratio) and H2SO4 (1% v/v) were added. The
system was kept at a temperature of 50–60 �C for 3 hours by
circulation of hot water through the jacket, while stirring at a
constant speed of 1100 rpm. To check the change in FFA level, a
5 mL sample was collected at regular 10 minute intervals and
the process was continued until the FFA level had decreased by
1–2%. Aer the completion of acid esterication, the mixture
was poured into a separation funnel to isolate the esteried
product and catalyst layer. The catalyst layer contained excess
H2SO4 and alcohol, and was found to be the upper layer. Aer
isolation, the lower layer was extracted and placed into a rotary
evaporator to eliminate excess methanol and water. The yield
from this process is approximately 98%.31 Aer the completion
of acid esterication, the product was subjected to alkali-
catalyzed trans-esterication.

In the alkali-catalyzed trans-esterication process, methanol
(25% v/v oil) and potassium hydroxide 1% (w/w oil) were added,
with the esteried oil, to the biodiesel reactor. This mixture was
stirred at 60 �C for 3 hours, maintaining a speed of 1000 rpm.
Aer that the mixture was transferred to a separation funnel,
where it appeared as two layers of glycerol impurities (lower
layer) andmethyl esters (upper layer). Eventually, the lower layer
was isolated and the upper layer was cleansed thoroughly by
spraying 50% (v/v) hot (50 �C) distilled water over the methyl
esters while shaking gently to ensure proper washing. The
cleansing process was repeated until themethyl ester achieved a
pH value of 7. Excess water andmethanol content were removed
from the methyl ester by using an IKA RV10 rotary evaporator.
For moisture removal from the methyl ester, anhydrous sodium
sulfate was used. Finally, the methyl ester was obtained by
ltration using high quality lter papers.
2.2. GTL production process

GTL production stages can be sub-categorized as formation of
synthesis gas (syngas), catalytic synthesis (conversion of syngas)
and the post processing (cracking). Syngas can be formed from
any carbonaceous elements such as: natural gas, petroleum
coke coal or biomass. At rst, carbon and hydrogen are differ-
entiated from methane. Aer that, they are transformed in
several processes available for syngas production depending on
the feed stock, such as partial oxidation, steam reforming, auto
thermal reforming (ATR), gasication and a combination of
those, which result in different ratios of hydrocarbon–carbon
monoxide. In a catalytic synthesis process, the gaseous mixture
of CO and H2 (syngas) is processed in various Fischer–Tropsch
reactors and yields long-chain, waxy hydrocarbons and a
considerable quantity of water as by-product. The reactors used
in catalytic synthesis are specied by different designs targeting
the technology to produce a wide ranges of paraffinic long-chain
hydrocarbons (synthetic crude). Finally, this synthetic crude is
processed through traditional renery cracking operations in
the presence of zeolite catalysts and hydrogen to yield catalyti-
cally cracked shorter hydrocarbons. These shorter hydrocar-
bons undergo distillation to produce GTL fuels.32
RSC Adv., 2015, 5, 13068–13077 | 13069
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2.3. GC analysis and fatty acid composition of fuels

Gas chromatographic (GC) analysis was performed to investi-
gate the fatty acid composition of the produced biodiesel. A
sample of 1 mL was injected into a Shidmazu GC-2010A series
chromatography panel. The specications of the instrument
and operation conditions are presented in Table 1. The fatty
acid composition of the produced biodiesel fuels is presented in
Table 2. The test results showed that JBD contains saturated
methyl esters (ca. 24.3%), mono-saturated methyl esters (ca.
42.6%), and poly-unsaturated methyl esters (ca. 33.1%).
2.4. Fuel blend preparation and properties analysis

In this study, six blends were prepared as sample fuels. JBD,
ALBD and GTL fuels were mixed with diesel in two ratios, 1 : 9
and 1 : 4. The sample blend with 10% (by vol) of JBD, ALBD or
GTL fuel with 90% diesel were named J10, AL10 and G10,
respectively. Similarly, the blends containing 20% biodiesel or
GTL fuel and 80% diesel were named J20, AL20 and G20,
respectively. While preparing the blend, the calculated volumes
of diesel and other test fuel were rst taken into a sealed
magnetic stirrer and next in a shaker. Each of the test sample
Table 1 GC panel and operating conditions

Property

Carrier gas
GC column
GC column ow rate
Injector
Injection volume
Detector type

Operating temperatures
Oven
Injector
Detector ports
Initial hold
Temperature ramp (aer initial hold)

Table 2 Fatty acid composition of biodiesel

Fatty acid ester Structure Molecular mass

Methyl myristate 14:00 242.40
Methyl laureate 12:00 214.34
Methyl palmitate 16:00 270.45
Methyl palmitoleate 16:01 268.43
Methyl stearate 18:00 298.50
Methyl oleate 18:01 296.49
Methyl linoleate 18:02 294.47
Methyl linolenate 18:03 292.46
Methyl arachidate 20:0 326.56
Methyl erucate 22:1 338
Methyl eicosenoate 20:01 324.54
Methyl behenate 22:00 354.62
Methyl lignocerate 24:00 382.66

13070 | RSC Adv., 2015, 5, 13068–13077
fuel blends was stirred at 4000 rpm for 30 minutes. Then the
stirred blend was placed in the digital shaker for additional 30
minutes at 400 rpm. Finally, the blend sample was removed
from the shaker and observed for 12 h to ensure that no phase
separation was occurring. The apparatus for fuel property
analysis are shown in Table 3. The fuel properties of the
produced biodiesel are listed in Table 4. In this table, saponi-
cation number (SN), iodine value (IV) and cetane number (CN)
were calculated by using the fatty acid composition results and
the following empirical eqn (1)–(3),33 respectively.

SN ¼
X ð560� AiÞ

MWi

(1)

IV ¼
X ð254�D� AiÞ

MWi

(2)

CN ¼ 46:3þ 5458

SN
� 0:225

IV
(3)

where, Ai is the weight percentage of each fatty acid component,
D is the number of double bonds present in each fatty acid and
MWi is the molecular weight of each fatty acid component.
Specications

Helium, 83 kpa (split ratio 50 : 1)
BPX70, capillary type (30.0 m � 0.25 mm � 0.32 mm, inner diameter)
1.10 mL min�1

Split/split less (type 1177) with EFC control
1 mL
Flame ionization detector (FID), 250.0 �C

140.0 �C
240.0 �C
260.0 �C
140.0 �C (hold for 2 minutes)
8 �C min�1 to 165.0 �C
3 �C min�1 to 192.0 �C
8 �C min�1 to 220.0 �C

Formula ALBD JBD

CH3(CH2)12COOCH3 0 0.1
CH3(CH2)10COOCH3 0 0.1
CH3(CH2)14COOCH3 14.8 17.7
CH3(CH2)5CH]CH(CH2)7COOCH3 0.3 0.8
CH3(CH2)16COOCH3 16 6.4
CH3(CH2)7CH]CH(CH2)7COOCH3 41.3 41.8
CH3(CH2)3(CH2CH]CH)2(CH2)7COOCH3 26.6 32.9
CH3(CH2CH]CH)3(CH2)7COOCH3 0.2 0.2
CH3(CH2)18COOCH3 0.8 0.1
CH3(CH2)7CH]CH(CH2)11COOH 0.5 0
CH3(CH2)16CH]CHCOOCH3 0.2 0
CH3(CH2)20COOCH3 0 0
CH3(CH2)22COOCH3 0 0

This journal is © The Royal Society of Chemistry 2015
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Table 3 Equipment for fuel property testing

Properties Equipment Manufacturer
Standard
method

ASTM D6751
limit Accuracy

Kinematic
viscosity

SVM 3000-automatic Anton Paar, UK D445 1.9–6.0 �0.35%

Density SVM 3000-automatic Anton Paar, UK Not specied �0.1 kg m�3

Flash point Pensky-Martens ash point-automatic
NPM 440

Normalab, France D93 130 min �0.1 �C

Caloric value C2000 basic calorimeter-automatic IKA, UK D240 D6371 �0.1% of reading
Oxidation stability 873 Rancimat—automatic Metrohm, Switzerland D675 3 hour �0.01 hour
Cloud point Cloud and pour point tester—

automatic NTE 450
Normalab, France D2500 Report �0.1 �C

Pour point Cloud and pour point tester—
automatic NTE 450

Normalab, France D2500 Not specied �0.1 �C

CFPP Cold lter plugging point—
automatic NTL 450

Normalab, France D6371 Not specied �0.1 �C

Acid value G-20 Rondolino automated titration
system

Mettler Toledo,
Switzerland

D664 0.5 max �0.001 mg KOH per g

Table 4 Physicochemical characteristics of crude oil and produced biodiesel

Properties ASTM D6751 EN 14214 Crude jatropha oil JBD Crude AL oil ALBD

Density@40 �C (g cm�3) Not specied 860–900 918.9 878.8 921.6 877.0
Kinematic viscosity@40 �C (mm2 s�1) 1.9–6.0 3.5–5.0 34.072 4.2684 53.136 5.6872
Flash point (�C) >130 >120 210.5 176.5 218.5 141.5
Caloric value (MJ kg�1) Not specied Not specied 39.420 40.899 38.51 39.39
Cetane no. $47 >51 — 53.5 — 56.3
CP, (�C) Report Not specied 12 3 8 7
PP, (�C) Not specied Not specied 1 2 8 7
CFPP, (�C) Not specied Not specied 22 1 27 8
Acid value (mg KOH per g) <0.50 <0.50 16 0.18 40 0.34
Saponication number Not specied Not specied — 192.6 — 191.6
Iodine value Not specied Not specied — 93.8 — 82.1
Oxidation stability at 110 �C, (h) >3 >6 1.2 8.41 2.43 3.58
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2.5. Engine test rig

A four-cylinder, four-stroke, water-cooled diesel engine was
used for experimental investigation. The test engine was
directly coupled to a Froude-Hoffman AG250 eddy current
Fig. 1 Experimental set-up.

This journal is © The Royal Society of Chemistry 2015
dynamometer. The test rig schematic is shown in Fig. 1. The
specications of the test engine and experimental conditions
are shown in Table 5. The initial engine run was performed with
diesel before starting the tests with all sample fuels. Before
starting the test with sample test fuels, the engine was run for
ten minutes to ensure removal of any residual diesel. Aer the
test of each sample fuel, the fuel line was purged with diesel to
remove that sample and to make it ready for the next sample.
This procedure had been maintained for testing in all test
conditions. The operations were performed at the same injec-
tion timing for all tested fuels.

In this study, four sets of test conditions were selected. At
rst, the engine test was performed at 10% load at 1000 rpm
and 1500 rpm speed. Then at 15% load at 1000 rpm and 1500
rpm speed. To maintain accuracy, each test point was repeated
thrice and the mean value was obtained to plot graphs. Each set
of test conditions was given a name for convenience and these
are shown in Table 5. In addition, each and every test data series
(i.e. test point with the same fuel type and at various engine
conditions) was recorded on the same day to minimize
substantial day-to-day variation in the experimental results. To
RSC Adv., 2015, 5, 13068–13077 | 13071
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Table 5 Engine specification

Engine type 4 Stroke diesel engine

Number of cylinders 4 in-line, longitudinal
Cylinder bore � stroke 91.1 � 95 mm
Displacement 2477 cm3

Compression ratio 21 : 1
Combustion chamber Swirl type
Rated power 65 kW at 4200 rpm
Torque 185 Nm, at 2000 rpm
Valve mechanism Single overhead camsha (SOHC)
Injection pressure (kg cm�2) 157 bar
Aspiration Turbo charged
Fuel system Distributor type injection pump
Cooling system Radiator cooling
Lubrication system Pressure feed, full ow ltration

Test conditions Specications

10% load-1000 rpm TC1
15% load-1000 rpm TC2
10% load-1500 rpm TC3
15% load-1500 rpm TC4

RSC Advances Paper
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measure the fuel ow rate, a positive-displacement type ow
meter (KOBOLD ZOD) was installed. For recording the engine
test data a REO-dCA data acquisition system was incorporated.
For exhaust emission analysis, an AVL DICOM 4000 gas analyzer
was used to measure the concentration of CO, HC and NOx.
Smoke opacity measurements were recorded with an AVL Di-
Smoke 4000. The measurement range and resolution for both
of the instruments are given in Table 6.
2.6. Accuracies and uncertainty analysis

Table 7 provides the accuracy values of the measured quantities
that were used during the experiment. Uncertainties in any
experimental procedure occur depending on the experimental
conditions, instrument calibrations, observation, data input,
test assembly, etc. Therefore, uncertainty analysis is a signi-
cant technique to validate the accuracy of the experimental
results. In this experiment, percentage uncertainty of all
measured quantities were computed by considering the
percentage uncertainties of the equipment. Besides, the relative
uncertainty of BSFC was determined by means of the linearized
Table 6 Specification of exhaust gas analyzer

Method
Measured
component Range Resolution

AVL exhaust gas analyser
Non-dispersive infrared CO 0.10% vol 0.01 vol%
Non-dispersive infrared Unburned HC 0–20 000 ppm vol 1 ppm
Electrochemical NOx 0–5000 ppm vol 1 ppm

Smoke opacimeter
Photodiode detector Opacity% 0–100% 0.10%

13072 | RSC Adv., 2015, 5, 13068–13077
approximation method of uncertainty.34 Uncertainty percent-
ages are also shown in Table 7.
3. Results and discussion
3.1. Fuel property analysis

Fuel property analysis had been conducted as part of the
investigation to have a prediction about the quality of sample
fuel blends prior to the engine test. Table 8 features fuel prop-
erties of the fuel blends. All of the blends used in this experi-
ment alsomeet the ASTMD7467 specication. Excessive density
of any fuel results in higher viscosity, which has signicant
inuence in spray atomization efficiency, resulting in poor
combustion with formation of engine deposits and higher
exhaust emissions.9 Among the sample fuels, all biodiesel
blends showed higher density and viscosity, whereas, GTL
blends showed lower values of these two parameters, than those
of diesel. J10, J20, AL10 and AL20 demonstrated about 4.56%,
9.12%, 8.94% and 12.19% increased kinetic viscosity than
diesel, whereas, G10 and G20 showed about 1.15% and 1.64%
lower values than diesel. Lower kinematic viscosity of fuel
ensures less resistance while owing through the fuel system
and it also leads to better fuel atomization.35

The ash point maintains an inverse relation to fuel vola-
tility.36 A higher ash point ensures safety of fuel for handling,
storage and prevention from unexpected ignition during
combustion. J10, J20, AL10, AL20, G10 and G20 demonstrated
higher ash points of about 8.63%, 14.38%, 2.88%, 10.1%,
5.76% and 20.14%, respectively, than diesel. In the case of the
caloric value, J10, J20, AL10 and AL20 demonstrated about
1.13%, 2.37%, 1.3% and 2.49% lower values than diesel,
whereas, G10 and G20 showed higher values by about 0.82%
and 1.28% compared to diesel. The higher caloric value of any
fuel is desired because it favors the heat release during
combustion and improves engine performance.9

CN is a measure of a fuel’s auto-ignition quality character-
istics. J10, J20, AL10, AL20, G10 and G20 demonstrated higher
CN by about 14.3%, 18.36%, 8.16%, 14.3%, 20.4% and 32.65%,
respectively, compared to diesel.

The oxidation stability values for J10, J20, AL10, AL20, G10
and G20 were 39.12 h, 36.75 h, 17.1 h, 13.55 h, 44.12 h and 48.25
h, respectively, which meet the ASTM D7467 specication.
3.2. Engine performance test

3.2.1 Brake specic fuel consumption (BSFC) and brake
specic energy consumption (BSEC). Fig. 2 illustrates the vari-
ation of the BSFC values of all fuels. It was observed that the all
biodiesel blends showed higher BSFC values, whereas, GTL
blends showed lower values, compared to the reference fuel
diesel. On average, J10, J20, AL10 and AL20 showed higher BSFC
values about 5.01%, 10.71%, 6.62% and 12.18%, whereas, G10
and G20 showed lower values of BSFC approximately 8.65% and
12.26%, respectively, when compared to those of diesel.

The improvement in BSFC for GTL blends can be illustrated
by the combustion phenomena and fuel characteristics. For fuel
delivered on a xed volumetric basis, the amount of fuel
This journal is © The Royal Society of Chemistry 2015
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Table 7 List of the accuracy of measuring component and the uncertainty

Measured components Measurement techniques Measuring range Accuracy Uncertainty

Load Strain gauge type load cell 0–600 N m �0.1 N m
Speed Magnetic pick up type 0–6000 rpm �1 rpm
Time — — �0.1 s
Fuel ow measurement Positive displacement gear wheel ow meter 0.5–36 L h�1 �0.04 L h�1

CO Non-dispersive infrared 0–10% by vol 0.01 vol% �0.01 vol%
HC Non-dispersive infrared 0–20 000 ppm �1 ppm vol �1 ppm
NOx Electrochemical 0–5000 ppm �1 ppm vol �5 ppm
Smoke opacity Photodiode detector 0–100% 0.1% �0.5%

Table 8 Physicochemical properties of the sample fuels

Properties Diesel J10 J20 AL10 AL20 G10 G20

Density kg m�3 829.6 832.6 835.1 835.3 840.1 821.83 815.8
Kinematic viscosity at 40 �C (mm2 s�1) 3.075 3.21 3.35 3.45 3.85 3.045 3.025
Caloric value 44.46 43.96 43.406 43.88 43.354 44.816 45.026
Cetane number 49 56 58 53 56 59 65
Flash point (�C) 69.5 75.5 79.5 71.5 76.5 73.5 83.5
Oxidation stability at 110 �C (h) 59.1 39.12 36.75 17.1 13.55 44.12 48.25
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injected in a single stroke was same for all fuels. Since the GTL
blends contain a higher caloric value, it required compara-
tively a small quantity of fuel per stroke to produce the same
power compared to biodiesel blends.37,38 Besides, GTL blends
could have demonstrated lower in-cylinder pressure and lower
pressure rise rate, which assisted in compensating mechanical
losses, resulting better combustion.39 The higher BSFC values of
the four biodiesel blends can be ascribed to the combined effect
of lower caloric values and higher kinematic viscosity, which
resulted in higher fuel consumption to produce the same
output power in the constant fuel injection system, when
compared to GTL blends and reference fuel diesel. Several
studies16,40 also conrmed that the fuel consumption of blends
of diesel is increased with the decrease of the caloric value.

The brake specic energy consumption (BSEC) is introduced
to compare the performance of the fuels with different caloric
values. It can be dened as the product of the BSFC and caloric
value of the fuel. It indicates the amount of energy consumed to
produce a unit output power in one hour. In this investigation,
the sample fuels have different caloric values, so BSEC is a
Fig. 2 Variation of BSFC of all test fuels at high idling conditions.

This journal is © The Royal Society of Chemistry 2015
signicant parameter to study the engine performance charac-
teristics. Fig. 3 illustrates the variation of the BSEC values of all
fuel samples. It was observed that in all test conditions bio-
diesel blends showed higher BSEC values, while the GTL blends
showed lower values, compared to diesel. On average, J10, J20,
AL10 and AL20 showed higher BSEC values by about 3.41%,
7.66%, 4.77% and 9.67%, whereas, G10 and G20 showed lower
values by approximately 8.27% and 11.51%, respectively, when
compared to those of diesel.

It was observed in all test conditions that both BSFC and
BSEC values increase with the increase of quantity of biodiesel
in blends, whereas, and GTL blends showed improvement in
both BSFC and BSEC values with addition of GTL in blends. It
was also observed that at higher speed test conditions (TC3 and
TC4), the rate of increase of the BSFC and BSEC values for the
biodiesel blends was lower than the lower speed test conditions
(TC1 and TC2). This can be attributed to the higher oxygen
content of biodiesel which facilitates better combustion at high
temperature at high speed condition. The improvement of
BSEC of J10–J20 blends compared to AL10–AL20 blends can be
ascribed to the higher caloric values of JBD blends than that of
ALBD blends. As described earlier, the G10–G20 blends were the
best in terms of the improvement of BSFC and BSEC.

3.2.2 Brake thermal efficiency. Engine brake thermal effi-
ciency is regarded as a signicant performance parameter,
which can be measured by the product of mechanical efficiency
and net indicated thermal efficiency. Due to the effect of various
loss mechanisms, such as combustion inefficiency, heat trans-
fer and mechanical friction, the BTE of a real operating diesel
cycle is usually under 50% and oen far below it.41 In this study,
the BTE was calculated using eqn (1) where hbt is the BTE (%), fc
is the BSFC (g kW�1 h�1) and CV is the caloric value of the fuel
(MJ kg�1).
RSC Adv., 2015, 5, 13068–13077 | 13073
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Fig. 3 Variation of BSEC of all fuels at high idling conditions.

Fig. 5 Variation of CO emission of all fuels at high idling conditions.
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hbt ¼
�
3:6� 103

fc� CV

�
� 100% (4)

Fig. 4 illustrates the variation of the BTE values of all fuels. It
was observed in all test modes that the biodiesel blends showed
lower BTE values, while, GTL blends showed higher BTE values
than diesel. It was also observed that in TC1 and TC2 the rate of
decreasing BTE of the biodiesel blends with addition of bio-
diesel in blends is much higher than TC3 and TC4. This can be
explained by the decrease of caloric values of fuel blends with
addition of biodiesel quantity in blends. As described in Section
3.2.1, a higher fuel consumption is required to achieve the same
output power and overcome the engine-oriented mechanical
loses for fuel blends with lower caloric values. Thus, the BTE
decreased signicantly from J10 to J20 and AL10 to AL20 in TC1
and TC2. At higher speed conditions (TC3, TC4), a higher level
of spontaneous premixing occurs at the top dead center, which
induces a faster rate of combustion and thus the effect of
decreasing caloric value was not as signicant as at lower
speed test conditions.39 On average, J10, J20, AL10 and AL20
showed lower BTE by about 3.68%, 7.68%, 4.96% and 9.93%,
whereas, G10 and G20 showed higher BTE by approximately
8.56% and 12.58%, respectively, when compared to those of
diesel.
Fig. 4 Variation of BTE of all fuels at high idling conditions.

13074 | RSC Adv., 2015, 5, 13068–13077
3.3. Exhaust emission test

3.3.1 CO emission. Fig. 5 illustrates the variation of the CO
emission values of all fuel samples. It was observed in all test
modes that all of the blends showed lower CO emission than
diesel, but G10 and G20 showed greater emission reduction
compared to all of those. On average, J10, J20, AL10, AL20, G10
and G20 showed lower CO emissions by about 29.12%, 39.81%,
25.36%, 33.71%, 48.25% and 51.38%, respectively, when
compared to those of diesel.

The mysteries of CO emission reduction of GTL blends can
be explained by looking at the fuel properties and combustion
phenomena. Signicant fuel characteristics of GTL, like higher
hydrogen–carbon ratio, higher CN and very low aromatic
content assist in improved combustion and thus cause reduc-
tion of CO emission.9 The higher CN of G10–G20 could have
induced shortening of ignition delay that resulted less number
of over-lean zones. Besides, the lower distillation temperature of
GTL fuel induces rapid vaporization, which reduces the prob-
ability of ame quenching and thus ensures lower CO emis-
sion.39,42 In case of the other four blends, lower CO emissions
can be explained by the combined effect of the higher oxygen
content and higher CN.43 Higher CN results short ignition delay,
leading towards better combustion. Moreover, the short igni-
tion delay can also be induced by a longer chain length of
biodiesel and thus improves combustion process.1 High oxygen
content ensures proper in-cylinder temperature, which also
facilitates complete combustion.44,45

3.3.2 HC emission. The major reasons behind the forma-
tion of HC emission in CI engines are the over-lean fuel mixture
(excessive air–fuel ratio) throughout the ignition delay period,
Fig. 6 Variation of HC emission of all fuels at high idling conditions.

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Variation of smoke opacity of all fuels at high idling conditions.
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improper mixing of fuel adjacent to the spray core at the time of
combustion and especially the occurrence of wall quenching of
ames due to the impingement of fuel spray on the peripheral
areas of the combustion chamber.39 Fig. 6 illustrates the varia-
tion of the HC emission values of all fuel blends. It had been
observed in all test modes that all fuels showed lower HC
emission values than diesel. On average, J10, J20, AL10, AL20,
G10 and G20 showed lower HC emissions by about 33.65%,
40.27%, 29.67%, 35.46%, 44.81% and 51.43%, respectively,
when compared to those of diesel.

Like for CO emission, reduction of HC emission can be
explained using the same parameters. The higher CN of G10–
G20 fuel blends shortens the ignition delay, which prevents the
formation of the over-lean regions. Lower distillation tempera-
ture of GTL ensures a proper pace of evaporation and mixing
with air to constitute a more effective combustible charge,
which results in less unburned HC in the exhaust emission.42,46

In case of the other four blends, the inherent higher oxygen
content of biodiesel induced some advantageous conditions,
such as, post-ame oxidation, higher ame speed, etc.
throughout the air–fuel interactions, especially in the fuel-rich
regions, which ensured the proper oxidation of the unburned
HC and thus resulting in signicant HC emission reduction.47

3.3.3 NOx emission. In a CI engine, the formation of NOx

can be illustrated by the Zeldovich mechanism.48 During the
combustion process, higher temperature disengages molecular
bonds of nitrogen, which initiates a series of reactions with
oxygen and thus account for the occurrence of thermal NOx.
Formation of NOx in the ame front and in the post-ame gases
depends on the oxygen content, in-cylinder temperature and
residence time.

Fig. 7 illustrates the variation of the emission values of all
fuels. It was observed in all test modes that J10–J20 and AL10–
AL20 blends demonstrate higher NOx emission, whereas G10–
G20 showed lower NOx emission values, when compared to
diesel. On average, J10, J20, AL10 and AL20 showed higher NOx

emission by about 2.83%, 7.44%, 5.65% and 9.81%, whereas,
G10 and G20 showed lower NOx emission by approximately
3.89% and 6.85%, respectively, when compared to those of
diesel.

The diminution of NOx emission of G10–G20 can be illus-
trated by the inuence of fuel properties in combustion
Fig. 7 Variation of NOx emission of all test fuels at high idling
conditions.

This journal is © The Royal Society of Chemistry 2015
phenomena and exhaust emission. The higher CN of G10–G20
induced shorter ignition delay, followed by a lesser premixed
charge, which resulted in a lower combustion temperature and
pressure.39,42 It led towards less thermal NOx formation.
Signicant lower aromatic contents of GTL fuel also inuenced
G10–G20 blends, which prompted to maintain a lower local
adiabatic ame temperature and thus assists in NOx reduc-
tion.37,49 Several research studies had revealed an increase of
NOx emission in biodiesel or diesel–biodiesel blends with the
increase in unsaturation percentage and on the diminution of
the chain length.50,51 In the case of the other four blends, higher
NOx was observed in all test modes because of their high oxygen
content and a higher “premixed part” during combustion,
where NOx is primarily formed.52

3.3.4 Smoke emission. Smoke is denitely an undesirable
by-product, which is constituted primarily because of the
incomplete combustion of hydrocarbon fuel in a C.I. engine.
“Smoke opacity” is one of the most common terms to forecast
the tendency of soot formation during combustion of any test
fuel.53 Fig. 8 illustrates the variation of smoke emission values
of all fuel blends with the reference diesel fuel. It was observed
in all four test modes that all of the sample fuels showed lower
smoke emission than diesel. Overall, GTL blends showed higher
emission reduction compared to biodiesel blends. On average,
J10, J20, AL10, AL20, G10 and G20 showed lower smoke emis-
sions by about 3.79%, 6.87%, 2.49%, 4.69%, 15.21% and
18.78%, respectively, when compared to those of diesel.

This reduction in smoke emissions in GTL blends can be
explained by the combined effect of the absence of aromatics
(regarded as soot predecessors), low sulfur content and higher
hydrogen to carbon ratio of GTL fuel.2,39 The diminution of the
smoke for biodiesel blends can be attributed to the higher
oxygen content, associated with lower sulfur content and
impurities.53

4. Conclusion

In this study, production of ALBD and JBD was performed. Six
blends of J10, J20, AL10, AL20, G10 and G20 were used in a
comparative investigation in terms of the fuel properties,
engine performance and exhaust emission than diesel. Four
RSC Adv., 2015, 5, 13068–13077 | 13075
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engine test conditions were selected for the in-depth analysis of
these blends.

� The produced ALBD and JBD showed improvement of fuel
properties compared to those of their crude oil. The biodiesel
blends showed further improvement in properties like density,
kinematic viscosity, caloric value, oxidation stability, etc.
compared to neat biodiesel. Unlike, diesel–biodiesel blends,
GTL–diesel blends showed improvement of fuel properties,
such as, lower density and kinematic viscosity, but higher
caloric values and cetane number, with increased quantity of
GTL in blends.

� It can be deduced from the engine performance-emission
results of all sample fuel blends that all of them are eligible
for running on unmodied C.I. engines.

� The engine performance test result with all four test
conditions showed that G10–G20 showed higher BTE (ca. 8.56–
12.58%), whereas, lower BSFC and BSEC (ca. 8.65–12.26% and
8.27–11.51%, respectively), compared with those of diesel. On
average, J10–J20 and AL10–AL20 demonstrated higher BSFC (ca.
5.01–10.71% and 6.62–12.18%), higher BSEC (ca. 3.41–7.66%
and 4.77–9.67%), whereas, lower BTE (ca. 3.68–7.68% and 4.96–
9.93%, respectively), compared to those of diesel.

� Exhaust emission experiments with all four test conditions
revealed signicant reduction for GTL blends than the other
fuels. On average, G10–G20 showed reduction in CO, HC, NOx

and smoke emission (ca. 48.25–51.38%, 44.81–51.43%, 3.89–
6.85% and 15.21–18.78%, respectively), compared to diesel. On
average, J10–J20 and AL10–AL20 demonstrated higher NOx (ca.
2.83–7.44% and 5.65–9.81%), whereas lower CO (ca. 29.12–
39.81% and 25.36–33.71%), HC (ca. 33.65–40.27% and 29.67–
35.46%), smoke (ca. 3.79–6.87% and 2.49–4.69%, respectively),
than those of diesel.

In-detail analysis of the outcome of this study has height-
ened the possibility of commercial application of all of these
alternative fuel blends. These fuel blends may comply with the
upcoming strict emission regulation and also contribute to
better engine performance features ever cherished by the
automobile manufacturers.
Abbreviations
JBD
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Jatropha curcas biodiesel

ALBD
 Alexandrian laurel biodiesel

GTL
 Gas-to-liquid fuel

BTE
 Brake thermal efficiency

BSEC
 Brake specic energy consumption

CO
 Carbon monoxides

HC
 Hydrocarbons

NOx
 Nitrogen oxides

CN
 Cetane number

FFA
 Free fatty acid

GC
 Gas chromatography

J10
 10% JBD + 90% diesel

J20
 20% JBD + 80% diesel

AL10
 10% ALBD + 90% diesel

AL20
 20% ALBD + 80% diesel
015, 5, 13068–13077
G10
 10% GTL + 90% diesel

G20
 20% GTL + 80% diesel

SN
 Saponication number

IV
 Iodine value

PPM
 Parts per million

RPM
 Rotation per minute

FT
 Fischer–Tropsch
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