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Diesel engines or CI engines have been taken 
into consideration to be a vital and important 

power source all over the world for various areas 
such as transportation (land, air, and sea), agricul-
ture, power generation, industrial activities, and 
construction engineering sectors because they have 
high-performance features [1-3]. Diesel engines pos-
sess also capacity in terms of supplying higher torque, 
higher power outcome, higher durability and supe-
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rior fuel conversion efficiency in comparison with 
the spark ignition engines [4]. The aforementioned 
characteristics, therefore, showed that diesel engines 
are preferable selection as compared to the gasoline 
engines considering the widespread area of applicati-
ons [5]. Unfortunately, diesel engines are largely de-
pended on the fossil-based fuels. The pollutants rele-
ased from the engines have been increased worldwide 
owing to the production as well as consumption of 

A B S T R A C T

A lcohols are significant alternative and renewable fuel candidates for the utilization in the 
internal combustion engines due to encouraging favorable environmental and economic 

outputs. Long-chain alcohols have various advantages over short-chain alcohols because of 
their larger energy content, elevated cetane number (CN) and preferable blending properties, 
etc. The objective of the present experimental research deal with the exploring and compare 
the inf luence of the ternary fuel mixtures of petroleum-based diesel fuel, cottonseed oil me-
thyl ester (COME) and long-chain alcohols of isopropanol (Pr), 1-butanol (Bt), and isopen-
tanol (Pt) on the performance and emission characteristics of a single-cylinder, four-stroke, 
naturally-aspirated, direct-injection compression-ignition (CI) engine. As the prepared test-
ed fuel samples, four different blends were as follows on a volume basis: B20 (20% COME 
+ %80 diesel fuel), B20Pr20 (20% COME + %20 isopropanol + %80 diesel fuel), B20Bt20
(20% COME + %20 1-butanol + %80 diesel fuel), and B20Pt20 (20% COME + %20 iso-
pentanol + %80 diesel fuel). The engine trials were carried out at various loads (0-1250 W)
and under a constant speed (3000 rpm) to observe the aforementioned behaviors. Based on
the experimental outcomes, brake specific fuel consumption (BSFC) values of B20Pr20 ex-
hibited higher than those of other ternary blends at all loads. Brake thermal efficiency (BTE) 
values for B20Pt20 were observed as larger than those of ternary blends. B20Pt20 had higher 
exhaust gas temperature (EGT) values than those of B20Bt20 and B20Pr20. The infusion of 
long-chain alcohols to COME/diesel blend caused to reduce NOX emissions meanwhile iso-
propanol, 1-butanol, and isopentanol were the most to least inf luential alcohol types, respec-
tively. Besides, with the addition of alcohol, a substantial decrement was noticed in smoke
opacity at entire loads owing to the excess amount of oxygen content and lesser ratio of C/H
of the alcohols. However, CO and HC emissions rose by infusion of long-chain alcohols to
the blends. Finally, it can be concluded that higher alcohols could be a possible fuel additive
for the fractional replacement for petroleum-based diesel fuel and biodiesel in the blends for
CI engine practices.
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fuel [16]. Biodiesel can be briefly described as the mixture 
of the mono-alkyl esters of long-chain fatty acids synthesi-
zed from different raw materials like vegetable oils, animal 
fats and their wastes, etc. [17]. Although there are different 
techniques (dilution, pyrolysis, transesterification, micro-
emulsion) to obtain biodiesel, the transesterification met-
hod has been mostly used by researchers [18, 19]. One of 
the most significant characteristics of biodiesels is to being 
possess lesser emissions in comparison with mineral diesel 
fuel. Biodiesel is an alternative, renewable, non-toxic, envi-
ronmentally-friendly, sulfur-free, and clean fuel [20, 21]. Bi-
odiesel fuels have not only direct use in diesel engines but 
they can be also used by mixed with conventional diesel fuel 
at any concentrations [22]. However, the diesel engines have 
not been operated with pure biodiesel up to 100% out of any 
engine alteration because of its higher density and viscosity 
values. In addition, the worse low-temperature properties 
for biodiesel fuels are limited in terms of direct usage. The 
above mentioned worse characteristics of biodiesel can be 
eliminated with blending alcohols [23, 24]. Alcohol can be 
synthesized from renewable raw materials like biomass, 
thus, it is an important renewable fuel [25]. On the other 
hand, alcohols have a few substantial disadvantages like low 
CN, high latent heat of vaporization (LHV). It can be clearly, 
therefore, stated that the alcohols could not be preferred as 
a fuel in CI engines directly [26].

As known, the fuel properties of biofuels have to be 
enhanced and brought closer to the traditional diesel fuel 
before using in the diesel engines. Many fuel specifications 
like viscosity and density can be developed with the supple-
mentation of various types of alcohols to biodiesel or diesel 
fuel/biodiesel mixtures [27, 28]. When the present literature 
was surveyed, such researches performed and the focus on 
the point of these investigations has generally been related 
to the diesel fuel/biodiesel mixtures and the infusion of par-
ticular alcohols into those blends [29-31]. The researchers 
have been the most commonly tested biodiesel produced 
from various vegetable oils and ethanol (C2H5OH) as re-
newable, sustainable, and alternative fuels in CI engines at 
several proportions [32, 33]. Ethanol leads to separation of 
phase above 10°C when it is mixed with biodiesel or diesel 
fuels to power the CI engines [34]. Besides that, ethanol can-
not be blended with pure diesel fuel with high proportions 
due to less CN resulting in ignition delay (ID), low energy 
content and worse lubricity characteristic of ethanol [35]. 
Noteworthy, it has been considered that alcohol can be more 
smoothly blended with biodiesel and diesel fuels regarding 
the increase of carbon atoms in the chemical bonds of the 
alcohol. Moreover, the rise of the carbon atom number insi-
de the alcohol causes to boost CN, energy capacity, viscosity, 
and density while decreasing the excessive amount of in-
herent oxygen content. Concerning the quantity of carbon 
atoms in the chemical bonds of long-chain alcohols such 

fossil-based fuels. By all means, most of the pollutants 
have been spread because of the utilization of diesel fuel 
[6, 7]. The portion of contaminants in the overall atmosp-
heric air pollution brought about by transportation vehic-
les powered by diesel engines has been augmenting along 
with the rise of these vehicles in the world [8]. From those 
issues, it is to be noted that alternative, renewable, susta-
inable and clean fuel resources for diesel engines have to 
be searching because of the motivating parameters rela-
ted to the fluctuations in the petroleum prices, concerns 
with global warming, toxic pollutants released from the 
engines and strict emission legislation [9-13].

Alternative fuel resources have commenced acquiring 
higher popularity by countries owing to their capability in 
the reduction of greenhouse gasses, presence in nature and 
availability, less dependency on petroleum imports, etc. [14, 
15]. Among the above-mentioned sources, biodiesel and 
alcohols have great potentials in the countries where have 
a higher amount of biomass capacity. Also, they are come 
up with alternative candidates for replacement over diesel 

Nomenclature

BSFC Brake specific fuel consumption (g/kWh)

BTE Brake thermal efficiency (%)

CA Crank angle (degree)

COME Cottonseed oil methyl ester

CN Cetane number

CI Compression-ignition

Pr Isopropanol

Bt 1-butanol

Pt Isopentanol

B20 20% COME + %80 diesel fuel

B20Pr20 20% COME + %20 isopropanol + %80 diesel fuel

B20Bt20 20% COME + %20 1-butanol + %80 diesel fuel

B20Pt20 20% COME + %20 isopentanol + %80 diesel fuel

D100 Diesel fuel

EGT Exhaust gas temperature (oC)

TDC Top dead center

EGR Exhaust gas recirculation

NaOH Sodium hydroxide

CO Carbon monoxide (%)

LHV Latent heat of vaporization (kJ/kg)

HC Unburned hydrocarbon (ppm)

ID Ignition delay (degree)

NOx Oxides of nitrogen (ppm)

NO2 Nitrogen dioxide (ppm)

NO Nitrogen monoxide (ppm)

CO2 Carbon dioxide (%)

R Dependent factor

X Independent variables

W Uncertainty value
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as propanol-C3H7OH, butanol-C4H9OH, and pentanol-
C5H11OH have higher energy contents, densities, viscositi-
es, CN, flame speeds even though they have lower LHV, risk 
of corrosion, and ignition temperature [36, 37]. When the 
literature was comprehensively evaluated, there is a limited 
number examination with respect to the investigation of 
propanol with blending biodiesel and diesel fuels on the inf-
luences of the engine characteristics involving performance, 
emissions, and combustion [38-41]. No doubt that the re-
cent literature has exhibited numerous papers investigating 
the butanol blends with diesel and biodiesel [4, 25, 42-49]. 
However, the researches that use of many pentanol isomers 
as alternative additives for diesel fuel and biodiesel have not 
been enough. For instance, Campos-Fernández et al. [50], Li 
et al. [51, 52], Yang et al. [53], Santhosh et al. [54] and Sridhar 
et al. [55] studied the effects of pentanol on the engine per-
formance, emissions, and combustion behaviors of different 
types of diesel engines.

Based on the aforementioned studies conducted by va-
rious researchers, butanol and pentanol might be tested to 
be as oxygenated fuel additives for diesel fuel, biodiesel, and 
their blends out of any major alteration on the engine. In ad-
dition to this, these researches have approved that the hig-
her-order alcohols such as butanol and pentanol have been 
found to be more powerful additives than short-chain alco-
hols in terms of improving the fuel properties of biodiesel, 
and hence, they can be accepted as next-generation biofuels 
owing to the above-mentioned potentials. In spite of the fact 
that there are many researches regarding the higher-order 
alcohols as referring above, as far as the author knows that 
there is a skimpy number of papers in the recent literatu-
re for the assessment of propanol, butanol, and pentanol in 
the identical test engine. Some of them were summarized 
as follows: Atmanli [8], for instance, performed compara-
tive analyses of waste oil biodiesel/diesel fuel and propanol, 
n-butanol or 1-pentanol blends in a CI engine to observe the 
performance and emissions levels. The researcher found 
that the supplementation of the above-mentioned higher-
order tested alcohols to the biodiesel/diesel fuel blend ins-
pired to enhance the cold flow specifications. BSFC for ter-
nary blends increased owing to the lower calorific values of 
the alcohols in the meantime BTE augmented. All the tested 
long-chain alcohol fuel samples boosted CO emissions me-
anwhile NOX emissions decreased in contrast to the diesel/
biodiesel fuel blend. Jin et al. [9] scrutinized the impacts of 
the different kinds of propanol (n-propanol, iso-propanol), 
butanol (n-butanol, iso-butanol, sec-butanol, tert-butanol), 
and pentanol (n-pentanol, iso-pentanol, tert-pentanol) on 
the solubility of alcohol/diesel mixtures. Kumar and Sara-
vanan [36] reviewed the usage of higher-order alcohols in 
the CI engines comprehensively. Kumar et al. [41] optimized 
the performance and emission features of a DI diesel engi-
ne fueled with the blends of diesel/n-propanol, n-butanol or 
n-pentanol applying statistical approach such as response 

surface methodology. The best engine configurations were 
monitored for diesel/n-propanol as injected at 25o crank 
angle (CA) before top dead center (TDC) with 30% exha-
ust gas recirculation (EGR) and for others, as injected at 
24o CA before TDC with 10% EGR. Ghadikolaei et al. [56] 
scrutinized the performance, combustion, and emission 
patterns of a CI engine running on diesel/biodiesel/alcohol 
(methanol-C1, ethanol-C2, propanol-C3, butanol-C4, and 
pentanol-C5) blends. Interestingly, the researchers ensu-
red the blends with the same oxygen concentration as 5%. 
They concluded that the methanol blend exhibited the best 
performance with least emission profiles amongst the tes-
ted fuel blends. Yilmaz et al. [57] experimented the influ-
ence of the several higher-order alcohols such as propanol, 
n-butanol, and 1-pentanol addition into the methyl ester 
obtained from waste oil on the performance and emission 
properties of a CI engine under diverse engine loads (0, 3, 
6, and 9 kW) and a constant speed of 1800 rpm. As a result, 
they highlighted that 10% (by volume) alcohol addition into 
the waste oil methyl ester seems reasonable to accept as an 
alternating to traditional fossil-based diesel fuel taking into 
account their higher BSFC figures. Atmanli and Yilmaz 
[58] examined the combustion features of a CI engine un-
der the semi-low temperature fuelled condition with was-
te oil biodiesel/alcohol (propanol-C3, n-butanol-C4, and 
1-pentanol-C5). They marked that all of the tested alcohols 
in the experiments have been found to be candidates for 
diesel engines in the reduction of harmful gases released 
from the engine. As observed, currently published papers 
in this subject figured out many outcomes on the influences 
of higher alcohols concerning the performance and exhaust 
gas pollutants in the CI engine. The present experimental 
examination was performed so as to complete the above-
mentioned gap since the comparison of performance and 
emission characteristics of the handled alcohols have not 
been scrutinized in detail.

In the present work, as alternative and clean fuels, the 
long-chain alcohols of isopropanol, 1-butanol, and isopenta-
nol were blended with diesel fuel and COME as a fractional 
substitution in CI engine applications. The methyl ester na-
mely alternative biodiesel fuel from the cottonseed oil was 
produced via implementing a single-step transesterification 
reaction using methanol in the presence of NaOH. For pre-
paring the tested fuel samples, 20% (by volume) isopropanol, 
1-butanol, and isopentanol was added into the diesel/COME 
blend to obtain B20Pr20, B20Bt20, and B20Pt20. In order to 
evaluate the performance and emission characteristics of a 
single-cylinder, four-stroke, DI diesel engine, the trials were 
conducted on under five dissimilar engine loads (0-1250 W) 
with a fixed speed (3000 rpm) for each tested fuels. After-
ward, the results coming from the experiments were meti-
culously compared with the reference fuels those are diesel 
and diesel/COME blend.   
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i.e., 20% (by volume) decreasing the diesel concentration in 
the blend. These blends are called as B20Pr20 (20% COME + 
%20 isopropanol + %80 diesel fuel), B20Bt20 (20% COME + 
%20 1-butanol + %80 diesel fuel), and B20Pt20 (20% COME 
+ %20 isopentanol + %80 diesel fuel). Some of the physicoc-
hemical specifications of the chosen alcohols in the current
study and the key fuel characteristics of the tested fuel spe-
cimens used in the engine trials were presented in Table 1.

The diesel engine experiments were executed at several 
loads such as 0 W, 500 W, 750 W, 1000 W, and 1250 W un-
der the fixed speed (3000 rpm). To eliminate the errors, all 
of the fuel specimens were tried under almost identical wor-
king conditions. All of the parameters coming from the en-
gine tests were compared with the reference D100 and B20. 

The diagrammatic appearance of the experimental la-
yout was technically illustrated in Fig. 1. The engine trials 
have been achieved in a single-cylinder, DI diesel engine. 
This diesel engine was mounted on a generator and the se-
ries of electrical resistance components were placed to load 
this test engine. The technical properties of the diesel power 
generator were given in Table 2. The engine experiments 
were performed without any engine modification. Besides, 
all data were recorded during the tests whenever the tes-
ted engine attained the conditions of steady-state. For this 
purpose, the engine had been operated at least 15 minutes, 
before each experiment commenced.

The emission patterns (carbon monoxide, carbon dio-
xide, unburned hydrocarbon, and nitrogen oxides) and smo-
ke opacity data of the fuels used in this study were measured 
with the assistance of a gas analyzer and opacimeter (Italo 
Plus-Spin type). Table 3 showed the range of the measure-
ment and accuracy values of the exhaust gas analyzer and 
opacimeter. Prior to the emission measurement, the gas 

Table 1. The key fuel characteristics of the tested fuel samples

No Property Unit D100 B20 B20Pr20 B20Bt20 B20Pt20 Isopropanol 1-butanol Isopentanol

1 Density at 15oC kg/m3 825 838 830 834 835 784 807 812

2 Kinematic viscosity 
at 40oC mm2/s 2.539 3.011 2.857 2.955 3.088 1.769 2.258 2.923

3 Lower calorific 
value kJ/kg 43571 42306 39322 40192 40540 28652 33002 34741

4 Cetane number - 52.30 51.04 42.98 43.98 44.58 121 171 201

5 Carbon wt. % 87.05 84.64 79.23 80.20 80.87 60.00 64.87 68.18

6 Hydrogen wt. % 12.95 12.96 13.04 13.07 13.10 13.33 13.51 13.64

7 Oxygen wt. % 0 2.40 7.73 6.73 6.03 26.67 21.62 18.18

8 Carbon/Hydrogen 6.722 6.531 6.078 6.136 6.174 4.501 4.802 4.999

9 Water content ppm 23 118 230 185 279 580 350 820

10 Latent heat of 
evaporation1 kJ/kg 270-375 - - - - 727.88 581.4 308.5

11 Copper strip 
corrosion2

Degree of 
corrosion la la la la la - - -

1 These values were adopted from Kumar and Saravanan [36]
2 3 h at 50oC

MATERIALS AND METHODS
In this experimental research, the influences of different 
kinds of alcohol infusion into the biodiesel/diesel mix-
ture on the engine performance and emissions patterns 
have been explored elaborately. For the aforementioned 
intent, diesel fuel, cottonseed oil methyl ester (COME), 
and alcohols (isopropanol-C3, 1-butanol-C4, and 
isopentanol-C5) have been used during the experiments. 
Isopropanol (99.7% purity) and 1-butanol (99% purity) 
were bought from Emir Chemical (Ankara-Turkey) whi-
le isopentanol (>98% purity) was supplied from Tekkim 
Laboratory Chemicals (Bursa-Turkey). During the engine 
test, commercially available diesel fuel purchased from 
a regional oil station (Yozgat- Turkey) was experimented 
in order to get the baseline data. Diesel fuel was called 
as D100.

The biodiesel fuel was produced by implementing a la-
boratory-scale single-step transesterification process in the 
Biofuel Laboratory, Mechanical Engineering Department, 
Yozgat Bozok University (Yozgat-Turkey). The transesterifi-
cation technique using methanol (99.8% purity) and sodium 
hydroxide (NaOH) pellets (99% purity) was used to prepare 
the COME. Cottonseed oil was taken from a local market 
(Ankara, Turkey). In order to produce the COME, the op-
timum transesterification reaction conditions were applied 
as follows: reaction temperature of 60oC, methanol to oil 
molar ratio of 6:1, reaction duration of 60 min, and catalyst 
concentration of 0.6%. More detail about the production of 
biodiesel from cottonseed oil can be also come across in the 
previous work of the author [59].

COME was mixed with pure diesel at the proportion of 
20% on a volume basis and coded as B20 (20% COME + %80 
diesel fuel). Later, the above-mentioned higher-order alco-
hols were mixed with B20 at the same ratio with biodiesel, 
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Figure 1. The schematic diagram of the experimental setup

sensors of the device were calibrated thanks to the standard 
gases so as to keep away from the faults. To get each exhaust 
gas emission findings and to avoid unsteadiness, the mea-
surements were carried out at least five times at a similar 
interruption and their averages were calculated and presen-
ted in this study.   

To measure the EGT values for the tested fuels, a 
K-type thermocouple was embedded on the exhaust pipe. 
As observed from Fig. 1, the consumption of the tested fuel 
samples was assigned in mass using a stopwatch and an 
electronic precision scale. As a measure, the fuel consump-
tion of all the fuel samples, the initial and final mass was 
recorded each 15 minutes duration at each engine load ope-
rating condition. 

As is well known that, the probability of errors occurring 

Table 2. Technical specifications of the diesel power generator

Diesel engine Generator

Manufacturer Katana Manufacturer Katana

Model Km 178Fe Model KD 4500E

Cylinder number Single-cylinder Maximum 
power 4.2 kVA

Cycle number Four Power 3.6 kVA

Bore x Stroke 78 mm x 62 mm Phase 1

Volume of cylinder 296 cm3 Voltage 230 V

Power output 
(Continuous) 6 hp Frequency 50 Hz

Power output 
(Maximum) 6.7 hp

Speed 3000 rpm

Compression ratio 18:1

Injection system DI

Cooling system Air-cooled

Injection timing 31obTDC

Injection pressure 200 bar

Intake system Naturally-
aspirated

Injector nozzle 
number 4

in any examination is high in the course of whole investi-
gations. Indeed, many errors form from the side of the re-
searcher though some of them are randomly comprised. 
In plenty of cases, the uncertainty of the investigation is 
commonly overcome by exerting the increase of the ex-
perimental run. On the other hand, sometimes there may 
be no chance of repeating experiments owing to the par-
ticular conditions that high-cost studies may be executed. 
Accordingly, the researchers should be meticulous and 
attentive in order to ensure the experimental findings for 
reducing the errors. With this intend, the uncertainties of 
the used apparatuses in the present research like exhaust 
gas emission sensors, temperature sensor, etc. were con-
sidered [60]. It is to be noted that the uncertainty values 
of the findings of the current work can be estimated in 
accordance with the square root method by using Equ-
ation (1) [61-63]. The values of the uncertainties as per-
centages for the detected parameters have been shown 
in Table 4.

1/222 2

1 2
1 2

R n
n

R R Rw w w w
x x x

     ∂ ∂ ∂ = + +…+     ∂ ∂ ∂       
           (1)

where;
• R: Dependent factor,
• x: Independent variables,
• w: Uncertainty value.

As a result, the entire uncertainty value coming from the 
types of equipment used in the experiments was calcula-
ted as ±2.74% applying the formula given underneath. It 
can be concluded that this value is well within the accep-
table limits [64, 65].

2

2 2 2

2 2 2
2

{( )
( ) ( ) ( )
( ) ( ) ( )
( )

Overall uncertainity Squareroot of uncertainityof BSFC
uncertainityof BTE uncertainityof CO uncertainityof NOx
uncertainityof HC uncertainityof CO uncertainityof smoke
uncertainityof EGT

=

+ + +

+ + +

+ 2}

  (2)

Table 3. Technical properties of the exhaust gas analyzer and opacimeter

Parameter Unit Range Accuracy

CO % 0-9.99 ± 0.06

CO2 % 0-19.99 ± 0.05

HC ppm 0-2500 ± 12

NOx ppm 0-2000 ± 5

Smoke opacity % 0-99 ± 2

EGT 0C 0-750 ± 1

Operating 
temparature

0C 5-40

Storage temperature 0C (-20)-(+60)

Feed voltage V DC 12
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( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

2 2 2 2

2 2 2 2

1.4 1.4 0.4 0.9
    

0.5 0.6 1.0 1.0
Squareroot of

 + + + =  
+ + + +  

                    (3)

(4)= 2.74%

RESULTS AND DISCUSSION
The performance and emission patterns for all the tested 
fuels (D100, B20, B20Pr20, B20Bt20, and B20Pt20) have 
been detected under different engine loads from 0 W to 
1250 W and at a fixed speed (3000 rpm). In the course 
of the research, great deals of parameters have been eva-
luated and the aforementioned experimental outcomes 
have been taken into account so as to compare with the 
conventional baseline D100 and B20 fuel blend. In additi-
on, these findings were comprehensively discussed con-
sidering the recent literature in this section which was 
presented underneath.  

3.1. Engine performance characteristics
The BTE, BSFC, and EGT have been regarded the prin-
cipal factors which have been benefited to identify the 
engine performance properties of a test engine while it 
is being run on the suited fuel samples. These major pa-
rameters are discussed in the below subsections point by 
point.

3.1.1. Brake thermal efficiency
BTE is summarized as being the efficiency of chemical 
energy conversion to the effective work obtained from 
the internal combustion engine. BTE is depended upon 
the net calorific value of the used fuel in the test engine 
since it is the rate of the output power to the heat en-
sured from the fuel [66]. Change of BTE values for the 
D100, B20, B20Pr20, B20Bt20, and B20Pt20 against the 
engine load was shown in Fig. 2. As it is obvious from the 

Table 4. Uncertainties values of the measured parameters 

No Instrument Uncertainty (%)

1 Load indicator ± 0.5

2 Temperature sensor ± 1.0

3 Speed ± 0.2

4 Smoke meter ± 1.0

5 Precision scales ± 0.5

6 Digital stop watch ± 0.2

7 Exhaust gas analyzer

CO ± 0.4

CO2 ± 0.6

HC ± 0.5

NOx ± 0.9

graph, BTE rises along with a promotion in load and the 
maximum results have been appeared under the highest 
condition operating condition. This case can be explai-
ned with much more fuel is spent at the higher loads able 
to generate a higher output of power in the engine [67]. 
The peak BTE values were observed by D100 all of the 
loads that are owing to its highest content of the energy 
of 43.571 MJ/kg. In contrast to D100, the lowest BTE 
values were obtained by B20Pr20 at all loads. It can be 
predicated to the fact that the net calorific value namely 
energy content of isopropanol (28.652 MJ/kg) is the least 
among the tested fuel samples, as seen in Table 1. Besides, 
B20 blend fuel shows lower values than that of pure D100 
because of worse viscosity and atomization characteris-
tics of the biodiesel fuel [68]. Actually, the B20Pt20 fuel 
blend is displayed by comparatively higher BTE values 
than those of ternary blends as a result of the existence 
of D100 that satisfies a reduction in the energy content 
of COME. At the maximum load, BTE values of D100, 
B20, B20Pr20, B20Bt20, and B20Pt20 were found to be 
at 23.83%, 21.51%, 18.24%, 19.75%, and 20.36%, respecti-
vely. As expected, all the ternary blends figure lesser BTE 
values than that of B20 at entire loads. This is because of 
the tested alcohols in the blends which they have less net 
calorific value than diesel fuel resulting in the reduction 
of calorific value of the blend [69]. Isopentanol has the 
highest net calorific value than those of other alcohols 
used in the present study. Moreover, similar trends have 
been indicated by Ning et al. [29] and Silintonga et al. [70]

3.1.2. Brake specific fuel consumption 
BSFC infers a comparison amongst the fuel quantity ex-
tinguished in any engine and the corresponding power 
generated by the engine. Indeed, it is an important indi-
cator for the efficiency of the fuel consumed of an engine, 
and therefore, it permits the comparison of fuel effici-
ency for various engines directly [4]. Fig. 3 portrays the 
change of BSFC values as a function of load for the tested 
fuel samples. It is to be noted that BSFC declines with 
the promotion of the load because it is a good agreement 
with the fact that larger fuel injection pressure and ex-
tended duration provided for fuel to mix in the chamber 

Figure 2. Change of BTE against the engine load



141

M
. K

. Y
eş

ily
ur

t/
 H

itt
ite

 J 
Sc

i E
ng

, 2
02

0,
 7

 (2
) 1

35
–1

48

of combustion under the elevated loads exists. Based on 
the before mention, the minimum BSFC values for the 
tested fuel specimens were encountered to be as the hig-
hest load in this work [71, 72]. At 1250 W, BSFC values 
were calculated as 351.64 g/kWh for D100 and 397.52 g/
kWh for B20. As seen, the B20 fuel blend shows a slightly 
larger BSFC than that of traditional D100. This case is a 
common inclination for the plenty of the alternative and 
renewable fuel candidates since they have lesser energy 
content than that of diesel fuel. It is an important factor 
to acquire a similar output power from the engine [69]. 
This can be also explained by the inappropriate atomi-
zation behaviors and high spray penetration of biodie-
sel fuel [73]. It is to be noted that this is led owing to a 
substantial descending in the net calorific value of the 
biodiesel fuel and not only its higher viscosity but density 
values also exhibit a basic role in the consumption of the 
fuel throughout the engine operation [74]. Moreover, the 
BSFC results for the ternary blends of 20% (by volume) ra-
tio of isopropanol, 1-butanol, and isopentanol at the hig-
hest load are determined to be as 508.51 g/kWh, 458.28 
g/kWh, and 437.59 g/kWh, respectively. The BSFC values 
for B20Pr20, B20Bt20, and B20Pt20 fuel blends were ave-
ragely by 41.97%, 32.40%, and 22.15%, respectively higher 
than that of D100 while averagely by 28.29%, 19.65%, and 
10.40%, respectively higher than that of the B20 blend. 
Noteworthy, it was evident that BSFC values for isopen-
tanol infused ternary blend are lower than those of other 
ternary blends. This is because of the larger energy amo-
unt of the isopentanol than that of tested higher-order al-
cohols, as shown in first Table. These findings have been 
a good agreement with the findings put forth by Babu and 
Anand [75] as well as Devarajan et al. [76].  

3.1.3. Exhaust gas temperature 
The change of the EGT with respect to the load for vario-
us fuels has been demonstrated in Fig. 4. It is anticipated 
from this research that the maximum EGT values are de-
termined at the peak load operating condition. EGT va-
lues are ascended with the increase of the load for whole 
the fuel specimens [77, 78]. The minimum EGT values 
for D100, B20, B20Pr20, B20Bt20, and B20Pt20 were ob-

served to be as in the order of 137oC, 121oC, 99oC, 108oC, 
and 115oC while the maximum EGT values were found 
to be at 298oC, 263oC, 234oC, 244oC, and 256oC, respec-
tively. As seen, the peak EGT values at all engine loads 
have occurred with pure diesel fuel. The EGT is a signifi-
cant indicator that influences the exhaust gas pollutants 
released from the engine. Normally, EGT can change 
depending upon the operating conditions of the engine 
like injection pressure, compression ratio, engine speed, 
engine load, etc. and specifications of the consumed fuel 
like net calorific value, viscosity, CN, density, etc. [79]. It 
is evident from the graph that there is a considerable va-
riation between the experimental findings for the used 
fuel samples. The supplementation of biodiesel into D100 
inspired reductions in EGT values due to lesser energy 
content of biodiesel [80]. A similar trend was also seen 
in the ternary blends. The alcohol infusion to the B20 
blend has led to a decrease in the values of EGT [81]. The 
minimum EGT values at all engine loads were observed 
using isopropanol blended fuel sample because of the net 
heat capacity of the isopropanol, as presented in Table 
1. Among the ternary blends, the maximum values were
achieved with isopentanol owing to the above-mentioned 
reason. The alcohols can draw back the heat energy from
the surrounding region because they have high LHV.
Hence, EGT values decrease significantly when the test
engine powered by the alcohol added fuels [82]. LHV of
the tested alcohols can be seen in Table 1 and it can be
ordered from highest to the lowest as follows: isopropa-
nol, 1-butanol, and isopentanol. Accordingly, the EGT va-
lues can be sorted from highest to the lowest as follows:
isopentanol, 1-butanol, and isopropanol. In this way, the
EGT alteration was validated. One has not passed witho-
ut saying the situation that this can be linked to the lower 
end temperature of the combustion occurred inside the
cylinder when diesel engine fuelled with the tested fuel
samples that have a high native content of oxygen in the
chemical bonds as well as lower heat capacity [56]. It is
stated to be in other words that the higher concentration
of oxygen amount in the chamber of combustion leads to
a decrease in EGT values by improving the combustion
efficiency as compared to conventional diesel fuel [81, 83]. 

3.2. Exhaust emission parameters
This section indicates a comprehensive and detailed 
discussion on the exhaust gas patterns like carbon mo-
noxide (CO), unburned hydrocarbon (HC), carbon dio-
xide (CO2), oxides of nitrogen (NOX), and smoke opacity 
measured from the experiments conducting diesel fuel, 
diesel/biodiesel blend, and ternary blends of alcohol/bio-
diesel/diesel at desired loads.   

3.2.1. Hydrocarbon emissions
The unburned HC of any engine is key evidence of the 
attribute of the combustion reaction. The factors such 

Figure 3. Change of BSFC against the engine load
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as spray characteristics of the fuel, air/fuel ratio, fuel 
properties, and engine working circumstances affect 
unburned HC emission formation inside the cylinder 
[4, 84]. Fig. 5 depicts the change of HC emissions of the 
tested fuel samples concerning the loads. As figured out 
from the illustration, the conventional diesel fuel releases 
the highest concentration of HC emissions than that of 
performed fuel samples at entire loads. COME that is an 
alternative fuel as biodiesel has a native content of oxy-
gen in the chemical structure contrary to mineral diesel 
fuel. D100 is composed of pure hydrocarbon chains. Si-
milar outcomes have been also reported by many kinds 
of literature operating with various biodiesel fuelled CI 
engine [67, 85, 86]. At 1250 W operating conditions, the 
maximum HC emission for D100, B20, B20Pr20, B20Bt20, 
and B20Pt20 were found to be at 365.82 ppm, 329.42 ppm, 
262.99 ppm, 283.92 ppm, and 296.66 ppm, respectively. 
On average, B20 fuel blend exhibited a 9.20% reduction 
in HC emission in comparison with that of D100 whi-
le B20Pr20, B20Bt20, and B20Pt20 showed decreases 
by 30.40%, 22.19%, and 16.20%, respectively. As is well 
known that the alcohols possess abundant oxygen mole-
cules in their structure and thence they are oxygenated 
fuel additives for the diesel. Accordingly, isopropanol, 
1-butanol, and isopentanol have approximately 26.67%,
21.62%, and 18.18% oxygen content, respectively. By vir-
tue of the entity of a surplus quantity of oxygen mole-
cules inside the chamber of combustion, ternary blends
of COME, alcohol, and D100 are contemplated to emit a
lower concentration of HC emission during the combus-
tion. In fact, the outcomes coming from the experimen-
tations have been shown that the HC emissions increase
by adding higher-order alcohols into the blends. The mi-
nimum results were observed with the usage of B20Pr20
whereas the B20Pt20 blend fuel released maximum HC
emission to the environment among the ternary blends.
It can be attributed to the combined impact of the LHV
and the quality of the ignition of the tested alcohols [84].
The higher LHV (as seen in Table 1) causes to retract the
heat from the combustion chamber, i.e., quenching effect 
inside the cylinder [87]. Moreover, a lower CN elongates
the ID period. These effects have control over the other

influences of blended fuel samples such as improved ato-
mization property which encourages better combustion 
process inside the chamber of combustion. As the long 
duration for combusting that decreased auto-ignition 
properties present for long-chain alcohols blended fuel 
samples which cause to forms leaner external flame regi-
ons in the cylinder resulting in larger HC emissions [42].    

Figure 4. Change of EGT against the engine load

Figure 5. Change of unburned HC emissions against the engine load

3.2.2. Carbon dioxide emission
Fig. 6 illustrates the CO2 emissions in percentages in ac-
cordance with the loads for the tested fuels. It has been 
clearly determined by monitoring the figure that the 
engine loads were increased, the CO2 emission levels vi-
olently increased [88]. The aforementioned increase in 
CO2 emission patterns can be linked to the rise in BSFC 
in consequence of BTE with an ascending in engine load. 
Not interestingly, diesel portrays the lowest CO2 emissi-
ons at entire the engine loads since petroleum-based di-
esel fuel has high energy content, elevated BTE as well 
as better atomization characteristics causes to reduce 
the CO2 emissions. The long-chain alcohols because of 
their native oxygen content in the molecular structure 
react lightly with CO molecules and hence the formation 
of CO2 emissions increases [89]. Therefore, it is difficult 
to say that higher alcohols have little or no effect on CO2 
emissions. The CO2 emissions for D100, B20, B20Pr20, 
B20Bt20, and B20Pt20 at 1250 W engine load were noti-
ced to be as 7.15%, 7.42%, 8.64%, 9.00%, and 10.33%, res-
pectively. The lesser viscosity and density values resulting 
from the alcohol addition to the B20 blend have improved 
the vaporization process of fuel inside the cylinder and 
therefore the CO2 emission was increased [75]. Similar 
findings have been also obtained in Refs. [90, 91]. 

3.2.3. Oxides of nitrogen emission
The emissions of NOX in the exhaust gases of diesel en-
gine composes of heavily nitrogen monoxide (NO) and 
nitrogen dioxide (NO2) [92]. The NOX emissions are af-
fected from several factors such as the oxidation of nitro-
gen is found in the atmosphere under an elevated tempe-
rature of the combustion chamber, the oxidation reacti-
on of nitrogen coming from the fuel chemical structure, 
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the NOX emission is comparatively lower for the B20Pt20 
blend as the isopentanol has a higher CN than those of 
isopropanol and 1-butanol which enhances the combus-
tion process in the cylinder. CN may be correlated with 
the ID duration of the engine [96]. A higher CN leads to 
a decrease in the ID period. This subject was also discus-
sed elaborately in the related subsection. The larger ID 
extends the premixed mode and therefore the peak in-
cylinder pressure, as well as, the temperature was increa-
sed. It can be concluded that the prolonged ID period and 
the availability of the excess amount of oxygen molecules 
with the addition of isopentanol cause a higher amount 
of NOX formation. Additionally, the lowest results were 
obtained with the infusion of isopropanol. This is may-
be owing to the higher LHV, lesser calorific value, higher 
oxygen content, and lesser CN of the isopropanol. Kumar 
and Saravanan [36] stated that the NOX emission was 
higher for long-chain alcohol/diesel fuel blends compara-
tively because of raising in the LHV and CN of the blend. 
It can be accomplished that the outcomes for the NOX 
emission coming from this study also in accordance with 
the previously conducted research reports [67, 97, 98].  

Figure 7. Change of NOX emissions against the engine load 

3.2.4. Carbon monoxide emission
One of the most hazardous exhaust gases that immedi-
ately influences the people as well as the environment is 
the CO emission and it implies the incomplete combusti-
on process [98]. Thus, it is taken to the account as a subs-
tantial space in the emission regulation all over the world. 
The inappropriate injection of fuel inside the cylinder, 
burning in the shortage of oxygen situations or rich air-
fuel mixture are the major features that lead to the for-
mation of CO emission in the cylinder [73]. The variation 
of CO emission for the used fuel samples in this study 
according to the load is shown in Fig. 8. Even though the 
CO emissions of the tested fuels increased with the inc-
rease in the load, the figures up to 750 W operating con-
ditions were observed almost similar. This is a common 
trend for this type of engine that has been monitored in 
all fixed speed CI engines for different alternative fuel 
samples as well [99]. This is may be due to the engine 
is operating with a leaner air/fuel mixture at the lower 

Figure 6. Change of CO2 emissions against the engine load 

through decline on CN group forming intermediate spe-
cies such as ketones, NOX, etc. ın other words, the above-
mentioned parameters are largely accountable from the 
increasing the formation of NOX in CI engines [73]. The 

alteration of NOX emissions for the tested fuel samples 
used in this experimentations with regard to the loading 
is presented in Fig. 7. Not only as is well known from the 
literature, but also theoretically, biodiesel fuels have been 
emitted higher amount of NOX emissions when compa-
red to the neat D100 on account of the being of inherent 
oxygen molecules in their molecular bonds [93]. This case 
can be also validated from the graph given underneath. It 
was distinct from Fig. 7 that the NOX emission of the B20 
blend was the highest amongst the other all the tested 
fuels due to the aforementioned reason. At 1250 W ope-
rating condition, the NOX emission of B20 was observed 
to be as 56.94% which was more than that of D100. It is to 
be noticed from the measurement that the NOX emissi-

ons raised with the increment in the load and the highest 
results were obtained at the peak load (1250 W). Namely, 
the current research showed the NOX emissions for enti-
re the tested fuel specimens were predicted concerning 
the brake power. Hence, the increasing inclinations were 
monitored with the increase in the load. By the way, the 
lowest NOX emissions were normally observed with re-

ference fuel (D100). The NOX emissions for D100, B20, 
B20Pr20, B20Bt20, and B20Pt20 were averagely measu-
red as 197.11 ppm, 293.20 ppm, 206.39 ppm, 230.96 ppm, 
and 248.98 ppm, respectively. As observed, the addition 
of various alcohols to the diesel/biodiesel blend caused to 
decrease the NOX pollutants slightly because of the 20% 
fraction in the blend. It was evident from the figure that 
the high LHV of alcohol (as given in Table 1) leads to be-
coming a cooling impact inside the engine cylinder even 
though an excessive amount of oxygen content is found 
in the alcohol. Hence, the aforementioned characteristics 
cause the reduction of the combustion chamber tempe-
rature resulting in assist to decline the formation of NOX 
emission since the NOX generation is led by both the 
abundance of the oxygen molecule in the cylinder and 
the combustion temperature [94, 95]. On the other hand, 
from the graph, it can be appeared that the decrement in 
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loads and the attendance of much more fuel at the highest 
loads causes to the generation of more fuel-rich regions 
inside the cylinder [84]. It is evident from Fig. 8 that the 
petroleum-based diesel fuel released more CO emission 
at all engine load in comparison with the B20 fuel. This 
can be briefly explained as the native characteristics of 
the COME since biodiesel fuels are an oxygenated fuel 
additive and they have approximately 10-12% oxygen 
content in their chemical bonds whereas conventional 
diesel fuel is a mineral petroleum product and consists of 
the pure hydrocarbon chain [88, 100]. At 1250 W, the CO 
emissions for D100, B20, B20Pr20, B20Bt20, and B20Pt20 
were found to be at 1.31%, 1.09%, 1.39%, 1.52%, and 1.66%, 
respectively. As seen, the supplementation of alcohol to 
the diesel/biodiesel blend led to increasing CO emission 
drastically. This can be mainly because of the longer ID 
duration resulting from the addition of alcohol. The alco-
hols have a lower CN (as presented in Table 1) which le-
ads to an increase in the ID period. In other words, a large 
number of fuel accumulates in the combustion chamber 
because of lower CN of fuel. Hence, a lot of fuel-rich pla-
ces in the cylinder occurs resulting, in turn, raise the CO 
emission [8]. Furthermore, another reason is the elevated 
LHV of alcohol. This case leads to becoming a quenc-
hing impact in the combustion chamber which helps to 
decrease the temperature of the cylinder resulting in the 
getting worse the combustion efficiency [52, 101]. When 
Fig. 8 was evaluated, the isopentanol added fuel sample 
release more CO emission from the exhaust. This is due 
to the number of carbon atoms in the chemical structure 
of alcohol. Table 1 presents the carbon numbers of the 
alcohols. Namely, the increase in the carbon content of 
the alcohol put across becoming a higher amount of CO 
emission formation in accordance with the B20. In addi-
tion, the achieved results have been consistent with the 
previous researches [102, 103]   

3.2.5. Smoke opacity
Smoke opacity, the only visible exhaust gas, is a characte-
ristic that performs the optical properties of exhaust ga-
ses of diesel engines. The main reason for the formation 
of smoke opacity is that large-sized fuel particles forming 

Figure 8. Change of CO emissions against the engine load 

the fuel-rich places inside the chamber of combustion ca-
use the formation of unburned fuel particles in the exha-
ust gases [73]. In this direction, the change of smoke opa-
city results for the tested fuel samples against the several 
loads is represented in Fig. 9. It is to be noticed from the 
graph that the smoke opacity is in turn raised with the 
rise of the engine load for all the tested fuels. Moreover, 
the maximum figures were observed at the peak load of 
1250 W. It is seen that D100 generated the utmost smoke 
intensity results among the tested fuels at entire the lo-
ads. When the tested CI engine run on the biodiesel fuel 
blend, the smoke opacity values dropped at all loads and 
the outcomes are good agreement with the conducted ex-
periments from various researchers [104, 105]. The main 
reason for this trend is the capability of fine combustion 
process resulting in the reduction of the smoke opacity. It 
is noteworthy to notice that the smoke opacity results for 
all the tested ternary alternative blends were lesser than 
those of pure D100 and B20. At 1250 W, the smoke opa-
city values for D100, B20, B20Pr20, B20Bt20, and B20Pt20 
were found to be at 74.0%, 72.0%, 71.2%, 70.5%, and 69.6%, 
respectively. As appeared, the addition of alcohols having 
various chain lengths led to mitigating the smoke opacity 
strictly with respect to the D100. Accordingly, this is due 
to the wealth of the native oxygen concentration of the 
alcohols which may result in smoke emission decreasing 
[102]. Remarkably, the smoke opacity for the isopropanol 
blend is slightly lower than that of the B20 blend at the 
maximum engine load. This might be grounded to the 
course of the isopropanol being somewhat chain length 
that means include much more oxygen molecules in its 
structure than the others leading to becoming a cooling 
effect inside the cylinder. The opposite of this situation 
can be clearly said to occur with isopentanol. Kumar et al. 
[37] have indicated that the smoke opacity for a CI engine 
might be rearranged thanks to using long-chain alcohol
infusion as a fuel additive.

CONCLUSION
In the present experimental research, a comprehensive 
study has been conducted on in a single-cylinder, four-
stroke, naturally-aspirated, DI diesel engine using higher-

Figure 9. Change of smoke emissions against the engine load  



145

M
. K

. Y
eş

ily
ur

t/
 H

itt
ite

 J 
Sc

i E
ng

, 2
02

0,
 7

 (2
) 1

35
–1

48

order alcohols like isopropanol-C3, 1-butanol-C4, and 
isopentanol-C5 as alternative fuel additives with D100 
and COME as ternary blends at various engine loads 
(0, 500, 750, 1000, and 1250 W) and a constant engine 
speed. The concentration of alcohol, as well as biodiesel, 
was maintained to be 20% since obtaining stable engine 
operation during the experimentations. Moreover, the 
physicochemical characteristics of these prepared ter-
nary blends set out that they could be utilized as alterna-
tive fuels in the CI engine when blended with COME and 
diesel fuel. Based on the experimental investigation, the 
following conclusions are found.

• BTE of ternary blends is lower than those of
D100 and B20 due to the lower calorific value of alcohol.
The BTE outcomes increased with the addition of higher-
order alcohols in terms of the increase in the number of
the carbon atoms, and hence, 20% isopentanol exhibits
the highest BTE by 20.36% among the ternary blends.

• On the other hand, BSFC for the tested ternary
blends is found to be higher than those of pure D100 and
B20 fuel blend because of the aforementioned reason. In
contrast to the BTE inclination, BSFC is observed to be
the utmost for B20Pr20 among all the tested fuels. It imp-
lies that with the usage of higher carbon chained alcohol
in the mixture, BSFC reduces on account of the higher
net calorific value of long-chain alcohols.

• As far as the EGT results are taken into con-
sideration, the maximum EGT values for D100, B20,
B20Pr20, B20Bt20, and B20Pt20 at the maximum load
were noted to be as 298oC, 263oC, 234oC, 244oC, and
256oC, respectively. A lower energy content resulting in
lower heat energy and higher LHV leading to decrease
cylinder temperature due to the quenching effect caused
to decrease the EGT when the test engine fuelled with
the alcohol-infused alternative fuel blends.

• The unburned HC and smoke opacity emis-
sions for the ternary blends were concerned, it is to be
noted that there is a sharp decrement due to the addition
of higher alcohols having elevated inherent oxygen mole-
cules in their molecular structures resulting in improved
fuel atomization characteristics.

• The CO2 emissions for D100, B20, B20Pr20,
B20Bt20, and B20Pt20 at 1250 W engine load were de-
termined to be as 7.15%, 7.42%, 8.64%, 9.00%, and 10.33%,
respectively.
• During the experimentation, the reduction in
the NOX emissions for B20Pr20, B20Bt20, and B20Pt20
at all loads with respect to the B20 blend were recorded,
but, the results still higher than that of pure D100.

Overall, it can be accomplished that the addition of hig-
her-order alcohol like isopropanol, 1-butanol, and isopenta-
nol as fuel additives with diesel/COME may be assessed as 
the potential alternative fuel blends for the CI engine appli-
cation. However, many kinds of research are necessary to be 
performed in long term usage in present engines such as ve-
hicle engines, diesel generator, etc. prior to the considering 
as a commercial meaning. 

R E F E R E N C E S

1. Kalam MA, Masjuki HH, Jayed MH, Liaquat AM. Emission and
performance characteristics of an indirect ignition diesel engine 
fuelled with waste cooking oil. Energy 36(1) (2011) 397–402.

2. fe Ş, Ceviz MA, Temur H. Comparative engine characteristics of 
biodiesels from hazelnut, corn, soybean, canola and sunflower oils on 
DI diesel engine. Renewable Energy 119 (2018) 142–151. 

3. Ashok B, Ashok SD, Kumar CR. LPG diesel dual fuel engine–A 
critical review. Alexandria Engineering Journal 54(2) (2015) 105–
126. 

4. Ashok B, Nanthagopal K, Saravanan B, Azad K, Patel D, Sudarshan B, 
Ramasamy RA. Study on isobutanol and Calophyllum inophyllum 
biodiesel as a partial replacement in CI engine applications. Fuel 
235 (2019) 984–994.

5. Keskin A, Sağıroğlu S. Exhaust emissions originated diesel engines 
and their control methods. Engineer and Machinery 51(606) (2010) 
2–9. (in Turkish)

6. Yilmaz N. Performance and emission characteristics of a diesel 
engine fuelled with biodiesel–ethanol and biodiesel–methanol 
blends at elevated air temperatures. Fuel 94 (2012) 440–443.

7. Aytav E, Kocar G. Biodiesel from the perspective of Turkey: Past, 
present and future. Renewable and Sustainable Energy Reviews 25 
(2013) 335–350.

8. Atmanli A. Comparative analyses of diesel–waste oil biodiesel and 
propanol, n-butanol or 1-pentanol blends in a diesel engine. Fuel 
176 (2016) 209–215.

9. Jin C, Pang X, Zhang X, Wu S, Ma M, Xiang Y, Ma J, Ji J, Wang 
G, Liu H. Effects of C3–C5 alcohols on solubility of alcohols/diesel 
blends. Fuel 236 (2019) 65–74.

10. Rajak U, Verma TN. Effect of emission from ethylic biodiesel 
of edible and non-edible vegetable oil, animal fats, waste oil and 
alcohol in CI engine. Energy Conversion and Management 166 
(2018) 704–718.

11. Singh SP, Singh D. Biodiesel production through the use of 
different sources and characterization of oils and their esters as the 
substitute of diesel: A review. Renewable and Sustainable Energy 
Reviews 14 (2010) 200–216.

12. Chauhan BS, Singh RK, Cho HM, Lim HC. Practice of diesel fuel 
blends using alternative fuels: A review. Renewable and Sustainable 
Energy Reviews 59 (2016) 1358–1368.

13. Moka S, Pande M, Rani M, Gakhar R, Sharma M, Rani J, 
Bhaskarwar AN. Alternative fuels: an overview of current trends 
and scope for future. Renewable and Sustainable Energy Reviews 32 
(2014) 697–712.

14. Atmanli A. Effects of a cetane improver on fuel properties and 
engine characteristics of a diesel engine fueled with the blends of
diesel, hazelnut oil and higher carbon alcohol. Fuel 172 (2016) 
209–217.

15. Abdullah AZ, Salamatinia B, Mootabadi H, Bhatia S. Current status 
and policies on biodiesel industry in Malaysia as the world's leading 
producer of palm oil. Energy Policy 37(12) (2009) 5440–5448.



M
. K

. Y
eş

ily
ur

t/
 H

itt
ite

 J 
Sc

i E
ng

, 2
02

0,
 7

 (2
) 1

35
–1

48

146

16. Agarwal AK. Biofuels (alcohols and biodiesel) applications as 
fuels for internal combustion engines. Progress in Energy and 
Combustion Science 33(3) (2007) 233–271.

17. Atabani AE, Silitonga AS, Badruddin IA, Mahlia TMI, Masjuki HH, 
Mekhilef S. A comprehensive review on biodiesel as an alternative 
energy resource and its characteristics. Renewable and Sustainable 
Energy Reviews 16(4) (2012) 2070–2093.

18. Lin L, Cunshan Z, Vittayapadung S, Xiangqian S, Mingdong D. 
Opportunities and challenges for biodiesel fuel. Applied Energy 
88(4) (2011) 1020–1031.

19. Sharma YC, Singh B, Upadhyay SN. Advancements in development 
and characterization of biodiesel: A review. Fuel 87(12) (2008) 
2355–2373.

20. Atzemi M, Lois E, Kosyfologou I. Effects of biodiesel and 
hydrotreated vegetable oil on the performance and exhaust 
emissions of a stationary diesel engine. IOSR Journal of Applied 
Chemistry 12(1) (2019) 44–54.

21. Ooi XY, Gao W, Ong HC, Lee HV, Juan JC, Chen WH, Lee KT. 
Overview on catalytic deoxygenation for biofuel synthesis using 
metal oxide supported catalysts. Renewable and Sustainable Energy 
Reviews 112 (2019) 834–852.

22. Yesilyurt MK, Yilbasi Z, Aydin M. The performance, emissions, and 
combustion characteristics of an unmodified diesel engine running on 
the ternary blends of pentanol/safflower oil biodiesel/diesel fuel. 
Journal of Thermal Analysis and Calorimetry (2020) 1-40.

23. Atmanli A, Ileri E, Yuksel B, Yilmaz N. Extensive analyses of diesel–
vegetable oil–n-butanol ternary blends in a diesel engine. Applied 
Energy 145 (2015) 155–162.

24. Gülüm M, Bilgin A. A comprehensive study on measurement and 
prediction of viscosity of biodiesel-diesel-alcohol ternary blends. 
Energy 148 (2018) 341–361.

25. Ibrahim A. Performance and combustion characteristics of a 
diesel engine fuelled by butanol–biodiesel–diesel blends. Applied 
Thermal Engineering 103 (2016) 651–659.

26. Yilmaz N, Atmanli A, Vigil FM. Quaternary blends of diesel, 
biodiesel, higher alcohols and vegetable oil in a compression 
ignition engine. Fuel 212 (2018) 462–469.

27. Hulwan DB, Joshi SV. Performance, emission and combustion 
characteristic of a multicylinder DI diesel engine running on diesel–
ethanol–biodiesel blends of high ethanol content. Applied Energy 
88(12) (2011) 5042–5055.

28. Çelebi Y, Aydın H. An overview on the light alcohol fuels in diesel 
engines. Fuel 236 (2019) 890–911.

29. Ning L, Duan Q, Chen Z, Kou H, Liu B, Yang B, Zeng K. A 
comparative study on the combustion and emissions of a non-
road common rail diesel engine fueled with primary alcohol fuels 
(methanol, ethanol, and n-butanol)/diesel dual fuel. Fuel 266 (2020) 
117034.

30. Jamrozik A, Tutak W, Gnatowska R, Nowak Ł. Comparative analysis
of the combustion stability of diesel-methanol and diesel-ethanol in a
dual fuel engine. Energies 12(6) (2019) 971.

31. Dabas N, Dubey V, Chhabra M, Dwivedi G. Performance analysis of 
an IC engine using methanol, ethanol, and its blend with gasoline and 
diesel as a fuel. In Advances in Fluid and Thermal Engineering (2019) 
223–232.

32. Kwanchareon P, Luengnaruemitchai A, Jai-In S. Solubility of a 
diesel–biodiesel–ethanol blend, its fuel properties, and its emission 
characteristics from diesel engine. Fuel 86(7-8) (2007) 1053–1061.

33. Shahir SA, Masjuki HH, Kalam MA, Imran A, Fattah IR, Sanjid A. 
Feasibility of diesel–biodiesel–ethanol/bioethanol blend as existing CI 
engine fuel: An assessment of properties, material compatibility, safety 
and combustion. Renewable and Sustainable Energy Reviews 

32 (2014) 379–395.
34. Lei J, Shen L, Bi Y, Chen H. A novel emulsifier for ethanol–diesel 

blends and its effect on performance and emissions of diesel engine. 
Fuel 93 (2012) 305–311.

35. Al-Hassan M, Mujafet H, Al-Shannag M. An Experimental study on 
the solubility of a diesel-ethanol blend and on the performance of a 
diesel engine fueled with diesel-biodiesel-ethanol blends. Jordan 
Journal of Mechanical & Industrial Engineering 6(2) (2012) 147–153. 

36. Kumar BR, Saravanan S. Use of higher alcohol biofuels in diesel 
engines: A review. Renewable and Sustainable Energy Reviews 60 
(2016) 84–115.

37. Kumar BR, Saravanan S, Rana D, Nagendran A. A comparative
analysis on combustion and emissions of some next generation 
higher-alcohol/diesel blends in a direct-injection diesel engine. 
Energy Conversion and Management 119 (2016) 246–256.

38. Yogesh P, Sakthi SD, Aravinth C, Sathiyakeerthy K, Susenther M.
Performance test on diesel-biodiesel–propanol blended fuels in CI 
engine. International Journal of Innovative Science and Research 
Technology 3(2) (2018) 294–299.

39. Şen M. The effect of the injection pressure on single cylinder diesel 
engine fueled with propanol–diesel blend. Fuel 254 (2019) 115617.

40. Muthaiyan P, Gomathinayagam S. Combustion characteristics of a
diesel engine using propanol diesel fuel blends. Journal of the 
Institution of Engineers (India): Series C 97(3) (2016) 323–329.

41. Kumar BR, Muthukkumar T, Krishnamoorthy V, Saravanan
S. A comparative evaluation and optimization of performance 
and emission characteristics of a DI diesel engine fueled with
n-propanol/diesel, n-butanol/diesel and n-pentanol/diesel blends
using response surface methodology. RSC Advances 6(66) (2016)
61869–61890.

42. Kumar BR, Saravanan S. Effects of iso-butanol/diesel and
n-pentanol/diesel blends on performance and emissions of a DI 
diesel engine under premixed LTC (low temperature combustion) 
mode. Fuel 170 (2016) 49–59. 

43. Zhang ZH, Chua SM, Balasubramanian R. Comparative evaluation of
the effect of butanol–diesel and pentanol–diesel blends on 
carbonaceous particulate composition and particle number 
emissions from a diesel engine. Fuel 176 (2016) 40–47.

44. Saravanan S, Kumar BR, Varadharajan A, Rana D,
Sethuramasamyraja B. Optimization of DI diesel engine 
parameters fueled with iso-butanol/diesel blends–response surface 
methodology approach. Fuel 203 (2017) 658–670.

45. Ganesh D, Ayyappan PR, Murugan R. Experimental investigation of
iso-butanol/diesel reactivity controlled compression ignition 
combustion in a non-road diesel engine. Applied Energy 242 (2019) 
1307–1319.

46. Wei M, Li S, Xiao H, Guo G. Combustion performance and
pollutant emissions analysis using diesel/gasoline/iso-butanol 
blends in a diesel engine. Energy Conversion and Management 149 
(2017) 381–391.

47. Zhang ZH, Balasubramanian R. Physicochemical and toxicological 
characteristics of particulate matter emitted from a non-road diesel 
engine: Comparative evaluation of biodiesel-diesel and butanol-
diesel blends. Journal of Hazardous Materials 264 (2014) 395–402.

48. Yilmaz N, Vigil FM, Benalil K, Davis SM, Calva A. Effect of 
biodiesel–butanol fuel blends on emissions and performance 
characteristics of a diesel engine. Fuel 135 (2014) 46–50.

49. Işık MZ, Bayındır H, Iscan B, Aydın H. The effect of n-butanol 
additive on low load combustion, performance and emissions of 
biodiesel-diesel blend in a heavy duty diesel power generator. Journal 
of the Energy Institute 90(2) (2017) 174–184. 

50. Campos-Fernández J, Arnal JM, Gómez J, Dorado MP. A



147

M
. K

. Y
eş

ily
ur

t/
 H

itt
ite

 J 
Sc

i E
ng

, 2
02

0,
 7

 (2
) 1

35
–1

48

comparison of performance of higher alcohols/diesel fuel blends in 
a diesel engine. Applied Energy 95 (2012) 267–275.

51. Li L, Wang J, Wang Z, Xiao J. Combustion and emission
characteristics of diesel engine fueled with diesel/biodiesel/
pentanol fuel blends. Fuel 156 (2015) 211–218.

52. Li L, Wang J, Wang Z, Liu H. Combustion and emissions of
compression ignition in a direct injection diesel engine fueled with 
pentanol. Energy 80 (2015) 575–581.

53. Yang K, Wei L, Cheung CS, Tang C, Huang Z. The effect of pentanol 
addition on the particulate emission characteristics of a biodiesel
operated diesel engine. Fuel 209 (2017) 132–140.

54. Santhosh K, Kumar GN. Effect of 1-pentanol addition and EGR
on the combustion, performance and emission characteristic of a
CRDI diesel engine. Renewable Energy 145 (2020) 925–936.

55. Sridhar R, Jeevahan J, Chandrasekaran M. Effect of the addition
of 1-pentanol on engine performance and emission characteristics 
of diesel and biodiesel fuelled single cylinder diesel engine.
International Journal of Ambient Energy 41(1) (2020) 58–63.

56. Ghadikolaei MA, Cheung CS, Yung KF. Study of combustion,
performance and emissions of diesel engine fueled with diesel/
biodiesel/alcohol blends having the same oxygen concentration.
Energy 157 (2018) 258–269.

57. Yilmaz N, Ileri E, Atmanli A. Performance of biodiesel/higher
alcohols blends in a diesel engine. International Journal of Energy 
Research 40(8) (2016) 1134–1143.

58. Atmanli A, Yilmaz N. An experimental assessment on semi-low
temperature combustion using waste oil biodiesel/C3-C5 alcohol
blends in a diesel engine. Fuel 260 (2020) 116357. 

59. Yesilyurt MK, Aydin M. Experimental investigation on the
performance, combustion and exhaust emission characteristics
of a compression-ignition engine fueled with cottonseed oil
biodiesel/diethyl ether/diesel fuel blends. Energy Conversion and
Management 205 (2020) 112355.

60. Verma P, Dwivedi G, Behura AK, Patel DK, Verma TN, Pugazhendhi 
A. Experimental investigation of diesel engine fuelled with different 
alkyl esters of Karanja oil. Fuel 275 (2020) 117920.

61. Shrivastava P, Salam S, Verma TN, Samuel OD. Experimental and 
empirical analysis of an IC engine operating with ternary blends of 
diesel, karanja and roselle biodiesel. Fuel 262 (2020) 116608.

62. Shrivastava P, Verma TN, Pugazhendhi A. An experimental
evaluation of engine performance and emisssion characteristics
of CI engine operated with Roselle and Karanja biodiesel. Fuel 254 
(2019) 115652.

63. Singh TS, Verma TN. Taguchi design approach for extraction
of methyl ester from waste cooking oil using synthesized CaO
as heterogeneous catalyst: Response surface methodology
optimization. Energy Conversion and Management 182 (2019)
383–397.

64. Rajak U, Nashine P, Singh TS, Verma TN. Numerical investigation 
of performance, combustion and emission characteristics of various 
biofuels. Energy Conversion and Management 156 (2018) 235–252.

65. Rajak U, Nashine P, Verma TN, Pugazhendhi A. Alternating the
environmental benefits of Aegle-diesel blends used in compression 
ignition. Fuel 256 (2019) 115835.

66. Rakopoulos DC, Rakopoulos CD, Giakoumis EG, Dimaratos
AM, Kyritsis DC. Effects of butanol–diesel fuel blends on the
performance and emissions of a high-speed DI diesel engine.
Energy Conversion and Management 51(10) (2010) 1989–1997. 

67. Ramesh A, Ashok B, Nanthagopal K, Pathy MR, Tambare A, Mali P, 
Phuke P, Patil S, Subbarao R. Influence of hexanol as additive with 
Calophyllum Inophyllum biodiesel for CI engine applications. Fuel 
249 (2019) 472–485.

68. Prakash T, Geo VE, Martin LJ, Nagalingam B. Effect of ternary
blends of bio-ethanol, diesel and castor oil on performance, 
emission and combustion in a CI engine. Renewable Energy 122 
(2018) 301–309.

69. Ors I, Kahraman A, Ciniviz M. Performance, emission and 
combustion analysis of a compression ignition engine using biofuel 
blends. Thermal Science 21(1 Part B) (2017) 511–522.

70. Silitonga AS, Masjuki HH, Ong HC, Sebayang AH, Dharma S, 
Kusumo F, Siswantoro J, Milano J, Daud K, Mahlia TMI, Chen WH, 
Sugiyanto B. Evaluation of the engine performance and exhaust 
emissions of biodiesel-bioethanol-diesel blends using kernel-based 
extreme learning machine. Energy 159 (2018) 1075–1087.

71. Emiroğlu AO, Şen M. Combustion, performance and emission 
characteristics of various alcohol blends in a single cylinder diesel 
engine. Fuel 212 (2018) 34–40.

72. Qi DH, Chen H, Geng LM, Bian YZ. Experimental studies on the 
combustion characteristics and performance of a direct injection 
engine fueled with biodiesel/diesel blends. Energy Conversion and 
Management 51(12) (2010) 2985–2992.

73. Ashok B, Nanthagopal K, Darla S, Chyuan OH, Ramesh A, Jacob 
A, Sahil G, Thiyagarajan S, Geo VE. Comparative assessment of 
hexanol and decanol as oxygenated additives with calophyllum 
inophyllum biodiesel. Energy 173 (2019) 494–510.

74. Leite D, Santos RF, Bassegio D, de Souza SNM, Secco D, Gurgacz F,
da Silva TRB. Emissions and performance of a diesel engine 
affected by soybean, linseed, and crambe biodiesel. Industrial 
Crops and Products 130 (2019) 267–272.

75. Babu D, Anand R. Effect of biodiesel-diesel-n-pentanol and 
biodiesel-diesel-n-hexanol blends on diesel engine emission and 
combustion characteristics. Energy 133 (2017) 761–776.

76. Devarajan Y, Nagappan BK, Munuswamy DB. Performance 
and emissions analysis on diesel engine fuelled with cashew nut 
shell biodiesel and pentanol blends. Korean Journal of Chemical 
Engineering 34(4) (2017) 1021–1026.

77. Venu H, Subramani L, Raju VD. Emission reduction in a DI diesel 
engine using exhaust gas recirculation (EGR) of palm biodiesel 
blended with TiO2 nano additives. Renewable Energy 140 (2019)
245–263.

78. Yilmaz N. Comparative analysis of biodiesel–ethanol–diesel and 
biodiesel–methanol–diesel blends in a diesel engine. Energy 40(1)
(2012) 210–213.

79. Candan F, Ciniviz M, Ors I. Effect of cetane improver addition into 
diesel fuel: Methanol mixtures on performance and emissions at 
different injection pressures. Thermal Science 21(1 Part B) (2017) 
555–566.

80. An H, Yang WM, Chou SK, Chua KJ. Combustion and emissions 
characteristics of diesel engine fueled by biodiesel at partial load 
conditions. Applied Energy 99 (2012) 363–371.

81. Yesilyurt MK, Eryilmaz T, Arslan M. A comparative analysis of the 
engine performance, exhaust emissions and combustion behaviors of
a compression ignition engine fuelled with biodiesel/diesel/1-
butanol (C4 alcohol) and biodiesel/diesel/n-pentanol (C5 alcohol) 
fuel blends. Energy 165 (2018) 1332–1351.

82. Žaglinskis J, Lukács K, Bereczky Á. Comparison of properties of a 
compression ignition engine operating on diesel–biodiesel blend with 
methanol additive. Fuel 170 (2016) 245–253.

83. Rakopoulos CD, Antonopoulos KA, Rakopoulos DC. Experimental 
heat release analysis and emissions of a HSDI diesel engine fueled 
with ethanol–diesel fuel blends. Energy 32(10) (2007) 1791–1808.

84. Ashok B, Jeevanantham AK, Nanthagopal K, Saravanan B, Kumar 
MS, Johny A, Mohan A, Kaisan MU, Abubakar S. An experimental 
analysis on the effect of n-pentanol-Calophyllum Inophyllum



M
. K

. Y
eş

ily
ur

t/
 H

itt
ite

 J 
Sc

i E
ng

, 2
02

0,
 7

 (2
) 1

35
–1

48

148

Biodiesel binary blends in CI engine characteristcis. Energy 173 
(2019) 290–305.

85. Joy N, Devarajan Y, Nagappan B, Anderson A. Exhaust emission
study on neat biodiesel and alcohol blends fueled diesel engine.
Energy Sources Part A 40(1) (2018) 115–119.

86. Balan KN, Yashvanth U, Booma Devi P, Arvind T, Nelson H,
Devarajan Y. Investigation on emission characteristics of alcohol
biodiesel blended diesel engine. Energy Sources Part A 41(15)
(2019) 1879–1889.

87. Nabi MN, Zare A, Hossain FM, Bodisco TA, Ristovski ZD, Brown 
RJ. A parametric study on engine performance and emissions with 
neat diesel and diesel-butanol blends in the 13-Mode European
Stationary Cycle. Energy Conversion and Management 148 (2017)
251–259.

88. Uyumaz A. Combustion, performance and emission characteristics 
of a DI diesel engine fueled with mustard oil biodiesel fuel blends at 
different engine loads. Fuel 212 (2018) 256–267.

89. Imdadul HK, Masjuki HH, Kalam MA, Zulkifli NWM,
Alabdulkarem A, Rashed MM, Teoh YH, How HG. Higher
alcohol-biodiesel-diesel blends: An approach for improving the
performance, emission, and combustion of a light-duty diesel
engine. Energy Conversion and Management  111 (2016) 174–185. 

90. Imdadul HK, Masjuki HH, Kalam MA, Zulkifli NWM,
Alabdulkarem A, Kamruzzaman M, Rashed MM. A comparative
study of C4 and C5 alcohol treated diesel-biodiesel blends in terms 
of diesel engine performance and exhaust emission. Fuel 179 (2016) 
281–288. 

91. Ramakrishnan P, Kasimani R, Peer MS, Rajamohan S. Assessment 
of n-pentanol/Calophyllum inophyllum/diesel blends on the
performance, emission, and combustion characteristics of a
constant-speed variable compression ratio direct injection diesel
engine. Environmental Science and Pollution Research 25(14)
(2018) 13731–13744.

92. Palash SM, Kalam MA, Masjuki HH, Masum BM, Fattah IR,
Mofijur M. Impacts of biodiesel combustion on NOx emissions
and their reduction approaches. Renewable and Sustainable Energy 
Reviews 23 (2013) 473–490.

93. Uyaroğlu A, Uyumaz A, Çelikten İ. Comparison of the combustion, 
performance, and emission characteristics of inedible Crambe
abyssinica biodiesel and edible Hazelnut, Corn, soybean, sunflower, 
and Canola biodiesels. Environmental Progress & Sustainable
Energy 37(4) (2018) 1438–1447.

94. Zhu L, Cheung CS, Zhang WG, Huang Z. Combustion, performance 
and emission characteristics of a DI diesel engine fueled with
ethanol–biodiesel blends. Fuel 90(5) (2011) 1743–1750.

95. Siwale L, Kristóf L, Adam T, Bereczky A, Mbarawa M, Penninger
A, Kolesnikov A. Combustion and emission characteristics of
n-butanol/diesel fuel blend in a turbo-charged compression
ignition engine. Fuel 107 (2013) 409–418.

96. Yilmaz N, Atmanli A. Experimental evaluation of a diesel engine
running on the blends of diesel and pentanol as a next generation
higher alcohol. Fuel 210 (2017) 75–82.

97. Anbarasu A, Saravanan M, Loganathan M. The effect of ethanol
addition in a biodiesel operated DI diesel engine on combustion,
performance, and emission characteristics. International Journal
of Green Energy 10(1) (2013) 90–102.

98. Çelik M, Örs İ, Bayindirli C, Demiralp M. Experimental
investigation of impact of addition of bioethanol in different
biodiesels, on performance, combustion and emission
characteristics. Journal of Mechanical Science and Technology
31(11) (2017) 5581–5592.

99. Dhanasekaran R, Krishnamoorthy V, Rana D, Saravanan S,
Nagendran A, Kumar BR. A sustainable and eco-friendly fueling
approach for direct-injection diesel engines using restaurant yellow 
grease and n-pentanol in blends with diesel fuel. Fuel 193 (2017)
419–431.

100. Zheng M, Mulenga MC, Reader GT, Wang M, Ting DS, Tjong J.
Biodiesel engine performance and emissions in low temperature
combustion. Fuel 87(6) (2008) 714–722.

101. Wei L, Cheung CS, Huang Z. Effect of n-pentanol addition on the
combustion, performance and emission characteristics of a direct-
injection diesel engine. Energy 70 (2014) 172–180.

102. Kumar BR, Saravanan S. Effect of exhaust gas recirculation (EGR) 
on performance and emissions of a constant speed DI diesel engine 
fueled with pentanol/diesel blends. Fuel 160 (2015) 217–226.

103. Karabektas M, Hosoz M. Performance and emission characteristics 
of a diesel engine using isobutanol–diesel fuel blends. Renewable
Energy 34(6) (2009) 1554–1559.

104. Tan PQ, Hu ZY, Lou DM, Li ZJ. Exhaust emissions from a light-
duty diesel engine with Jatropha biodiesel fuel. Energy 39(1) (2012) 
356–362.

105. Tsolakis A, Megaritis A, Wyszynski ML, Theinnoi K. Engine
performance and emissions of a diesel engine operating on
diesel-RME (rapeseed methyl ester) blends with EGR (exhaust gas
recirculation). Energy 32(11) (2007) 2072–2080. 




