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Abstract: Biofuels derived from renewable plant materials are considered promising alternative fuels
to decrease emissions of ICEs. This study aimed to justify the possibility of using vegetable oils of
different sources as a 10% additive in blended biofuel for diesel engines of agricultural machinery
and commercial vehicles. Seven different vegetable oils were investigated. Experiments have been
performed by fueling a diesel engine with blended biofuels of 90% petroleum diesel fuel and 10%
vegetable oil. In the maximum power and maximum torque modes, the brake power drop was no
more than 1.5%, and the brake-specific fuel consumption increase was less than 4.3%; NOx emissions
were reduced by up to 8.3%, exhaust smoke—up to 37.5%, CO—up to 20.0%, and unburned HC—up
t0 27.9%. In the operating modes of the European 13-mode steady-state test cycle, the integral specific
emissions of HC decreased by up to 30.0%, integral specific emissions of CO—up to 15.0%, and
integral specific emissions of NOx—up to 16.0%. The results obtained show the feasibility and
rationality of using the investigated vegetable oils as a 10% additive in blended biofuel for diesel
engines of agricultural machinery and commercial vehicles.
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1. Introduction

The inevitable depletion of traditional fossil fuels and the adverse impacts of the
burning of fossil fuels on the environment and human health prompted the search for
alternative and renewable energy sources [1-9]. In this regard, a renewable and sustainable
solution is to use biodiesel [1,2,10-12], which is less harmful to the environment [13] and can
be directly applied to existing transport infrastructure without significant changes [4,14-18].
Therefore, biodiesel fuel can be considered as a future fuel to replace fossil fuels [19,20].

Biodiesel can be used in blends with diesel fuel (DF) [5,6,17,21-30], binary blends [16,21,22],
ternary blends [6,12,18,22-24], quaternary blends of vegetable oil biodiesel, alcohol and DF [6]
or in pure form [24-26] without any modifications or configurations of diesel engines [3].

Biodiesel can be produced from many different feedstocks, including non-edible oils
(such as eucalyptus oil [27], Jatropha curcas oil [1,28], carania oil [29], waste vegetable and
non-edible industrial oils [20], vegetable oil refinery waste [30,31], vegetable and animal
oils [13,32,33], waste tallows [23,34] and vegetable oils [3,13,20,23,35-37], fish oil [13,38],
waste frying oils [13,39-41], and various alcohols [6,12,13,22,32,39]).
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Biofuels obtained from vegetable oils are of the greatest interest for use in diesel
engines. For this purpose, various vegetable oils have been extensively studied:
eucalyptus oil [27], Jatropha seed oil [42], Jatropha curcas oil [1,21,28,43,44], palm
oil [2,7,11,26,30,40,41,44-47], algal 0il [10,35], Roselle 0il [47], Karanja oil [29,48], crude
tall oil [49], rapeseed oil [3,5,15,17,22,24,25,37,50-56], castor oil [57-59], mustard
oil [20,60-62], rice bran oil [29], soybean oil [15,16,40,41,44,51,57], curry leaf (Murraya
koenigii) oil [15,16,40,41,44,51,57,63], safflower oil [3,37], grapeseed oil obtained from win-
ery biomass waste [64], Salvia macrosiphon oil [19], Mahua (Madhuca indica) oil [21],
cottonseed oil [4,44], sunflower o0il [16], linseed oil [18,61,65,66], corn oil [67,68], rubber
0il [21,69,70], blended thumba vegetable oil [71], and lemongrass oil [72].

Numerous studies have established that biodiesel has a higher cetane number [22,26,27],
increased oxygen content [19,22,24-26], and higher density [22,24,26] and viscosity [22,24,26],
but is inferior in terms of a lower calorific value [26] and compressibility [22] in comparison
with DF. These properties have an impact on combustion and exhaust emissions.

It is challenging to use vegetable oils as an independent fuel due to the differences in
physicochemical properties between vegetable oils and petroleum DF [1,10,14,17,21,26,52,53,65].
In this case, problems may arise in the operation of diesel engines. These include the poor
quality of fuel injection and spray processes [43,51], resulting from their high viscos-
ity [1,6,11,12,15,21,22,24,26,43,54,64,71] and high density [6,21,22,24,26,27,35,64], and also
carbon deposition in the engine combustion chamber [12], impairing piston ring mobility.
However, Lesnik L and Bilus I [24] have experimentally shown that pure biodiesel derived
from rapeseed oil and its blend with petroleum DF can be used as a substitute for petroleum
DF in heavy-duty diesel engines with mechanically controlled injection systems. Using
pure rapeseed oil biodiesel led to lower cylinder temperatures and pressures and a lower
heat release rate, but higher brake-specific fuel consumption (BSFC) by 12% in comparison
with pure petroleum DF [25]. At the same time, the higher oxygen content in biodiesels
and their blends contributes to a better oxidation process in the combustion chamber and a
decrease in the formation of CO emissions [24,25].

On the other hand, Yesilyurt MK et al. [6] do not recommend using pure vegetable
oils or biodiesel in diesel engines without the addition of alcohols to reduce the high
viscosity and density. Mirhashemi FS and Sadrnia H [22], based on literature analysis,
recommend reducing the shortcomings of biodiesel with vegetable oils of high viscosity
by using different fuels, such as gasoline, hydrogen, natural gas, biogas, various types of
alcohols, and fuel additives.

Qi DH et al. [56] experimentally showed that the use of ethanol-based microemulsion
fuels with the volume content of ethanol up to 30% could reduce the viscosity and density
of blended biofuels, bringing them closer to DE. As a result, the onset of the combustion of
the microemulsion fuel was later than that of diesel fuel; meanwhile, the peak in-cylinder
pressure, peak pressure rise rate, and peak heat release rate of the microemulsion fuel
were higher than those of DF [56]. With an increase in the volume content of ethanol up
to 40%, microemulsion fuels can be directly used in a common rail direct injection diesel
engine without modifications [73]. The result is a slight increase in BSFC and brake thermal
efficiencies (BTE), a decrease in smoke emissions, and an increase in NOx emissions under
high engine loads [73]. Similar performance and emission characteristics were obtained by
adding 10-20% alcohol to castor oil-blended DF [59]. The addition of 10% butanol to jojoba
oil-blended DF reduced the viscosity of the mixture by up to 85% compared to pure raw
jojoba oil and reduced the formation of NOx, CO, and unburned hydrocarbons (HC) by
50%, 30%, and 40%, respectively [74]. Che Mat S et al. [12] have profoundly investigated the
performance and emissions of compression ignition engines operating on various vegetable
oil-alcohol blends. It is found that the addition of alcohols to blended biodiesel fuels is not
only beneficial for reducing exhaust emissions [13,39], but also leads to an improvement in
brake power (BP), an increase in BSFC, and an increase in BTE [44]. Alcohols have shown a
critical reduction in NOx emissions in compression ignition engines [6]. It is noted that
the reduction in NOx emission follows the fraction of alcohols (ethanol, methanol, and
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butanol) in biodiesel blends [22]. This is explained by the fact that the addition of alcohol
improved the density, kinematic viscosity [44,47], surface tension, and oxygen content.
Therefore, the spray quality was improved [44], the ignition delay period was reduced [6],
and the combustion quality was improved [44].

Preheating is also used to reduce the viscosity of vegetable oils [46,47,66,71]. For
example, heating thumba oil to 80-100 °C is enough to bring the oil’s viscosity close to that
of diesel fuel [71]. It leads to an increase in the combustion efficiency of pure oils and their
blends [66,71], and provides a decrease in exhaust smoke opacity and emissions of CO
and HC [71]. However, some increase in NOx emissions is possible [66]. By performing
experimental studies in a large compression ignition diesel engine, Pipitone E and Costanza
A [47] showed that preheating crude palm oil at 80 °C significantly decreased its viscosity,
which contributes to reducing the wear of parts, and eventually could reduce the formation
of carbon deposits by 27% and increase the operating time of the engine by 30%.

The addition of hydrogen to DF and biodiesel also has a positive effect on engine
performance. Kanth S and Debbarma S [29] have shown that hydrogen enrichment in-
creases the BTE of DF by 2.5% and the BTE of biodiesel by 1.6%. This is attributed to
improved combustion. As a result, for the blend of biodiesel and hydrogen, a decrease in
CO emissions by 4-38% [29] and an increase in NOyx emissions [22] have been recorded.
The addition of water to biodiesel also has a positive effect on engine performance. For
example, when the fuel of a D-243 diesel engine was transferred from petroleum DF to
an emulsion containing 90% rapeseed oil and 10% water, NOx emissions were reduced
by 8-13%, and exhaust smoke opacity was decreased by 26-42%. At the same time, a
reduction in emissions of unburned hydrocarbons (HC) and an increase in CO emissions
were recorded [53].

Most research has focused on the characteristics and performance of diesel engines
fueled with biodiesel from rapeseed oil, palm oil, soybean oil, linseed oil, and mustard
oil. Raman LA et al. [5] found that the BTE of an engine running on rapeseed oil biodiesel
and its blends was lower than that for diesel fuel [5,55]. When pure biodiesel and its
blends were used, there were higher BSFC and exhaust gas temperatures [5,25,55]. The
maximum in-cylinder pressure, temperature, and heat release rate of blended biodiesel
are lower than those of diesel fuel [5,24]. This contributes to reducing the formation of
NOx emissions [24]. Similar results have been obtained in the study of other vegetable
oils [1,3,12,15,16,26,30,33,35,39,42,48,60,61].

With an increase in the percentage content of biodiesel in blended fuels, a decrease
in engine torque [15,24,25] and effective mean pressure [24,42] and an increase in BSFC
were noted [1,32,33,39,48]. This is due to the decreased calorific value [1,24,25,42] and
the higher viscosity for biodiesel [12,15,24,64]. At the same time, a higher density of
biodiesel [6,14,22,26,27,29-33,35-44,48-53,58,64] increases the amount of injected
fuel [24,39]. This has an additional effect on the increase in BSFC [15] with an increase in
the percentage content of biodiesel in blended fuel [24]. Thus, when diesel engines were
fueled with biodiesel, the efficiency, as a rule, decreased. The power decreased by 3-10%,
depending on the share of diesel fuel replaced with vegetable oil in the blended biofuel.
BSFC increased accordingly.

In general, the main goal of the abovementioned works was to replace petroleum
DF with one or more renewable vegetable oils while reducing the toxicity of exhaust
gases. Experimental results obtained in most cases showed reductions in emissions of
harmful substances. This mainly refers to emissions of CO, HC, and particulate matter
(smoke) [1-3,15,24,27,33,36,42,50,52,60,66,72]. Due to the use of biodiesel, reductions in CO
emissions of 13% [53], 13.8% [67], 5-15% [61], 25% [19], 28.6% [30], 34.28% [3], 35% [45],
36% [72], 4-38% [29], 50.47% [60], 51% [26], and 60.3% [35] have been experimentally
achieved. Moreover, CO emissions decrease as the concentration of biodiesel in blended
fuels increases [45].

Reductions in HC emissions of 14% [69], 14.3% [30], 11-17% [58], 17.5% [3], 22% [53],
30% [64], 31.8% [19], 50% [11], 55% [26], and 85.9-86.7% [35] have been experimentally
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achieved. However, when engine settings were retained the same as for DF operation,
using blended fuel containing 20% of castor oil biodiesel or soybean oil biodiesel increased
HC emissions by 16% and 18%, respectively, compared to DF [57]. At the same time, higher
levels of CO emissions were obtained. Based on this, Valente OS et al. [57] concluded that it
is necessary to optimize the fuel injection system to reduce emissions of harmful substances
into the atmosphere. Due to the use of biodiesel, significant reductions in exhaust smoke
(emissions of particulate matter) of 11-16% [61], 15.8% [48], 22% [42], 25% [72], 32.9% [60],
26-42% [53], 45.6% [13], and 51.0% [3] have also been experimentally obtained.

As for NOx emissions, the use of various biodiesels and their blends with petroleum
DF gives ambiguous and inconsistent results [22,55]. The influence of biodiesel on NOx
emissions is still indefinite [41]. It depends not only on the feedstock, the percentage content
in blends, and the transesterification method [24,41], but also on the design features of diesel
engines. Nevertheless, in general, it is noted that NOx emissions increase with increasing the
percentage content of biodiesel in blends [22,60] and increasing engine load [20,41,48,50,55].
Lesnik L and Bilus I [24] found that the different fuel compositions of biodiesel also affect
the reduction in NOx emissions. By adding up to 5% rapeseed oil in DF, NOx emissions can
either be reduced or maintained at levels similar to DF [54]. The combustion of diesel blends
with less than 10% biodiesel results in lower NOx emissions [22,65,67]. Similar results were
obtained with 5-20% biodiesel in blended fuel [4,48,58,61].

The increase in NOx emissions with using various biodiesels and their blends
with petroleum DF has been experimentally recorded in a large number of stud
-ies [3,5,15,16,19,27,29,30,33,35,36,42,45,63,66,72]. The increase in NOx emissions on av-
erage ranged from 4.3-11.9% [16] to a maximum of almost 80.5% [3]. Bari S and Hossain
SN [26] experimentally found that due to the higher combustion temperature and oxy-
genated fuel, NOx emissions of palm oil biodiesel were, on average, 33% higher than those
of petroleum DF. Waste frying oil blends also showed an increase in NOx emissions [41].
The high availability of oxygen in biodiesel, as a general rule, reduces the emission of
HC, CO, and PM (exhaust smoke), while NOx emission increases significantly [1,48,60].
On the other hand, Lesnik L et al. showed that the use of biodiesel could contribute to
a better oxidation process in the combustion chamber [25] and a decrease in in-cylinder
temperature, pressure, and heat release rate, which reduces NOx emissions [24,25].

In order to reduce NOx emissions, the application of EGR has been investigated.
Praveena V et al. [64] have experimentally found that the use of blended biodiesel along
with EGR can reduce emissions of NOx and smoke. EGR of 5% is optimal for reducing
NOx emissions by 31.6% without any compromise in smoke emissions [64]. Manieniyan V
et al. [31] achieved a reduction in NOx emissions of about 21.1% at 20% EGR.

In general, experimental studies of the performance and emission characteristics of
engines operating on biodiesels were carried out with a wide range (from 5% to 90%)
of volume fraction of various vegetable oils, wherein the studies were conducted for
different engines: liquid [7,17,18,46,52,53,61,62,65,67] and air [3,6,26,33,37,38,50,66,72] cool-
ing, single-cylinder [3-6,13,16,18,26,33,35,37,38,43,44,46,49,51,60,64,66,71,72] and multi-
cylinder [7,15,17,52,53,58,61,62,65,67] with different displacement and fuel injection sys-
tems, including common rail [39], in a wide range of fuel injection pressures [5,15,22,37],
at various loads [2,6,11-13,15,16,20,22,25,29-32,35,37-44,46-53,55,57,58,60,62—64,72] and
engine speeds from 1360 rpm to 3600 rpm [6,16,25,30,32,39,48,50,58]. The results obtained
often contradict each other. Therefore, significant differences in the materials used and
experimental conditions do not allow the determination of the optimal percentage of veg-
etable oil addition and a quantitative comparison of the performance and emissions for a
four-cylinder turbocharged liquid-cooled diesel engine with a displacement of 4-5 L.

The objective of the present work is to justify the possibility of using vegetable oils
of different sources as a 10% additive in blended biofuel for diesel engines of agricultural
machinery and commercial vehicles. The following vegetable oils have been considered
as an ecological additive to petroleum DF: rapeseed oil, sunflower oil, soybean oil, corn
oil, linseed oil, mustard oil, and camelina oil. All these vegetable oils were studied un-
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der the same conditions, despite the significant differences in chemical composition and
physical parameters.

The choice of a 10% volume fraction of vegetable oils in blended biofuel is due to the
fact that large additives of vegetable oils significantly increase the viscosity of blended
biofuels and necessitate additional measures to ensure the efficient and reliable operation
of a diesel engine with acceptable emission characteristics. Earlier, on the diesel engine
D-245.12S, an optimal volume fraction of 10% was obtained for corn oil [67] and linseed
oil, mustard oil, and camelina oil [61] blended diesel fuel. In addition, a mixture of 10%
rapeseed oil biodiesel with diesel fuel had the highest power and torque values and the
lowest BSFC and emissions of harmful substances [50]. It has also been obtained that the
performance efficiency of the ternary blend (5% linseed biodiesel, 5% rubber seed biodiesel,
90% diesel fuel) is optimum compared to the other blends [18].

2. Materials and Methods
2.1. Composition and Properties of Vegetable Oils

The composition and properties of vegetable oils used for manufacturing biofuel are
determined by the type of plants, cultivation conditions, and oilseed processing technolo-
gies. Saturated and unsaturated fatty acids constitute the basic components (up to 93-98%)
of the investigated vegetable oils. The composition of unrefined vegetable oils is listed
in Table 1 [75].

Table 1. Fatty acid composition of unrefined vegetable oils.

Mass Fraction of Fatty Acids of Vegetable Oils, %

Saturated Fatty Acids Unsaturated Fatty Acids
Vegetable Oil Myristic Palmitic Stearic Oleic Linoleic Linolenic
C14H330, C16H3202 C18H3602 C1sH3402 C18H3202 C1sH3002
or C 14:0 or C16:0 or C18:0 or C18:1 or C18:2 or C18:3
RO 0...02 1.5...6.0 05...31 8.0...60.0 11.0... 23.0 5.0...13.0
SuO 0...02 56...76 27...65 14.0... 394 18.3...74.0 up to 0.3
SoO 0...02 8.0...13.5 20...54 17.0... 30.0 48.0...59.0 45...11.0
CoO 0...03 8.6...16.5 0...33 20.0... 42.2 34.0... 656 0...20
LO 54...113 25...80 04...10 13.0... 36.0 8.3...30.0 30.0... 67.0
MO 0...10 05...45 05...20 8.0...23.0 10.0... 24.0 6.0...18.0
CaO 0...02 5.0...7.0 20...25 12.0... 20.0 12.0... 20.0 14.0... 22.0

Note: RO—rapeseed oil, SuO—sunflower oil, SoO—soybean o0il, CoO—corn o0il, LO—linseed oil, MO—mustard oil, CaO—camelina oil.
After each fatty acid’s name, its chemical formula and lipid numbers are given. In lipid numbers, the first number is the number of carbon
atoms, and the second number is the number of double bonds in the molecule.

The main properties of petroleum DF of summer grade following GOST 305-2013
and vegetable oils with which the performance and emission characteristics of the diesel
engine D-245.12S for agricultural machinery and commercial vehicles were studied are
shown in Table 2 [53]. As can be seen, vegetable oils have a 10% higher density and almost
20 times higher viscosity compared to petroleum DF. In addition, they are characterized by
a lower calorific value (about 15% lower) and a lower cetane number (nearly 20% lower).
One positive feature of vegetable oils is that they contain 25-27 times more oxygen than
petroleum DE. However, due to the high content of fatty acids, they have a higher boiling
point (almost 100 degrees higher) and are prone to thermal decomposition. All these
differences have a significant impact on the atomization quality, evaporation rate, ignition
delay, and combustion quality of biofuels from vegetable oils.
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Table 2. Properties of the investigated vegetable oils and petroleum DF.

Fuel Type
Property

DF RO SuO SO co LO MO CaO

Density at 20 °C, kg/ m3 830 916 923 923 921 912 920.0 910
Kinematic viscosity at 20 °C, mm?2/s 3.8 75.0 72.0 65.0 66.6 59.0 70.0 57.7
Lower calorific value, MJ/kg 425 37.3 37.4 37.3 37.1 37.6 37.2 375

Cetane number 45 36 37 35 37 38 35 37
Theoretical air-fuel ratio 14.31 12.52 12.36 12.38 12.38 12.62 12.44 12.52

Note: the average values of the properties of petroleum DF have been given.

In addition, the positive qualities of biofuels from vegetable oils give hope for their
use as an alternative fuel or a partial replacement of petroleum DF for diesel engines of
agricultural machinery and commercial vehicles. From the perspective of future environ-
mental requirements, the great advantages of vegetable oils are almost 100 times lower
sulfur content and the complete absence of aromatic hydrocarbons, which are the source of
carcinogens such as a-benzopyrene.

Some physicochemical properties of the blended fuels of petroleum DF with different
vegetable oils investigated in the study are presented in Table 3. It can be seen that the
properties of the blended fuels containing 10% vegetable oils are slightly different from the
properties of petroleum DF (Figure 1). For example, the density of the blended fuels is only
0.84-1.08% higher than that of petroleum DF (see Figure 1a). The lower calorific value of
the blended fuels is only 1.18-1.41% lower than that of petroleum DF (see Figure 1b). Due
to containing 90% petroleum DF in the blended fuels, their cetane number is lower than
that of petroleum DF only by 1.56-2.22% (see Figure 1c).

Table 3. Properties of investigated petroleum DF and its blends with vegetable oils.

Fuel Type
Property DF 90% DF+ 90% DF+ 90% DF+ 90%DF+  90% DF + 90% DF + 90% DF +
10% RO 10% SuO  10% SoO  10% CoO 10% LO 10% MO 10% CaO
Density at 20 °C, kg/m3 830 839 839 838 839 837 839 838
Kinematic viscosity at 20 °C, mm?2/s 3.8 6.1 6.0 5.6 5.9 5.9 5.9 5.8
Lower calorific value, MJ/kg 425 41.9 419 42 42 41.9 41.9 42
Cetane number 45 441 442 44 442 443 44 442
Theoretical air-fuel ratio 14.31 14.12 14.16 14.13 14.11 14.16 14.11 14.13
Element mass content, %
C 87 86 86.1 85.9 86 86.1 86 86.1
H 12.6 12.5 12.5 12.5 12.5 12.5 12.5 12.5
(@) 0.4 15 14 1.6 1.5 14 1.5 14

The exclusive physical parameter that significantly increases after adding 10% vegetable
oils is the kinematic viscosity. At a temperature of 20 °C, it increases by 1.47-1.84 times
(Figure 1e). When a diesel engine is operating, the fuel temperature is usually much higher,
exceeding 100 °C. Nevertheless, the increase in the kinematic viscosity of blended fuels
will definitely affect the injection and spray processes.

The amount of air required for the combustion of 1 kg of blended fuel is also less than
that for the combustion of petroleum DF, but only by 1.05-1.4% (Figure 1d). The addition of
10% vegetable oils that have a high oxygen content (Figure 2) into petroleum DF leads to an
insignificant change in the mass composition. The carbon content decreases by 1.03-1.26%,
and the oxygen content, due to its low content in petroleum DEF, on the contrary, increases
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by 3.5-4 times. However, this cannot significantly affect the air ratio, since the absolute
content of oxygen in blended fuels increases only by 1.0-1.2%.
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~900 | S
= = 40t
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2 o 36
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Figure 1. Properties of petroleum DF (1), investigated vegetable oils (2—RO, 3—SuO, 4—S00, 5—Co0O, 6—LO,
7—MO, 8—Ca0), and blended fuels with 10% vegetable oils: (a)}—density; (b)—lower calorific value; (¢)—cetane number;
(d)—theoretical air—fuel ratio; (e)}—kinematic viscosity.



Resources 2021, 10, 74 8 of 23

100 100
£ 80 £ 80
2 £
3 3
> 60 > 60
Z 2
£ £
< 40 S 40
L 4]
5 g
= 20 = 20
0 0
1 2 3 4 5 6 71 8 1 2 3 4 5 6 7 8
(a) (b)

Figure 2. C, H, O mass content of pure petroleum DF and vegetable oils (a) and C, H, O mass content of the investigated
blended fuels with adding 10% vegetable oil into DF (b): 1—DF, 2—RO, 3—5u0O, 4—S00, 5—Co00, 6—LO, 7—MO, 8—CaO.

The analysis performed above indicates that there is no need to make adjustments to
the diesel engine D-245.12S to investigate the performance of the diesel engine fueled with
blends of 90% petroleum DF and 10% vegetable oils. This is consistent with the results
of other studies using biodiesels without significant changes for the existing transport
infrastructure [4,5,15-18,55].

2.2. Experimental Setup and Test Procedure

Experimental investigations of the operation characteristics of a diesel engine fueled
with blends of petroleum DF with 10% different vegetable oils have been carried out on
the diesel engine D-245.12S. This engine is widely used as a power source for agricultural
machinery and commercial vehicles. The main parameters of this diesel engine are given
in Table 4.

Table 4. Structure and operational parameters of the diesel engine D-245.12S.

Parameters Value
Engine type Four-stroke, in-line, diesel
Number of cylinders 4
Cylinder diameter D, mm 110
Piston stroke S, mm 125
Total cylinder capacity iV}, L 4.32
Compression ratio ¢ 15.1

Combustion chamber (CC) type,
air—fuel mixing method

CC of type CNIDI (Central Diesel Engine Research Institute),
space atomization and film evaporation

Nominal speed 7, rpm 2400
Nominal power Ne, kW 80
Fuel supply system type Separate fuel system
High-pressure fuel pump In-line plunger pump Motorpal PP4M10U1f
Diameter of plunger d,), mm 10
Plunger stroke ,), mm 10
Length of high-pressure oil pipe L, mm 540
Injector Type FDM-22 OJSC
Initial injection pressure, MPa 21.0
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Experimental investigations of the diesel engine D-245.12S were carried out on a test
bench equipped with all the necessary equipment for recording the speed, torque, power,
fuel and air consumption, temperatures, and pressures in engine systems, as well as the
content of regulated harmful substances in exhaust gases. The basis of the test bench is a
balancing dynamometer DS-1036-4U (TES Vsetin, Vsetin, Czech Republic) for measuring
the rotational speed, torque, and power of the diesel engine. The contents of harmful
substances in exhaust gases were measured with an SAE-7532 gas analyzer (Yanaco, Kyoto,
Japan) and an MK-3 smoke meter (Hartridge, Buckingham, UK). The main specifics of the
equipment used are given in Table 5.

Table 5. Main measurement parameters.

Measured Parameter Measuring Range Accuracy Uncertainty
Engine speed 0-5000 rpm +5 rpm +0.1%
Torque moment 0-500 Nm +5Nm +1%
Engine power 0-100 kW +£0.5 kW +1%
Fuel consumption 0-40 kg/h +0.1kg/h +0.25%
Air consumption 0-1000 kg/h +10 kg/h +1%
NOx 0-4000 ppm <1000 ppm: £10 ppm >1000 ppm: £5%
CcO 0-5 vol % <1 vol %: +£0.03 vol % >1vol %: 3 vol %
HC 0-2000 ppm <200 ppm: £10 ppm >200 ppm: £5%
Exhaust gas smoke 0-100% +1% full-scale reading -

The diesel engine D-245.125 was tested in the operating conditions of the 13-mode test
cycle of ECE R49 of UNECE Regulation No. 49 (Figure 3). The fuel injection advance angle
(60 =13 °CA) and the limiting position of the fuel injection pump control rack remained
unchanged. The most loaded modes were modes No. 6 and 8 with a maximum torque and
operating time of 25% and 10%, respectively. During the long-term tests, petroleum DF
from different supplies was used. Therefore, the experimental results of petroleum DF in
Tables 6-9 are somewhat different from each other.

e . | @
Y% No.6

No.§
25% 10%
) é
NS.S .N0.9
8% 2%,
60
9. Nodo
40 8% ’
No.3 ’No.ll
20 ; 8% 2%
Meodes | No.I2
Ne.t,7, 13 No.2 20,
25% 8% °
L
40 60 80 n, %

Figure 3. The European 13-mode steady-state diesel engine test cycle (ECE R49) used for emission
testing of vehicle engines. Signs ‘No” and ‘%’ denote the sequential number of the operating mode
and its time-share, respectively. The signs ‘M,” and ‘n” denote the values of the brake torque and
speed in % relative to the maximum values.
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Table 6. The main parameters of the diesel engine running on petroleum DF and its blends with the investigated vegetable

oils in the maximum power mode (Nmax) and in the maximum torque mode (Mmax).

Engine Indicators

Ne in

nin

Fuel Type Ne in nin M. in M. in G¢ in G¢ in ge in gein
Nmax, Mmax, Nmax, Mmax, Nmax, Mmax, Nmax, Mmax, Nmax, Mmax,
kw kW rpm rpm N-m N-m kg/h kg/h g/(kW-h)  g/(kW-h)

Petroleum DF 75.54 53.59 2397 1501 301 341 18.81 12.1 249 225.8
90% DF + 10% RO 76.90 55.38 2408 1520 305 348 19.38 12.67 252 228.8
Petroleum DF 79.82 61.64 2405 1600 317 368 19.7 13.72 246.8 222.6
90% DF + 10% SuO 79.43 61.57 2400 1602 316 367 19.96 13.97 251.3 226.9
Petroleum DF 80.92 57.91 2400 1503 322 368 20.1 13.1 2484 226.2
90% DF + 10% SoO 80.44 56.79 2401 1502 320 361 204 13.01 253.6 229.1
Petroleum DF 78.08 56.20 2398 1499 311 358 19.31 12.56 247.3 2235
90% DF + 10% CoO 76.89 55.74 2400 1500 306 355 19.36 12.52 251.8 224.6
Petroleum DF 80.92 57.91 2400 1503 322 368 20.1 13.1 2484 2262
90% DF +10% LO 80.29 57.71 2404 1502 319 367 20.24 13.28 252.1 230.1
Petroleum DF 80.58 57.47 2397 1508 321 364 20 13 248.2 226.2
90% DF + 10% MO 79.91 57.01 2400 1500 318 363 20.25 13.22 2534 231.9
Petroleum DF 80.58 57.47 2397 1508 321 364 20 13 248.2 226.2
90% DF + 10% CaO 79.77 56.38 2403 1504 317 358 20.23 13.3 253.6 235.9

Table 7. NOx emissions and exhaust smoke opacity of the diesel engine D-245.12.S fueled with vegetable oil-blended DF in
the maximum power mode (Nmax) and in the maximum torque mode (Mmax)-

Fuel Type

Engine Indicators

omighon 800w % O BCsoun TR skt ST Ak %
Petroleum DF, RO-blended DF
Petroleum DF 675/8.27 - 800/5.81 - 11.0 - 25.0 -
90% DF + 10% RO 660/8.05 —-22/-26 785/5.67 -19/-24 9.5 —13.6 20.5 —18.0
Petroleum DF, SuO-blended DF
Petroleum DF 605/7.40 - 680/5.20 - 14,5 - 20.0 -
90% DF + 10% SuO 580/7.10 —41/-4.0 675/5.17 -0.7/-0.6 12,0 -17.2 15.0 —25.0
Petroleum DF, SoO-blended DF
Petroleum DF 605/7.80 - 700/5.48 - 16.0 - 43.0 -
90% DF + 10% SoO 560/7.23 -74/-73 650/5.11 -7.1/-69 10.0 —37.5 31.0 —27.9
Petroleum DF, CoO-blended DF
Petroleum DF 600/7.37 - 650/5.44 - 18.0 - 40.0 -
90% DF + 10% CoO 550/6.77 —83/-8.1 620/5.11 —4.6/—44 14.0 —222 37.0 -75
Petroleum DF, LO-blended DF
Petroleum DF 605/7.38 - 700/5.87 - 16.0 - 43.0 -
90% DF +10% LO 570/6.96 —5.8/-5.7 690/5.80 —-14/-12 11.0 —31.3 36.0 -16.3
Petroleum DF, MO-blended DF
Petroleum DF 550/6.30 - 640/5.01 - 17.0 - 42.0 -
90% DF +10% MO 545/6.25 -0.9/-0.8 625/4.90 —23/-22 12.0 —29.4 36.0 —14.3
Petroleum DF, CaO-blended DF
Petroleum DF 550/6.30 - 640/5.01 - 17.0 - 42.0 -
90% DF + 10% CaO 525/6.03 —45/-43 620/4.86 -3.1/-3.0 15 -11.8 36.0 —14.3
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Table 8. Emissions of CO and HC of the diesel engine D-245.12.S fueled with vegetable oil-blended DF in the maximum
power mode (Nmax) and in the maximum torque mode (Mmax).

Engine Indicators

Fuel Type Cco in Nmax, ACco in Cco in Mpax, ACco in Cuc in Npax, ACqc in Cuc in Mmax, ACyc in
ppmig/kW-h Nmax, % ppmig/kW-h Max, % ppmig/kW-h Nmax, % ppml/g/kW-h Mnax, %
Petroleum DF, RO-blended DF
Petroleum DF 210/1.60 - 330/3.17 - 150/1.07 - 170/0.79 -
90% DF + 10% RO 200/1.52 —4.8/-5.0 305/2.92 —7.6/79 120/0.85 —20.0/-20.5 130/0.60 —23.5/-24.0
Petroleum DF, SuO-blended DF
Petroleum DF 165/1.02 - 315/2.01 - 105/0.41 - 82/0.32 -
90% DF + 10% SuO 160/0.99 -3.0/-29 270/1.73 —14.3/-13.9 95/0.37 -9.5/-9.7 73/0.29 —11.0/-9.4
Petroleum DF, SoO-blended DF
Petroleum DF 102/0.81 - 330/1.59 - 108/0.56 - 170/0.42 -
90% DF + 10% SoO 96/0.76 —59/-62 285/1.38 —13.6/—13.2 99/0.52 —83/-7.1 150/0.37 -11.8/-11.9
Petroleum DF, CoO-blended DF
Petroleum DF 255/1.79 - 470/2.29 - 163/0.68 - 201/0.60 -
90% DF + 10% CoO 210/1.48 -17.6/-17.3 450/2.20 —4.3/-39 120/0.52 —24.4/-235 145/0.45 —27.9/-25.0
Petroleum DF, LO-blended DF
Petroleum DF 102/0.69 - 330/1.56 - 108/0.39 - 170/0.44 -
90% DF +10% LO 85/0.58 -16.7/-15.9 280/1.32 —15.2/-154 83/0.30 —23.1/-23.1 130/0.34 —23.5/-22.7
Petroleum DF, MO-blended DF
Petroleum DF 100/0.71 - 300/1.47 - 76/0.28 - 130/0.34 -
90% DF + 10% MO 91/0.65 —9.0/—-85 275/1.35 —8.3/-82 61/0.23 —-19.7/-179 105/0.28 —-19.2/-17.6
Petroleum DF, CaO-blended DF
Petroleum DF 100/0.71 - 300/1.47 - 76/0.28 - 130/0.34 -
90% DF + 10% CaO 80/0.57 —20.0/-19.7 270/1.33 —10.0/-9.5 60/0.23 -21.1/-17.8 116/0.31 —10.8/-8.8

Table 9. Integral (average) parameters of the diesel engine D-245.12S running on petroleum DF and its blends with the
investigated vegetable oils in the European 13-mode steady-state test cycle (ECE R49).

Engine Indicators

Fuel Type
Ze ave, 8/(kW-h) enox, 8/(kW-h) eco, g/(kW-h) eyc, g/(kW-h)
Petroleum DF, RO-blended DF
Petroleum DF 247.20 7.442 3.482 1.519
90% DF + 10% RO 250.79 7.300 3.332 1.202
Petroleum DF, SuO-blended DF
Petroleum DF 230.52 6.630 2.210 0.580
90% DF + 10% SuO 246.09 6.649 2.091 0.530
Petroleum DF, SoO-blended DF
Petroleum DF 247.97 7.018 1.723 0.788
90% DF + 10% SoO 251.42 5.896 1.548 0.762
Petroleum DF, CoO-blended DF
Petroleum DF 244.32 6.549 3.277 1.104
90% DF + 10% CoO 248.22 6.337 2.825 0.773
Petroleum DF, LO-blended DF
Petroleum DF 247.97 7.018 1.723 0.788

90% DF + 10% LO 252.26 6.441 1.511 0.664
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Table 9. Cont.

Engine Indicators

Fuel Type
8e ave, §/(KW-h) enoxs 8/(KW-h) eco, g/(kW-h) eyc, g/(kW-h)
Petroleum DF, MO-blended DF
Petroleum DF 244.63 5911 2.184 0.675
90% DF + 10% MO 251.08 5.689 2.068 0.561
Petroleum DF, CaO-blended DF
Petroleum DF 244.63 5911 2.184 0.675
90% DF + 10% CaO 255.57 5.341 1.853 0.585

In the operating modes of maximum power and maximum torque, the main power and
economic indicators of the diesel engine and the content of regulated harmful substances
(nitrogen oxides (NOx), solid particles, carbon monoxide (CO), unburned hydrocarbons
(HC)) were recorded. Similar measurements were carried out during tests over the entire
13-mode cycle for blended fuels of petroleum DF with 10% vegetable oils.

Given the insignificant differences in physicochemical properties between blended fuels
of petroleum DF with 10% vegetable oils and petroleum DF (Table 3 and Figures 1 and 2), all
tests of the diesel engine D-245.12S were conducted under the identical control parameters

of fuel equipment.

2.3. Methodology of Processing Experimental Results

The brake-specific fuel consumption (BSFC) g, has been calculated from the experi-
mentally obtained values of the hourly consumption of blended fuels G¢ according to the

known formula:
g, = 1000 - G¢/N,,

M

The operational consumption of the blended fuel over the 13-mode test cycle was
estimated with the average brake-specific fuel consumption (ABSFC) g, ave, which was

determined by the following formula:

13 13
8e ave — Z Gf,l”Kl'/ Ne,i'Ki'
i=1 =1

1

@

where G¢; and N, ; are the hourly fuel consumption and brake power, respectively, in the

i-th operating mode; K; is the time-share of the i-th operating mode.

These parameters of the diesel engine have been calculated in accordance with the

formulas given above.

The emission characteristics of the diesel engine were evaluated based on the concen-
trations of NOx, CO, HC, and solid particles in exhaust gases (Cnox, Cco, Crc, Kx), which
have been experimentally obtained in each operating mode of the 13-mode test cycle for all

blended fuels of petroleum DF with 10% vegetable oils.

Based on the above measured and calculated values and with taking into account the
operation time (duration) of each operating mode, the hourly mass emissions of NOx, CO,
and HC (Enox, Eco, and Egyc) were determined. The total emissions of each substance
(summed with the taken account of the coefficient K;) were divided by the average brake
power of the diesel engine over the test cycle (X(N,;-K;)) to calculate the integral brake-
specific emissions of NOx, CO, and HC (IBSNOx, IBSCO, and IBSHC) over the whole
13-mode test cycle (denoted by enox, eco, and ecpx, respectively) in accordance with the

following formulas:

13 13
enox = Y Enoxi-Ki/ Y Nei-Ki;
i=1 i=1

®)
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13 13

eco = Y EcoiKi/ Y Nei-Ki; 4)
i—1 i—1
13 13

enc = ) Enci-Ki/ Y NeiK;. ®)
i=1 i=1

3. Results and Discussion
3.1. Test Results of the Diesel Engine D-245.12S in the Operating Modes of Maximum Power and
Maximum Torque

The test results on the main technical and economic indicators of the diesel engine
D-245.12S in the operating modes of maximum power and maximum torque (modes No. 6
and No. 8 in Figure 3) are given in Table 6 and Figure 4. As shown in Figure 4a,b, it is
evident that the use of a 10% vegetable oil additive results in a decrease in brake power
and brake torque for almost all blended fuels under unchanged fuel equipment controls.
Generally, this decrease does not exceed 1.5% with the addition of different vegetable oils.
The only exception was obtained when the diesel engine was fueled with the rapeseed
oil-blended fuel. In these experiments, the brake torque was increased by 1.33% in the
maximum power mode and 2.05% in the maximum torque mode. These data are consistent
with the results reported in the work of Reza Miri SM et al. [50], where the highest power
and torque values were obtained for blended petroleum DF with 10% non-edible rapeseed
biodiesel at engine speeds of 2600 and 1800 and under two loading states (75% and 100%).
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Figure 4. Main parameters of the diesel engine operating on petroleum DF and its blends with the investigated vegetable
oils (1—RO, 2—5u0O, 3—500, 4—Co0, 5—LO, 6—MO, 7—Ca0) in the maximum torque mode (Mmax) and in the maximum
power mode (Nmax): (a)—brake power; (b)— brake torque; (¢)—hourly fuel consumption; (d)—BSFC.
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Meanwhile, under the same operating conditions, the hourly consumption of the blended
fuel increased by 3.03% and 4.71%, respectively (Figure 4c). A noticeable increase in the hourly
fuel consumption—by 1.32% and 1.82%, respectively—was also recorded with the addition
of sunflower oil (Figure 4c). It should be noted that these vegetable oils have the highest
kinematic viscosity among all of the investigated vegetable oils (Table 2): 75 mm?/s for
rapeseed oil and 72 mm? /s for sunflower oil. With the addition of other vegetable oils, the
increase in the hourly consumption of blended fuel is no more than 1.5% in comparison
with petroleum DF. It should be noted that an increase in fuel consumption was recorded
in almost all tests of biodiesel fuel.

The increase in the hourly fuel consumption and, consequently, in the fuel delivery
per cycle (FDPC) under unchanged fuel equipment controls partially resulted from the
0.84-1.08% higher density of the blended fuels (Table 3). In addition, this was affected by
the performance peculiarity of the fuel equipment running on the fuels with increased
kinematic viscosity (Table 3 and Figure le). This effect is evidenced by the fact that in
comparison with petroleum DF, a greater increase in the FDPC of the blended fuel was
observed for the maximum torque modes at engine speeds of 1500 and 1600 rpm. At
these speeds, the increased kinematic viscosity of the fuel contributes to reducing the fuel
leakage through gaps of the high-pressure fuel pump compared to the maximum power
mode (2400 rpm).

The variations in brake torque and FDPC cannot fully characterize the quality of the
working process of the diesel engine when the investigated blended fuels are used. It is
known that the quality of the fuel injection, fuel-air mixture formation, and combustion
processes is manifested in the value of BSFC. As shown in Figure 4d, the use of a 10%
vegetable oil additive led to an increase in this indicator of the diesel engine fueled with
all of the investigated blended fuels. However, the increase in BSFC for different blended
fuels is significantly different (Figure 5). The smallest BSFC increases of 1.2% and 1.33%
were achieved for RO-blended DEF. The largest BSFC increases (from 2.1% to 4.29%) were
observed for MO-blended DF and CaO-blended DF. Perhaps such a change in the efficiency
of the working process is associated with the fatty acid composition of vegetable oils
(Table 1). Interestingly, RO has a high content of unsaturated oleic acid (up to 60%). MO
and CaO have a low content of unsaturated oleic, linoleic, and linoleic acids (up to 18-24%
for each acid). The other vegetable oils give an intermediate increase in BSFC and mainly
contain unsaturated linoleic acid (SuO—up to 74%, SoO—up to 59%, CoO—up to 65.5%) or
unsaturated linolenic acid (LO—up to 67%). It can be assumed that the increased content
of unsaturated fatty acids contributes to more active oxidation of the blended fuel.

My N
max max

s
T

[\S] W
T T

Relative variation of BSFC (%)

<o

Figure 5. Relative variation of BSFC for the blended fuels compared to petroleum DF in the maximum
torque mode (Mmayx) and in the maximum power mode (Nmax): 1—RO-blended DF, 2—SuO-blended
DF, 3—So00-blended DF, 4—CoO-blended DF, 5—LO-blended DF, 6—MO-blended DF, 7—CaO-
blended DE.
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It is worth noting that the inclusion of various acids with an increased oxygen content
(from 10% to 11.1%) in vegetable oils led to an increase in BSFC (by 0.4-4.3%) due to a
decrease in the calorific value of blended fuels (by 11.5-12.7%) (Table 2). The influence of the
increased oxygen content and the associated lower calorific value of vegetable oils on the
increase in BSFC has been reported in a number of works by other authors [1,24,32,33,39,48].

The measured results of exhaust emission indicators of the diesel engine D-245.12S
running on the blended fuels containing 10% vegetable oils in the operating modes of
maximum power and maximum torque (modes No. 6 and 8 in Figure 3) are presented in
Tables 7 and 8 and in Figure 6 and Figure 8. As can be seen from them, the emissions of
NOx, CO, and HC and, especially, the exhaust smoke (Ky) in the maximum torque mode in
all tests at different test times were always significantly higher than those in the maximum
power mode. This is typical for diesel engines that have a high-intensity working process
and run in the operating conditions of the external characteristic curve [24,50].

50 W, -DF @M -Blend
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Figure 6. NOx emissions (a) and exhaust smoke opacity (b) for petroleum DF and its blends with vegetable oils (1—RO,
—5Su0, 3—S500, 4 -CoO, 5—LO, 6—MO, 7—CaO) in the maximum power mode (Nmax) and in the maximum torque

mode (Mmax)-

The use of a 10% vegetable oil additive led to a noticeable reduction in NOx emissions
(Figure 6a) and a significant decrease in exhaust smoke (Figure 6b) for almost all of the
blended fuels under unchanged fuel equipment controls. The relative reduction in NOx
emissions was in the range of 0.9% to 8.3% (4.7% on average) in the maximum power mode
(2400 rpm) and in the range of 0.7% to 7.1% (3.0% on average) in the maximum torque
mode (1500 rpm and 1600 rpm) (Figure 7a). A slight decrease in NOx emissions attributed
to the use of biodiesel was also obtained by other authors for blended diesel fuel with a
biodiesel content up to 10% [22,65,67], up to 20% [4,48,58,67] and for agricultural diesel
engines [51] and heavy-duty DI diesel engines [25].

The relative decrease in exhaust smoke opacity ranged from 11.8% to 37.5% (23.3%
on average) in the maximum power mode (2400 rpm) and from 7.5% to 27.9% (17.6% on
average) in the maximum torque mode (1500 rpm and 1600 rpm) (Figure 7b). These data
are consistent with the results of other authors, where the reduction in smoke emissions
was recorded in the range of 11-16% to 50.95% [3,13,42,48,53,60,61,72].

As shown in Figure 8, it is obvious that the addition of 10% vegetable oils to petroleum DF
resulted in a noticeable reduction in CO emissions(Figure 8a) and HC emissions (Figure 8b).
The relative reduction in CO emissions was in the range of 3.0% to 20% (Table 8) (11.0% on
average) in the maximum power mode (2400 rpm) and in the range of 7.6% to 15.2% (10.5% on
average) in the maximum torque mode (1500 rpm and 1600 rpm) (Figure 9a). The reduction
in HC emissions ranged from 8.3% to 24.4% (13.3% on average) and from 10.8% to 27.9%
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NOx emission variation (%0)
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(18.2% on average) in the corresponding operating modes (Figure 9b). It should be noted
that a decrease in CO and CH emissions was recorded in almost all tests of biodiesel fuel.
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Figure 7. Relative variations of NOx emissions (a) and exhaust smoke opacity (b) for vegetable oil-blended DF compared
to petroleum DF in the maximum power mode (Nmax) and in the maximum torque mode (Mmax): 1—RO-blended DF,
2—SuO-blended DF, 3—So00O-blended DF, 4—CoO-blended DF, 5—LO-blended DF, 6—MO-blended DF, 7—CaO-blended DF.
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Figure 8. CO emissions (a) and HC emissions (b) for petroleum DF and its blends with vegetable oils (1—RO, 2—SuO,
—500, 4—Co00, 5—LO, 6—MO, 7—Ca0) in the maximum power mode (Nmax) and in the maximum torque mode (Mmax).
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Figure 9. Relative variations of CO emissions (a) and HC emissions (b) for vegetable oil-blended DF compared to petroleum
DF in the maximum power mode (Nmax) and in the maximum torque mode (Mmax): 1—RO-blended DF, 2—SuO-blended
DF, 3—So00-blended DF, 4—CoO-blended DF, 5—LO-blended DF, 6—MO-blended DF, 7—CaO-blended DF.
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The above-described reduction in emissions of harmful substances was achieved,
undoubtedly, as a result of the improvement of the combustion process in the investigated
diesel engine when an amount of 10% of different vegetable oils was added into petroleum
DEF. Analogous explanations are given by other authors [24,25]. This can be explained
by the presence of a higher oxygen content in vegetable oils (Table 2) and by the weak
bonds of oxygen atoms in fatty acid molecules, which facilitate their decomposition in the
combustion chamber. The reduction in NOx emissions is also attributed to the decrease
in the maximum temperature in the combustion chamber due to the fact that the calorific
value of the investigated blended biofuels is 1.18~1.41% lower than that of petroleum DF
by 1.18-1.41%. Attention is drawn to this in other works [5,24,25].

3.2. Test Results of the Diesel Engine D-245.12S in the Operating Conditions of the 13-Mode
Steady-State Test Cycle (ECE R49)

The integral (average) efficiency and emission parameters of the diesel engine D-
245.12S running on blends of petroleum DF with 10% vegetable oils in the European
13-mode steady-state test cycle (ECE R49) are shown in Table 9 and Figures 10 and 11.
As shown in Figure 10a, the use of a 10% vegetable oil additive led to an increase in the
ABSEFC for all of the blended fuels. However, this increase for different blended fuels is
significantly different (Figure 11). The smallest increase in ABSFC from 1.39% to 1.73% was
obtained for RO-blended DF (No. 1), SoS-blended DF (No. 3), CoO-blended DF (No. 4),
and LO-blended DF (No. 5). The most significant increase in ABSFC was achieved for
SuO-blended DF (No. 2) (by 6.75%) and CaO-blended DF (No. 7) (by 4.47%). 1t is possible
that such an increase in the ABSFC for SuO-blended DF is due to the long-term operation
of the diesel engine (32% of the total operating time in Figure 3) in partial load modes at
an increased speed of 1600 rpm (Table 6). In comparison, the other blended fuels were
tested in partial load modes at an increased speed of only 1500 rpm. As for CaO-blended
DF, the increase in BSFC in the main operating modes (in the maximum power mode and,
especially, in the maximum torque mode) was also more than that for blended fuels with
other vegetable oils (Figure 5).

As can be seen from Figure 10b—d, the addition of 10% vegetable oils to petroleum
DF caused a noticeable reduction in the IBSNOXx, IBSCO, and IBSHC over the European
13-mode steady-state test cycle (ECE R49).

The most significant reduction in integral brake-specific emissions, mainly by
8.62-30.0%, was recorded for IBSHC (Figure 11). The minimum reduction in IBSHC
was provided only by the addition of SoO and was 3.3%. The maximum reduction in
IBSHC was achieved with the addition of RO (20.9%) and CoO (30.0%). For blends of
petroleum DF with these two vegetable oils, the greatest reductions in HC emissions in the
maximum power and maximum torque modes have also been observed (Figure 9b).

A significant reduction in IBSCO has been achieved. This reduction ranged from
4.3% for RO-blended DF to 15.0% for CaO-blended DF (Figure 11). The greatest reduction
in IBSCO was obtained for CaO-blended DF (15.0%), CoO-blended DF (13.8%), and LO-
blended DF (12.3%). Interestingly, similar results of CO emission reduction have been
obtained in the maximum power mode (Figure 9a), where the greatest reduction has been
found for CaO-blended DF (20.0%), CoO-blended DF (17.6%), and LO-blended DF (16.7%).

When the diesel engine operated in the operating conditions of the European 13-mode
steady-state test cycle (ECE R49), a reduction in IBSNOx of 1.9% to 16.0% was achieved
with the addition of all vegetable oils except SuO (Figure 11). On the contrary, the addition
of sunflower SuO to petroleum DF resulted in an increase in IBSNOx by 0.29%. Perhaps
this is also attributed to a significant increase in ABSFC (Figure 11) and the long-term
operation of the diesel engine (32% of the total operating time in Figure 3) in partial load
modes at an increased speed of 1600 rpm (Table 6). In comparison, the other blended fuels
were tested in partial load modes at an increased speed of only 1500 rpm.
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Figure 10. ABSFC (a), IBSNOx (b), IBSCO (c), and IBSHC (d) for petroleum DF and its blends with vegetable oils (1—RO,
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Figure 11. Relative variations of ABSFC, IBSNOx, IBSCO, and IBSHC for vegetable oil-blended DF
compared to petroleum DF in the 13-mode test cycle: 1—RO-blended DF, 2—SuO-blended DF, 3—S00-
blended DF, 4—CoO-blended DF, 5—LO-blended DF, 6—MO-blended DF, 7—CaO-blended DF.

The above analysis of the experimental results of the diesel engine D-245.12S in
operating conditions of the European 13-mode steady-state test cycle (ECE R49) shows that
the addition of 10% of the investigated vegetable oils to petroleum DF made it possible
to reduce the pollution emissions of exhaust gases not only in the operating modes of



Resources 2021, 10, 74

19 of 23

maximum power and maximum torque. With the addition of different vegetable oils,
IBSHC decreased by 3.3-30.0%, IBSCO decreased by 4.3-15.0%, and IBSNOx also decreased
by 1.9-16.0% for all vegetable oils, except for SoO.

To summarize all of the comparative experimental studies, it can be stated that despite
the significant differences in the physicochemical properties and composition diversity of
the investigated vegetable oils, the use of any one of them as a 10% additive in blended
biofuel will insignificantly affect the technical and economic indicators of the diesel engine
D-245.12S for agricultural machinery and commercial vehicles, but will save fossil fuels
and improve the harmful impact on the environment.

Therefore, the results of this study have indicated not only the possibility but also the
rationality of using the investigated vegetable oils as a 10% additive in blended biofuel
for diesel engines of agricultural machinery and commercial vehicles. However, it will be
possible to recommend their wide application in practice after operational tests.

4. Conclusions

Based on the set of comparative experimental studies of the effect of adding 10% of
one of seven different vegetable oils into petroleum DF on the technical, economic, and
emission characteristics of one type of diesel engine, D-245.125, for agricultural machinery
and commercial vehicles, the following conclusions can be drawn.

1. All basic physicochemical properties of blended biofuels, consisting of 90% petroleum
DF and 10% one of the vegetable oils, RO, SuO, SoO, CoO, LO, MO, CaO, differ from
the properties of petroleum DF by no more than 1-2.2%. An exception is the kinematic
viscosity of blended biofuels, which increases by 1.47-1.84 times. Small differences in
the physicochemical properties of blended fuels allow all tests of the diesel engine
D-245.12S to be carried out with unchanged fuel equipment controls.

2. Inthe operating modes of maximum power and maximum torque, the use of blended
biofuels resulted in a drop in the engine brake power and a simultaneous increase in
the hourly fuel consumption by no more than 1.5%. An exception was RO-blended
DF, for which the brake torque increased by 1.33-2.05%, accompanied by an increase
in the hourly fuel consumption by 3.03% and 4.71% in the same modes. BSFC for all
blended biofuels increased by 1.2-4.3%.

3.  The emissions of regulated harmful substances with the use of blended fuels were
significantly reduced in the maximum power and maximum torque modes: NOx
emissions—by 0.7-8.3%, exhaust smoke opacity—by 7.5-37.5%, CO emissions—by
3.0-20.0%, and HC emissions—by 8.3-27.9%.

4. When the diesel engine was tested in the European 13-mode steady-state test cycle
(ECE R49), reductions in IBSHC of 3.0-3.3%, IBSCO of 4.3-15.0%, and IBSNOx of
1.9-16.0% were also achieved. Only for SuO-blended DF did IBSNOx increase by
0.29%. ABSFC increased over a wide range: from a minimum value of 1.39% for
RO-blended DF to a maximum of 6.75% for SuO-blended DFE.

5. The results obtained indicate the feasibility and rationality of using the investigated
vegetable oils as a 10% additive in blended biofuel for diesel engines. This use will
save fossil fuels and improve the harmful effect on the environment with a slight
decrease in the technical and economic indicators of diesel engine D-245.12S for
agricultural machinery and commercial vehicles.
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Abbreviations

DF diesel fuel

RO rapeseed oil

SuO sunflower oil

SoO soybean oil

CoO corn oil

LO linseed oil

MO mustard oil

CaO camelina oil

ABSFC  average brake-specific fuel consumption
BSFC brake-specific fuel consumption

FDPC fuel delivery per cycle

IBSCO  integral brake-specific carbon monoxide
IBSHC integral brake-specific hydrocarbons
IBSNOx  integral brake-specific nitrogen oxides
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