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Abstract: The article discusses the possibility of using blended biofuels from rapeseed oil (RO) as
fuel for a diesel engine. RO blended diesel fuel (DF) and emulsified multicomponent biofuels have
been investigated. Fuel physicochemical properties have been analyzed. Experimental tests of a
diesel engine D-245 in the operating conditions of the external characteristic curve and the 13-mode
test cycle have been conducted to investigate the effect of these fuels on engine performances.
CFD simulations of the nozzle inner flow were performed for DF and ethanol-emulsified RO. The
possibility of a significant improvement in brake thermal efficiency of the engine has been noted. The
efficiency of using blended biofuels from RO as a motor fuel for diesel engines has been evaluated
based on the experimental test results. It was shown that in comparison with the presence of RO
in emulsified multicomponent biofuel, the presence of water has a more significant effect on NOx
emission reduction. The content of RO and the content of water in the investigated emulsified fuels
have a comparable influence on exhaust smoke reduction. Nozzle inner flow simulations show that
the emulsification of RO changes its flow behaviors and cavitation regime.

Keywords: diesel engine; petroleum diesel fuel; rapeseed oil; emulsified fuel; emission characteristic;
nozzle inner flow

1. Introduction

Given the growing problem of global warming and increasingly stringent emissions
regulations, a number of measures must be taken to reduce emissions of carbon dioxide
(CO2) and emissions of pollutant substances. For thermal engine systems, these can be
achieved by enhancing engine thermal efficiency and using renewable carbon-free fuels
and carbon-neutral fuels. The use of renewable fuels also solves the gradual depletion
of fossil fuel reserves and the rise in prices for oil and oil products. Under these condi-
tions, using renewable fuels in transport, agriculture, and other sectors of the economy
becomes necessary and economically justified [1-3]. Renewable fuels are fuels obtained
from renewable energy resources of plant origin, the raw material reserves of which are
practically unlimited [4,5]. These fuels include synthetic biofuels obtained from plant
mass [6,7], bioalcohol fuels [8,9], fuels produced from vegetable oils [10,11], and gaseous
biofuels—biogas, syngas produced from the gasification of municipal solid waste, food
and wood industry waste, agricultural waste, etc. [12,13].
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The fuels produced from vegetable oils are considered promising biofuels for com-
pression ignition (CI) engine applications [10,11,14]. Attributed to the similarity of physical
and chemical properties between vegetable-oil-based biofuels and petroleum diesel fuel
(DF), vegetable-oil-based biofuels can be used to fuel CI engines without almost any engine
modification [15,16]. There are mainly two approaches to use vegetable oils: their direct
use (straight vegetable 0il—SVO) and their transesterification to fatty acid methyl or ethyl
esters—vegetable o0il biodiesels (VOB). Compared with petroleum DF, SVO, and VOB have
lower sulfur content, higher oxygen content, and density but higher viscosity and lower
vaporability and heating value [17,18]. In comparison with SVO, the transesterification
of vegetable oils can produce biodiesels with decreased viscosity, enhanced evaporation
properties, and increased cetane number and heating value due to shortening molecular
chains [19,20]. In addition, VOB was found to have more chemical reactivity than DF
through porous sphere experiments [21]. On the other hand, the high economic and en-
vironmental costs of vegetable oil transesterification weaken the competitiveness of VOB
and hinder the replacement of petroleum DF [22,23]. Vegetable oils can be directly used
in CI engines, particularly in the agricultural sector, where vegetable oils can be obtained
easily, and even no additional transportation is required. Besides, the use of SVO can
avoid energetic costs related to transesterification [24]. Fuels based on rapeseed oil (RO)
are considered one of the best substitutes for petroleum DF [25-27]. Currently, more than
100 million tons of various vegetable oils are produced annually in the world. RO accounts
for about a quarter of the total volume of produced vegetable oils [28]. Moreover, for the
production of motor fuels, technical, low-grade, expired, and wasted deep-frying vegetable
oils can be used [2].

However, SVO is very difficult to use as an individual fuel because of its high viscosity,
bad evaporation, and low flammability [16,18]. High viscosity and bad evaporation of
vegetable oils deteriorate the quality of fuel injection, atomization, and fuel-air mixture for-
mation, resulting in reduced combustion efficiency [29,30]. Coke and deposition formation
in fuel injector systems is intensified, and carbon deposition in the combustion chamber
is observed due to the high viscosity and density of vegetable oils when they are used in
diesel engines [31,32]. Despite the problems that arise during the operation of diesel en-
gines fueled with vegetable oils, studies on vegetable-oil-based biofuels continue. Different
methods are used to decrease the viscosity of vegetable-oil-based biofuels. The first is to
blend vegetable oils with low viscosity fuels, mainly with petroleum DF [15,25,27,33,34].
Qi D.H. et al. [27] experimentally investigated the effect of rapeseed oil (RO) blended DF
on combustion and emissions characteristics of a 2-cylinder agricultural diesel engine at
an engine speed of 1500 rpm. The blended fuel with RO volume fraction less than 20%
has a viscosity and density close to those of DF. Compared with DEF, the blended fuel
almost showed identical peak in-cylinder pressure and heat release rate at high engine
loads but higher emissions of HC, CO, and soot. The emission of NOx for the blended
fuel is lower than that for DF at low engine loads. Labecki L. et al. [25] investigated the
effect of RO content in DF-RO blend on the performance of a 4-cylinder direct injection
diesel engine at a constant load of 2.7 bar BMEP at an engine speed of 2000 rpm. Increasing
the volume fraction of RO leads to a reduction in NOx emission but an increase in soot
emission. The soot emission can be significantly reduced by optimizing the injection timing
for the blended fuel and increasing the injection pressures. As a result, the blended fuel
with 30% RO showed an additional reduction in NOx emission by 22% under a soot level
equivalent to that of DE. Agarwal D. et al. [33] blended different non-edible vegetable oils
with DF in different proportions and tested them on a single-cylinder diesel engine at an
engine speed of 1500 rpm. It is found that the performance and emission parameters of
different blended fuels were very close to those of DE. In comparison with DF, all blended
fuels with mahua oil and rice bran oil showed reduced smoke density at high engine loads.
The smoke density of all the linseed-oil blended DF is lower than that of DF except for 50%
linseed oil. Based on experimental data Dey P. and Ray S. [15] adopted a response surface
approach to optimize the fraction of waste vegetable oil in its blend with diesel fuel for
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fueling a diesel engine at an engine speed of 1500 rpm. It is found that under an engine
torque of 14.72 N-m, in comparison with DF, the CO emission and NOx emission for a
blend of 50% waste vegetable oil and 50% DF decreased by 14.3% and 15.0%, respectively,
but the HC emission increased by 8.3% and thermal efficiency decreased by 2.0%. In any
case, SVO blended DF shows higher brake specific fuel consumption (BSFC) compared
with DF under the same engine load due to the relatively low heating value of SVO. The
performance and emissions of SVO blended DF fall between net SVO and neat DE.

The second method for decreasing the viscosity of vegetable oil-based biofuels is to
preheat fuel before its injection into the combustion chamber [35-38]. Chauhan B. et al. [37]
studied the influence of fuel inlet temperature of Jatropha oil on the performance of a
single-cylinder diesel engine at a constant engine speed. With increasing the temperature
of Jatropha oil, the brake thermal efficiency (BTE) of the engine was increased, the emis-
sions of CO, HC, and soot were reduced, but the emission of NOx was increased due to
increased combustion temperature caused by improved fuel atomization and evaporation.
Wu D. et al. [38] investigated the impact of preheating on the performance and emission
of a CI engine generator fueled with Croton megalocarpus oil (CMO). It is found that
compared with no-heating CMO, preheating CMO up to 90 °C increased BTE at low engine
loads and significantly reduced particle emission to a level equivalent to that of DF. The
combination of these two methods has also been investigated [39-41]. Senththur Prabu [40]
experimentally investigated a single-cylinder DI-diesel engine running on petroleum DF
and preheated blends of DF and palm oil (PO) at a constant speed of 1500 rpm under
different loads. The volume fraction of PO was 20%, 30%, and 40%. It has been shown that
preheated blends of DF and PO showed better performance and emission characteristics
compared with DF. An improvement in emission indicators—emissions of NOx, CO, and
HC and exhaust smoke was noted. A mixture of 80% DF and 20% PO is most preferred.
The lowest emission performance was further improved when 20% of n-butanol was added
to this mixture. Linseed o0il was blended with petroleum DF in the amount of 50% and 70%
by volume and was tested in an air-cooled four-stroke single-cylinder diesel engine [42].
These blended fuels were preheated to reduce their viscosity. In order to improve the
flammability of the blended fuels, the parts of the combustion chamber were coated with
a ceramic material with low thermal conductivity. Plasma spraying was used for the
coating. It has been found that the preheating process lowers the viscosity of linseed oil,
as well as reduces fuel consumption, and the coating process has a positive effect on toxic
emissions—exhaust gas smoke, CO, and HC emissions. In order to implement fuel pre-
heating, the engine must be modified. Besides, according to the results presented in [35], it
is needed to preheat rapeseed oil up to 95 °C to decrease the viscosity of rapeseed oil to
9 mm? /s. The same viscosity value can be achieved by blending rapeseed oil with 80% of
petroleum DF at 20 °C (see Figure 1) without any engine modification necessary.
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Figure 1. Viscosity-temperature characteristics of RO, DF, and DF-RO blends.
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Emulsified biofuels, emulsions of vegetable oils with water, alcohols, and other alter-
native fuels, are also being investigated [43—47]. The emulsion fuel shows enhanced fuel
spray atomization attributed to microexplosion induced by the high difference of boiling
point between water/alcohol and base fuel [48]. The high superheat of water/alcohol in
the fuel droplet makes water/alcohol explode violently, resulting in the formation of fine
children droplets. The enhanced atomization attributed to microexplosion improves the
quality of fuel-air mixture formation and reduces emissions. Ling and Wang [43] studied
the performances of a transport diesel engine fueled with emulsified diesel fuels containing
10% and 15% water with 1% of monoethylene glycol as an auxiliary emulsifier. By using an
emulsion containing 15% water, the emissions of NOx, CO, and soot decreased by 26.9%,
45.9%, and 18.8%, respectively. At the same time, the engine brake torque decreased by
15.72%. Neat honge oil, emulsified honge oil, and preheated honge oil (up to 90 °C) were
simultaneously tested in a single-cylinder diesel engine under different engine loads [44].
At the same engine load, both emulsification and preheating produced higher BTE and
lower emissions of soot and HC, while the maximum BTE and lowest emissions of soot
and HC were achieved for emulsified honge oil. The emissions of CO and NOx after
emulsifying or preheating honge oil increased under all engine loads. The performance of
waste vegetable oil and its emulsion was experimentally compared on a single-cylinder
direct injection (DI) diesel engine [45]. The emulsion was prepared with ethanol and
surfactant—Span 80. Compared with neat waste vegetable oil, engine performance im-
provement and emission reduction by using emulsion were obtained only at high engine
loads. Various multicomponent emulsions are considered as engine fuels [49-51]. The per-
formance and emission characteristics of palm oil-DF blend emulsified with butanol have
been studied on a DI diesel engine at a constant speed of 1500 rpm [49]. In fuel emulsions,
the volume fraction of DF was 50%, and the volume fraction of palm oil was 35-45%. It is
noted that attributed to the relatively low viscosity of DF and butanol and relatively high
calorific value of DF, the emulsion fuel had a lower viscosity and higher calorific value
compared with net palm oil, and the viscosity of fuel emulsion containing 15% butanol
was close to that of DFE. Engine tests show that the increase of butanol volume fraction
led to an increase in BTE, a reduction in CO, NOx, and soot emissions, but an increase in
HC emission. Besides, the emissions of NOx and soot for fuel emulsion are lower than
those for DF at almost all of the engine loads. Contradictory results were achieved for
ternary emulsified fuels containing 70% DF, 10% butanol, and 30% SVO on a four-cylinder
turbocharged DI diesel engine at full load [50]. As SVO, six different non-edible vegetable
oils were considered. An increase in NOx emission was noted for all of the emulsified
fuels in comparison with DF. Qi D.H. et al. [51] investigated the performance of ethanol
emulsified palm oil-DF blends with different component contents (30% palm oil + 10%
ethanol, 40% palm oil + 10% ethanol, and 30% palm oil + 30% ethanol) in a common rail DI
engine with a double injection strategy. Ternary emulsified fuels showed slightly higher
NOx emissions than DF at all load range due to synthetic effect of the application of pilot
injection and the better volatility of ethanol. The former provides a high-temperature
environment, in which, due to the presence of ethanol, the ternary emulsified fuels are
evaporated more quickly and mixed with air more homogeneously and promptly, resulting
in more abrupt combustion and higher in-cylinder pressure and temperature. On the other
hand, the use of these ternary emulsified fuels led to a significant reduction of particulate
matter (PM) emissions as a consequence of the high oxygen content in fuel, promoting
particle oxidation, and less multi-ring aromatic hydrocarbons in fuel, providing fewer
precursors for particle nucleation. In emulsion drops, microexplosion does not always
take place; partial atomization—puffing might occur under certain conditions [52,53]. The
occurrence of microexplosion or puffing in a droplet of water-emulsified biofuel depends
on temperature, size, and the position of water inside the droplet [52]. The study performed
by Shen S. et al. [53] shows that the deactivation of surfactant is a prerequisite condition for
occurring microexplosion in a droplet of water-in-oil emulsified fuel droplet accelerates the
coalescence of water dispersed in the fuel droplet; otherwise, puffing occurs. Therefore, the
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effect of fuel emulsification on engine thermal performance and emission depends largely
on engine load, injection timing, components of fuel emulsion, and preparation method
of emulsion.

Based on the literature analysis presented above, a significant number of published
works are devoted to the research of diesel engines operating on blended and emulsified fu-
els, and the use of biofuels obtained with the use of vegetable oils can significantly improve
emission characteristics of diesel engines adapted to work on these fuels. However, at the
same time, the issues of comparative analysis of exhaust emission characteristics of diesel
engines operating on blended biofuels with vegetable oil and emulsified multicomponent
biofuels are insufficiently studied.

This study aims to conduct a comparative analysis of the effect of using DF-RO blends
and multicomponent emulsified fuels with RO based on a turbocharged 4-stroke 4-cylinder
diesel engine D-245 that is equipped with a combustion chamber that is conducive to the
combustion of low volatile fuels. The novelty and practical significance of the present
study are to comparatively evaluate the effect of the components of multicomponent
emulsified fuels on engine performance, emission, and fuel injection characteristics. At
the same time, different multicomponent emulsified fuels are considered—emulsions of
DE RO, water, and ethanol. To the author’s knowledge, there is no comparative analysis
of the efficiency of using these multicomponent emulsified fuels. In the first research
stage, the diesel engine D-245 was fueled and tested with petroleum DF and DF-RO
blends with different RO content, and the impact of RO content on the thermal and
emission performance of the engine was analyzed. In the second research stage, the engine
performance for water-emulsified DF-RO blends was investigated. In the third research
stage, a comparative analysis of the engine performance of DF-RO blends and water-
emulsified DF-RO blends was performed. In addition, the influence of emulsified fuels on
engine performance and emissions is usually analyzed from the point of view of fuel spray
atomization and combustion. However, the quality of these processes is predetermined by
the flow characteristics inside the injector nozzle, mainly by flow parameters at the nozzle
outlet, on which fuel properties have a significant impact. Therefore, it is meaningful to
study and analyze the flow behaviors of emulsified fuel inside the injector nozzle. To the
author’s knowledge, the emulsification of RO with ethanol provides additional potentials
to improve the performance of diesel engines in comparison with the use of an emulsion of
RO and water. In addition, in comparison with RO and DF, ethanol and water both have
high saturation pressure and low viscosity (ethanol and water have close viscosity). Based
on these, in the fourth research stage, the flow behaviors of ethanol-emulsified RO inside
the injector nozzle of the investigated diesel engine D-245 were studied and compared
with DF by a CFD approach.

2. Materials and Methods
2.1. Properties of Vegetable Oils and Blended Biofuels

Petroleum DF used in the study is a summer grade produced in accordance with
Russian GOST 305-2013. RO in a volumetric content of 20%, 40%, and 60% was added
into DE. The obtained DF-RO blends are denoted as Rx, and x is the percentage of RO by
volume. Some physicochemical properties of DF, RO, and DF-RO blends have been given
in Table 1 [16,54]. These data indicate that in terms of fuel properties, RO is closer to DF
rather than to gasoline. RO has relatively high density and viscosity and poor volatility.
Therefore, the use of RO is possible only in compression ignition engines, which are less
sensitive to fuel properties. Moreover, given the aftermentioned property differences
between petroleum DF and RO, RO is usually blended with DF to be used as a motor
fuel [25].
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Table 1. Physicochemical properties of DF, RO, DF-RO blends, and water-emulsified DF-RO blends [16,54].

Fuel Type
Physicochemical Properties
DF RO R20 R40 R60 R23W10 R30W13
Density (20 °C), kg/m3 830 916 848 865 882 866.6 877.7
Kinematic viscosity (20 °C), mm?2/s 3.8 75.0 9.0 19.0 30.0 8.4 9.5
Surface tension (20 °C), 1073 N/m 27.1 33.2 - - - - -
Lower calorific value, MJ/kg 42.5 37.3 41.5 40.4 39.4 36.75 35.07
Cetane number 45 36 - - - - -
Flashpoint, °C 250 318 - - - - -
Cloud point, °C —-25 -9 - - - - -
Pour point, °C —35 —-20 - - - - -
Theoretical air-fuel ratio 14.3 12.5 14.0 13.6 13.2 12.46 11.92
Element content, wet% (percentage by weight)
C 86.8 77.0 84.7 82.7 80.7 74.4 70.9
H 12.6 12.0 12.5 12.3 12.2 12.3 12.2
(@) 0.4 11.0 2.7 49 7.0 13.2 16.8
S 0.2 0.002 0.16 0.12 0.08 0.13 0.11
Coking capacity of 10% residue, wet% 0.2 0.4 - - - - -
Note: “-”"—properties were not determined.

The main components of vegetable oils are fatty acids—high molecular weight oxy-
genated hydrocarbon-based compounds [55]. Therefore, all vegetable oils are flammable
and can be used as motor fuels for diesel engines. This is facilitated by the relatively low
thermal stability of vegetable oils and the acceptable temperature of their self-ignition,
equal to tg; = 280-320 °C and only slightly higher than the self-ignition temperature of DF
(tsi = 230-300 °C). In this case, the cetane number of different vegetable oils usually varies
from 33 to 36, which is comparable to the cetane number of DF (40-55).

A feature of vegetable oils is oxygen atoms in their composition (8-12%). This leads
to a decrease in their calorific value. Thus, the lower calorific value of RO is 37.3 MJ/kg
versus 42.5 MJ /kg for DF that practically does not contain oxygen. However, the presence
of oxygen in vegetable oils lowers their combustion temperatures in diesel engines and
significantly improves the emission performance of fuels based on them.

The data presented in Table 1 indicate that vegetable oils have markedly different
physicochemical properties from DF. Therefore, in diesel engines, not only “pure” oils
are used, but also their blends with DE. Methyl and ethyl esters obtained from vegetable
oils are used as an independent fuel or as a bioadditive to DF. But the most simple and
attractive method is the use of blends of vegetable oils and DF.

One of the main problems arising under the operation of a diesel engine fueled with
RO is the high viscosity of RO. According to the viscosity-temperature characteristics of
petroleum DEF RO, and their blends in Figure 1, at a normal temperature of 20 °C, the
viscosity of RO is an order of magnitude higher than that of DF, such as v¢ = 75 mm?/s for
RO and v; = 3.8 mm?/s for DF. However, with an increase in temperature, the viscosity of
RO rapidly decreases: at t = 40 °C, its viscosity decreases by half—to v¢ = 36 mm?/s, and
at t =70 °C—to v¢ = 17.5 mm?/s. In addition, DF-RO blends have a significantly lower
viscosity. The viscosity of R20 is 9 mm? /s at a temperature of 20 °C. At a temperature of
40 °C that is typical for the conditions of diesel fuel injection systems, the viscosity of R20
decreases to 5 mm?/s, which is comparable with the viscosity of petroleum DF (by GOST
305-2013, the viscosity of DF grade L is 3-6 mm?/s). Therefore, it is advisable to use DF-RO
blends, which have acceptable physicochemical properties. This allows them to be burned
in a diesel engine without making any changes to its design.

The use of biofuels can significantly improve emission characteristics of diesel
engines—reducing the emissions of soot (particulate matter) and nitrogen oxides (NOx).
However, at the same time, the decrease in NOx emissions is relatively small. Additional
reductions in the emissions of soot and NOx can be achieved by adding water to the
biofuels, such as biofuel emulsification with water, which simultaneously reduces NOx
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emissions and exhaust smoke [56]. In this regard, it seems appropriate to use water-
emulsified biofuels. In the study, two multicomponent emulsions have been prepared
and tested. At first, RO was emulsified with 30% of water by volume, and a preliminary
emulsion (70% RO + 30% water) was prepared using an emulsifying device. The operating
principle of the emulsifying device is based on mixing emulsion components with the
help of the high-frequency vibration of a rod with movable disks placed on it. The rod is
connected to the armature of an electromagnetic motor. In order to obtain a stable emulsion,
a surfactant—urea alkenyl succinimide was added into the emulsion by a mass fraction of
no more than 0.5%. The surfactant was produced according to a Russian technical condition
No. 38.1011039-85. A detailed description of the emulsifying device and the preparation
procedure has been given in our previous work [46]. Afterward, the preliminary emulsion
was blended with DF at two different volume ratios: 1:2 and 3:4. It is worth noting that
the preliminary emulsion and DF can be mixed well with a simple mechanical mixing
method. Eventually, emulsion No. 1 was composed of 67% DEF, 23% RO, and 10% water
and was denoted as R23W10; emulsion No. 2 had 57% DF, 30% RO, and 13% water and
was denoted as R30W13. Their properties have been given in Table 1. It can be seen that
the inclusion of water reduces the viscosity of the DF-RO blend.

2.2. Experimental Setup

In order to assess the performances of a transport diesel engine fueled with the
investigated blended biofuels, the research was carried out on a turbocharged 4-stroke
4-cylinder diesel engine D-245 (Minsk Motor Plant, Minsk, Belarus). This diesel engine is
used for tractors, light-duty trucks, and buses. Some specifics of the diesel engine D-245
are given in Table 2. In this diesel engine, the fuel-air mixture is formed by combining
space atomization with film evaporation, i.e., by injecting part of the fuel jet on the hot
side wall of the combustion chamber adjacent to the bowl throat (Figure 2). This makes it
possible to ensure stable ignition of RO and DF-RO blends, which differ from DF in worse
flammability (low cetane number).

Table 2. Engine specifics.

Parameter Value
Engine type Four-stroke, in-line, diesel
Number of cylinders (i) 4
Cylinder diameter/piston stroke, mm/mm 110/125
Engine displacement, L 4.32
Compression ratio 16.0

Turbocharging system
Fuel-air mixing method
Rated speed, rpm
Rated power, kW
Power per unit capacity, kW /L
Valve mechanism
Cooling system
Lubricating system
Fuel pump
Fuel injection system
High-pressure fuel pump (HPFP)
Plunger diameter of HPFP, mm
Stroke of plunger of HPFP, mm
Length of high-pressure fuel pipe, mm
Injectors
Initial Pressure of injection, MPa

Turbocharger TKR-6 (Borisov Plant of Automotive Units)
Space atomization with film evaporation

2400
80

18.5

Overhead valve mechanism
Water, forced circulation
Forced, with splashing
Gear type
Pump-line-nozzle injection system
In-line type PP4M10U1f from Motorpal with all-mode centrifugal regulator

10
10

540

Injector FDM-22 with valve-covered five-hole nozzle
21.5




Energies 2021, 14, 6661 8 of 28

$110
$38

29

Figure 2. Schematic of the combustion chamber and the injector arrangement of the diesel engine
D-245. (Length unit is mm.).

The diesel engine was tested in the operating conditions of the external characteristic
curve and also in the 13-mode steady-state test cycle of ECE Regulation No. 49. The
distribution of operation points in the 13-mode test cycle was given in Figure 3. Modes
No. 6 and No. 8 are the operating conditions of maximum torque and maximum power.
During tests, the injection advance angle and the position of the fuel injection pump control
rack are fixed. The main measurement equipment used and measurement errors have been

given in Table 3.
“ @ @
No.6 No.8
25% 10%
80
Q No.5 'No 9
© 8% 2%
7. 60
g
8 ‘ No.4 ‘NO. 10
£ 4 8% 2%
o
No.3 Ono.11
20 8% 2%
Modes |
No.1.7,734 No.2 PO
25% 8% 2%
40 60 80 100

Engine speed, %

Figure 3. Distribution of operation points in the 13-mode steady-state test cycle ECE R49 for vehicle
diesel engine. The percentage near each mode is the mode time-share (weighting factor). Red
color—full load; green color—part load; orange color—idle.
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Table 3. Measurement equipment and measurement errors.

Indicators Measurement Equipment Measurement Errors
Brake torque dynamometer DS-1036-4U £5N-m in 0-500 N-m
Engine speed speedometer on flywheel +5 rpm in 0-5000 rpm

Fuel consumption fuel flowmeter +0.1 kg/h in 040 kg/h
Exhaust smoke MK-3 smoke meter +1% in 0-100%
NOx SAE-7532 Gas Analyzer £10 ppm in 10004000 ppm
CcO SAE-7532 Gas Analyzer £10 ppm in 0-2000 ppm
HC SAE-7532 Gas Analyzer £10 ppm in 0-2000 ppm

In order to determine whether the diesel engine meets the requirements of current
emission regulations for harmful substances in the exhaust gases—NOx, CO, unburned HC,
and exhaust smoke opacity, the experiment procedure comprises a single determination of
the specified harmful substances in exhaust gases and the calculation of specific emission
mass of these substances.

The engine performance and emission indicators were calculated based on the mea-
sured data. The brake-specific fuel consumption (BSFC) and brake thermal efficiency (BTE)
were calculated based on measured hourly fuel consumption Gy and engine brake power
N, [55]:

BSFC = 1000G¢/ Ne 1)

BTE = 3600/ Hy; - ge, @)

where Hy; is the lower calorific value of fuel, MJ/kg. Based on the measured data of
NOx, CO, and HC emissions and with using generally accepted methods [55], the integral
specific mass emissions of these regulated harmful substances over the 13 modes were
calculated. In the evaluation of the integral toxicity of the exhaust gas at the 13-mode
test cycle, the concentrations of harmful substances in the exhaust gas (Cnox, Cco, Cuc)
under various operating modes were determined, and their hourly mass emissions (Enox,
Eco, Enc) were calculated. The integral brake-specific nitrogen oxides (IBSNOx), integral
brake-specific carbon monoxide (IBSCO), and integral brake-specific hydrocarbons (IBSHC)
were calculated by using the following formulas [55]:

13 13

IBSNOx = ) " Enox,i- Ki/ Y .o Ne,i - Ki; 3)
13 13

IBSCO = Zi:l ECO, i Ki/ Zi:l Ng, i Ki,‘ (4)
13 13

IBSHC =) .° Enc,i-Ki/ ) ;2 N, i~ Kj, ®)

where K; is the weighting factor, reflecting the time-share of the i-th operating mode as
shown in Figure 3. The integral fuel consumption at the 13-mode cycle was assessed by the
average brake-specific fuel consumption (ABSFC) and average brake thermal efficiency
(ABTE), calculated by the following formulas [55]:

13 13
ABSFC =3 " Gy, i-Ki/ ) " N, i-K;; (6)

ABTE = 3600/ (Hus - §e_ave), @)

where Gy, ; is the hourly fuel consumption in the i-th operating mode.

2.3. Numerical Models for Nozzle Inner Flow Simulation

When emulsified fuels are used in diesel fuel injection systems, the characteristic of
the working process taking place in diesel engines, including the flow process in injector
nozzles, could be changed. The best results are achieved when diesel engines operate on
emulsified fuels containing volatile liquids—ethanol, methanol, dimethyl ether, etc.
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The works [57,58] are devoted to modeling the fuel flow in the flow passage of
diesel injector nozzles. In this case, as a rule, the flow of DF in injector nozzles is being
investigated. At the same time, studies of the flow parameters of the emulsified fuel are
of certain interest. In order to assess the flow behavior and turbulent degree of this kind
of fuel in the flow passage of the injector nozzle, a numerical study of the parameters of
such a flow was carried out. In simulating the flow of emulsified biofuel in a diesel injector
nozzle, an injector typed FDM-22 (Noginsk Fuel Equipment Plant, Russian) equipped with
a valve-covered five-hole nozzle No. 171.07.00 (Altai Precision Products Plant, Moscow,
Russian) was investigated. Some parameters of the investigated nozzle have been listed
in Table 4. Given the symmetry of the investigated nozzle, 1/5 sector of the nozzle with
one hole was used in the simulation to save the calculation time. The constructed mesh
for 1/5 sector of the nozzle is presented in Figure 4. Steady flows inside the nozzle at
a maximum needle lift were simulated for DF, RO, and an emulsified fuel containing
70 vol.% RO and 30 vol.% ethanol (R70E30). The diameter of ethanol droplets in the
emulsion is 50 um. Some physicochemical properties that dominate the flow characteristics
and are used for simulation are given in Table 5. The pressure in the nozzle inlet was
set to 51.5 MPa, corresponding to the injection pressure when the fuel injection system
of the diesel engine D-245 runs at the rated operating condition. Two backpressures at
the nozzle outlet were used. The first is 0.1 MPa (injection into the atmosphere). The
second backpressure is 8.878 MPa, which corresponds to the pressure in the combustion
chamber of the diesel engine D-245 at the moment of injection start. This pressure was
determined in the software Diesel-RK developed by prof. Kuleshov A.S. (Bauman Moscow
State Technical University) [59]. The fuel temperature in the nozzle is almost constant under
the investigated pressure conditions since the flow velocity in the nozzle is relatively high
relative to the heat transfer rate. The fuel temperature is set to 40 °C, corresponding to the
fuel temperature at the injector’s inlet at the rapid operating condition of the investigated
diesel engine. Given the insignificant injection pressure, the fuel compressibility was not
included in the simulation. At 40 °C, with increasing the liquid pressure from 8.878 MPa to
51.5 MPa, the density of DF increases by 2.45%, and the dynamic viscosity of DF increases
by 5.69%. Preliminary calculation showed that the difference in mass flow rate with and
without considering the fuel compressibility was less than 0.3%.

Figure 4. Mesh model of the investigated nozzle (partial enlargements are shown on the right).
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Table 4. Injector nozzle specifics.

Nozzle Hole Nozzle Hole Nozzle Hole Number Maximum Lift, mm
Diameter, mm Length, mm
0.34 1.1 5 0.32

Table 5. Properties of DF, RO, and ethanol.

Fuel Tvpe Density at 40 °C, Viscosity at 40 °C, Surface Tension at 40 °C, Saturation Pressure at
yp kg/m? mm?/s mN/m 40 °C, kPa
DF 822.7 24 26.4 4.8
RO 914.6 36.0 32.3 0
Ethanol 782.2 1.1 20.6 18.0

The nozzle inner flow simulations of DF, RO, and R70E30 were performed in the
software Ansys Fluent. The cavitation generated inside the nozzle has a significant effect
on the fuel flow inside the nozzle and subsequent breakup in the combustion chamber. In
the study, the cavitating flow within the nozzle is modeled with a multiphase equilibrium
model—the mixture model. All phases have the same local pressure. Given the density
difference of components in the emulsion, the slip between phases is taken into account.
The momentum equations are solved for the mixture phase:

E?t (Pmﬁm) +V- (Pm;m ® ;m) =-V(p)+V- {(Vm + pr) (V;m + VTZm)} -V (25:1 "‘qpqzdr,qzdrrq)? 8)

where p;;, ;m, um are the density, velocity, and viscosity of the mixture phase, respectively;
pir is the turbulent viscosity; N is the number of phases; a4, p;, ﬁdw are the volume fraction,
density, and drift velocity of the phase g, respectively. The properties and velocity of the
mixture phase are expressed as:

N N — N —
Pm = Zq:l XgPq; Pm = Zq:l XqPqMq; Um = Zq:l XqPq g, ©)

where i, and ﬂ)q are the molecular viscosity and velocity of the phase 4. In the simulation
of DF flow, the liquid of DF is taken as the primary phase, and bubbles of DF generated
during cavitation are taken as the secondary phase. For the simulation of R70E30, the
primary phase is the liquid of rapeseed oil, and ethanol droplets and cavitation bubbles
are the secondary phases. Since the mass transfer process between phases happens only
during cavitation, the mass conservation equations for the mixture phase and vapor phase
v can be expressed as follows:

0Pm =\ A

W+v‘ (Pm”m) =0; (10)
) v u,) =R 11
E(“vpv) + V- (“vpv”v) = Ky ( )

R, is the mass transfer rate due to cavitation and is modeled with the Schnerr-Sauer
cavitation model [60] derived from the Rayleigh-Plesset equation for one bubble with
neglecting the terms of surface tension, shear stress, and second-order:

1/3 1/2
_ Popr (47 43 2|po—p < .
R, = o <3 7’lle-U> (1—ay) <3’ o D , for p, < p; (12)

4 1/3 2
Ry = _Ccond% <3nb0‘v> (1 - “0)4/3 (3

L N1/2
pvppD , forp, > p, (13)
1
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where 1y, is the density number of cavitation bubbles, and C,,,  is a constant of bubble
condensation. It is worth noting that p; is liquid density, which is the density of DF in
DF simulation and is the density of RO-ethanol mixture in R70E30 simulation. The mass
conservation equations are closed with 251:1 agpq = 1. The drift velocity of the phase

q— ;dw is calculated from the relative velocity of secondary phases g, k to the primary

phasep — ﬁqp, ﬁkp and is expressed by the formula:

N
— — —
Udrg = Ugp — Z ‘kakukp/Pm (14)
k=1
The relative velocity of secondary phase g to the primary phase p is calculated by the

following formula:

iy — Lo (1—“")2 (15)
T 18ugfe P/

where d,; is the particle size of the phase g (ethanol droplet diameter or cavitation bubble

diameter) and f, is the drag function. In the study, a drag function from the Schiller and
Naumann model [61] is used:

fe=1+0.15R. ¥, for R, < 1000; (16)

fe = 0.0183R,, for R, > 1000 (17)

R, is Reynolds number calculated by the phase particle size. The momentum equations
are closed by the turbulent viscosity calculated from turbulent kinetic energy and turbulent
dissipation rate, which are modeled with a turbulent model based on based on Reynolds-
averaged Navier—Stokes equations —realizable k-model incorporated with enhanced wall
treatment [62]. The validation of the numerical models adapted has been given in our
previous works [63,64].

3. Results
3.1. The Performances of the Diesel Engine Fueled with DF-RO Blends

At the first stage of research, the diesel engine D-245 was tested on pure DF and
DF-RO blends. The engine thermal and emission performances and the RO content effect
were analyzed and discussed in this subsection.

Figure 5 shows the engine performances for DF and R20 in the operating conditions
of the external characteristic curve. At full loads (corresponding to the position of fuel
injection pump control rack at the maximum fuel supply) with different engine speeds,
in comparison with DF, R20 has more brake torque (M,) and brake power (N,) due to the
increased hourly fuel consumption for R20. This can be explained by two factors. Firstly,
R20 has a higher density (see Table 1). In addition, although RO possesses high viscosity,
the cavitation generated inside the injector nozzle has a significant effect on the fuel flow
efficiency. Inside the injector nozzle, RO is very difficult to cavitation due to its very low
saturation pressure. Unlike RO, DF is relatively prone to cavitation, which reduces the flow
coefficient through the injector nozzle, especially at high injection pressures (corresponding
to full loads for the investigated diesel engine). The formation of cavitation in the injector
nozzle of the investigated diesel engine has been verified, and the difference in flow
characteristics between DF and RO has been detailedly analyzed in Section 3.4. The higher
density and relatively less cavitation of the DF-RO blend result in its higher mass flow
rate compared with DF at full engine loads. In comparison with pure DF, the BSFC for
R20 increased from 225.8 to 231.8 g/kW'h in the maximum torque mode with an engine
speed of 1500 rpm and increased from 249.0 to 255.1 g/kW-h in the maximum power mode
with an engine speed of 2400 rpm (see Figure 5 and Table 6). The increase in the BSFC
is mainly caused by the relatively low calorific value of RO. The same results have been
reported in [22,23]. The BTE of the diesel engine was almost the same for these two fuels
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(see Table 6). The relatively higher oxygen content of the DF-RO blend contributes to its
lower exhaust smoke almost at all engine speeds. In comparison with DEF, the exhaust
smoke opacity for R20 reduced from 25% to 16% on the Hartridge scale in the maximum
torque mode and from 11% to 8% on the Hartridge scale in the maximum power mode.

L —
—+— DF —-o-R20| R
—~
E 60 e N,
% - M
=" 40— o Sl S e 360
o & Iy —
¥ » \ ~.
20—/ ~i—{320 g
./ // ;
— 280
18 6/ % = -’”//0 E
< /{_, > 240
=3 g
{14 / e
© 10 aud 24
o’/ q -
—1 = x
6 — 20%
* L S w
o~y Yo ¥T 16
X30 = K
b A S PR
10 = e ——
—260 _
Q g ‘/ é
- __ 4 = 240 5,
* ‘0—-—-—4“*"& s
RN s ol o
220
N
1000 1400 1800 2200 n, rpm

Figure 5. Dependence of brake power N,, brake torque M,, hourly fuel consumption Gf, excess air
ratio &, exhaust smoke opacity Ky, and BSFC g, on the engine speed n of the diesel engine D-245 in
the operating conditions of the external characteristic curve for pure DF and R20.

Table 6. Performances of the diesel engine D-245 running on pure DF and DF-RO blends in the operating conditions of the
external characteristic curve and 13-mode test cycle.

. The Volume Content of RO, %
Engine Performance

0 20 40 60
BSFC, g/kW-h 249.0/225.8 255.1/231.8 258.1/239.8 265.1/243.1
BTE 0.340/0.375 0.340/0.374 0.345/0.372 0.345/0.376
Exhaust smoke opacity Kx, % on Hartridge scale 11.0/25.0 8.0/16.5 7.0/13.0 8.0/11.0

ABSFC over the 13 modes ge_ave, §/kW-h 247.20 254.38 259.40 272.23
ABTE over the 13 modes #¢_ge 0.343 0.341 0.343 0.336
IBSNOx over the 13 modes, g/kW-h 7.442 7.159 7.031 6.597
IBSCO over the 13 modes, g/kW-h 3.482 3.814 3.880 3.772
IBSHC over the 13 modes, g/kW-h 1.519 0.965 0.949 1.075

Note: In the first three rows, the engine indicators are given for the operating conditions of the external characteristic curve (the numerator—
for the maximum power mode, the denominator—for the maximum torque mode).

Figure 6 shows the hourly fuel consumption and the emission parameters of the
investigated diesel engine at the 13-mode test cycle. When the diesel engine was switched
from pure DF to R20, an increase in the hourly fuel consumption Gy was noted (Figure 6a).
Moreover, this tendency is more pronounced in full load modes.
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Figure 6. Dependence of hourly fuel consumption Gf (a), volumetric concentrations of nitrogen oxides CNOx (b), carbon
monoxide CCO (c), and hydrocarbons CHC (d) in the exhaust gas on the engine speed and brake torque Me for pure DF

and R20.

At the idle speed of 850 rpm, substituting R20 for pure DF led to a decrease in the
concentration of NOx in the exhaust gas Cnox from 200 ppm to 180 ppm (Figure 6b). In
operating modes of medium loads, a noticeable increase in Cnjox was noted. Further, in the
operating mode with n = 1500 rpm and M, = 260-275 N-m, Cnox increased from 850 ppm
to 955 ppm. At full loads, the use of R20 was not accompanied by a significant change in
Cnox- In comparison with DF, Cnox for R20 decreased from 800 ppm to 770 ppm in the
maximum torque mode with an engine speed of 1500 rpm and increased from 650 ppm
to 675 ppm in the maximum power mode with an engine speed of 2400 rpm. At idle and
low loads, R20 has lower NOx emissions. This is mainly due to the low calorific value
of RO, as well as its high viscosity and low volatility, which leads to a decrease in the
peak in-cylinder temperature, suppressing the formation of NOx. For the fuel injection
system of the investigated diesel engine, the fuel injection pressure increases with the
increase of engine load. Under conditions of high injection pressure difference (high flow
velocity in the injector nozzle), the effect of viscosity on the discharge coefficient (flow
efficiency) becomes weaker attributed to the small thickness of near-wall boundary layers.
Moreover, since RO has a higher density and is more difficult to cavitation, the fuel delivery
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of blended fuel R20 is higher than that of DF at high loads (Figure 6a). Compared with
DE more R20 is injected into the combustion chamber, which compensates for the lower
calorific value of R20. In addition, the higher engine load, as well as higher boost ratio,
result in higher in-cylinder temperature, thus reducing the adverse effects of high viscosity
and low volatility of RO. Eventually, as a result of the combined influence of these factors,
at high loads, R20 has a higher peak in-cylinder temperature than DF, accordingly, higher
NOx emissions. In the maximum power mode, the NOx emission of R20 is lower than that
of DF. This may be because that in this operating condition of a high-frequency cycle, more
R20 is injected into the combustion chamber, forming more locally enriched mixtures, the
combustion rate of R20 is slower, and the combustion duration of R20 is longer. The higher
degree of incomplete combustion of R20 is also verified by its increased CO emissions
(Figure 6¢). These results are in accordance with the conclusions reported in [27,29,36,65].

When the diesel engine was switched to blended biofuel, R20, the greatest increase in
the concentration of CO in the exhaust gas Cco was observed in the idle with an engine
speed of 850 rpm and in the mode with the minimum load (M, = 38-39 N-m) and an engine
speed of 1500 rpm (Figure 6¢). In these operating modes, Cco increased by 1.6 times.
In operating modes with high loads (M, > 280 N-m) with an engine speed of 1500 rpm,
higher Cco was noted for pure DF. When the diesel engine was switched from DF to R20,
Cco decreased from 602 ppm to 550 ppm in the maximum torque mode with an engine
speed of 1500 rpm but increased from 215 ppm to 280 ppm in the maximum power mode
with an engine speed of 2400 rpm. Higher CO emission for R20 is mainly because of poor
atomization and nonuniform mixture resulting from high viscosity and low volatility of RO.
In addition, in terms of fuel delivery per cycle, more R20 is injected into the engine cylinder,
especially in the maximum power mode (see Figure 6a), which also leads to forming
fuel-rich zones, increasing the production of CO. On the other hand, in the maximum
torque mode, high in-cylinder temperature enhances the quality of fuel atomization and
mixture formation, which in combination with high oxygen content in R20 contributes to
better combustion efficiency and lower CO emission. The same results have been reported
in [27,34,42,65].

The effect of fuel type on unburned HC emissions was more significant for all operat-
ing modes with an engine speed of 2400 rpm and the idle mode with an engine speed of
850 rpm (Figure 6d). In these modes, substituting R20 for pure DF contributed to a decrease
in the concentration of HC in the exhaust gas Ccp, by 1.5-2.0 times. In comparison with
pure DF, HC emission Ccpy for R20 reduced from 280 ppm to 180 ppm in the maximum
torque mode with an engine speed of 1500 rpm and reduced from 273 ppm to 143 ppm in
the maximum power mode with an engine speed of 2400 rpm. Lower HC emission of R20
is mainly attributed to the higher O/H ratio in R20 compared with DF. The same results
have been achieved in [21,26,34,36].

Based on the data presented in Figures 5 and 6 and with using the method described
in Section 2.2, the ABSFC, ABTE, and the integral brake-specific mass emissions (IBSNOX,
IBSCO, and IBSHC) over the 13 modes have been calculated and presented in Table 6.

The data in Table 6 confirm the possibility of a noticeable improvement of the emission
characteristics of the diesel engine D-245 when it is switched from pure DF to a blended
biofuel—R20. When the diesel engine was fueled with R20 instead of pure DF at the
13-mode test cycle, the IBSHC decreased from 1.519 to 0.965 g/kW-h, i.e., by 36.5%, the
IBSNOx decreased from 7.442 to 7.159 g/kW-h, i.e., by 3.8%. In contrast, the IBSCO for R20
increased from 3.482 to 3.814 g/kW.h, i.e., by 9.5% in comparison with pure DF.

The presented test results of the diesel engine D-245 were obtained when the engine
was fueled with a blended biofuel—R20. However, it is interesting to analyze the influence
of the composition of blended biofuel on engine performance. Evaluation of this effect
makes it possible to optimize the composition of blended biofuel to achieve the best engine
performance. For this purpose, an experimental study of the diesel engine running on pure
DF and blended biofuels containing 20-60% RO was carried out. The results have been
shown in Figure 7 and summarized in Table 6.
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Figure 7. The hourly fuel consumption Gf, brake torque M., excess air ratio « (a), BSFC g,, BTE 7, and exhaust gas smoke
Ky (b) for the blended biofuels with different RO content in the operating conditions of the external characteristic curve
and the integral brake-specific mass emissions of nitrogen oxides (IBSNOx), carbon monoxide (IBSCO), and hydrocarbons
(IBSHC) over the 13 modes (c).

Figure 7a,b show the performances of the diesel engine D-245 fueled with the blended
biofuels in two operating modes (n = 1500 ppm and 2400 rpm) of the external characteristic
curve with keeping the fuel injection pump control rack at a constant position for maximum
fuel supply. As shown in Figure 7a, an increase in the RO content from 0% to 20% leads
to a noticeable increase in the hourly fuel consumption Gy and brake torque M,. With a
further increase in the RO content from 20% to 60%, the parameters Gy and M, change
insignificantly. This is because that the increase in the RO content increases the viscosity of
the blended biofuel, which reduces the fuel flow efficiency in the fuel injection system and
deteriorates the quality of fuel atomization and mixture formation. The excess air ratio «
weakly depends on the RO content over the entire range of its variation. It can be explained
that the increased mass of the fuel injected into the cylinder leads to higher combustion
temperature, correspondingly, higher exhaust gas temperature, which improves the boost
ratio with an increased charge mass.

The relationships of BSFC g, BTE 7., and the exhaust smoke opacity K, with the RO
content in DF-RO blends have been shown in Figure 7b and Table 6. In the maximum
power mode with an engine speed of 2400 rpm, the increase in the RO content from 0%
to 60% led to an increase in BSFC g, from 249.0 to 265.1 g/kW-h due to reduced caloric
value and a decrease in exhaust smoke opacity Ky from 11.0% to 8.0% on the Hartridge
scale as a consequence of increased oxygen content. Thus, the use of DF-RO blends made it
possible to significantly reduce the exhaust smoke opacity. With increasing the RO content,
the efficiency of the combustion process practically did not change. The changes of BTE
e did not exceed 1.5% for different RO content. This is the result of a combination of
the following two factors. On the one hand, an increase in the RO content leads to an
increase in the oxygen content in the blended biofuel, which contributes to enhancing
combustion efficiency. On the other hand, the blended biofuel with higher RO content has
a higher viscosity and lower volatility, which results in poor atomization and evaporation,
produces locally too rich mixtures, and consequently leads to incomplete combustion and
low combustion efficiency.
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The characteristics of the integral brake-specific mass emissions of harmful sub-
stances at the 13-mode test cycle (IBSNOx, IBSCO, and IBSHC) have been presented in
Figure 7c and Table 5. These results confirmed the possibility of a noticeable improvement
in the emission characteristics of the investigated diesel engine when blended biofuels
were used. Their use makes it possible to reduce the emissions of the most significant toxic
substance from exhaust gases—nitrogen oxides NOx, as well as unburned hydrocarbons
HC. The increase of the RO content in DF-RO blends from 0% to 60% led to a decrease
in IBSNOx from 7.442 to 6.597 g/kW-h, i.e., by 11.4%, mainly attributed to the reduced
peak in-cylinder temperature in low loads. The increase of the RO content from 0% to
60% reduced IBSHC from 1.519 to 1.075 g/kW-h, i.e., by 29.2%. Moreover, a 0.949 g/kW-h
reduction in IBSHC was noted at a RO content of 40%. This is the result of a combination
of increased oxygen content and deteriorated mixture formation due to increased viscosity
and lower volatility. The increase of the RO content from 0 to 60% led to an increase in
IBSCO from 3.482 to 3.772 g/kW-h, i.e., by 8.3%. Moreover, the maximum emission of
carbon monoxide IBSCO = 3.880 g/kW-h was noted at a RO content of 40%.

Based on the above experimental results, the optimal proportion of RO in the blended
biofuel is 20-30%, which combines a little reduction in fuel economy performance and
better emission performance. Moreover, this can give the highest brake torque at the full
loads with engine speeds of 1500 ppm and 2400 rpm, i.e., best dynamic performance.

3.2. The Performances of the Diesel Engine Fueled with Emulsified Multicomponent Biofuels Based
on RO

The experimental results of the investigated diesel engine presented above have
shown the possibility of optimizing the composition of blended biofuel, taking into account
the minimization of fuel consumption, emissions of harmful substances, and dominant
operating modes. It is also advisable to implement measures to improve the quality
of fuel injection, atomization, and fuel-air mixture formation processes when the diesel
engine runs on vegetable oils and vegetable oil-based fuels. Such measures include fuel
emulsification—the use of emulsions of the considered blended biofuels with water. When
these emulsions are injected into the combustion chamber of the diesel engine with elevated
temperatures, rapid (explosive) evaporation of water from fuel droplets is noted, which
leads to additional turbulence of fuel jets, an improvement in the quality of the mixture
formation process, more complete combustion of fuel, and an improvement in emission
characteristics [55].

In order to assess these characteristics of diesel engines operating on emulsified
multicomponent biofuels, experimental studies of the investigated diesel engine were
performed for pure DF and two emulsified fuels: R23W10 and R30W13. The diesel engine
was tested in the operating conditions of the external characteristic curve and at the
13-mode test cycle. With using the measured experimental data, the averaged engine
performance and emission indicators over the 13-modes have been calculated. The hourly
fuel consumption of DF and emulsified multicomponent biofuels and the brake torque of
the diesel engine running on these fuels in the maximum power and maximum torque
modes have been given in Table 7. Figure 8 shows the BTE and BSFC in the maximum
power and maximum torque modes and their average values over the 13 modes. The
emission indicators (IBSNOx, IBSCO, and IBSHC over the 13 modes and exhaust smoke in
the maximum power and maximum torque modes) have been presented in Figure 9.
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Table 7. Hourly fuel consumption and engine brake torque for DF and emulsified multicomponent
biofuels in the maximum power (Nmax) and maximum torque (Mmax) modes.

Hourly Fuel Consumption Gf, kg/h Brake Torque M., N-m
Fuel Type
Nmax Mmax Nmax Mmax
DF 17.42 12.25 271 355
R23W10 18.07 12.01 254 327
R30W13 17.97 12.20 238 315
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Figure 8. IBSNOx, IBSCO, and IBSHC for DF and emulsified multicomponent biofuels at the 13-mode test cycle (a) and
exhaust smoke opacity Ky on the Hartridge scale in the maximum power (Nmax) and maximum torque (Mmax) modes (b).
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Figure 9. BTE #, (a) and BSFC g, (b) for DF and emulsified multicomponent biofuels in the maximum power (Nmax) and
maximum torque (Mmax) modes and at the 13-mode test cycle.

As shown in Table 7, it is not surprising that the emulsified DF-RO blends have lower
engine brake torque mainly due to their relatively lower calorific value compared with
DF. The lower calorific value for the emulsified DF-RO blends caused increased BSFC, as
shown in Figure 9. It is worth noting that water is not combustible, and the increase in
water content leads to a decrease in the engine brake torque and an increase in BSFC.
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The data presented in Figure 8 confirms that the water-emulsified DF-RO blends
can improve the emission characteristics of the diesel engine. Significant reductions in
soot emission (exhaust smoke opacity Ky) and NOx emission (IBSNOx), which are most
toxic [66], have been observed. Besides, the increase in the water content in the emulsified
DF-RO blend decreased the soot and NOx emissions. Although the IBSCO for both the
emulsified DF-RO blends was less than for DF, the increase in the water content led to an
increase in IBSCO. Unlike CO emission, both the emulsified DF-RO blends showed higher
HC emission (IBSHC), but the increase in the water content suppressed the HC emission.

In comparison with R30W13, R23W10 shows a better combination of fuel economy
and emission improvements. In comparison with DF, the IBSNOx for R23W10 reduced by
16% (from 6.610 to 5.552 g/kW-h) at the 13-mode test cycle and the exhaust smoke reduced
by 44.6% (from 28.0% to 15.5%) in the maximum torque mode and by 53.1% (from 16.0% to
7.5%) in the maximum power mode. At the same time, the ABTE at the 13-mode test cycle
was enhanced by 9.7% (from 0.341 to 0.374) (see Figure 9). The increased BTE indicates that
the emulsified DF-RO blend has a higher combustion efficiency.

The enhancement of combustion efficiency and the reduction in exhaust smoke for the
emulsified DF-RO blends are attributed to the occurrence of microexplosions at elevated
temperatures induced by the significantly low boiling point of water compared with DF
and RO. The droplets of the emulsified DF-RO blends contain a number of water inclusions,
moving chaotically. The high superheat of water caused by high temperature in the combus-
tion chamber makes water explode violently, breaking up fuel droplets into fine children
droplets and resulting in microturbulization of the fuel-air mixture [48,52]. Eventually, the
quality of fuel atomization and fuel-air mixture formation processes is enhanced, which
in turn leads to more complete combustion, decreasing fuel consumption and soot forma-
tion. Moreover, the distribution of a number of water vapors in the combustion chamber
suppresses fuel pyrolysis in the zones with a lack of oxygen at high temperatures and
promotes the gasification of carbon formed previously, which can contribute to additional
reduction in soot formation.

In comparison with DF, water possesses high evaporation heat. For example, the
evaporation heat of water at 100 °C is 2260 k] /kg, and the evaporation heat of water of DF
is 220-300 kJ /kg at the same temperature. Therefore, the evaporation of water decreases
the temperature in the combustion chamber, which suppresses the thermal formation
of NOx. The increase in HC emissions can be easily eliminated by installing a catalytic
converter in the diesel exhaust system, which effectively cleans the exhaust gas from CO
and unburned HC.

3.3. Comparative Analysis of the Performances of the Diesel Engine Fueled with DF-RO Blends
and Emulsified Multicomponent Biofuels

The experimental results of blended and emulsified biofuels presented in
Sections 3.1 and 3.2 were conducted at different times of the year and at different set-
tings of the diesel engine control parameters. Comparative analysis of these experimental
data is difficult. In this regard, the diesel engine was additionally tested on petroleum DF
with the addition of 10, 20, and 30 vol% RO in order to obtain performance indicators of
the diesel engine under the same settings of the diesel engine control parameters.

In order to evaluate the effect of the presence of water in the emulsified DF-RO
blends on the emission characteristics of the diesel engine, a comparative analysis of the
experimental data obtained for DF-RO blends and emulsified DF-RO blends has been
performed. The IBSNOx at the 13 mode test cycle and the exhaust smoke opacity in the
rated operating mode (maximum power) for DF-RO blends and emulsified DF-RO blends
have been given in Figure 10. It can be seen that both RO and water in the emulsified
multicomponent fuels contribute to NOx emission reduction. The addition of 30% RO
to DF led to a decrease in IBSNOx by 6.4% (from 6.610 to 6.186 g/kW-h) due to the low
calorific value, high viscosity, and low volatility of RO, which decreases the peak in-cylinder
temperature. In comparison with DF, the emulsified DF-RO blend—R30W13 showed a
decrease in IBSNOx by 16.0% (from 6.610 to 5.552 g/kW-h) attributed to combustion
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temperature reduction caused by the high evaporation heat of water. Therefore, the
presence of water in an emulsified multicomponent biofuel has a more significant effect on
NOx emission reduction compared with the presence of RO.
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(b)
Figure 10. IBSNOx over the 13 modes and the exhaust smoke opacity Ky in the maximum power

mode for DF-RO blend with different RO content (a) and for emulsified DF-RO blend with different
water content (b).

Unlike NOx emission reduction, the difference between water and RO in exhaust
smoke reduction is relatively small. As shown in Figure 10, in the maximum power mode,
the exhaust smoke opacity for DF was 16%. At the same time, the exhaust smoke opacity for
R30 was 12%, i.e., reduced by 25% compared with DF due to the enhanced soot oxidation
by the oxygen contribution from RO, and the exhaust smoke opacity for R30W13 was 7.5%,
i.e., reduced by 53.1% compared with DF due to the enhanced combustion efficiency by the
microexplosion of emulsion droplets. Therefore, the contents of RO and water in R30W13
have a comparable effect on exhaust smoke reduction.

3.4. Nozzle Inner Flow of Emulsified Biofuel

As shown in the experimental results described above, the transition of engine fueling
from DF to emulsified fuels changes hourly fuel consumption, i.e., fuel mass injected
into the combustion chamber. This is related to the flow characteristics of different fuels
in the injection systems. In order to analyze the effect of fuel emulsification on flow
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characteristics, flow simulation of DF, RO, and ethanol-emulsified RO-R70E30 in the
injector nozzle was performed.

Emulsification of vegetable oils varies their physical properties that predetermine
the quality of fuel injection and atomization processes. Compared with petroleum DF,
ethanol-emulsified RO-R70E30 has higher density and viscosity and contains an easily
evaporating component—ethanol (see Table 5). These variations in the physical properties
of R70E30 change its hydraulic characteristics inside nozzles of traditional diesel injectors.
Nozzle inner flow simulations for DF, RO, and R70E30 have been performed under an
injection pressure of 51.5 MPa and two different backpressure of 0.1 MPa and 8.9 MPa. The
calculated mass flow rate (MFR) and discharge coefficient (Cp) for these fuels have been
listed in Table 8. Compared with net RO, the emulsification of RO with ethanol decreases
the MFR mainly due to decreased density. The emulsification of RO with ethanol decreases
the Cp as a result of the cavitation generated inside the nozzle hole because ethanol has
a high saturation vapor pressure (see Table 5). Compared with DF, R70E30 has higher
MEFR and lower Cp under all of the investigated pressure conditions, mainly resulting from
the relatively high density and viscosity R70E30 has. With decreasing the backpressure
from 8.9 MPa to 0.1 MPa, the Cp for DF and R70E30 is significantly reduced by 8.8% and
7.3%, respectively, but the Cp for RO is kept unchanged. This is related to these fuels’ flow
characteristics within the nozzle, especially cavitation generated within the nozzle hole.

Table 8. Calculated MFR and Cp for DF, RO, and R70E30.

Backpressure Fuel Type MEFR, g/s Cp
DF 14.42 0.52

0.1 MPa RO 16.58 0.56
R70E30 14.58 0.51

DF 14.39 0.57

8.9 MPa RO 14.96 0.56
R70E30 14.56 0.55

In order to analyze the flow characteristics of different fuels inside the nozzle, a
uniaxial coordinate system is used. The original point of the coordinate system coincides
with the center of the inlet cross-section of the hole, and the coordinate axis of the coordinate
system is along the hole axis and is denoted as [,. Thus, the value [, = 0 mm corresponds
to the hole inlet, and the value [, = 1.1 mm corresponds to the hole outlet. Based on the
original data of simulation results, the following flow parameters averaged over each
cross-section of the nozzle hole have been calculated: axial velocity, volume fraction (VF)
of each phase, and turbulent kinetic energy (TKE).

Figure 11a shows the axial velocity averaged over the cross-section of the nozzle hole.
The fuel flow velocity significantly increases during entrancing to the nozzle hole and
then decreases downstream. This can be explained by the formation of a recirculation
region in the upper side of the hole resulting from a sharp change of velocity direction (see
Figure 12), which reduces local pressure and effective flow area. Besides, when the local
pressure is lower than the fuel saturation pressure, fuel cavitation is induced. The evolution
and transportation of fuel vapors lead to an additional reduction of effective flow area. The
generation of cavitation at the entrance to the nozzle hole is verified by the averaged VF
of fuel vapors in the hole cross-section as plotted in Figure 11b and the distribution of VF
of fuel vapor in the longitudinal section of the nozzle hole as presented in Figure 13. It
can also be seen from Figure 11a that in each cross-section of the nozzle hole, DF has the
highest averaged axial velocity under all of the investigated pressure conditions, and the
averaged axial velocity of R70E30 is always more than that of RO. This can be explained by
the following reasons. At first, DF possesses the lowest viscosity (see Table 5). In addition,
as shown in Figures 11b and 13, intensive cavitation is observed for DF under all of the
investigated pressure conditions because the saturation vapor pressure of DF is relatively
high compare with RO (the saturation vapor pressure of RO at 40 °C is almost zero), and
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only ethanol droplets in R70E30 are possible to evaporate, although ethanol is more prone
to evaporate (with a higher saturation vapor pressure). These factors result in the highest
velocity for DF within the nozzle hole and at the hole outlet. The reduced viscosity after RO
emulsification with ethanol and the formation of cavitation vapors of ethanol in the nozzle
hole contributes to that in comparison with RO, R70E30 has a higher flow velocity within
the nozzle hole and at the hole outlet. At backpressure of 0.1 MPa, supercavitation occurs
for DF and R70E30 (the cavitation zone develops to the hole outlet) and causes a significant
reduction in the effective flow area, resulting in decreased Cp (see Table 8). Increasing back
pressure inhibits the development of cavitation. For net RO, the Cp does not change with
decreasing backpressure due to the absence of cavitation. These results are in agreement
with the effect of backpressure on nozzle inner flow reported in [57,58,67].
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Figure 11. Change of axial velocity (a) and phase VF (b) of DF, RO, and R70E30 averaged over the cross-section of the
nozzle hole along the hole axis under backpressures of 0.1 and 8.9 MPa.
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Figure 12. Distribution of velocity vector of DF in the longitudinal section of the nozzle hole at
backpressure of 8.9 MPa.
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Figure 13. Distribution of VF of fuel vapors in the longitudinal section of the nozzle hole at
two backpressures: (a)—0.1 MPa; (b)—8.9 MPa.

The turbulence intensity of the fuel jet has a significant effect on spray development.
High turbulence of the fuel flow at the nozzle hole outlet accelerates the spray breakup
and enhances the fuel-air mixing. Figure 14 shows the TKE averaged over the cross-section
of the nozzle hole for DF, RO, and R70E30. Similar to the change characteristic of axial
velocity, a sharp increase in the TKE is observed at the entrance to the nozzle hole due to a
sharp change in the flow direction, a sudden narrowing of the flow area, the appearance of
vortices, and the generation of cavitation bubbles. At the same time, high TKE is observed
for the fuel with high viscosity. The TKE generated at the entrance to the nozzle hole
dissipates gradually downstream of the nozzle hole. An exception is found for DF under
backpressure of 8.9 MPa, in which the TKE is obviously increased downstream of the
nozzle hole at [, = 0.8~1.1 mm (near the hole outlet). This is explained that the high
backpressure suppresses cavitation development and causes condensation of cavitation
bubbles (see Figures 11b and 13b). Downstream of the cavitation zone, vortices are formed
by the expansion of the fuel flow (see Figure 12), which increases the TKE. This is verified
by the distribution of TKE within the nozzle hole presented in Figure 15. It is noted that
two strong turbulent cores are found for DF in the nozzle hole. The first core is located
at the entrance to the hole, and the second core occurs where the fuel flow expands. The
generation of TKE induced by cavitation zone collapse has also been reported in [68,69].
In comparison with DF, for R70E30, the turbulent core formed after the cavitation zone
is connected with the turbulent core at the entrance to the hole and is far away from the
hole outlet, and the generated TKE dissipates gradually downstream of the nozzle hole.
Eventually, at a back pressure of 8.9 MPa, the maximum TKE at the hole outlet is achieved
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for DE. Although RO has more TKE at the entrance to the hole, R70E30 has more TKE at
the hole outlet compared with RO attributed to the generated TKE after the cavitation zone.
Unlike the results at high backpressure, at a back pressure of 0.1 MPa, the maximum TKE
at the hole outlet is achieved for RO, and DF has the lowest TKE.
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Figure 14. Averaged turbulent kinetic energy (TKE) for DF and R70E30 in cross-section of the nozzle
hole along the hole axis under backpressures of 0.1 and 8.9 MPa.
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Figure 15. Distribution of TKE (m2/s2) in the longitudinal section of the nozzle hole at backpressure
of 8.9 MPa.

In general, the emulsification of RO with ethanol changes its hydraulic characteristics
in the nozzle hole. The emulsification of RO with ethanol increases the injection velocity,
enhances the TKE at the nozzle hole outlet at backpressure of 8.9 MPa but decreases the
TKE at the nozzle hole outlet at backpressure of 0.1 MPa. The MFR decreases after RO
emulsification due to density decrease and cavitation formation, and the Cp reduces as
a result of cavitation formation. In comparison with DF, the emulsified biofuel—R70E30
has lower injection velocity and Cp but higher MFR. The TKE at the nozzle hole outlet
for R70E30 is less than that for DF backpressure of 8.9 MPa but more than that for DF
at backpressure of 0.1 MPa. These flow behaviors of DF and emulsified biofuel within
the injector nozzle imply the presence of differences in the characteristics of subsequent
processes of fuel atomization, mixture formation, and combustion. The existing differences
in the distributions of the energy characteristics of the flows of the investigated fuels
will undoubtedly have an impact on the indicators of fuel efficiency and exhaust gas
toxicity of a diesel engine running on these fuels. However, it should be noted that the
relatively lower injection velocity of the emulsified biofuel and less TKE at the nozzle
hole outlet (under high backpressure) for the emulsified biofuel with respect to DF can be
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partly compensated by additional turbulization of the emulsified biofuel jets due to the
low evaporation temperature of ethanol, which causes quick evaporation of the ethanol
droplets and contributes to better atomization of the emulsified biofuel.

4. Conclusions

Comparative analysis of using DF-RO blends and different multicomponent emulsi-
fied biofuels with RO was performed. Engine performance and emission tests were carried
out in a diesel engine D-245. Flow characteristics of DF, RO, and ethanol emulsified RO
were numerically investigated in the injector nozzle of the investigated diesel engine. The
following conclusions can be drawn.

In general, the performed experimental studies confirmed the possibility and efficiency
of using water-emulsified DF-RO blends in transport diesel engines. Furthermore, fueling
of the diesel engine D-245 with these emulsions made it possible to increase the BTE and
improve the emission characteristics. Fuel emulsification not only provided better emission
performance but also made the properties of biofuels more similar to those of petroleum DFE.
In particular, the addition of water to the DF-RO blend reduces the fuel viscosity, which, in
turn, improves the quality of fuel injection, atomization, fuel-air mixture formation, and
subsequent combustion processes.

The presence of water and RO can significantly improve the emission characteristics of
the diesel engine. During the tests of the diesel engine, a decrease in emissions of the most
significant toxic substances from exhaust gases—NOx and exhaust smoke—was noted.
Moreover, in comparison with RO, the water contained in the emulsified DF-RO blends
has a more significant effect on NOx emission reduction. The contents of RO and water
have a comparable effect on exhaust smoke reduction.

The emulsification of RO with ethanol changes its properties and cavitation regime in
the injector nozzle, which significantly impacts the flow parameters in the injector nozzle.
Compared with RO, R70E30 has a higher injection velocity but lower FMR and Cp. In
comparison with DF, R70E30 has higher FMR but lower injection velocity and Cp. At
backpressure of 0.1 MPa, the TKE at the nozzle hole outlet for R70E30 is more than that for
DEF. At backpressure of 8.9 MPa, DF has the most TKE at the nozzle hole outlet attributed
to the two turbulent cores formed in the nozzle hole.

It should also be noted that the adaptation of engines to work on multicomponent
biofuels solves the problem of using local raw materials as a motor fuel. So, in agricultural
complexes specializing in animal husbandry, an excess of vegetable oils is formed in the
production of oil cake for animal feed. These excessed vegetable oils can be used as
a component of motor fuel. This allows the complex use of agricultural products and
simplifies the fueling of vehicles and agricultural machinery.
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Abbreviations

ABSFC average brake-specific fuel consumption
ABTE average brake thermal efficiency

BSFC brake-specific fuel consumption
BTE brake thermal efficiency

DF diesel fuel

MEFR mass flow rate

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

RO rapeseed oil

R10 90% DF + 10% RO
R20 80% DF + 20% RO
R30 70% DF + 30% RO
R40 60% DF + 40% RO
R60 40% DF + 60% RO

R23W10  57% DF + 23% RO + 10% water
R30W13  57% DF + 23% RO + 10% water
R70E30  70% RO + 30% ethanol

SVO straight vegetable oil
TKE turbulent kinetic energy
VF volume fraction

VOB vegetable oil biodiesel
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