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Abstract: In this study, the injection processes and spray behavior of diesel fuel (DF), rapeseed oil
(RO) and their fuel blends (RO25, RO50, RO75) have been qualitatively and quantitatively analyzed
to identify the differences in the injection rate and the spray parameters. The volumetric and mass
injection rates, the spray penetration, the spray cone angle and the spray area under non-evaporation
conditions in a nitrogen-filled camber were analyzed. The results showed that rapeseed oil leads
to a decrease in the peak injection rate due to its higher density and viscosity. Moreover, rapeseed
oil and its blends with mineral diesel oil exhibited smoother rising slopes at the start of injection.
The spray tip penetration was the longest for the rapeseed oil and the spray tip penetrations of the
fuel blends RO25, RO50 and RO75 were arranged between the values of DF and RO. As the injection
pressure increased, the differences in the spray tip penetrations diminished. Increasing the amount of
rapeseed oil in fuel blends resulted in a smaller spray cone angle compared to diesel fuel. The spray
area of all tested fuels increased significantly with increasing spray tip penetration, the spray area of
RO was consistently lower than that of diesel fuel.

Keywords: diesel injection; injection rate; macroscopic spray characteristics; rapeseed

1. Introduction

The world G20 leaders’ summit in Rome and the UN COP26 conference in Glasgow
endorsed zero carbon emissions by mid-century for limiting global warming to 1.5 °C is
considered the last chance to rescue the planet. A big number of diesel engines, fuel-energy
demand and global warming encourage scientists to search for renewable and locally
available biofuels. The US Departments of Energy (USDOE) and Agriculture (USDA)
define sustainable biofuels as those that are “economically competitive, conserve the natural
resource base, and ensure social well-being” [1]. Diesel engines fueled with vegetable oils
can reduce CO, emissions by nearly 60% in a global cycle to prevent climate change
through the decarbonization of agricultural and transport sectors. Pure rapeseed (canola)
oil as a diesel fuel substitute has the potential to reduce production and transportation
expenditures even more significantly with the elimination of air/water pollution because
the esterification facilities and biodiesel washing and drying at the temperature of about
105 °C are no longer needed to remove residual methanol and glycerol before transferring
for end-use or distribution [1].

As stated at the 30th European Biomass Conference EUBCE 2022, sustainable bio-
mass is the indisputable leading renewable energy source for the global consumer to
play a critical role in the decarbonization process of the world economy. A green energy
strategy focused on the use of vegetable oils in remote farms, peninsulas, and ecologically
sensitive regions suggests a huge economic potential for local agricultural enterprises due
to the decentralization of the fuel supply chain. Vegetable oil is especially of interest to
farmers because it can be extracted from harvested crops almost for free during on-farm
production of oilseed cakes for animal breeding. Using crude oil in a diesel engine reduces
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production costs, energy losses for transportation and ambient air pollution. Additionally,
it is important to stress that the energy used for biomass production, conversion, and
utilization should be less than the energy content of the final product [1]. As a cheap, locally
available, totally renewable, safe to handle and store, environmentally friendly owing to
low sulfur and aromatic content fuel-energy source, pure rapeseed oil traditionally has
been most popular among other vegetable oils and, therefore, can be regarded as a potential
diesel fuel substitute.

Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 Decem-
ber 2018 on the promotion of the use of energy from renewable sources tolerates greater
flexibility for the Member States to meet their greenhouse gas reduction targets in the most
cost-effective manner following their specific circumstances, energy mix and capacity to
produce renewable energy. A diverse array of vegetable oils extracted from domestically
grown crops, especially rapeseed and soybean, can be used for diesel engine fuelling. The
use of locally produced pure rapeseed oil (RO) that complies with the fuel standard DIN
51605:2020-11 [2] is the cheapest way to reduce carbon dioxide (CO,) emissions in a global
cycle and contribute to protecting the climate.

Fridrihsone et al. [3] performed a life cycle assessment (LCA) of rapeseed produced in
Latvia to update the LCA model based on an up-to-date agricultural practice in Northern
Europe. They found that total greenhouse gas (GHG) emissions are 1268 kg CO; eq./t to
produce spring rapeseed and 1064 kg CO; eq./t for winter rape. Whereas total GHG emissions
from rapeseed cultivation to processing vary within the range of 203.7-354.7 kg CO; eq./tin
Slovenia to 828.5-5904.2 kg CO, eq./t in Italy. It depends on the vegetable type, life cycle
inventory methods and other factors. Nevertheless, rapeseed contains a high oil ratio of
37-50% [4], therefore, its use in diesel engines is economically feasible and can contribute to
reducing CO, emissions in a global cycle.

However, the injection and spray macroscopic characteristics of pure RO and its blends
with commercial diesel fuel are among the most important factors playing a critical role in
diesel engine performance and emissions.

The primary purpose of atomization is to increase the surface area of the biofuel and
thereby enhance its intensity of evaporation which is vital for achieving the desired rates of
heat and mass transfer from the surrounding gases to the fuel. Lefebvre and McDonell [5]
also emphasize that the properties of a liquid most relevant to atomization are surface
tension, viscosity, and density. These fuel properties may have an impact on the flow rate,
the velocity of the liquid jet and the parameters of fuel spray patterns as well. A fully
turbulent jet breaks up into a multiplicity of small drops when the consolidating surface
tension forces are overcome by aerodynamic or pressure forces. The spray attributes include
cone angle, penetration, and radial and circumferential liquid distribution.

While Han et al. [6] studied the injection process of three fatty acid esters and diesel
fuel on a CR system. They found that the injection rate increased with the injection pressure
ranging from 45 to 100 MPa due to the enhanced flow capacity. Methyl laurate, and methyl
and ethyl oleates produced lower volumetric injection quantities, but their higher density
ensured a greater mass cycle injection quantity than diesel.

Vojtisek-Lom et al. [7] studied the behavior of diesel fuel and RO in a tractor diesel
engine with an in-line fuel injection pump for various fuel heating temperatures, engine
loads and speeds. They observed that the injection pressure rises earlier before TDC with
decreasing fuel temperature due to faster propagation of pressure waves that partially
compensate for long ignition delay at lower loads and advances the start of combustion at
higher loads. Peak injection pressures were higher for heated (70-80 °C) RO than for diesel
fuel at the same (10%) load and nearly comparable at full (100%) engine load. The earlier
start of injection (SOI) and higher injection pressures have the potential to offset the poorer
atomization and evaporation of RO at lower loads.

Ettl et al. [8] evaluated rapeseed oil (R100) as a renewable fuel for agricultural machin-
ery based on long-term operation behavior and emissions of a fleet of tractors over more
than 50,000 operation hours under Bavarian farm conditions. The tractors demonstrated
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their full functionality, and no serious engine failures were observed, while minor mal-
functions and repairs occurred just occasionally. The reliability of the tractors running on
rapeseed oil was comparable to that of tractors running on diesel fuel, with no indication
of engine deterioration. The 18 tractors running on R100 saved about 220 tonnes of CO, eq
per year on average from 2015 to 2017. RO is biodegradable, non-toxic, safe to store and
handle, and especially suitable for agricultural applications.

Low kinematic viscosity, high cetane number diethyl carbonate (DEC) as low price
and renewable nature oxygenated additive (solvent) can be used to adjust the viscosity of
diesel fuel and castor oil (CO) or sunflower oil (SVO) blends, improve the ignition quality,
operating properties of a diesel engine on double DEC/SVO and triple D/DEC/SVO fuel
blends, achieve low emissions and reduce smoke density by nearly 92-95% [9]. This method
can improve the poor atomization of crude vegetable oil and reduce the formation of
deposits in the cylinder. However, blending fuels of various origins and the increased aging
process during storage of these blends can provide some difficulties in practical aspects.

Hanna and Zoughaib [10] investigated the atomization of liquids within the viscosity
range of 55.9-134.9 mm? /s (involving that of crude rapeseed oil) through swirl hydraulic
atomizers to evaluate the changes in the mass flow rate, the discharge coefficient, and the
atomization quality. They showed that the discharge coefficient of nozzle orifices and the
mass flow rate depend on the Reynolds number. Additionally, spray droplets become
smaller with increasing injection pressure and oil temperature, which effectively decreases
oil viscosity as the major contributing factor to the improved break up of the spray.

Galle et al. [11] conducted single-shot injection experiments with a pump-line-nozzle
injection system in an optically accessible constant volume combustion chamber filled with
inert gas, Ny, at a maximum pressure of 80 bar and temperature of 150 °C. They studied
the influences of physical fuel properties, engine speed and in-cylinder conditions on the
injection pressure, needle lift, spray length, cone angle and atomization using diesel fuel,
rapeseed biodiesel, rapeseed oil, palm oil and animal fats. The higher bulk modulus of
straight vegetable oil and animal fat resulted in an earlier and faster needle lift, while
higher density led to longer injection duration, slightly faster spray penetration and worse
atomization compared to diesel and RME with similar spray angles for different fuels.

Das et al. [12] found that the higher viscosity and surface tension of castor oil, neem
oil and sunflower oil increases the Sauter mean diameter values 2.4, 1.4 and 1.1 times and
on the contrary, decreases the cone angle of the spray in comparison to petroleum diesel
fuel at the injection pressure of 200 bar and air density of 25 kg/ m3.

Vice versa, the lower viscosity of oxygenated fuels plays a positive effect on the
atomization quality; therefore, these fuels show larger spray cone angles and shorter
spray tip penetration (STP). While biodiesel shows longer STP, larger peak velocity of the
spray tip and smaller SCA compared to diesel [13]. This may happen because biodiesel’s
relatively higher density and viscosity are not conducive to improving the liquid spray and
promoting the mixture.

Xie et al. [14] investigated the spray characteristics of different blends of biodiesel
derived from drainage oil and diesel BD20, BD50, BD80, and BD100 under different injec-
tion (60-100 MPa) and ambient (0.1-0.9 MPa) pressures using CR system equipped with
a constant volume chamber. They found that as increased injection pressure was increased,
spray tip penetration, spray angle, spray area and spray volume increased. Increased ambi-
ent pressure led to the spray angle increasing, but the spray tip penetration and the peak
of average tip velocity decreased. Viscosity and surface tension were the main physical
properties affecting liquid jet breakup and atomization.

Tests of Residual Fuel Oil (RFO) showed that the spray area and its volume are not
affected by changes in the fuel viscosity and surface tension, these parameters increase with
the injection time mainly [15]. The higher viscosity of RFO than that of diesel increased
penetration length, while the spray cone angle decreased at higher viscosity values for
both fuels.
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Further investigations by Wang et al. [16] showed that low fuel temperature causes
longer injection delays, shorter injection duration, lower mass flow rate and less fuel mass
injected. The low fuel temperature can effectively suppress the occurrence of cavitation,
which accelerates the transition from cavitating to turbulent flow and then to laminar flow
with a decrease in injection pressure. The discharge coefficient was affected more by the
fuel viscosity at low temperature (—18 °C) than by the injector’s structure, but the low
temperature and injection pressure changed the laminar flow and, thus, the discharge
coefficient decreased.

Payri et al. [17] conducted an experimental and computational investigation in a CR
DI system to evaluate the influence of the physical properties of biodiesel (RME) on the
injection process (mass flow rate) and the behavior of the system under multi-injection
strategies. The use of RME affected the dynamic response of the needle, especially at low
injection pressures, becoming less important at high injection pressure, compared to diesel
fuel. The higher viscosity of biodiesel slowed down the opening and closing of the injector
needle, the flow regime, and the discharge coefficient of the nozzle’s orifices.

Salvador et al. [18] continued experiments with a one-dimensional model of a solenoid
injector using the same fuels. They showed that the needle velocity during the opening
is significantly lower for the biodiesel fuel; therefore, more time is needed to reach its
maximum lift compared to diesel fuel. The needle lifts and the mass flow rates were also
lowered for the RME, especially during the opening slope of the curve. This fact was at-
tributed to the lower Reynold’s number due to the higher viscosity of RME, which increases
the friction force, affecting the needle dynamics. The dynamic delay was higher, and the
start of combustion occurred about 160 us later for biodiesel at 40 MPa but it decreased to
15 or 20 us for higher injection pressures of 80-180 MPa under single-shot strategies.

Bohl et al. [19] studied the spray characteristics of hydrotreated vegetable oil (HVO),
and three vegetable oil methyl esters (FAME) using a direct photography technique to
compare with those of reference diesel fuel. They found that high-density fuels such as
FAMEs have longer spray penetrations than mineral diesel, whereas HVO with the lowest
density achieves the shortest penetration distance (by 5%) and slightly higher cone angle.

Ghurii et al. [20] studied the effects of diesel fuel D100 and biodiesel-diesel blends
BD25, BD45 and BD65 on the spray tip penetration (§TP) and cone angle of the sprays
injected by a CR system at the injection pressures of 40-100 MPa into the atmospheric
chamber. They depicted that the STP grows more than two times quicker before break-up
than after break-up time. Even though the initial STP of D100 is always longer, the higher
viscosity and momentum of biodiesel assure a slightly longer STP length than that of diesel
with a little narrower spray angle (BD65) at 2.5 us after the start of injection.

Boundy et al. [21] studied the impact of biodiesel properties on the injection character-
istics of the common-rail system and discovered that fuel density is the main property that
affects the mass amount of injected fuel and pressure wave in the CR system. They showed
that pressure wave amplitude decreases with increasing fuel viscosity, bulk modulus,
or density.

It is interesting to notice that Dernotte et al. [22], studying the influence of density and
viscosity of nine fuel types (light and dense) on the pressure wave characteristics produced
by a high-pressure CR diesel injector with three conical convergent orifices, declared
similar findings. They showed that with the increase in viscosity from 0.6 to 7.0 mm? /s
the discharge coefficient decreases by 10% at the low injection pressure of 25 MPa but
it does not have a significant effect on the discharge coefficient (less than 1%) at higher
pressure differences of 85-175 MPa. Moreover, fuel density varying from 683 to 876 kg/m3
is identified as the only property driving the mass flow rate, the theoretical evolution of
which versus the square root of fuel density represents the discontinuous line.

The engine tests [23] showed that the higher flow pressure of viscous RO can damage
microporous radial vee-shaped filtering cartridges. The flow capacity of the filter system
can be enhanced by an arrangement of two or three identical filter units in parallel. A
larger active surface area together with on-board heating of RO up to 60 °C would be the
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solution to reduce viscosity and differential pressure across the filters and thus achieve the
needed oil flow capacity. Additionally, variation in the viscosity of the liquid often changes
its surface tension as well [24]. Apart from this problem, due to the chemical properties
of rapeseed oil, the cetane improver is not as active as expected and only slightly helps to
reduce an ignition delay [25].

A major purpose of the research in recent years was to improve the engine thermal
efficiency and reduce emissions from the combustion of alternative and renewable fuels.
However, the challenging issues in engine operating conditions inspired to retrospectively
investigate the influence of the widely dissimilar physical properties of renewable fuels
such as pure RO on the injection process and the spray macroscopic characteristics to attain
more evidential facts about what qualitative and quantitative changes occur in the spray
development after the start of injection. Comparative evaluation of new data attained
with diesel fuel, pure RO and their blends may put more light on the changes in the spray
macroscopic characteristics due to the higher density, viscosity, and surface tension of RO
under identical injection pressure, back pressure, and the temperature conditions in the
spray chamber with the non-operative environment.

The literature review showed (Table 1) that a greater part of studies continues to
analyze diesel fuel spray characteristics [26-30], and biodiesel [6,12,14,19,31], but only
a few of them were focused on the spray behavior of pure rapeseed oil [7], vegetable oils
and animal fats [11,12]. The injection and spray macroscopic characteristics of RO are still
not fully identified. The high density, viscosity and surface tension of RO may affect the
macroscopic spray characteristics which must be compatible with the combustion chamber
design and operating conditions to verify fuel efficiency and exhaust emissions.

Table 1. Summary of the most important referred literature.

Sr. No Authors Tested Fuels Outcome
Han D. et al. [6],
Payri R. et al. [17], . ce
1. Salvador EJ. et al. [18], Biodiesels S}flzjcts:rf;;teilcsropertles on mjection
Boundy F. et al. [21],
Dernotte J. et al. [22]
Xie H. et al. [14],
Bohl T. et al. [19], .. . -
2. Ghurri A. et al. [20], Biodiesel Effect of fuel properties on spray characteristics
Galle]J. etal. [11]
3 Galle]J. etal. [11], RO, PO, Castor oil, Effect of fuel properties on spray and
’ Das M. et al. [12] sunflower oil atomization characteristics
4. VoijtiSek-Lom M. et al. [7] Crude rapeseed oil B(?ha\'IIOL'lr O.f DF gnd RO in tractor diesel engine
with in-line injection pump
5. Ettl et al. [8] Crude rapeseed oil Diesel engine performance and durability
6. Zhang P. et al. [13] Oxygenated fuels Fuel spray and atomization characteristics

The purpose of the study was to investigate the changes in the fuel mass (volume)
flow rate and the spray macroscopic characteristics such as the spray tip penetration
length, spray cone angle, and spray area for diesel fuel (DF), straight rapeseed oil (RO),
and their blends RO25, RO50 and RO75 injected by different injection pressures into
an optically accessible chamber occupied with pressurized nitrogen gas (Ny) to ensure
a fixed back pressure at an ambient temperature searching for the relationships between the
spray macroscopic parameters and the widely differing fuel physical properties (density,
viscosity, surface tension) under non-evaporating conditions. The injection characteristics
were measured using an injection rate indicator based on the Bosch method and spray
characteristics—using a spray visualization system.
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2. Materials and Methods

This section presents a description of the experimental setup and procedures per-
formed in the experiments. The following methodology, equipment and test procedures
have been used to achieve the purpose of the research.

The measurements of the injection and spray characteristics and data analysis were
performed for normal diesel as the reference fuel (DF), straight rapeseed oil (RO) and
(DF75% + RO25%) RO25, (DF50% + RO50%) RO50 and (DF25% + RO75%) RO75 blends
(by volume). The normal automotive diesel fuel (class 1) used in the study was produced
by the refinery “Orlen Lietuva” and met the quality parameters specified in standard EN-
590:2009 + Al. The composition of the diesel fuel was C/H = 0.8608/0.1299, with a residue
0.0093 containing traces of sulfur and water detected at the refinery’s laboratory. The rape-
seed oil used in the experiments was sourced from the RME production factory ‘Rapsoila’
in MaZeikiai and met the quality requirements specified in standard DIN 51605:2020-11 for
use in agricultural machinery [2]. The elementary composition of RO was as follows: 77.2%
carbons, 11.9% hydrogen and 10.9% oxygen. RO includes complicated long-side chains of
fatty acids. Its density is 10% and surface tension 60.5% higher, respectively, than those of
diesel fuel. The viscosity of RO at 40 °C is even 17.5 times higher than that of diesel fuel.
The main properties of RO, diesel fuel and their blends are listed in Table 2.

Table 2. The main properties of the tested fuels.

Fuel Properties Diesel RO25 RO50 RO75 RO
Density at 15 °C, 1<g/rn3 831.1 851.8 872.5 893.3 914.0
Kinematic viscosity at 40 °C, mm2/s  2.72 5.58 10.62 22.22 47.58
Surface tension, mN/m 36.0 41.2 46.7 52.4 57.8

The miscibility of RO with the diesel fuel is good to produce a stable mixture [32];
therefore, no co-solvents were used to avoid any contributing effect on the macroscopic
spray characteristics. The fuel mixtures were prepared by mechanically mixing diesel fuel
and rapeseed oil in the appropriate proportions.

Figure 1 shows a schematic diagram and photo of the injection rate measuring system
consisting of the fuel injection system and the injection rate measuring system. The fuel
injection system consisted an electrically driven high-pressure pump, a rail, an injector, and
an injection pressure control unit. A standard Bosch solenoid injector (0 445 120 141) with
0.24 mm 6 hole nozzle (DLLA140P1790) was used for this study. The NI PXIe 1062Q) system
with NI-9751 C series module was used as a driver to control the injector’s energizing duration.
The injector was controlled by a peak current of 26.0 A and a hold current of 14.0 A.

The fuel injection rates were measured and analyzed using an injection rate measuring
system based on the Bosch method [33]. The measurement concept is based on measuring
a change in pressure by the fuel injection into a long measuring tube filled with fuel. This
pressure change is proportional to the fuel injection rate:

m = Const-p(t), 1)
_ Atube _ m
Const = P fp(t)dt ()

where

m—mass injection rate;

Aty pe—cross-sectional area of the measuring tube;
a—sound velocity in the fuel;

m—injected fuel mass;

p(t)—pressure variation.
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Figure 1. Schematic diagram and photo of the injection rate measuring systems.

The pressure variation in the tube was measured using a Kistler type 6052C piezo-
electric pressure sensor (Kistler) (measuring range 0-150 bar, <£0.5%) coupled to a Kistler
charge amplifier module 5064. The fuel pressure at the injector inlet was measured using
a high-pressure Kistler Inc. piezoresistive sensor 4067A2000 (measuring range 0—2000 bar,
<£0.5%) the signal of which was being amplified by an amplifier module 4665. Both
amplifier modules were mounted on the signals conditioning platform compact 2854A.
The signals of injector energizing, injection rate, fuel pressure and back pressure were
recorded using an AVL IndiModul 622 data acquisition device. The mass of injected fuel
was obtained from the mean value of 1000 continuous injections measured by a precision
scale Kern 572-31 (weighing capacity 300 g, +0.005 g).

The fuel temperature inside the measurement tube was measured using a Pt100 sensor
(measure range —30—+180 °C, uncertainty £0.8 °C) and controlled within a range of
308 + 5 K. The injection pressure varied from 24 MPa to 80 MPa and the energizing
duration was adjusted to ensure that the same amount of fuel (70 mm?®) was injected,
regardless of the type of fuel (Table 3). The pressure in the measurement tube (back
pressure) was adjusted to 4.0 MPa. The results of 100 consecutive injection cycles were
recorded and averaged for analysis. The average standard deviation of the injection rate is
presented in Table 4.

Table 3. Test matrix for injection rate and spray macroscopic characteristics measurement.

Injector Energizing Duration, ms

Injection Pressure DF RO25 RO50 RO75 RO
24.0 MPa 2.60 2.65 2.80 3.25 3.30
40.0 MPa 1.85 1.50 2.00 2.10 2.20
60.0 MPa 1.35 1.40 1.45 1.55 1.70
80.0 MPa 1.10 1.20 1.25 1.30 1.40

Measurements of macroscopic spray characteristics were performed under non-
evaporating conditions in a specially designed spray chamber (Figure 2). A medium-
pressure stainless steel constant-volume chamber was constructed and produced for this
purpose. The chamber had a diameter of 110 mm and was equipped with an optical
accessible window.
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Table 4. The averaged standard deviation of the injection rate.
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Figure 2. Fuel spray capturing setup and example of captured images sequence.

The spray chamber was filled with inert gas nitrogen (N3) from a high-pressure vessel
to a constant back pressure of 4.0 MPa, which was controlled with a pressure regulator
valve. The temperature inside the spray chamber also was kept at a constant level of 20 °C
to ensure non-evaporating test conditions. After each measurement, the nitrogen was
re-placed to reduce the volume of fuel vapors and thus improve visibility through the
chamber window.

The fuel injection system used in this experiment was similar to that used in the
injection rate measurement system. A National Instrument CompactRIO system with
a real-time controller and necessary modules has been used to control the system and
measure gas parameters. For this purpose, special software in the LabView environment
has been designed and used.

High-speed video camera PHOTRON FASTCAM-1024PCI was used to capture images
of fuel sprays at capturing speed of 18,000 frames per second. The following measurements
were analyzed from the images: spray tip penetration, spray width, and spray cone angle.
The surface area was calculated using these resulting measurements. The analysis of images
and measurements has been produced by the software NI “Vision Assistant 2010”. For
each mode, the images of 10 injections were analyzed. Spray tip penetration was defined
as the distance from the nozzle exit to the furthest point of the spray. The average standard
deviation of the spray tip penetration is presented in Table 5. The spray cone angle was
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defined as the angle formed by two straight lines drawn from the discharge orifice and
touching the first 60% of the spray contour. The spray area was defined as the vertically
projected area of the spray to the plane.

Table 5. The overaged standard deviation of the spray tip penetration.

Standard Deviation, mm

Injection Pressure DF RO25 RO50 RO75 RO
24.0 MPa +1.145 +0.960 +0.665 +0.698 +0.716
40.0 MPa +1.196 +0.864 +1.121 +0.743 +0.785
60.0 MPa +0.826 +0.718 +0.839 +1.094 +0.873
80.0 MPa +0.735 +1.124 +0.824 +0.677 +0.670

The test conditions were like that for injection rate measuring (Table 3).

3. Results and Discussion

In this section, a discussion of the experimental results of a study of injection and fuel
spray characteristics obtained with normal diesel fuel (DF), pure rapeseed oil (RO) and
their RO25, RO50 and RO75 blends are presented.

The structural differences in the RO composition, its high density, viscosity, and
surface tension may affect injection and spray characteristics causing lower injection rate,
poor atomization and uneven distribution of injected oil in a combustion chamber. The
miscibility of straight vegetable oils with diesel fuel is good and all vegetable oils suggested
normal DI diesel engine operation without problems during the short-term experiments [34].
Besides, the use of RO demonstrated better than sunflower and cottonseed oils behavior as
an alternative fuel to DF in the agricultural tractor engine.

3.1. Injection Rate Characteristics

The fuel injection process in a diesel engine plays a crucial role in the in-cylinder
combustible mixture formation, ignition, combustion, and formation of harmful emissions.
Figure 3a,b present the volume (a) and mass (b) injection rates as a function of time after
injector energizing for diesel fuel (DF), fuel blends RO25, RO50, RO75 and pure (100%)
rapeseed 0il (RO). The flow rates of the fuels are recorded for injection pressures of 24.0,
40.0, 60.0 and 80.0 MPa at a constant back pressure of 4.0 MPa and the respective energizing
times selected within an interval of 3.30-1.10 ms to ensure the same fuel volume injected
per cycle.

The peak volumetric injection rates of RO and its blends with DF were lower compared
to diesel fuel. By injection of the same amount of fuel, the peak injection rates of RO were
22.0,20.6,11.3 and 9.1% lower with a group of fuel blends RO25, RO50 and RO75 positioned
in decreasing flow rate order between DF and RO for the injection pressures of 24.0, 40.0,
60.0 and 80.0 MPa, correspondently (Figure 3a). The changes in flow rate, caused by the
widely dissimilar properties of RO, impact the entire injection process. As the injection
pressure increases, the maximum injection rate also increases, and the time to reach the
maximum injection rate was advanced for all fuel tested. A similar effect on the injection
rate of such fuel properties as density and viscosity was also found by other researchers
who studied the characteristics of FAME injection [17,18,21].

As shown in Figure 3, the injection rate of diesel fuel exhibits the steepest rising
slope at the beginning of injection, while RO shows a smoother injection rate shape,
potentially due to their viscosities slowing down the needle lift process, as also observed
by Dong Han et al. [6].
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Figure 3. The fuel volumetric (a) and mass (b) flow rates as a function of time after injector energizing
for injection pressures of 24.0, 40.0, 60.0, and 80.0 MPa.
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All injection delay data fall within a range between 0.3 ms and 0.47 ms. The injection
delay is defined as the time interval between the start of the energizing signal and the
start of fuel injection from the nozzle. It can be seen in the graphs, the diesel fuel portions
appear at first, followed in increasing order by fuel blends RO25, RO50, RO75 and RO
(100%). A trivial decrease is observed with increased injection pressure, as higher fuel
pressure provides a greater force to lift the needle. The actual injection durations for all
tested fuels were approximately 30, 39, 48 and 54% longer than the energizing durations
for the injection pressures of 24.0, 40.0, 60.0 and 80.0 MPa, correspondently. The injection
lasts longer than the control pulse because, after the control valve closes, it takes some
time for the fuel to fill the control chamber and generate enough force to press the nozzle
needle to the seat. This delay is influenced by the fuel’s density and viscosity as well as the
injection pressure.

It is important to stress that the impact of cavitation on internal flow and fuel flow rate
may be less damaging when using dense and viscous vegetable oil rather than diesel fuel.
Lamoot et al. [35] reviewed literature from the past fifty years and highlighted the positive
role of biofuels as a solution against the cavitation phenomenon. The higher viscosity of
biofuels reduces the harmful effects of cavitation inside the injectors, allowing them to
avoid significant damage and malfunctions. Consequently, the negative effect of cavitation
on the flow within the injector, spray formation, and atomization of vegetable oil might be
less critical, even for a cylindrical nozzle’s hole.

Although the density of rapeseed oil is higher than that of diesel fuel (Table 2), the
latter exhibits a higher mass injection rate than RO at lower injection pressures of 24.0 and
40.0 MPa, at the very least. The maximum mass flow rate of RO remains still 13.9% and
12.8% below that of diesel fuel at injection pressures of 24.0 and 40.0 MPa, respectively. The
difference is clearly visible at the maximum flow rates when the needle is fully open, and
the injection process is stable. This phenomenon makes a difference associated with the
results obtained by Payri et al. [26] where the maximum mass flow rate of diesel fuel was
approximately 6-7% higher than gasoline, which is the same value as the squire root of
the densities. It should be noted that in that study the maximum injection pressures were
1200 and 1800 bar and, therefore, the effect of density, which was 13.6% higher than that of
gasoline, on the mass flow rate could be relatively greater.

As could be expected (Figure 3b), the differences in maximum mass flow rates between
diesel fuel, rapeseed oil and fuel blends become negligible at the higher injection pressures
of 60.0 and 80.0 MPa due to the roughly 10% higher density of RO, which compensates for
the lower volumetric flow rate. In fact, the higher the injection pressure, the greater the
average values of volumetric and mass flow rates, as the needle-valve returns to the seat
more quickly and the time available to inject the same fuel quantity becomes extremely
limited (Figure 3a,b).

3.2. Spray Characteristics

Figure 4 shows the spray tip penetration of diesel fuel, rapeseed oil and the three
DE-RO blends for different injection pressures of 24.0, 40.0, 60.0 and 80.0 MPa at a constant
(4.0 MPa) back pressure in the spray chamber (not all points are plotted for better distinction
of the curves). The time scale represents the time after the start of energizing, as such
a technique allows for superimposing the start of injection (SOI) of all the fuels, regardless
of whether the hydraulic delay of each fluid is dissimilar [26]. As the study intends to
show the differences in spray tip penetration (STP) and cone angle caused by the vastly
different physical properties of the fuels, the spray macroscopic characteristics for all the
injection pressures start at the SOI point. As a result, the small hydraulic delay between the
energizing impulse and the onset of spray tip penetration is not depicted on the graphs.
Because all characteristics are time-adjusted and the first droplets of each fuel appear
simultaneously, applying such a technique simplifies the data analysis.
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Figure 4. The spray tip penetration as a function of time after the start of injection.

Analysis of the data showed that at the beginning of injection, the spray tip penetration
of all tested fuels is nearly identical. Galle et al. [11] tested the penetration of diesel and
biodiesel and also revealed that during the early stages of spray formation, the penetration
is quite similar for all fuels. One millisecond after the start of injection, the spray tip
penetration was 26.9, 25.5, 14.0 and 7.4% longer for pure RO than for diesel fuel at the
respective injection pressures of 24.0, 40.0, 60.0 and 80.0 MPa. The RO spray develops
faster than that of the diesel because RO is dense and viscous, resulting in a larger droplet
diameter and higher momentum to penetrate the compressed ambient gas. The spray tip
penetrations of fuel blends RO25, RO50 and RO75 were in decreasing order between DF
and RO (Figure 4). Whereas, as both the injection rate and the spray development increased
at an injection pressure of 80.0 MPa, the changes in the spray tip penetrations diminished,
making it difficult to detect significant differences in the spay development of various
fuel blends.

Figure 5 illustrated the spray evolution process of all tested fuels at two injection
pressures. It can be seen that the difference in spray tip penetrations of the tested fuel jets
is more noticeable at lower pressure. Additionally, it can be observed that the spray cone
angle decreases with increasing rapeseed oil content in the fuel.

The test results indicated that rapeseed oil, having the highest density among the
tested fuels, achieved the longest spray tip penetration. However, as a trade-off, it produced
the smallest spray cone angle, which may result in a more unevenly distributed air-oil
mixture in the chamber (Figure 6).
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Figure 5. Spray evolution of diesel fuel, rapeseed oil and its blend: (a) at 40.0 MPa injection pressure
and 2 ms after the start of injection; (b) at 80 MPa injection pressure and 1 ms after the start of injection.
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The spray cone angle of rapeseed oil at 1 ms after the start of injection was 17.6°,
which is 1.6 times smaller than the 28.2° diesel fuel produces for the injection pressure of
24.0 MPa (Figure 6). Spray angles developed within 0.5 to 1 ms after the SOI for fuel blends
RO25, RO50 and RO75 were also in increasing order 6.4%, 13.5% and 20.2% lower than the
diesel fuel develops under identical injection conditions. The smaller spray angle of RO
with larger (viscosity, surface tension) and heavier (density) droplets experienced lower
deceleration and produced higher momentum to overcome back pressure (Figure 4). There-
fore, penetration length increased while the spray cone angle decreased with increasing
RO content due to the higher density and viscosity of fuel blends causing poor atomization.
Bohl et al. [18] study on spray characteristics of hydrotreated vegetable oil and vegetable oil
methyl esters shows a similar effect of fuel density on spray cone angle. After reaching the
maximum during the early injection stage, the spray cone angle of all tested fuels slowly
decreases and then remains stable.

Even though the differences in the spray macroscopic characteristics diminish with the
injection pressure increased to 40.0, 60.0 and 80.0 MPa, the spray cone angles of diesel fuel
were high enough while the respective angles of viscous RO were 50.1%, 37.3% and 31.7%
lower in a time interval from 0.5 to 1 ms after the start of injection, with spray cone angles
of fuel blends distributed between them. A study on the effect of physical properties of
residual fuel oil (RFO) on the spray parameters also showed that the relationship between
the viscosity and spray cone angle is inversely proportional at higher viscosity values
and increases monotonously within the range of diesel fuel at lower viscosity values [15].
The spray angles become smaller for a time longer than 1 ms and the differences in the
cone angles between the fuels of various origins diminish to some extent, along with the
disintegration of the spray occurring earlier after the SOI at the higher injection pressures.
In the steady-state spray angle, the differences diminish and when the injection pressure is
sufficiently high, the spray angle no longer depends on the injection pressure [11].

Figure 7 presents the projected spray area as a function of the spray length of diesel
fuel (DF) and rapeseed oil (RO) for all injection pressures of 24.0, 40.0, 60.0 and 80.0 MPa at
a back pressure of 4.0 MPa in the spray chamber. The larger the spray area of the fuel, the
better the air-fuel mixing quality would be expected with a more widely distributed plume
of fuel droplets and thus fuel-efficient and clean combustion. Although the spray area
generally demonstrates a linear trend as a function of time for all the fuels [19], to emphasize
the difference, the spray area per injected mass is consistently lower for rapeseed oil than
for lighter diesel fuel produces at the same spray tip penetration length. Consequently, the
test results confirm that rapeseed oil has poorer air-fuel mixing quality than conventional
diesel under the same injection conditions.
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Figure 7. Spray area as a function of the spray length.

The spray area difference for the same spray length between diesel fuel and rapeseed
oil is greater at higher injection pressure at constant back pressure (4.0 MPa) and the
temperature (293 K) in the chamber. The spray area for diesel fuel is less dependent on the
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injection pressure difference and remains within a narrow variation range of 460-500 mm?
for the same (50 mm) penetration length, while the spray plume area for RO is consistently
(31.8-20.0%) lower and changes within a wider range of 300-400 mm? under identical test
conditions. The results obtained confirm that the spray cone angle is a crucial factor since,
for diesel fuel, it is consistently higher, and the spray area is also larger than that of RO for
the same spray tip penetration developed under non-evaporating conditions. Therefore, it
can be assumed that rapeseed oil and its blends with diesel tend to produce poor initial
air-fuel mixture distribution, resulting in a lower fuel portion premixed for ignition and
rapid premixed combustion compared to conventional diesel fuel.

4. Conclusions

In this study, the injection processes and spray behavior of diesel fuel, rapeseed
oil and their fuel blends have been qualitatively and quantitatively analyzed to identify
the differences in the injection rate and the spray parameters. The volumetric and mass
injection rates, the spray penetration, the spray cone angle, and the spray area under
non-evaporation conditions in a nitrogen-filled camber were analyzed. The following
conclusions can be drawn from this investigation:

1.  Compared to diesel fuel, the peak volumetric injection rate of rapeseed oil was 22.0,
20.6, 11.3 and 9.1% lower by injection of the same amount of fuel at the injection
pressure of 24.0, 40.0, 60.0 and 80.0 MPa, correspondently. Moreover, rapeseed oil and
its blends with diesel fuel show a slower rise in the volumetric injection rate after the
start of injection caused by its higher density and viscosity. Despite the higher density
of rapeseed oil and its blend with diesel fuel, at low pressure, their mass flow rates
remain lower than that of diesel fuel. The differences in maximum mass flow rates
between diesel fuel, rape-seed oil and fuel blends become negligible at the higher
injection pressures of 60.0 and 80.0 MPa due to about 10% higher density of RO that
compensates for the lower volumetric flow rate.

2. The spray development of RO demonstrates 26.9, 25.5, 14.0 and 7.4% longer tip
penetration than diesel fuel at the injection pressures of 24.0, 40.0, 60.0 and 80.0 MPa
after the same time after the start of injection (1 ms). The spray tip penetrations of the
fuel blends RO25, RO50 and RO75 were arranged between the values of DF and RO. As
the injection pressure increases the differences in the spray tip penetrations diminish.

3.  The spray cone angle of RO was 61.4%, 50.1%, 37.3% and 31.7% smaller than diesel
fuel develops for the injection pressures of 24.0, 40.0, 60.0 and 80.0 MPa in the spray
chamber. The fuel blends suggest smaller cone angles than diesel. The spray cone
angles increase to maximum just after the start of injection and then decrease and
stabilize around lower values.

4. The spray area of RO is always 32.0-20.0% lower than that of diesel fuel and varies
within a wide range of 300 to 400 mm? while the spray area of diesel fuel less depends
on the variation of injection pressure from 24.0 to 80.0 MPa and changes within
a narrow range 460-500 mm? for the same spray tip penetration of 50 mm. A smaller
spray area would be expected to provide a poor distribution of RO droplets.

The noted changes in the spray macroscopic characteristics of pure rapeseed oil and
its blends with diesel fuel can be reasonably applied to sunflower, cottonseed and other
vegetable oils since their physical properties do not differ much from those.
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Abbreviations

The following abbreviations and acronyms are used in this manuscript.
CO, Carbon dioxide
GHG  Greenhouse Gases
FAME Fatty Acid Methyl Esters
LCA Life Cycle Assessment
DF Diesel Fuel
RO Rapeseed Oil
RO25  75% Diesel Fuel + 25% Rapeseed Oil
RO50  50% Diesel Fuel + 50% Rapeseed Oil
RO75  75% Diesel Fuel + 25% Rapeseed Oil
SOI Start of Injection
STP Spray Tip Penetration
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