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Abstract: The presented paper aims to study the influence of mineral diesel fuel and synthetic Gas-
To-Liquid fuel (GTL) on the injection process, fuel flow conditions, and cavitation formation in a
modern common-rail injector. First, the influence on injection characteristics was studied experi-
mentally using an injection system test bench, and numerically using the one-dimensional compu-
tational program. Afterward, the influence of fuel properties on internal fuel flow was studied nu-
merically using a computational program. The flow inside the injector was considered as multiphase
flow and was calculated through unsteady Computational Fluid Dynamics simulations using a Eu-
lerian—Eulerian two-fluid approach. Finally, the influence of in-cylinder back pressure on the inter-
nal nozzle flow was studied at three distinctive back pressures. The obtained numerical results for
injection characteristics show good agreement with the experimental ones. The results of 3D simu-
lations indicate that differences in fuel properties influence internal fuel flow and cavitation incep-
tion. The location of cavitation formation is the same for both fuels. The cavitation formation is
triggered regardless of fuel properties. The size of the cavitation area is influenced by fuel properties
and also from in-cylinder back pressure. Higher values of back pressure induce smaller areas of
cavitation and vice versa. Comparing the conditions at injection hole exit, diesel fuel proved slightly
higher average mass flow rate and velocities, which can be attributed to differences in fluid densities
and viscosities. Overall, the obtained results indicate that when considering the injection process
and internal nozzle flow, GTL fuel can be used in common-rail injection systems with solenoid in-
jectors.

Keywords: nozzle flow; cavitation; multiphase flow; synthetic fuel; diesel injection; transient simu-
lations

1. Introduction

The transport sector in the European Union (EU) consumes one-third of the total pri-
mary energy and accounts for one-fifth of total EU Carbon Oxide emissions [1,2]. The
combustion of petroleum-based fuels powers most of today’s transport sector and is
mainly responsible for the high pollution in this sector [3]. The use of biofuels is consid-
ered a medium to a long-term alternative to petroleum-based fuels, which can reduce
harmful emissions from the transport sector. Most of the biofuels used in the EU are mixed
with conventional fuels in smaller ratios. Their usage is also promoted by the European
Union, which predicts that, in 2020, 10% of petroleum-based fuels should be replaced by
biofuels [4]. The first generation of biofuels produced from rapeseed, cooking oil, animal
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fat, etc., represented the majority of biodiesel used in the EU in 2016 [5]. In the recent
decade, a lot of research work was done on second-generation biofuels, which are com-
pared to first-generation biofuels produced from non-edible biomass sources [6]. Much
investigation has also focused on the development of synthetic fuels [7]. Their usage in
compression ignition engines can also contribute to emission reduction in the transport
sector [8] and increase the combustion efficiency [9].

The efficiency of combustion in modern diesel engines depends heavily on the fuel
injection parameters, the fuel atomization process, the fuel properties and other related
parameters. In order to improve those processes, injection pressure in modern compres-
sion ignition engines was increased to 2000-2500 bar, and multiple injection processes per
cycle are being used [10-12]. These strategies resulted in an increased number of injection
holes with a smaller diameter, which, combined with high injection pressure, can create
flow conditions that promote cavitation formation. The cavitation can have a negative ef-
fect on fuel injector parts since it induces cavitation erosion. Nevertheless, it can be bene-
ficial for the fuel spray atomization process [13-16].

In recent decades, numerical models have undergone great development. Using
modern, numerical programs, experimental testing can be replaced with numerical exper-
iments in several research and engineering fields [17].

The influence of fuel properties and engine operating conditions on in-nozzle cavita-
tion and the spray break-up processes can be studied experimentally and/or numerically.
Due to its tiny dimensions, experimental observations of flow characteristics inside the
injector nozzle are usually performed using large scale optical nozzle models. These mod-
els allow easier observation, but the results can differ from real-sized injector nozzles
[18,19]. In these studies, the similarity flow in real size and scale-up nozzles is usually
achieved based on dynamic flow similarity based simultaneous on the Reynolds and cav-
itation number. The problem in large scale models is with cavitation phenomena at the
microscale of cavitation bubble dynamics (bubble formation and development). Since this
effect is related to the number of cavitation bubbles which further coalesce and form the
cavitation structures (clouds), it is dependent on nozzle size and can differ in real size
nozzles and large scale nozzles (models). The X-ray phase-contrast imaging technique and
X-ray tracer imaging methods can be used to monitor real conditions during the injection
process using petroleum-based fuels [20]. All the presented experimental methods are ap-
propriate for monitoring flow conditions and cavitation inside the injector nozzle, but
they are usually related to high costs of experimental equipment and long measurement
procedures in the case of studying several fuels and operating regimes.

These disadvantages can be overcome by the use of 3D numerical simulations, which
are performed using Computational Fluid Dynamic (CFD) programs like ANSYS CFX,
ANSYS FLUENT, OpenFOAM, AVL FIRE, etc. Similar to X-ray imaging methods, these
programs allow us to determine fuel flow conditions like velocity, cavitation inception,
etc., in a non-intrusive way. When using numerical simulation, RANS, LES, or DNS ap-
proaches can be used [21]. Simulations can be performed at fixed or transient needle po-
sitions. Since the injection times are very short, the transient needle movement and tran-
sient conditions inside the injector are dominant. Needle movement during the injection
process should be considered in the simulations to predict the transient conditions accu-
rately. Numerical methods have been used and validated as a promising tool for studying
flow conditions with cavitation inception in a fuel injector in several studies [12,13,21-25].

Modern compression ignition engines are very complex systems. Before using a new
fuel or biofuel as a substitute or as an additive to conventional fuels, extensive testing
must be done in several research and development areas, since differences in fuel proper-
ties can influence fuel injection processes, fuel combustion processes, obtained engine
characteristics, and emission formation [26,27]. The presented work focuses on the re-
search area of fuel injection.

Several studies have also discussed the influence of fuel properties on the cavitation
formation inside the injection nozzle and on the conditions at the injection hole outlet. Yu
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et al. [28] numerically studied the influence of gasoline, diesel, wide distillation fuels, and
kerosene on internal nozzle flow, spray formation, combustion, and emissions character-
istic. The numerical studies of internal nozzle flow were made for one nozzle injection
hole using the RANS approach at a constant needle position and different injection pres-
sures. From the obtained results, they concluded that a lower fuel kinematic viscosity
leads to higher values of Reynolds number, which causes higher turbulent kinetic energy
and higher velocity of fuel flow. This correlation between lower viscosity and higher fuel
velocity was also found in the study of Battistoni et al. [23], where the influence of Soybean
oil methyl ester biodiesel and diesel on inner nozzle flow and spray atomization was stud-
ied. Again, the RANS approach was used for studying the conditions inside the injector,
but transient needle movement of Bosch CRI1 common-rail injector was considered. To-
relli et al. [29] used the RANS approach with the standard k-e turbulence model and tested
the behavior of two gasoline-like fuels, and n-Dodecane fuel in internal nozzle flow at
constant injection pressure and transient needle lifts. They also concluded that lower vis-
cosities promote higher fuel velocities. Higher fuel velocities lead to an increase in fuel
mass flow rate inside the injector or at the injector outlet [23,28-30]. Rapid changes in fuel
flow and high fuel velocities significantly influence pressure variations inside the injector.
This can cause the immediate pressure to drop to almost 0 Pa, which lowers the impact of
different fuels saturation pressures on cavitation formation [23]. The amount of cavitation
fraction also depends on the difference between injection and in-cylinder pressure [28].

This brief literature review shows that no extensive studies were made about the in-
fluence of GTL fuel and its properties on conditions inside the injector. We also did not
find any studies regarding the influence of in-cylinder back pressure on GTL fuel flow
conditions and fuel atomization.

To fill this gap, the objectives in this study are to study the influence of GTL fuel
properties on the injection process, fuel flow conditions, and cavitation inception in a
modern common-rail injector. The study was performed on a Denso solenoid injector
taken from a commercial NISSAN YD1-K2-Type engine. Conventional mineral diesel fuel
and synthetic GTL fuel, produced from natural gas, were tested. Their influence on the
injection process was tested experimentally and numerically using the 1D AVL Hydsim
program at 60 bar of in-cylinder back pressure. The influence on cavitation inception and
fuels flow conditions was tested using a 3D computational program AVL FIRE. Using this
program, transient simulations, considering needle movement during injection of each
fuel, have been carried through the RANS approach, standard mathematical, and turbu-
lence models implemented in commercial software. Different ambient pressures of 40, 60,
and 80 bar were applied at the injection nozzle outlet in order to extend the work and
study the effect of in-cylinder back pressure on conditions inside the injection nozzle.

The obtained results indicate that differences in GTL fuel properties and in-cylinder
back pressures influence flow conditions and cavitation inception inside and at the outlet
of the common-rail solenoid injector. These differences can have a potential influence on
further processes in the combustion chamber of direct injection diesel engines. The possi-
ble influence of GTL fuel on fuel atomization, combustion, and emission formation will
be discussed in the conclusion section.

2. Tested Fuels

Two different fuels were used in the presented paper. Neat diesel fuel was supplied
by REPSOL Co., (REPSOL, Madrid and Spain) which did not contain any biodiesel, de-
noted as D2. GTL fuel was provided by SASOL Co. (SASOL Limited, Johannesburg and
South Africa) and was produced from natural gas through the Fischer Tropsch process at
a low temperature, denoted as GTL. The tested fuel properties are presented in Table 1.
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Table 1. Tested fuel properties [31].

Properties Diesel GTL
Density at 15 °C (kg/m?3) 813 771.4
Kinematic Viscosity at 40 °C (cSt) 2.01 2.57
Lubricity (um) 334 353
Lower calorific value (M]/kg) 43.13 43.86
C (% w/w) 85.74 84.82
H (% w/w) 14.26 15.18
O (% w/w) 0 0
Molecular weight (g/mol) 187.4 238.9
Cetane number 65.36 >73
Saturation pressure (Pa) 1000 200
Density at 15 °C (kg/m?) 813 771.4

3. Experimental Set-Up

This section presents the experimental setup and the methods used to obtain the ex-
perimental data. A solenoid operated Denso injector model 7H150 with 7 injection holes
has been used in this work. All injection holes were the same, each with 150 um diameter
and 760 um length. An X-ray scanner NIKON model CT-SCAN-XT-H-160 has been used
to identify the injector nozzle geometry.

The experimental measurements of fuels injection rates, signals of injector energiz-
ing, and total injected fuel mass were performed on the injection system test bench. The
injection rate indicator IAV model EVI2 K-00-49 was used for the determination of exper-
imental fuel injection rates. The signals of energizing times (ET) for the solenoid valve of
the used injector were measured using an AC/DC current clamp Hantek® CC 65. The total
injected fuel mass was measured by a gravimetric balance KERN PEB 3000-2. A schematic
diagram of the experimental setup can be seen in Figure 1.
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Figure 1. Schematic diagram of the experimental setup.

The operating engine mode selected to obtain the experimental data was 1700 rpm of
engine speed and 110 Nm of load. The engine operating parameters used in the experi-
mental set-up are presented in Table 2. When the engine runs at this operating mode, it
produces two injections (one pre-injection and one main injection). However, in this
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study, only the main injection process has been considered. A detailed description of the
experimental work and experimental set-up is presented in references [31,32].

Table 2. Operating parameters.

Engine Speed Injection Pressure ET (ps)
Fuel T N Poack (b
e (rpm) orque (Nm) (bar) Pre-Injection Main Injection bece (bar)
Diesel 845
GTL 1700 110 820 340 500 60

4. Numerical Models

The influence of D2 and GTL fuel properties on the injection process was studied
using the 1D AVL BOOST Hydsim computational program, where the whole injector,
with the solenoid valve, was modeled. Numerical simulations of fuel flow and cavitation
inception in the injection nozzle tip were performed using the 3D computational program
AVL FIRE v2018. Table 3 shows the operating conditions used in numerical simulations.

Table 3. Operating modes used in numerical simulations.

Torque Injection Pressure

Model Fuel Engine Speed (rpm) (Nm) (bar) Prack (bar)
Diesel 845
1D CTL 1700 110 820 60
Diesel 845
3D GTL 1700 110 820 40/60/80

4.1. 1D Model

The 1D model of the whole injector was divided into several parts, as presented in
Figure 2. The first part (a) shows pressure input, where the injection pressure was speci-
fied for each fuel. The defined injection pressures were 845 bar for diesel fuel and 820 bar
for GTL fuel, respectively. The difference in injection pressures results from the experi-
mental set-up, where some parameters of the injection process were optimized for the
need to operate the test engine at the desired speed of 1700 rpm and the load of 110 Nm.
The second part (b) is the injector body with all bores for fuel flow, needle, control piston,
spring, injection orifice, and return line. The third part (c) presents a solenoid valve that
contains inlet and outlet orifices, volumes, and a mechanical connection. The pulses for
the opening of the solenoid valve, taken from experiments, were defined here. The in-
cylinder pressure was set in the fourth part (d). The assigned value was 60 bar, which
coincides with the experimental set-up. The last part (e) represents the fuel return line to
the fuel tank.
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Figure 2. 1D Model of tested injector. (a) Rail Pressure; (b) Injector Body; (c) Solenoid Valve; (d) In-Cylinder Pressure; (e)
Return line the fuel tank.

The 1D Hydsim program was used to test the influence of fuel properties on the in-
jection process, and to obtain the required needle lift data for each fuel, which was neces-
sary for further simulations in the FIRE computational program. More information about
the program and the models implemented in the program can be found in [33].

4.2. 3D Model

The 3D numerical model was made for one half of one injection hole, which is one-
fourteenth of the whole injection nozzle tip since it consists of seven injection holes. Figure
3 shows the computational mesh of the fuel injector and its 3D model.



Energies 2021, 14, 452 7 of 21

Injector nozzle Injector nozzle cross section Nozzle computational mesh

Inlet

Injector body Iniector peedle

Injector body

Symmetry plain

Outlet

Simulated section

Outlet
Figure 3. Injector muzzle model and computational mesh in the nozzle.

4.2.1. D Model Validation

To perform the numerical simulation, the domain has to be discretized. Since the
mesh density and time steps influence the results of transient numerical simulations, the
mesh and time independence test were made for validating the numerical model. The
independence test has also validated the suitability of the selected computational mesh
and time steps for further studies. The mesh and time independence studies were made
using diesel fuel properties, diesel fuel needle lift and 60 bar of in-cylinder back pressure.

4.2.2. Mesh Independence

The mesh independence test was carried out in order to select the optimal mesh and
to ensure the independence of the obtained numerical results. Three different meshes with
different mesh element densities were made and tested. The number of elements of each
mesh is presented in Table 4. When selecting values of time steps for the mesh independ-
ence test, we have followed the recommendation for time step values given in [23]. The
results obtained using the three tested meshes are illustrated in Figure 4a.

Table 4. Approximate number of tested meshes elements for mesh independence study.

Parameter Mesh 1 Mesh 2 Mesh 3
Number of elements (millions of Hexcell ele- 01 05 1
ments)

The results obtained from the mesh independence test, Figure 4a, indicate that all
three tested meshes calculate a very similar fuel mass flow rate. When comparing the ex-
perimental and numerical results of total injected fuel mass calculated using different
meshes, only small differences in results were obtained. The difference between injected
fuel masses calculated using Mesh 1 and experimental results are 3%, between Mesh 2,
and experiment 1% and 2% between Mesh 3 and experimental results. The medium-sized
mesh, Mesh 2, with 0.53 million of Hexcell elements, was the selected mesh for further
work.
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Figure 4. Results of the mesh independence study (a) and results of the time independence study (b): Evolution of mass

flow rate over time.

4.2.3. Time Independence

The time independence study was made only for the selected computational mesh
(Mesh 2). The chosen time steps were ten times smaller and ten times larger than in the
case with medium time steps. The time steps for the medium case were selected according
to the recommendation provided in [23]. Table 5 shows all tested time steps. The start time
steps were smaller than at the end in order to obtain good convergence.

Table 5. Time steps for time independence study.

Time (s) Big Medium Small
Start 2.5x107 2.5x108 2.5x10°
End 5x 106 5 x 107 5 x 10-8

The diagram presented in Figure 4b shows the results of the time independence study
for different time steps. From the results, a slight influence of time step on fuel mass flow
rate at nozzle exit can be observed. When comparing the numerical results of total injected
fuel mass per cycle with experimental results we obtained only a small difference in total
injected fuel mass. The difference when using big time step is 1.6%, 1.1% when using me-
dium time steps, and 0.8% when using small time steps. According to the presented com-
parison, medium time steps give results with good accuracy in reasonable computational
times; therefore, they were selected for further work.

4.2.4. Simulation Set-Up

The physical total time of simulations was equal to the total times of injection. For
diesel fuel, it was set to 1.26 ms and for GTL fuel to 1.16 ms. The time steps of simulations
ranged from 2.5 x 108 s to 5.0 x 107 s and were selected according to the previously pre-
sented time independence study. The smaller time steps were used at the start of simula-
tions to obtain good convergence. At the inlet and outlet boundary, pressure values were
specified. The inlet pressure values correspond to the injection pressures presented in Ta-
ble 3, which also provides the values of back pressure (prack) used. The symmetry bound-
ary condition was used on the two sides of the injector mesh. The properties of the used
fuels, presented in Table 1, were implemented in the AVL FIRE program.

The transient needle movement was considered during the simulations. The needle’s
position during the injection process was determined from the results obtained with the
AVL BOOST Hydsim program at 60 bar of in-cylinder back pressure. At the beginning of
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the simulations, the needle was not fully closed. This allowed us to avoid zero thickness
cells and define the computational mesh in the area between the needle and the injector
body. The minimal distance between the needle and the injector body was 20 um. A sim-
ilar approach was proven to give good results in [23,34].

In order to reduce the time of numerical simulation, the start of needle lift was used
as the start of simulations in the AVL FIRE program. The curves of needle lift for each fuel
were the same for all selected values of in-cylinder back pressure. This allowed us to study
only the influence of back pressure on the conditions inside the injection nozzle without
additional variables.

4.3. Mathematical Models

Three different approaches are commonly used when simulating cavitation flow
within nozzle holes. These approaches use the homogeneous flow approach, the volume-
of-fluid approach, or the two-fluid approach. The two-fluid model approach calculates all
conservation equations for each phase, while the other two approaches calculate the vol-
ume fraction of each phase and solves only single momentum or enthalpy equations [35].
As shown in [36], the two-fluid model approach gives a detailed description of the flow
in less computational time. According to this, the two-fluid model, integrated into the
used FIRE software, was used in the presented study. Some of the important models’
equations are presented in this paper. A detailed description of the models can be found
in [35].

The energy equation was used to include the influence of density changes on the flow
field. The governing mass, momentum, and energy conservation equations, based on
Reynolds averaged Navier-Stokes (RANS) equation, can be written as follows:

2

daypy
T + V- apprvy = Z Ty 1)
I=T,i%k
2 2
+ Vo appe vy = = Vp + V- g (ty + 73) + aepreg + v Z Dy + Z My, 2)
1=1,1%k 1211k

2 )

2
nr 19p
= V- (qr + qi) + awprqi’ + axprf v + V- ap(ty + 7)) v + ak%"' Z Hy, + Z hy T

1=1,l#k l=1,l#k

where k equals 1 for the pure gas phase and 2 for the pure liquid phase only. v, and p,
are the velocity and density at phase k. [}; denotes the interfacial mass transfer between
phases k and [, 7, represents the shear stress, and tj, the Reynolds stress at phase k.
My, is the interfacial momentum transfer and Hy; is the interfacial energy transfer be-
tween phases k and L. a is the volume fraction of phase k. g is the heat flux, qj is

the turbulent heat flux, and g;'0 the enthalpy volumetric source. The sum of volume
fractions is calculated using Equation (4) as:

Timae =1, 4)

The Tait equation (Equation (5)) was used to calculate the changes in fuel density at
high pressure, where p,.; and p,.; denote the reference density and pressure. B and n
are empirical constants.

pr= pref pref +B
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The interfacial mass exchange was calculated using linear cavitation as follows in
Equation (6), where N is the bubble number density, R is the mean bubble radius in the
cavitation region and R is the change rate of bubble radius. The linear cavitation model
predicts that the governing force for mass exchange is the pressure difference between
phases.

Ti, = paN""4mR*R = Ty, (6)

In the present work, the turbulence modeling was done using a standard k- turbu-
lence model. The model was selected based on works presented in [21,25,29,34]. Hybrid
wall treatment, suitable for all y+ values, was used to compute the near wall region’s tur-
bulent flow.

Additional interfacial momentum exchange was considered in the simulations. The
model was used to take into account the effect of drag and turbulence dispersion, while
inertia and lift effects were neglected. More about the used model can be found in [35].

5. Discussion

The influence of the physical-chemical properties of the tested fuels and in-cylinder
back pressure on the injection process, in-nozzle flow, and cavitation inception was tested
in the presented paper. The study was made numerically, using a modern injector with a
solenoid valve taken from the common rail injection system of a Nissan diesel engine.
First, the influence on the injection process was tested numerically, using the one-dimen-
sional program, and then experimentally. The obtained results were used further for
three-dimensional simulations, where we used only one-fourteenth of the whole injection
nozzle tip and considered transient needle motion during the injection process. In the fol-
lowing chapters, only the most relevant results are presented at different times of the in-
jection process.

5.1. Influence on Injection Process

In the presented study, only the main fuel injection, without pre-injection, was mod-
eled. The results of numerical simulations (NS) were compared to the experimentally ob-
tained results (EXP). The results of fuel mass flow rates and needle lifts are presented in
Figure 5.

0.2
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NS D2 0.16

0.14 f\
'€0.12 l \
: [\

£ 0.1
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Figure 5. Influence on injection process: (a) Experimentally and numerically obtained fuels mass flows for a whole injector:
Evolution of mass flow rate over time; (b) Numerically obtained needle lift for D2 and GTL fuels.
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The results regarding fuel mass flow, Figure 5a, show that the Hydsim program pre-
dicts slightly higher maximal values of fuel mass flows for diesel (NS D2) and GTL (NS
GTL) fuels. Hydsim also over predicts the total time of injection slightly, so, by the end of
the injection process, we have higher values of fuel mass flow compared to the experi-
ment.

The injection duration of diesel fuel is longer compared to GTL fuel. The reason for
this is the longer energizing time of the solenoid valve when diesel fuel is used. These
experimental results were obtained from a Nissan engine, where injection duration was
optimized in order to operate the test engine at the desired engine speed and load. The
numerically calculated start of injection was at 2.78 ms for diesel fuel and 2.8 ms for GTL
fuel. In the experiment, the injection of both GTL and D2 fuel started at 2.82 ms. The du-
ration of the numerically obtained injection process for D2 and GTL fuels is 1.26 ms and
1.16 ms, respectively. The total injection duration during the experiment was 1.07 ms for
D2 and 1.01 ms for GTL fuel.

In order to consider dynamic needle motion in the 3D simulation, we require needle
lift in each time of the injection process. The obtained needle lifts for diesel and GTL fuels
are presented in Figure 5b. A clear connection between needle lift and mass flow rate can
be seen from the results. A start of needle lift for D2 fuel is a little advanced compared to
GTL fuel, which influences on advanced diesel fuel injection (mass flow). The gradient of
the GTL fuel needle lift is steeper shortly after the injection start, which leads to higher
needle lift for GTL fuel at around 3 ms and causes higher GTL fuel mass flow at the same
time of injection.

The time at needle lift start for each fuel was taken as the initial time for 3D simula-
tions. As there is no injection process or internal fuel flow before this time, there is no
point in simulating when the needle is closed.

The higher value of diesel fuel density, compared to GTL fuel, slightly increases its
fuel mass flow obtained numerically and experimentally. This fact affects the total injected
fuel mass per injection cycle further, as presented in Figure 6.

30
9 s
> m
> .
g 20 - -
2 -
g 15 - " BD2
3 e mGTL
g 10 e
: e
g 5 e
- e

0 -

NS

Figure 6. Numerically and experimentally obtained results of total injected fuel mass per cycle.

The numerical and experimental results of injected fuel mass presented in Figure 6
show higher injected mass for diesel fuel. This is a result of the higher maximal values of
diesel fuel mass flow due to higher diesel fuel density. Numerically obtained values of
injected fuel masses are approximately 10% higher than experimental values. This is a
consequence of a longer injection duration predicted by the numerical Hydsim program.

The comparison of fuel mass flows and total injected fuel masses show good agree-
ment between numerical and experimental results, which indicate that results from the
BOOST Hydsim program (needle lift) can be used for further research.
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5.2. In-Nozzle Flow and Cavitation Inception

In the following sections, only the most relevant results are presented at different
times of the injection process. The results are divided into two sub-sections. First, the in-
fluence of fuel properties on flow characteristics is discussed at 60 bar of in-cylinder back
pressure. The influence of in-cylinder back pressure was tested in the following step.

5.2.1. Influence of Fuel Properties

The influence of fuel properties on fuel flow condition and cavitation inception inside
the injector was studied numerically. When fuel flows through the injector it undergoes
significant changes in flow direction, which causes fluctuation in velocity and pressure.
This further influences the formation of cavitation. There are two regions inside the injec-
tor where most of the cavitation structures are formatted. The fuel undergoes the most
significant changes in flow direction when it flows into the injection hole. This change in
flow direction causes the formation of an area with very low pressure at injection hole
entry, marked in Figure 7. Because the pressure at the nozzle exit is usually lower than
the fuel pressure inside the injector SAC volume and inside the injection hole, the formed
cavitation structures travel with the fuel flow and stretch throughout the injection hole
towards the nozzle exit denoted with S1 at Figure 7. The second area of cavitation for-
mation is in the space between the injector needle and the injector body, which is very
narrow when opening and closing the needle. Since the most significant area of cavitation
formation is at the fuel entry to the injection hole, the second area was not studied in the
scope of the work presented in this paper. The schematic presentation of the injection hole
entry and different locations inside the injection hole are presented in Figure 7.

Entry to the injection hole

Injection hole

=y,

SAC volume

Figure 7. Schematic presentation of injection hole, nozzle SAC volume and location (slices) for
presentation of results inside the injection hole.

The results of the vapor volume fraction at different locations (S1 to S7) inside the
injection hole are presented in Figure 8. The results for D2 and GTL fuels are provided at
the same time during the injection process. The results in Figure 8f show the last simula-
tion time step, which differs in time for each tested fuel.

The results indicate that both fuels induce cavitation formation (denoted with a light
blue, green, yellow, and red color) in the upper part of the injection hole entry. Since the
injector has seven injection holes, the majority of the fuel which flows under the injector
needle enters directly to the injection holes, and not to the nozzle SAC volume, marked in
Figure 7. This creates the area of low pressure at the upper part of the injection hole entry,
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which further induces the cavitation formation [24]. Since both fuels undergo significant
changes in flow direction and the pressure drop is very high (practically to 0 Pa of absolute
pressure [23]), the differences in the cavitation area for both fuels are quite small. Slightly
wider regions of the cavitation area were obtained using diesel fuel. This can be related to
higher values of diesel fuel saturation pressure. The difference in cavitation area can also
be related to difference in fuel kinematic viscosity. The higher viscosity of GTL fuel results
in less cavitation. This agrees with the results of Saleh at al. [37], and Nouri et al. in [38]
where they also concluded that higher viscosity of fluid results in less formatted cavita-
tion. At needle closing, cavitation vapor fraction dissipates (declines) later, so it was still
visible on S6 and S7 at 1 ms after the injection starts, when the needle is almost closed.

(a)

=gy, iy 1) =
=gy, Py ¥
= Dhigyyy Minyy, b
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s My, ) ) m)

Figure 8. Vapor Volume Fraction at 60 bar of in-cylinder pressure.
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Figure 9 presents the results of normalized maximal values of Vapor Volume Fraction
for diesel and GTL fuel at slices S1 to S7 of the injection hole. From these results, the movement
of cavitation structures through the injection nozzle can be observed. As can be seen, the cav-
itation formation is first triggered at fuel entry to the injection hole (S7). For diesel fuel, this
happened at 0.26 ms after the injection start, while for GTL fuel at 0.29 ms. This coincides with
the results from Figure 10a where no Vapor Volume Fraction (VVF) is visible at 0.25 ms after
the injection start. In Figure 8b, 0.5 ms after the injection start, the VVF can be noticed for both
fuels. Since diesel fuel advances the cavitation formation, the VVF can be noticed on the slices
from S7 to S1, while for GTL fuel, it is only from S7 to S5 at the time 0.5 ms after the injection
start. The fluctuation of VVF inside the injection nozzle can be seen around 0.8 ms for D2 fuel
and at 0.7 ms for GTL fuel. This can be noticed as a decrease in the normalized VVF values,
Figure 9. The fluctuation of the cavitation structure is more evident for diesel fuel, where a
drop in VVF was obtained at all slices of the injection hole.
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Figure 9. Volume fraction curved diagram at 60 bar of in-cylinder pressure, (a) with D2; (b) with GTL.

The results for fuel mass flow, average normal velocity, average turbulent kinetic
energy, and maximal values of vapor volume fraction at the nozzle exit are presented in
Figure 10.

The results of the fuel mass flow rate show that the mass flow for D2 fuel starts to rise
earlier than in the case of GTL fuel, Figure 10 a. This leads to higher fuel velocity and faster
formation of cavitation structures at the start of the injection process. There is a slight increase
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in the mass flow of GTL at 0.8 ms. This further influences cavitation formation, which starts to
decline later in the injection process compared to D2 fuel, Figure 8. The fluctuation in fuel mass
flow also influences the average normal fuel velocity at the nozzle hole exit, see Figure 10b.
During most of the injection process, diesel fuel showed slightly higher velocities and mass
flow rates than GTL. This can be related to its lower kinematic viscosity compared to GTL fuel
[23,28-30]. The same was also found in work of Battistoni et al. [23], where they concluded
that lower fuel viscosity results in lower pressure losses inside the injection hole.

Figure 10c presents the results of the average values of turbulent kinetic energy (TKE) at
the nozzle exit hole. The value of the average TKE increases with the increase in mass flow.
The maximal values of average TKE at the nozzle exit hole collide with the time when the
maximal values of mass flow, normal fuel velocity, and Vapor Volume Fraction appear at the
nozzle outlet (see Figure 10d). This indicates that the magnitude of turbulent kinetic energy
increases with the increase of the fuel mass flow rate, but it is also influenced by the appear-
ance of the vapor phase at the nozzle exit hole.

The results of the maximal values of VVF show three distinctive sections. At first, VVF
appears at the nozzle outlet at the time of mass flow rise. In this first section, the values of VVF
for GTL fuel are significantly higher than the values for diesel fuel. The second section indi-
cates the Vapor Volume Fraction peaks for D2 and GTL fuels, which collide with the first peak
of fuel mass flows. This occurs around 0.5 ms for D2 fuel and 0.6 ms for GTL fuel. In the second
section, maximal values of VVF are obtained when using diesel fuel. The third section indi-
cates the region where the maximal values of mass flows occur. For GTL fuel, this happens
around 0.8 ms after the injection start, while for D2, shortly after 1 ms after the injection start.
The first and third sections are distinctly more evident for GTL fuel, while for D2 fuel, only a
slight bump in the VVF maximal values is noticed, which is hard to connect directly with the
first peak, or with a maximal value of D2 mass flow rate.
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Figure 10. Outlet integral quantities for %2 of the injection hole: (a) Mass flow rate; (b) Average normal velocity; (c) Average
value of liquid turbulent kinetic energy; (d) Maximal value of Vapor Volume Fraction.
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5.2.2. Influence of In-Cylinder Back Pressure

The difference between common-rail fuel pressure and in-cylinder pressure is the
governing force for the fuel flow in the injector nozzle. If these conditions change, which
can happen in the case of a pre- or post-injection, they can influence fuel flow conditions,
which further influences the cavitation formation. Two additional in-cylinder pressures
of 40 and 80 bars were tested in the following section.

Figures 11 and 12 show the result of cavitation vapor structure formation on different
locations inside the nozzle at 40 and 80 bar of in-cylinder atmospheric pressure.
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Figure 11. Vapor Volume Fraction at 40 bar of in-cylinder pressure.
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Figure 12. Vapor Volume Fraction at 80 bar of in-cylinder pressure.

The significant influence of in-cylinder back pressure on cavitation Vapor Volume
Fraction formation can be seen in Figures 11 and 12. These results were expected since the
pressure difference between injected fuel and in-cylinder pressure governs the injector’s
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fuel flow. Similar trends were also observed by Dai et al. in [24], where a higher difference
between fuel injection pressure and atmospheric pressure results in an increase in cavita-
tion. The results for both fuels and both in-cylinder pressures indicate that cavitation ap-
pears at the upper part of the injection hole entry and then spreads towards the outlet, as
in the case of 60 bar of in-cylinder pressure. The area of cavitation fraction at 0.5 ms is
significantly higher when lower in-cylinder pressure is applied. A similar trend can be
observed at needle closing (Figures 11e and 12e). At 40 bars of in-cylinder pressure, the
cavitation is still fully developed at 1 ms after the injection start. In comparison, at 80 bars,
the area of cavitation at this time of injection is negligible. As far as the fuel type influence
is concerned, diesel fuel gives a slightly wider region of cavitation area compared to GTL
fuel. The opposite trend is only evident at 80 bar of in-cylinder pressure at 0.75 ms, where
GTL fuel cavitation vapor fraction dissipation (decline) is delayed, so there the cavitation
area is wider (S4-S7, Figures 11 and 12). Wider regions of cavitation structures for diesel
fuel are the result of the higher diesel fuel saturation pressure.

The results for fuel mass flow, average normal velocity, average turbulent kinetic
energy, and maximal values of Vapor Volume Fraction at nozzle exit for different in-cyl-
inder pressures are presented in Figure 13.
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Figure 13. Outlet integral quantities for %2 of the injection hole: (a) Mass flow rate; (b) Average normal velocity; (c) Average
value of liquid turbulent kinetic energy; (d) Maximal value of Vapor Volume Fraction.

The results of fuel mass flow (see Figure 13a) indicate a slightly higher fuel mass flow
for diesel fuel, which is a result of the higher diesel fuel density and lower kinematic vis-
cosity. The fuel mass flow for diesel starts to increase earlier compared to GTL fuel at both
in-cylinder pressures. Because of the shorter injection duration, the fuel mass flow for GTL
starts to decline faster than for D2 fuel.

The fluctuation of fuel average normal velocity, average values of turbulent kinetic
energy, and maximal values of Vapor Volume Fraction at the nozzle hole outlet is again
strongly influenced by the value of fuel mass flow. The higher mass flow rates and higher
velocities for D2 fuel can be attributed to the lower viscosity and higher density of diesel
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fuel. The lower viscosity of diesel fuel increases fuel velocities, which, combined with the
higher diesel fuel density, increases the fuel mass flow rate.

The maximal fluctuations of fuel velocity, turbulent kinetic energy, and Vapor Vol-
ume Fraction occur between 0.5 and 1 ms. In this interval of the injection process, the fuel
mass flow rates are maximal. There is a significant fall in diesel fuel average normal ve-
locity and a significant increase in the average value of turbulent kinetic energy at 40 bar
of in-cylinder pressure. These fluctuations occur at the moment of the sudden rise of the
Vapor Volume Fraction at the nozzle hole exit, which occurs around 0.5 ms after the in-
jection start. There are also some fluctuations of the Vapor Volume Fraction for GTL fuel
at the nozzle hole outlet, but these are significantly lower compared to the fluctuations of
VVF for diesel fuel. This indicates that smaller values of cavitation structures at the nozzle
hole outlet always have a smaller influence on the values of the normal fuel velocity and
turbulent kinetic energy. When the fuel vapor structures at nozzle outlet exceed a certain
value (amount), they influence fuel average normal velocity, and the average value of
turbulent kinetic energy becomes significant. Because the diesel fuel mass flow does not
drop at the same time as the fuel normal velocity, we believe that the occurrence of Vapor
Volume Fraction might cause the formation of eddies in the fuel flow, which increases
other fuel velocity components and further increases values of turbulent kinetic energy.

6. Conclusions

In the present paper, 1D and 3D numerical simulations were performed to study the
influence of the physical-chemical properties of diesel and GTL fuels on the injection pro-
cess, in-nozzle flow, and cavitation inception in a solenoid injector of a common-rail in-
jection system. The obtained influences are:

e  Higher average mass flow rates and velocities were obtained for the diesel fuel injec-
tion process. This behavior can be associated with the higher diesel fuel density and
lower viscosity compared to GTL fuel. Higher mass flow rates of diesel fuel can also
be connected to larger injected diesel fuel mass.

e  The cavitation in the injection hole is triggered regardless of the differences in fuel
properties. It occurs in the upper part of the injection hole entry for both fuels tested
and spreads through the injection hole towards the hole exit. The difference in fuel
properties influences the number of formed cavitation structures. The higher viscos-
ity and lower saturation pressure of GTL fuel leads to slightly smaller areas of cavi-
tation compared to diesel fuel.

e  The occurrence of cavitation in the injection hole is highly influenced by the differ-
ence between injection and in-cylinder back pressure. Higher pressure differences
produce larger areas of cavitation fraction and vice versa.

e  The occurrence of cavitation (Vapor Volume Fraction) at the injection hole exit influ-
ences the effective flow area, which strongly influences the velocity at the hole exit.
When a large amount of cavitation is present at the hole exit, fluctuations in flow
velocity are obtained. The observed phenomenon is more significant when the dif-
ference between injection and in-cylinder back pressure is high.

e  The obtained results indicate that the appearance of Vapor Volume Fraction at nozzle
exit influence the magnitude of turbulent kinetic energy. This phenomenon is also
more significant at higher differences between injection pressure and in-cylinder
back pressure.

e  The appearance of Vapor Volume Fraction at the nozzle outlet might cause the for-
mation of eddies in fuel flow, which further effects the magnitude of each fuel veloc-
ity component.

The authors believe that the observed differences at the injection hole exit can have a
significant and positive impact on fuel atomization as a means of better fuel disintegration
and larger spray cone angles. This can usually lead to enhanced fuel evaporation and bet-
ter, cleaner combustion. According to our previous study [21], cavitation at the injection
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hole exit can influence the center axis of fuel spray cone, which can decline. This can cause
the formation of asymmetrical fuel spray and further increase the possibility of two fuel
spray collisions, which will have a negative impact on fuel atomization. The collision of
sprays can cause the fuel droplets to merge and make them harder to evaporate, which
can lead to poor combustion and increase the formation of harmful emissions.

Overall, the presented results indicate that the GTL fuel can be used as a substitute
fuel in the modern common-rail diesel engines. However, the influence of GTL properties
on fuel spray development, emission formation, etc., must be studied before its integra-
tion.

Finally, the agreement between experimental and numerical results confirms the
suitability of the used numerical procedure to study the effect of fuel properties in a com-
mon-rail injection nozzle.
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