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Abstract: Using biodiesel fuel in diesel engines for heavy-duty transport is important to meet
the stringent emission regulations. Biodiesel is an oxygenated fuel and its physical and chemical
properties are close to diesel fuel, yet there is still a need to analyze and tune the fuel injection
parameters to optimize the combustion process and emissions. A four-injections strategy was used:
two pilots, one main and one post injection. A highly advanced SOI decreases the NOx and the
compression work but makes the combustion process less efficient. The pilot injection fuel mass
influences the combustion only at injection close to the top dead center during the compression stroke.
The post injection has no influence on the compression work, only on the emissions and the indicated
work. An optimal injection strategy was found to be: pilot SOI 19.2 CAD BTDC, pilot injection fuel
mass 25.4%; main SOI 3.7 CAD BTDC, main injection fuel mass 67.3% mg; post SOI 2 CAD ATDC,
post injection fuel mass 7.3% (the injection fuel mass is given as a percentage of the total fuel mass
injected). This allows the indicated work near the base case level to be maintained, the pressure
rise rate to decrease by 20% and NOx emissions to decrease by 10%, but leads to a 5% increase in
PM emissions.

Keywords: split injection; biodiesel fuel; CFD model; emissions reduction; rate of heat release;
combustion process; fuel efficiency; indicated work; compression work

1. Introduction

The application of biofuels in internal combustion engines (ICEs) is today a relevant
issue as these types of engines are widely used for stationary power plants and in the
transport sector. The main task for researchers today is to search for advanced combus-
tion concepts [1–3] and alternative fuels to face the issues impacted by the traditional
technologies [4,5].

There are several types of advanced combustion strategies which are given below.
For example, the low temperature combustion (LTC) concepts, which include reactivity-
controlled compression ignition (RCCI), homogeneous charge compression ignition (HCCI)
and partially premixed combustion (PPC). The PPC concept is able to simultaneously
reduce the NOx and soot emissions, decrease the combustion duration and reduce heat
transfer losses in the coolant system and with exhaust gases [6,7].

A promising approach is to combine the use of oxygenated alternative fuels (ethanol,
methanol, biodiesel, etc.) which show the simultaneous improvements in efficiency,
NOx and soot emissions [7–9] as with the advanced combustion strategies. The most
suitable alternative fuel is a biodiesel fuel, because its physical and chemical properties do
not differ much from fossil diesel fuel (DF), and it can be blended with DF easily. Biodiesel
from rapeseed and sunflower can lower CO2 emissions by up to 65% compared to those of
fossil diesel fuel (DF). If the biodiesel fuel is produced from used cooking oil, the decrease
in CO2 emissions can be up to 85% [10,11]. Biofuel produced from palm oil, for example,
could cause much higher carbon dioxide emissions than fossil fuels [12,13]. Biodiesel is
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only one alternative fuel that has successfully passed the Health Effects Testing require-
ments (Tier I and Tier II) of the Clean Air Act (1990). Biodiesel can reduce the tailpipe
particle matters (PM), and the small particles of solid combustion products on vehicles
with particulate filters by 20% compared with low-sulfur DF.

In the last 10 years, an increase in the production of biofuels has been seen. This be-
came possible because of support from government policies and energy security concerns.
The increase was 24% over the forecast in the period from 2019 to 2024 combined with
higher shares of biofuels for electricity generation [14].

The relatively large number of different biofuels requires extensive research to study
and improve the combustion process of ICEs fueled with these fuels. The investigation
processes in ICE, such as scavenging, fuel injection, fuel evaporation, mixture preparation,
combustion, emissions formation, and heat transfer can be identified using CFD modeling.
The simulations can provide a reduction in cost with comparable accuracy to experimen-
tal investigations, so a detailed understanding of the flow and combustion processes is
required to improve the performance of the ICE.

The aim of this work is to define and investigate the fuel injection parameters such
as the pilot, main and post injections and their interactions to decrease NOx and PM
emissions and to increase the efficiency simultaneously on the biodiesel fueled diesel
engine. The main idea is to use the low temperature combustion in combination with
oxygenated biofuel–rape methyl ester. This is expected to reduce the NO emissions via
an advanced injection strategy and reduce the soot emissions via the oxygen content.
The present work describes the investigation of the fuel injection parameters affecting the
combustion process on one load, as an example. It is a well-known fact that biodiesel fuel
increases NOx and decreases particulate matter (PM) emissions. It is a real challenge to
decrease NOx and PM emissions and to increase the efficiency simultaneously. One of the
ways to fulfill such requirements is to optimize the injection strategy [15]. Moreover, such a
method does not imply changes in the diesel engine design. It is important to note that
there are no significant changes that can be made in a diesel engine to make it operate on
biodiesel except the optimization of fuel injection and replacing the sealing materials in the
fuel supply line.

2. Materials and Methods

The object of the investigation was a four-stroke heavy duty V6 diesel engine YAMZ-
6566 with displacement 12 L, bore/stroke 130/140 mm, compression ratio 17.5, rated power
197 kW at 1900 rpm, maximum torque 1124 Nm in range from 1100 rpm to 1500 rpm
operating on diesel fuel. The maximum fuel injection pressure was 1600 bar, the maximum
boost absolute pressure was 1.85 bar, and the fuel temperature before the high-pressure
pump was 20 ± 4 degrees ◦C. The investigation was completed at 1450 rpm and at 25%
of the full load and at the full load. In this article only one regime is described. The loads
were chosen according to the ESC cycle of UN49-06 regulation.

The engine test was made on the test bench in a FSUE “NAMI” equipped with
measuring equipment according to the UN Regulations №24, №85 and №49. The indicating
equipment AVL Indiset Gigabit was used, the high-pressure transducer range was up to
250 bar (AVL GH14D), low pressure transducers were used for the intake and an exhaust
pressure measuring with pressure range up to 10 bar was used (AVL LP11DA). The AVL
365C angle encoder was used to measure the rotational speed in CAD.

The CFD simulation model was created in AVL Fire and mesh–in ESE Diesel (AVL List
GmbH, Graz, Austria), so the calculation was completed on the sector of the 1/7 volume of
the combustion chamber (CC). The calculation was completed only for the compression
and expansion strokes from when the intake valve closed (IVC) (570 CAD) to when the
exhaust valve opened (EVO) (840 CAD), so the pumping and friction losses were not taken
into account, and there was an assumption that the boundary conditions were constant.

The purpose of the investigation was the improvement of the combustion process
(CP) via an optimization of the parameters for the split injection strategy. For example,
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the 1st and the 2nd pilot start of injection (SOI), the pilot injection fuel mass, and the same
parameters for post injection. So, it was necessary to use spray zone refinement in the ESE
Diesel, to increase the calculation accuracy (the area before and after top dead center). It was
expected to reduce the NOx and PM emissions and increase the efficiency simultaneously.

The ECFM-3Z (Extended coherent flame model 3 zone) [16] model was chosen to
describe the combustion process. This combustion model is based on a flame surface
density transport equation and a mixing model [17,18]. Frolov’s model of drop heating
and evaporation [19] was chosen to describe evaporation. This model has been developed
recently as a reference model for the novel correction function approach to overcome the
various simplifications of the standard evaporation models by various correction functions.
K-zeta-f was used as a model of turbulence [20–22]. To describe a break-up process,
the WAVE model with child breakup was chosen [23]. To make the approach more realistic,
the piecewise parabolic cumulative function was used to correct the size distribution
between the minimum stable diameter and the parent drop diameter. To describe the
spray-wall interaction, the Walljet1 model was chosen. The wall interaction of liquid
droplets can play a major role in diesel engines. This influences the combustion process
and consequently the production of emissions, as an incomplete combustion near the wall
will result in high HC and PM emissions. This model in principle is based on the spray/wall
impingement model of Naber and Reitz [24]. The Extended Zeldovich-Prompt-Fuel model
was chosen to calculate the NOx emissions. This mechanism is defined according to the
chemical equilibrium assumption, which means that only atomic nitrogen (N) is needed as
an additional intermediate species [16]. The Kinetic Soot Model was chosen to calculate the
soot emissions. The basis of this model is described by Agafonov G. L. et al., Appel J et al.,
Krestinin A. V. [25–27].

The combustion and emission models have a strong interaction with each other,
and this combination of the combustion and NO emissions was chosen because of the
recommendation of the developer, and the second reason was the utility and versatility of
the models. The versatility of the models was proved by the combustion kinetics basement
of these models and was required for the investigation of the injection parameter influence
on the combustion process. An ECFM-3Z model is capable of describing the premixed
and non-premixed combustion; that is usual for diesel engines. The breakup, evaporation,
and spray-wall interaction models were chosen to have the best alignment between the
measured and simulated pressure curves.

During the analysis of the fuel injection process and the injector design, the difference
between the pilot and main injection was found out. The time range the needle goes up
and down on the seat of injector nozzle for the pilot and the main injection is different,
hence the constants for the combustion model and the breakup models for the pilot and
main injections should be different. The injection rate was defined based on the oscilloscope
experiment data for the pilot and main injections and loaded in the model.

In Figure 1 the mesh that was used for the calculation can be seen. The mesh was
divided into 4 blocks: 1-injector block, 2-fuel jet block, 3-buffer lawyer, 4-combustion
chamber block. The local grid refinement was used for the fuel jet block in the range of
80 CAD BTDC to 40 CAD ATDC to increase the accuracy of the calculation for the spray
break-up and evaporation processes. The mesh contained 286,106 cells.

The CFD model was verified by the experiment data and operated on DF at 1450 rpm
and loads of 25%, 50%, 75% and 100% of the full load. The properties of DF for combustion
and liquid spray were taken from the AVL Fire library, and for the experiment the properties
of DF corresponded to EN 590:2009 standard. Later, the model was verified on B100 as well
as on the same operating modes. The B100 used for the experiment and the simulation is
rape methyl ester (DIN EN 14214-2014).

The optimization investigation of the fuel injection strategy was made on a verified
model and the results were compared with the base case injection (2-stage injection: 1 pilot
and 1 main injections). The start of injection (SOI) for the pilot was 19.2 crank angle degrees
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(CAD) before top dead center (BTDC), for the main–3.7 CAD BTDC, and the mass injection
was 14 mg and 34.2 mg, respectively.

Figure 1. Mesh used in CFD model.

Researchers Myung et al. [28] investigated the biodiesel split injection strategy and
its influence on the combustion process, including the rate of the heat release process on
the emission analysis. The results were compared to one stage injection. Similar work has
been completed by other researchers [29–33].

Nakagome et al. [34], Najt et al. [35], and Gajendra et al. [36] investigated the HCCI
combustion process to reduce the emissions. The main characteristic was a highly advanced
SOI and a long time needed for preparing the air-fuel mixture. A high amount of premixed
charge allows the NOx and PM emissions to be reduced simultaneously.

It was found out that most perspective strategies include several pilots (more often
two pilots), one main and several post injections (more often one post injection). It was
decided to add the second pilot injection and one post injection.

The varying injection parameters were:

• Varying the 1st and the 2nd pilot SOI in the range from 70 CAD BTDC to 10 CAD
BTDC with 5 CAD increments;

• Varying the pilot injection fuel mass in the range from 1.75 mg to 15.75 mg with
increments of 1.75 mg, when the first pilot mass is equal to the second one;

• Varying the post SOI in the range from 0 CAD after top dead center (ATDC) to 30 CAD
ATDC with increment of 5 CAD;

• Varying the post injection fuel mass in the range from 3.5 mg to 14 mg with increments
of 1.75 mg.

The ranges and increments of all the varying parameters can be changed depending
on the influence on a combustion process.

The evaluated parameters were: indicated work by percentage compared to the base
case value (Ai), the pressure rise rate (dp/dϕ, MPa/CAD), NOx and PM concentrations
and for the combustion process, the rate of heat release (ROHR), the accumulated heat
release (AHR), the CO mole fraction, the combustion duration (CD), and the start of the
injection (SOI). During the CFD optimization only one injection parameter was varied and
the others were set constant.

The methodology of the optimization described in the present work may be used for
other ICEs, other alternative fuels, and other optimization parameters.

The methodology consisted of several steps:

1. Verifying the model on fossil DF, using experiment data (verifying the model on
alternative fuel experiment data, if possible);

2. Making a plan of the optimization experiment;
3. Defining the output evaluating parameters;
4. Setting optimization parameters and making the calculation grid;
5. Changing the type of fuel if desired (if necessary) and run the optimization;
6. Processing of calculation results.
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The injection strategy optimization should be completed manually in Fire DVI, not in
the way of automatic optimization. The combustion process should be evaluated through
several parameters: emissions (NOx, PM), pressure rise rate and indicated work. Indi-
cated work cannot be found in automatic mode. All other parameters (combustion analysis)
should be evaluated manually.

3. Results and Discussions

The main evaluating parameters for comparing the experiment and calculated data
(base case) are described in the Table 1. The difference between the calculated and measured
results can be explained by the peculiar properties and assumptions of the emission
calculating models. The main evaluating parameters are the pressure and the ROHR curves,
and the alignment between the experiment and the calculation is satisfying. The base case
is a two-stage injection case (one pilot injection, one main injection), with the same settings
as for diesel fuel by default.

Table 1. Verification results of CFD model operating on biodiesel fuel.

Type of
Results

SOI Pilot,
CAD

BTDC

Pilot
Injection
Mass, mg

SOI Main,
CAD

BTDC

Main
Injection
Mass, mg

NOx, ppm PM, mg/kg
Fuel

∆p/∆ϕ,
MPa/CAD Ai, %

Experiment 19.2 14 3.7 34.16 280 0.6 102.3
Base case 19.2 14 3.7 34.16 341.3 92.5 1.15 100

The results of the investigation of the combustion process of biodiesel in an operating
diesel engine are described below. A good alignment of the calculated and experiment
pressure curves can be seen in Figure 2. The area under the curves does not differ more
than 3%. This parameter is used as an evaluation and characterizes the full cycle work.

Figure 2. Calculated and experiment pressure curves for biodiesel in an operated diesel engine at
1450 rpm and 25% of the full load mode.

From the ROHR curve, displayed in Figure 3, SOC can be detected. The difference in
the SOC parameter for the pilot and the main injections between the calculation and the
experiment results does not exceed 1 CAD.

The difference in the ROHR for the pilot injection can be explained by the low sen-
sitivity of the combustion model to low fuel injection mass. The difference between the
square under the calculated and experiment ROHR curves (means AHR) does not exceed
5%. The maximum value of the ROHR for the main injection does not differ much for the
experiment and calculated curves.

It is important to note that both ROHR curves are calculated and that is because the
main and the dominating criterion for the validation is the pressure curve as the measured
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value. Nevertheless, the alignment of the curves is satisfying; for example, the authors
in [37] have a similar alignment.

Figure 3. Calculated and experiment ROHR curves for biodiesel in an operated diesel engine at
1450 rpm and 25% of the full load mode.

3.1. Two Pilot Injections
3.1.1. First Pilot SOI Optimization

The first and the second pilot injection masses were the same and equal to 14 mg/cycle
as can be seen in Figures 3–5, where the three-stage injection strategy is depicted. There were
three constant SOI values chosen for the second pilot: 45 CAD BTDC, 19.2 CAD BTDC and
10 CAD BTDC shown in Figures 3–5, respectively.

Figure 4. The injection strategy for the second pilot SOI 45 CAD BTDC.

The first pilot (variable) is shown by red dashed line, the SOI range is from 70 CAD
BTDC to 10 CAD BTDC with an increment of 5 CAD. The fuel mass for each injection
is shown in Figure 4 and is constant. It is interesting to note that the authors in [38]
investigated split injection strategies with varying pilot SOI (one pilot injection) in the
range from 30 CAD BTDC to 15 CAD BTDC, and they did not notice a significant influence
of the pilot SOI on the emissions.

In Figure 5 the injection strategy for the second pilot SOI 19.2 CAD BTDC is depicted
(orange line). The dashed red line is chosen to mark the first pilot SOI variable and the
range is the same as for the previous case.

In Figure 6 the injection strategy for the second pilot (green line) SOI 10 CAD BTDC
is depicted in a similar way as for the two previous cases. The main SOI is depicted as a
constant in Figures 3–5. The colors for the second pilot injection correspond to the colors in
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Figure 7. In Figure 7, an indicated work, the pressure rise rate, and NOx and PM emissions
are depicted.

Figure 5. The injection strategy for the second pilot SOI 19.2 CAD BTDC.

Figure 6. The injection strategy for the second pilot SOI 10 CAD BTDC.

The reference value for each parameter (base case value) is marked by a dashed red
line. Each of three lines on the graph in Figure 7 correspond to the SOI of the second pilot
(the values are shown in legend and on Figures 3–5).

An increase in indicated work retarding the first pilot SOI can be seen. The base
value of indicated work for the second pilot SOI is equal to 45 CAD BTDC and at the first
pilot the SOI is equal to 10 CAD BTDC, but NOx emissions exceeded the base case level.
This tendency can be seen for other fixed SOI values of the second pilot injection. The main
purpose of the optimization was to decrease the NOx emissions, which strongly depend on
the local temperature in CC, by retarding the pilot SOI.

Advancing the SOI of the first pilot injection decreases NOx and increases PM emis-
sions, as can be seen below in Tables 2 and 3. Advancing the first pilot SOI leads to an
increase in the CO mole fraction and a decrease in AHR. This means that the combustion
process becomes less efficient. It can be assumed that this is due to a relatively low ef-
ficiency evaporation process because of the low temperature and pressure values at the
SOI. Moreover, advancing the first pilot SOI means the compression work increases. It is
not possible to simultaneously decrease the emissions and increase the efficiency of the
combustion process at any time during the first pilot SOI, or at least save the fuel efficiency
at the base case level.
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Figure 7. The first pilot SOI variable influence on combustion process and emissions.

Table 2. Combustion parameters for the 2nd pilot SOI 45 CAD before TDC.

1-st Pilot SOI SOC, CAD CD, CAD EOC, CAD AHR, % CO, % Ai Acompr

Base case 708.5 22.91 731.4 100 100 100 100
70 705 21.45 726.5 72.9 609.1 76.7 104.0
40 705 21.7 726.7 83.4 412.1 85.7 104.7
10 705 23.4 728.4 94.4 236.9 100.1 101.9

Table 3. Combustion parameters for the 2nd pilot SOI 10 CAD before TDC.

1-st Pilot SOI SOC, CAD CD, CAD EOC, CAD AHR, % CO, % Ai Acompr

Base case 708.5 22.91 731.4 100 100 100 100
70 705 22.65 727.7 92.6 268.5 98.5 102.4
40 705 23.25 728.3 95.0 223.6 100.4 101.9
15 710.8 18.6 729.4 102.8 69.7 107.2 101.1

On lower loads, the pilot injection mass is comparable to the main injection mass,
hence the influence of the compression work on the indicated work should be much more
significant. However, to analyze the reasons for the change of indicated work, it is necessary
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to describe the combustion process in detail. The main parameters of CP for the second
pilot SOI 45 CAD BTDC are displayed in Table 2. Ai means the indicated work, and Acompr
means the compression work (work BTDC), these parameters and AHR and CO mole
fraction are relative. The start of combustion (SOC) for all cases of the three-stage injection
is the same. It is important to note that the TDC of the compression stroke is at 720 CAD.
The three stage injection reduces the AHR and increases the CO mole fraction. This means
that the use of fresh charge becomes less efficient with the addition of the second pilot
injection and the advancement of the SOI of the first pilot.

The indicated work increases when the SOI of the first pilot is retarded and becomes
almost equal to the base case value despite an increasing CO mole fraction, combustion
work, CD and a decreasing of the AHR. This can be explained by the earlier end of
combustion (EOC) that causes decreased heat loss through exhaust gases and through the
cooling system.

The main parameters of CP for the case with the second pilot SOI 10 CAD BTDC are
described in Table 3. The combustion process is much more efficient with the increase in
AHR and indicated work and the decrease in the CO mole fraction, CD, compression work
with the SOI retarded. The EOC does not exceed the base case level.

There are two main parameters which influence the indicated work: the compression
work and the efficiency of the combustion process. The first parameter depends on the SOC
and the amount of fuel–air mixture ready to burn, the premixed charge, and the quantity
of the air–fuel mixture burned before TDC (AHR before TDC). The second depends on the
parameters displayed in Tables 2 and 3.

The ROHR for the second constant pilot SOI 19.2 CAD BTDC is depicted in Figure 8.

Figure 8. ROHR for the 1st pilot SOI optimization.

The ROHR peak value decreases in the case of the three-stage injection compared with
the base case (two stage injection). The burning of the pilot injection fuel mass becomes
smoother when the first pilot SOI is advanced.

In the range from 705 CAD to 710 CAD we can see the burning of the premixed charge
for the three-stage injection (two cases with two pilot injections and one main; the first
pilot SOI 70 CAD BTDC and 40 CAD BTDC and the second is fixed at 19.2 CAD BTDC for
both). In the range from 708 CAD to 710.5 CAD we can see the burning of the premixed
charge for the base case and for the three-stage injection with the first pilot SOI 19.2 CAD
BTDC and the second pilot SOI 10 CAD BTDC. In the last case, the burning of the pilot
injection fuel mass is combined with burning the main injection fuel mass.

The maximum value of the ROHR can be decreased with advanced injection timing
and by adding the second pilot injection. Similar results have been described in the re-
search [39] where the influence of multiple injections on the ROHR curve were investigated.

The first pilot SOI was varied in the range from 70 CAD BTDC to 10 CAD BTDC
with increments of 5 for three different constant values of the second pilot SOI, and there
was no opportunity to reduce the emissions and increase or save on the base case level
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of the efficiency. Therefore, the simulation strategy should be changed. The design of an
experiment with a relatively large parameter grid should be created to evaluate all the SOI
variations of the first and the second pilots, and their influence on each other.

3.1.2. The Design of the Experiment Simulation

In Figure 9 an indicated work contour plot in dependence of the SOI for the first
and second pilot injections is depicted. The range for the first pilot SOI is from 70 CAD
BTDC to 10 CAD BTDC with increments of 5 CAD. For the second pilot it is from 65 CAD
BTDC to 15 CAD BTDC with increments of 5 CAD. Increasing or saving the indicated work
base case level is possible using a retarded SOI for both pilot injections simultaneously.
The red-dotted reference line can be seen (base case level), and further on each contour plot.

Figure 9. Indicated work contour plot.

The pressure rise rate field (Figure 10) shows that exceeding the critical value of
1.5 MPa/ACD is possible at a SOI range from 30 CAD BTDC to 15 CAD BTDC for both
pilot injections. It is important to note that the red-dotted reference line on this figure
means the highest allowable value for a diesel engine.

To decrease the PM emissions, the SOI range for the first pilot injection should be in
the range from 37 CAD BTDC to 10 CAD BTDC (Figure 11). At the same time, the SOI
for the second pilot injection should not be less than 20 CAD BTDC (more retarded than
20 CAD BTDC).

NOx emissions exceeding the base case level can be achieved earlier than when the
indicated work reaches the base case level, as it can be seen in Figure 12. The decrease in
NOx emissions lower than the base case level can be achieved in the range of the SOI more
than 20 CAD BTDC to 25 CAD BTDC for both pilot injections.

In conclusion, there is no such combination of SOI for both pilots at which the de-
creasing of the NOx emissions, PM and at least saving the base level of efficiency can
be achieved. Researchers [40] have investigated the influence of the multiple injection
strategies on the emissions. They have used two pilot injections with SOI variable from
38 CAD BTDC to 28 CAD BTDC with increments of 5 degrees. They also varied the pilot
mass injection. The researchers marked a decrease in the NOx and a slight decrease in the
soot emissions with an improving combustion process.
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Figure 10. Pressure rise rate contour plot.

Figure 11. Particulate matter contour plot.

3.1.3. Pilot Injection Fuel Mass Optimization

The next step should be the optimization of the pilot injection fuel mass for two
combinations of SOI:

1–the first pilot injection: SOI 45 CAD BTDC, the second: 19.2 CAD BTDC. The lowest
NOx emissions and a relatively low indicated work value are achieved. It is expected that
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the indicated work will increase due to the reduction in the compression work value via the
decreasing the fuel mass injected BTDC, but still the reserve of NOx emissions is necessary.

2–the first pilot injection: SOI 19.2 CAD BTDC, the second: 10 CAD BTDC. It is
expected to decrease the NOx emissions due to a decrease in the pilot injection fuel mass.
As was mentioned above the fuel mass of the pilot injection is close enough to fuel the
mass of the main injection in case of a three-stage injection. The pilot injections play an
important role in the combustion process, and probably have the main influence on the
local temperature in CC as long as the fresh oxidizer is available for the first pilot injection
predominantly. Further, the first and the second SOI pilot injection sets.

Figure 12. NOx concentration contour plot.

The results of the simulation are depicted in Figure 13. The first pilot injection mass
fuel is equal to the second. The varying range is from 3.5 mg to 15.75 mg with increments
of 1.75 mg. The fuel mass for both pilot injections is the same.

For the first SOI pilot injection set an indicated work is lower than the base case value
in the range from 5% to 9%. A decrease in the rate of the pressure rise with a decrease in
the pilot injection fuel mass can be seen. The PM emissions are higher than the base level
in the range of the pilot injection fuel mass from 1.75 mg to 10.5 mg, and the increase in
the pilot fuel mass injection decreases the PM emissions. The NOx emissions are lower
than the base case level in the whole pilot fuel mass injection varying range, divided by
factor 1.5.

In the second SOI pilot injection set the indicated work value is lower than base case
level in the range of the fuel mass pilot from 1.75 mg to 7 mg, the increase in the pilot
injection fuel mass leads to an increase in indicated work. The pressure rise rate does not
exceed the critical value of 1.5 MPa/CAD. The PM emissions has a higher base case level in
the range of the pilot injection fuel mass in a range from 3 mg to 9 mg. The NOx emissions
lower base case level is in the range from 1.75 mg to 7 mg of the pilot injection fuel mass.
Later increases in pilot injection fuel mass leads to an increase in NOx emissions.
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The authors in [41,42] conducted an investigation where the analyses of multiple
injection strategy on the combustion process was described. They mention that emissions
strongly depend on the engine load.

The varying of the pilot injection fuel mass does not allow the purpose of the opti-
mization to be reached.

Figure 13. The pilot injection fuel mass variable influence on combustion process and emissions.

3.1.4. Main Injection SOI Optimization

The next step of the optimization is to vary the main SOI. The main SOI optimization
simulation should be completed with other injection parameters set constant. Thus, the first
pilot SOI is fixed at a value of 45 CAD BTDC, the second pilot SOI is fixed at a value
19.2 CAD BTDC, the first and the second pilot injection fuel masses are set equal to
12.25 mg. This is expected to increase the indicated work by advancing the main SOI in the
range from 15 CAD BTDC to 15 CAD ATDC with increment 5 CAD, as shown in Figure 14.

The negative SOI value on this figure means the injection ATDC. The optimal SOI
range to increase the indicated work is from 11 CAD BTDC to 5 CAD BTDC compared
with the base case level. Advancing the SOI out of the described range decreases the
indicated work by 5% and retarding the SOI out of range decreases the indicated work
by 35%. The highly advanced SOI leads to an increase in compression work, and a highly
retarded SOI leads to significant heat losses.
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Figure 14. The main SOI variable influence on combustion process and emissions.

Varying the main SOI does not lead to an exceeding of the allowable level of pressure
rise rate. To decrease the PM emissions, the main SOI range from 15 CAD BTDC to 0 CAD
BTDC should be chosen. The maximum decrease is 71% compared with the base case level
at 15 CAD BTDC. To decrease the NOx emissions, the advancing main SOI should not be
more than 5 CAD BTDC. The optimal value of the main SOI should be chosen to be equal
to 5 CAD BTDC. The 23% reduction in PM emissions can be achieved, as well as the base
case level of the indicated work and the increase in NOx emissions by 20%. It is expected
to reduce the NOx emissions through engaging the post injection. In general, advancing
the main SOI leads to an increase in NOx emissions and a decrease in PM emissions.
Similar results are described by the authors in [43]. The authors in [44,45] investigated the
influence of advanced injections strategies with EGR on the combustion process. The main
idea was to split the main injection and to investigate the dwell between the last main and
post injection. It was verified that the three-split strategy in combination with 20% of EGR
led to most of the investigated cases being within a narrow range of NOx concentrations
without an increase in the soot emissions. It was found that the injection strategy seems
to have a great impact in soot emission reduction for the cases characterized by 80% fuel
injected through main pulses.

3.1.5. Post Injection Parameters Optimization

The range and increment of post SOI (red-dashed line) is shown in Figure 15, as well
as the parameters for the pilot and main injections.

In Figure 16, the indicated work dependence of the post SOI can be seen. The addition
of post injection reduces the indicated work. The indicated work decreased with a retarding
of the post injection SOI. The NOx emissions decreased also. It is important to notice that
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when the NOx emissions reach the base case level, the indicated work is 3% lower than for
the base case level.

Figure 15. The four-stage injection strategy with post injection SOI variable.

Figure 16. The post SOI variable influence on combustion process and emissions.
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The addition of the second pilot injection, a variation of the pilot injections mass, and
the addition of the post injection do not allow the purpose of investigation to be achieved.
As an assumption, the excessive increase in CD via a splitting of the two-stage injection to
four deteriorates the evaporation and combustion process or increases NOx emissions and
increases the heat losses to the cooling system and to exhaust gases. There is no need to
increase the CD at low load conditions, because there is a lot of oxidizer in the combustion
zone. It is still important to study the influence of another injection strategy on the CP.
The decision is to exclude the second pilot injection.

3.2. Single Pilot Injection
3.2.1. Pilot Injection Optimization

The pilot SOI optimization is the first step of this optimization. The range of the pilot
SOI is from 70 CAD BTDC to 10 CAD BTDC with increments of 5 CAD. The results of the
variation of the pilot SOI are presented in Figure 17. There are two injections–one pilot
injection and one main injection.

Figure 17. The pilot SOI variable influence on combustion process and emissions.

The reference dashed line displays the base case level. The advancing pilot SOI
decreases the indicated work. To maintain the indicated work not lower than base case level,
the pilot SOI should be in the range from 20 CAD BTDC to 10 CAD BTDC. The maximum
value of the pressure rise rate does not exceed the critical value of 1.5 MPa/CAD, so there
is no limitation. The dependence of the pressure rise rate on the pilot SOI looks similar
to that of the indicated work. The PM emission decreases with a retarding of the pilot
SOI. Exceeding the base value can be seen in the range from 70 CAD BTDC to 20 CAD
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BTDC. The NOx emissions look fairly constant in the range of pilot SOI from 70 CAD BTDC
to 30 CAD BTDC. Retarding the pilot SOI increases the NOx emissions; a maximum of
400 ppm is achieved at 10 CAD BTDC. Increasing the local temperature leads to increasing
NOx emissions, because of the local enrichment of the air–fuel mixture (the pilot injection
becomes closer to main injection). The second reason is more efficient combustion due to
a higher temperature and pressure at SOI. As in can be seen from Figure 17, the optimal
value of the pilot SOI is at 19.2 CAD BTDC.

3.2.2. Pilot Injection Fuel Mass Optimization

The second step of the optimization is to vary the pilot injection mass in the range
from 1.75 mg to 14 mg with increments of 1.75 mg. To exceed the pilot injection fuel mass
value of 14 mg is not rational due to the increased compression work as the pilot injection
fuel mass is increased. The results are presented in Figure 18. As can be seen, the indicated
work increases with the increase in the pilot injection mass. The maximum value reaches
12.25 mg of pilot injection mass; it is slightly higher (1.5%) than the base case value.

Figure 18. The pilot injection fuel mass variable influence on combustion process and emissions.

To understand the CP in detail, the main parameters of combustion are presented in
Table 4. The influence of the varying pilot injection fuel mass on a CP is complex. On the
one hand, there is an increase in the compression work via an increase in the amount of
the fuel burned before TDC. On the other hand, the temperature and pressure at the SOI
are optimal for the fast evaporating and burning of the fuel. The fast evaporation leads
to an increase in the premixed combustion part, hence this makes faster burning possible.
The CD decreases, as well as the heat loss. Faster combustion is possible via the excessive
amount of oxidizer. The detailed combustion process of the pilot and main injections is
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described above (Figure 8), here the process is similar and there is no need to describe it
once again.

Table 4. Combustion parameters for the pilot injection fuel mass variation.

Pilot Mass, mg SOC, CAD BTDC CD, CAD AHR, % CO, % Acompr, % Ai, %

14 (base case) 11.5 22.9 100.0 100.0 100.0 100.0
1.75 1 20.1 91.9 295.4 93.2 79.3

7 10 25.4 97.4 148.4 95.5 92.9
12.25 11 23.1 100.3 98.0 98.8 101.5

For the pilot injection fuel mass 12.25 mg (Table 4), the CD is almost the same as
for the base case, but the increase in the AHR and the decrease in the compression work,
as well as the CO mole fraction compared with the base case leads to an increase in the
indicated work.

The main influence on the combustion process is the use of the oxidizer in the burning
zone which is characterized by the CO mole fraction and AHR. A higher AHR value or/and
a lower CO mole fraction value means that the combustion process is more efficient.

The increasing of the pilot injection fuel mass increases the pressure rise rate via
increasing the amount of the fuel burned BTDC. The increasing of the pilot injection mass
decreases the PM emissions, from the maximum value of 225 mg/kg of fuel at the pilot
injection fuel mass equal to 1.75 mg to 92 mg/kg of fuel at the pilot injection mass of 14 mg.
The NOx emissions increase with an increasing pilot injection mass; the reason for this is
the more efficient use of the oxidizer, hence the local temperatures in CC increase. The pilot
injection fuel mass is 12.25 mg. The 1.5% increase in the indicated work, the base case level
of PM emissions, the 20% decrease in the pressure rise rate and the 4% decrease in the NOx
emissions can be achieved compared with the base case level.

3.2.3. Main SOI Optimization

The next step of the optimization is to vary the main SOI with the constant pilot SOI
19.2 CAD BTDC and a pilot injection mass of 12.25 mg. Figure 19 displays the results of
the simulation.

The range of varying the main SOI is from 10 CAD BTDC to 4 CAD ATDC (-4 CAD
BTDC on the Figure 19) with increments of 2 CAD. The negative SOI value on this figure
means the injection ATDC. The values of all the estimated parameters at main SOI 4 CAD
BTDC are almost equal to those at the base case. Advancing the main SOI increases the
indicated work and NOx emissions by 10% and 100%, respectively. There is no influence
on the PM emissions and the pressure rise rate. The main SOI retarding up to 4 CAD
ATDC leads to an 18% decrease in the indicated work, a 52% decrease in NOx emissions,
and about a doubled increase in PM emissions. There is no influence of the main SOI on
the pressure rise rate. From the description above it can be seen that optimal main SOI is
3.7 CAD BTDC.

3.2.4. Post Injection Parameters Optimization

The range of post injection SOI is from 2 CAD ATDC to 14 CAD ATDC with incre-
ments of 2 CAD. The results of the numerical investigation are displayed in Figure 20.
There wasn’t any pressure rise, because the post injection parameters have no influence
on it.

The retarding of post SOI decreases the indicated work and NOx emissions. The in-
creasing of the PM emissions with advancing the post SOI can be seen, but in the range
2 . . . 8 CAD ATDC the PM are almost constant and equal to 100 ppm. It is important to
note that the PM emissions are quite low due to the biodiesel fuel, but the addition of the
post injection increases the PM emissions.

For the next variable parameter (the mass of the post injection), the post SOI should
be taken equal to 2 CAD ATDC. The 10% decrease in NOx emissions, the 20% decrease



Energies 2021, 14, 3717 19 of 25

in pressure rise rate, the 4% increase in PM emissions and the saving of the base level
of indicated work can be received. In Figure 21, the post injection fuel mass variable is
displayed. The decrease in indicated work and NOx emissions with an increasing of the
post injection mass can be seen. At post injection the fuel mass is equal 10.5 mg. An almost
4% decrease in indicated work and a 20% decrease in NOx emissions, but a 20% increase in
PM emissions can be seen. The received results look similar to other researchers [45–48].

Figure 19. The main SOI variable influence on combustion process and emissions.

At the post injection, a fuel mass of 1.75 mg, an almost base case level of indicated
work and PM emissions, and a 5% decrease in NOx emissions can be seen. The parameters
of the post injection have no influence on the pressure rise rate. In light of the above
description, the 3.5 mg post injection fuel mass can be chosen as optimal.

In Figure 22, an optimal injection strategy is depicted and the parameters of the
three-stage injection can be seen.

In Figure 23 the pressure curves for the base case and the optimal case are presented.
The peak firing pressure for the three-stage injection is a little bit lower at 7.24 MPa, and the
base case value is equal to 7.56 MPa. Post injection is burned during the expansion stroke,
which is taken from the main injection fuel mass.
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Figure 20. The post SOI variable influence on combustion process and emissions.

In Table 5 the combustion parameters are presented.

Table 5. Combustion parameters for the optimal injection strategy compared with the base case.

Pilot Mass, mg SOC, CAD BTDC CD, CAD AHR, % CO, % Acompr,
% Ai, % NOx, % PM, %

Base case 11.5 22.9 100.0 100.0 100.0 100.0 100.0 100.0
3 stage optimal 11 25 100.4 94.8 98.7 99.0 90 105

As it can be seen, the CD became longer, but the combustion became more efficient
(AHR increased and CO mole fraction decreased) but the heat losses to cylinder head and
liner wall increased, because the value of the indicated work was equal to 99% compared
with the base case level despite a decrease in compression work.
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Figure 21. The post injection fuel mass variable influence on combustion process and emissions.

Figure 22. The fuel injection diagram at 25% load condition.
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Figure 23. The pressure curve for the optimal three-stage injection strategy compared to base case.

A little bit later combustion with an increasing of CD can be seen in Figure 24. The pilot
ROHR is lower than the base case, because the pilot fuel mass injection is lower.

Figure 24. The rate of heat release curve for the optimal three-stage injection strategy compared to
the base case.

4. Conclusions

During the numerical investigation, the optimal injection strategy was found: pilot SOI
19.2 CAD BTDC; pilot injection fuel mass 12.25 mg; main SOI 3.7 CAD BTDC; main injection
fuel mass 32.4 mg; post Ai 2 CAD ATDC, post injection fuel mass 3.5 mg (as can be seen in
Figure 22). A three-stage injection strategy allows the indicated work near the base case
level to be maintained, the pressure rise rate to decrease by 20% and the NOx emission
to decrease by 10%. The 5% increase in PM emissions does not seem to be a significant
drawback of the chosen injection strategy, because the biodiesel fuel reduces PM emission
drastically due to its chemical properties (it contains the oxygen).

The most significant influence on the combustion process has the pilot injection
parameters: the pilot SOI and the pilot injection fuel mass. The pilot SOI has a significant
influence on the type of combustion (premixed/non premixed) of the pilot injection,
so there is opportunity to control the ignition delay. The parameters described above
have an influence on the compression work, mostly via the AHR BTDC and the CO mole
fraction, as there is a lot of fresh oxygen in the CC.

During the combustion of the pilot injections, the fuel mass, the temperature and the
pressure in the combustion chamber increase and the evaporating of the main injection
fuel mass and the mixture preparation becomes faster, and the combustion of the main
portion becomes fuller, hence the increase in the premixed combustion. Therefore, the pilot
injection parameters control the temperature and pressure values for burning the main
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injection and can influence the ignition delay via the break-up and evaporation processes
of main injection.

The post injection parameters mostly influence the emissions and the indicated work
via the heat losses through the exhaust gases and through the cooling system.

Splitting the injection allows the fuel portions to be burned separate from each other
and improves the mixing and the oxygen use. In particular, it is important in the case of
high loads when the amount of cycle injection is high.

The process of determining the optimal injection strategy is described above in detail
and can be used for other ICEs, and other alternative fuels. The optimization of the injection
strategy and the application of alternative fuels in conjunction is a powerful tool to improve
the combustion process of any engine without changing the design of the engine itself or
its systems. Further improvement of the results can be obtained with the minor change of
the ICE design. For example, the optimization of the combustion chamber shape or the
optimization of the injector nozzles. All these changes can be simulated using CFD models.
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