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Abstract.The reduction of Diesel internal combustion engines emissions
is one of the major concerns of the engines manufacturers. Despite the fact
that the efficiency of the gas post-treatment systems has been significantly
improved, decreasing the smoke and the soot from the cylinder inside
remains a main research goal. This work is proposing a theoretical study
on these pollutants formation for different kinds of direct injection
methods. By dividing the in-cylinder injection the heat release
characteristic could be modified, leading to different temperature and
pressure levels. Using exhaust gas recirculation (EGR) the reduction of the
gas temperatures might also be decreased, limiting NOx formation. To
evaluate the level of the cylinder gas emissions formation a two-step
procedure could be followed. First, by using a numerical calculation
system the heat release characteristic can be highlighted concerning a
Diesel engine with stratified injection; then, using an experimental
relationship applying a large data base, the amount of the gas emissions
can be subsequently provided. The authors propose some combinations
between injection characteristics and EGR used fractions which could
generate successfully results speaking in terms of NOx, soot and smoke
formation.

1 Introduction

The greatest concern referring to the use of commercial Diesel engines is to identify
reasonable and applicable solutions in order to fit the limitations regarding the exhaust
emissions. Therefore, the control of NOx, smoke and particulate matter concentrations is
the basic target among the general activity of developing Diesel engines in terms of
increasing their performance and efficiency.

Simulation and experimental research have proposed different techniques in order to
cover the processes development inside the cylinder, from which air-fuel mixture
formation, combustion and heat release play crucial role in the control of the motor fluid
thermal status and consequently of the NOx genesis and exhaust. Thus, solutions like split
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injection and injection timing adjustment [1], premixed combustion [2], injector and nozzle
geometric modifications [3], water or further more combinations of hydro-oxygenated fuels
injection have been studied [4-7]. Separately or together with these, the Exhaust Gas
Recirculation (EGR) method allows as well the reduction of the heat peak temperature
reached inside the cylinder [8-9].

The more drastic limitations stipulated by the recent Euro 6 stages standards impose
continuously reducing of Diesel engines emissions. Moreover, commercial vehicles with
direct injection engines are limited at 0.005 g/km for Euro 5 and Euro 6. Starting with Euro
5b a particulate number standard (PN) has been established in 2011 for diesel engines,
valued at 6x10'! per km and it was assigned also for gasoline engines in 2014 with Euro 6
[10-11].

The emissions formation has been subjected for simulation development studies more
than three decades, since soft packages occurred as valuable theoretical research tools.
Computational Fluid Dynamics (CFD) is also used for numerical analysis using data
structures to better describe and solve problems linked to the engine fluid dynamics [12-
13]. The obtained results presented in this paper are based on the AMESIM [14] numerical
code, used in order to establish the necessary link between model result and the predictive
experimental results of the engine.

2 Modeling the engine processes

In order to obtain the engine operating parameters as a result of diesel fuel injection
variables when using a direct injection diesel engine, a specialized program AMESIM has
been used [14]. This allows the creation of a diesel engine model with a multiple stage split
injection (see Figure.1).
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Fig. 1. Model of the single cylinder Diesel engine.
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In order to simplify the engine model only one of the engine cylinders has been
schematized. Regarding the gas exchange both inlet and exhaust are isobar processes. The
structure elements defining the gas exchange systems are consisting parts of the IFP Engine
Library [14] and allow the options for the engine operating parameters.

The main component of the system is the Diesel engine cylinder (see Fig.2) and
contains 9 ports for the input and the output data transfer [15].

T « T «

T  barA T bera
1 [31 kg/m==3 1l (31 kg/m==3
l Jfs l ifs

} o t t 1 1|1 ok

W (3] nul barA degC kgfs W ||J8.[3] nul

Ml (3] kg/m==3
|
Tt o
m [3] null

Fig. 2. The Diesel engine cylinder model

The combustion phase is using a model based on a previous work [16]. This considers a
two stage scenario for the fuel burning process: the combustion of the preformed mixtures
and the diffusive combustion. A first fuel injected mass covers in time the autoignition
delay and the rest of the injected fuel is presumed to ignite immediately. For the
autoignition delay time period the following Arrhenius type formula could be use:

Ta
T; = (1410 X Xpgr)A X p " X e(T) €))
in which the only difference comparing to the classic form is the insert of Xggr that defines
the molar concentration of the burned gas before combustion and marks the effect of the
exhaust recirculated gas accumulated together with the burned gas until the start of
injection. Each unit of fuel injected mass should have its own description in terms of heat
release.

The scenario of the preformed air-fuel mixtures formation could be expressed by five
phenomena [15]:

1. The fuel is injected and vaporizes.

2. A mixing zone is formed, where the air is motioned into the fuel spray.

3. The preformed mixtures continue to form until the end of the autoignition period.

4. After this period the mixtures ignite, leading to the flame propagation through the
reactive environment.

5. The combustion is reaching the cylinder volume.

In the case of split injection this scenario is repeating after each injected unit. Referring
to those units injected after the combustion start the in-cylinder parameters are strongly
affected, causing a significant reduction of the autoignition delay. Thus, for these following
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injection sequences the preformed mixtures should have a less important influence.
This above presented model [16] has been implemented in AMESIM.

3 The modeling results

In order to evaluate the engine performance a commercial Renault Energy dCi Diesel
engine has been chosen as basic model. Its features are: 30 kW/cylinder rating power at
3500 rpm, 85 mm bore and 102 mm stroke. Its turbocharging pressure is 0.18 MPa,
compression ratio 16 and for the chosen operating regime the relative air-fuel ratio is 1.42.
At the beginning of the study the injection was considered an undivided process.

The optimized injection advance for to this regime is 18 deg CA (Crankshaft Angle
degrees), corresponding to a power of 30.3 kW. The pressure diagram and the temperature
on cycle variation are highlighted in Figure 3. The peak firing pressure is 15.8 MPa and the
maximum temperature is 2450 K.
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Fig. 3. Basic cycle pressure and temperature variations

The optimal situation has been chosen corresponding to the maximal values of the
efficiency or of the rated power, as seen in Figure 4. This shows the fact that the 1%
increase of the power is related to an increase of the cycle peak firing pressure from 13
MPa to 15.8 MPa, therefore the nitrogen oxides will significantly increase.
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Fig. 4. Identifying the optimal injection advance value
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From the point of view of the combustion development, for this situation characterized
by 120 MPa fuel injection pressure the start of injection is at 342 deg and the end of the
autoignition delay is at 348.8 deg. It can be also added that 5 % of the fuel mass burning
corresponds to 352.7 deg, its 50% fraction corresponds to 365.4 deg and 90% fraction
corresponds to 377.6 deg. The end of combustion is marked at 397 deg.

4 NOx and soot emissions calculation

The theoretical calculation of nitrogen oxides and soot formation is a far complicated issue,
due not only to their genesis mechanism, largely known, but mostly because to the fact that
these reactions occur in very special zones of the combustion chamber. Because of that
these calculations can not be performed using phenomenological models which consider
only the global conditions existing inside the combustion chamber.

There are two empirical formulas [16] based on a large number of experiments in order
to evaluate the two type emissions as a function of the cylinder conditions and the pressure
diagram characteristics.

e3 e6
Soot(filter smoke number) = K; X ZV¢! xo¢2x (Z—Z) xoc§*x 055 x (M> )
max

Mgesamt

f6
NOx(ppm) = Ky X ZV/1 xoc/?x (d—p)f3 xocfx 0J5 x (M) 3)
ad/) max Mgesamt
In these expressions, the symbols have the following meaning:
- K, Ks are the proportionality coefficients, each for each emission type;
- ZV is the autoignition delay;
- o is the angle formed with the horizontal axis by the line between the combustion starting
point and the highest point of the heat release characteristic;
- oz 1s the angle formed with the horizontal axis by the line between the combustion ending
point and the highest point of the heat release characteristic (see Figure 5);
- (dp/de)max is the maximum rate of the pressure increase, peaked from the pressure
diagram;
- O is the oxygen concentration from the exhaust gas;
- (Mair/Miresh charge) 18 the ratio between the air quantity and the entire fresh charge;

dQH/d [JFKW]

S
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Fig. 5. The evaluation of a1 and a2 angles

Each of the above terms have an exponent (symbolized from a to f) and an index (from
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1 to 6) numerically established to offer a good correlation with the experimental data. These
7 used terms [16] are listed in Table 1:

Table 1 Equation's 2 and 3 constant values

K 1 2 3 4 5 6
Soot 1.74 -0.93 | 1.93 -0.06 -1.86 | -1.37 | -0.25
NO« 1773 | 0.19 1.67 0.86 -1.92 0.45 2.98

As a remark of the different sign referring to the terms 5 and 6, those depending on the
cylinder air-fuel ratio, it means that decreasing one of them the other one increases.

5 Emissions evaluation at split injection

The evaluation for the emissions regarding the engine basic operating regime starts with the
evaluation of the pressure diagram and the evaluation of the heat release characteristic (see
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Fig. 6. Rate of heat release [J/CA]

The maximum rate of the pressure increase is 8.48 bar/deg CA, the autoignition delay is
about 7 deg CA and the injection phase period is 48 deg CA. The terms used in the
emissions calculation formula are (listed in Table 2):

Table 2 Equation's 2 and 3 values for basic regime

yAY o1 (dp/d(P)max 02 02 Mair/ Mresh charge NO« Soot

0.32 53.44 8.48 41.51 | 6.09 1 1218 | 0.779

The reduction of the analyzed emissions is a quite delicate problem because the nitrogen
oxides emission could not be succeeded without the increase of the soot emission.
Analyzing the basic undivided injection cycle it clearly appears that the main problem is
that of the NOx. Therefore, some injection configurations could be tested so that the peak
firing pressure could eventually decrease with less penalties on the engine efficiency.
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For a second proposed engine regime, the injected fuel is divided into a 20% injection
pilot corresponding to an advance of 8 deg CA and the rest of the injected fuel with an

advance of 2 deg CA (see Fig. 7).
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Fig. 7. The injection characteristic for regime no.2

The main injection phase starts approximately when the pilot injection ends and the
ending point for the entire injection period is at about 400 deg. The engine performances
applying this injection case are low, the rated power per cylinder decreasing from 30.3 kW
down to 26.6 kW. The peak firing pressure reaches only 102 bar and the combustion
process is expanding until 410 deg, as shown in Fig. 8.
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Fig. 8. Cycle characteristics for regime no. 2

In these conditions, the calculated emissions significantly drop, as listed in Table 3:

Table 3 Equation's 2 and 3 values for regime no.2

N

a

(dp/de@)max

(05

0,

Mair/Mresh charge

NOx

Soot

0.32

13.53

5.08

27.65

6.09

1

172

0.120

Maintaining the ratio between the pilot and the main injection fractions (20% for the
pilot amount and 80% for the rest), in case of testing a third regime (Regime no.3) the
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advance has been augmented in order to get higher the engine efficiency. Fig. 9 shows the
new adopted injection characteristic.
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Fig. 9.The injection characteristic for regime no.2

The pilot injection has an advance of 18 deg CA and the main injection phase occurs
with an advance of 10 deg CA. The obtained power in this situation is 27.8 kW, marking a
drop of 6% comparing to the first regime. In this particular case the peak firing pressure is
117 bar. As for Regime no.2, Fig. 10 shows both variations for the cylinder pressure and for
the temperature when analyzing Regime no.3 and Table 4 presents the values for the
calculation terms regarding the emissions.
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Fig. 10. Cycle characteristics for regime no. 3
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Table 4 Equation's 2 and 3 values for regime no.3
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6 Conclusions

Establishing the mechanism of the emissions formation following Diesel engine in-cylinder
processes is very complex according to the chemical reactions and their kinetics. Therefore,
this calculation is highly complicate and relatively inaccurate.

This paper combined two methodologies: first, the calculation of an engine cycle using
the AMESIM soft procedures and secondary, the evaluation of the engine emissions using
an empiric expression in order to track the most common values found in the experimental
research data basis.

The proposed method can define a heat release characteristics, which can combine a
good yield with relatively low pollutant emissions. These data, coupled with models of gas
after-treatment systems, provides solutions for framing the analyzed engine in pollution
norms.

This work could lead to an acceptable approximation of soot and NOy formation trends
when using different operating parameters of the fueling injection process. It opens also the
path of research for the autoignition behavior when using different kinds of fuels, such as
M, E fuels categories or Diesel-Biodiesel blends.
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