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The injector location impact on the fuel combustion process in a direct gasoline
injection system

The article contains an analysis of the fuel dose combustion phenomena and exhaust emissions in a direct injection system of an Sl
engine for variable injector location in the combustion chamber. The research performed is a continuation of the research presented in
the article CE-2018-104. The tests were performed using the AVL Fire 2017 simulation environment. 27 injector placement
combinations in three planes were analyzed: axial distance from the cylinder axis, injector depth relative to the head and angular
position relative to the cylinder axis. An optimal solution was chosen, taking into account the significance of individual indicators. It was
shown that the greatest impact in terms of the most advantageous combustion process indicators is the injector setting depth in the
combustion chamber cavity, while the distance from the cylinder axis is of secondary importance. The smallest changes in the
combustion and emission factors values are seen with the change of the injector placement angle (in the value range used in this study).
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1. Introduction

Combustion process tests carried out on real combustion
engines require high financial and material investment
relative to the same type of research conducted using the
CFD (computational fluid dynamics) technique. The initial
stage of combustion system design relies on data from
simulation projects [1, 13, 16, 22]. Despite this fact, the
final verification of such results are tests performed on real
test objects and prototypes [2, 7, 15, 20].

Numerous research works conducted by scientists
around the world confirm the usefulness of research on the
hydrocarbon fuel mixtures combustion process. Huang et
al. [9] found that direct injection of a dose of ethanol into a
homogeneous gasoline-air mixture has a positive effect on
the combustion knock prevention, but it also has a negative
impact on the exhaust emission values. The compromise
can, however, be achieved by a more careful choice of the
ethanol injection angle. The earlier it is, the smaller is the
negative impact on exhaust emissions, but then the ethanol
cooling properties are not fully exploited to prevent knock.

Research on fuel mixing is also one of the subjects in
the development of CI engines. Lee et al. [14] have demon-
strated the high potential of using additional gasoline injec-
tion for the Sl engine at low loads to significantly reduce
nitrogen oxides emissions.

The results presented below are a continuation of re-
search on the fuel injection process shaping by modifying
the injector placement in the combustion chamber. The
results of these tests can be found in [18]. These previous
tests allowed to determine the most advantageous position
of the injector in the aspect of injection and fuel atomiza-
tion. The same variants of injector placement settings were
used in this article to analyze the combustion process and
exhaust emissions.

The presented considerations are aimed overall at ana-
lyzing a dual-fuel system in which both injectors are placed
in the combustion chamber. Similar studies of the dual-fuel
system in the PFI-DI configuration have already been car-
ried out earlier [4, 5, 8, 16, 19]. These studies, however, do
not encompass the same methods and measurement pa-
rameters as intended for this article, and subsequent tests

are aimed at determining the fuel mixing indicators in the
combustion chamber immediately before ignition.

2. Research aim and goals

The proposed tests constitute the injection and combus-
tion process study stage for a direct injection system of
liquid hydrocarbon fuels [17]. This stage focuses on deter-
mining the engine processes indicators using one direct
gasoline injection injector while changing its location in the
engine combustion chamber.

The goal of the research is to determine the optimal spa-
tial position of the injector relative to the spark plug and the
angular position of its axis relative to the cylinder axis. The
optimal location will be defined as such a position, at which
the sum of thermodynamic combustion and emission indi-
cators will be the highest, while remaining within the set
limits and considering the weight of each indicator.

3. Research methodology
3.1. Combustion chamber geometry

The combustion process tests were done using the AVL
Fire 2017.1 simulation software. The shape of the combus-
tion chamber was modeled (Fig. 1a) and imported into the
simulation software (Fig. 1b). The displaceable mesh with a
square side of 1 mm was automatically condensed in the
vicinity of the spark plug to a value of 0.1 mm. The engine
specifications are shown in Table 1.

a)

cylinder head
spark plug
cylinder
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Fig. 1. The combustion chamber including the spark plug: a) 3D drawing,
b) the mesh in AVL Fire program

Each injector position is described by a code describing
the position change with respect to the y-axis, with respect
to the z-axis and a change of angle with respect to the axis
of the cylinder:
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y(i)z()alpha(k) )

where: i =7 mm, 8 mmand 9 mm, j =9 mm, 10 mm and 11
mm, and k = 15, 17.5 and 20 deg.

Table 1. Modeled engine technical data

Parameter Unit Value
Type — Piston engine, 4-stroke, spark ignition
Cylinder number - 1
Displacement cm® 385
Compression ratio — 10.2
Bore mm 83
Stroke mm 71.2
SOl deg 670
Injection duration ms 0.6
Injected fuel dose mg 13,1
A-value - 1
Ignition CA deg 690

Test conditions include 27 injector placement configura-
tions. These configurations are shown in Fig. 2, and the
matrix of test settings in Fig. 3.
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Fig. 2. The combustion process tests configuration considering the change
of the linear and angular position of the injector
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Fig. 3. The combustion process test with injector placement variants
matrix

3.2. Initial conditions

The initial conditions of the compression process and
the combustion process were adopted in accordance with
the values listed in Table 2. Such conditions correspond to a
spark-ignition engine with direct petrol injection operating
at the speed of 2000 rpm.

Table 2. Initial conditions accepted for simulation calculations

Parameter Unit Value
Pressure bar 0.6
Temperature K 300
Turbulence kinetic energy (specific) m?/s? 10
Turbulence integral length scale mm 3
Turbulence dissipation rate m?/s® 1732.05
Tumble rotational speed rpm 3000
Engine speed rpm 2000
Crank angle deg CA 570-800

3.3. Combustion process and exhaust emission modeling
3.3.1. Combustion modeling

The conditions inside the combustion chamber before
combustion were determined according to the process de-
scribed in [18]. The Extended Coherent Flame Model
(ECFM) with the spherical shape of the initial flame nucle-
us was adopted for combustion simulation calculations [3].

Coherent Flame Model (CFM) is built on the basis of a
laminar flamelet concept, whose velocity S, and thickness §,
are mean values, integrated along the flame front, only
dependent on the pressure, the temperature and the fresh
gases content.

ECFM is often used to model combustion in spark-
ignition engines. Ji et al. [10] compared the combustion
process of gasoline and gasoline mixtures with hydrogen
modeled using ECFM with a simulated combustion pro-
cess. The error was deemed to be less than 6%. This model
is also used to analyze the combustion process in hydrogen-
only engines. Knop et al. [11] used this model to simulate
combustion in an engine with indirect and direct hydrogen
injection. Colin et al. [6] showed a good correlation be-
tween the ECFM model and the combustion process in the
first 1.8 GDI engine used in a passenger car.

3.3.2. Modeling the exhaust emission

The use of the Extended Coherent Flame Model results
in a two-step fuel combustion reaction according to reac-
tions (2) and (3).

k
C,H,, Oy + (n +§—5) 0, >nCO, +2H,0  (2)

C,H, 0y + (2—‘5‘) 0, > nCO+2H, 3)

In the above formulas n, m and | represent the number of
carbon, hydrogen and oxygen atoms of the considered fuel.

The mean laminar fuel consumption rate is the sum of
the reaction rates of the above reactions, whereas their
respective values are dependent on the local equivalence
ratio and the number of carbon and hydrogen atoms.

The Extended Zeldovich Model, which utilizes the reac-
tion formulas (4)-(6), was used to describe the NO for-
mation.

kyf
N
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The thermal NO reactions are highly dependent on the
temperature, process duration and atomic oxygen concen-
tration. The first reaction (4) has a very high activation
energy due to the strong N, triple bond. The rate of for-
mation of NO is significant only at high temperatures
(greater than 1800 K).

All the required radicals for this NO formation model
are calculated based on the equilibrium approach, known
and used in the ECFM combustion model (mentioned
above) [3].

According to Kosmadakis et al. [12], the Zeldovich ex-
tended model is the most commonly used for the nitrogen
compounds formation analysis. Analyzing four different
calculation models, the authors also found that for the stoi-
chiometric mixture 90% of the produced NO corresponds to
the equations of this model.

To describe the soot formation, the Kinetic Soot Model
was used. The model can describe the behavior of soot
formation and oxidation for different fuel classes. Exact
reactions have been implemented for methane, propane,
ethanol, n-heptane and tetradecane. If the fuel, which has
been specified by the user, does not exactly match one of
these species, FIRE decides automatically the best parame-
ter set to be used. The reactions (7)—(13) describe the chem-
ical behavior for tetradecane.

C14Hso +7 0, > 14 CO + 15 H, 7
2H, + 0, > 2 H,0 (8)
2C0 + 0, - 2CO, )

CO + H,0 - CO, + H, (10)
2 Cy4Hy —» 28 C+ 30 H, (11)
2C+0,>2CO (12)
C+ H,0 > CO+H, (13)

The soot is oxidized due to the presence of oxygen and
water. The reaction parameters for the main soot formation
are dependent on the local equivalence ratio [3].

Tan et al. [21] collected and described the conclusions
of using the kinetic soot model in the analysis of exhaust
emissions from direct injection spark-ignition engines.
They acknowledged in their paper that multi-step semi-
empirical models provide a relatively complete characteri-
zation of soot processes at affordable computational cost
and effort, considering the trade-off between accuracy and
applicability.

4. Impact of the injectors placement on the

combustion conditions
4.1. Thermodynamic indicators of the combustion

process

For the quantitative analysis of the combustion process,
the mean combustion temperature, the mean combustion
pressure, the heat release rate and the total heat released in
the combustion process were selected as its thermodynamic
indicators. The impact of the injector location on these
indicators values is presented in Figs. 4-6.

Figure 4 shows the impact that the injector position
change along the y axis (according to Fig. 2) has on the

combustion process thermodynamic indicators. From the
graphs and values of these indicators, it can be concluded
that the most desirable position of the injector is the one in
which the injector is the furthest out (the smallest value of
the y coordinate). In this position (value y = 7 mm), the
mean combustion temperature, the mean combustion pres-
sure, the maximum heat release rate and the total heat re-
leased obtain their highest respective values. This is due to
the best mixture preparation (as shown in [18]) and the fuel
atomization and flame propagation that are best coordinated
in time and space. The extreme positions of the injector
along the variable y (position changes in relation to the
cylinder axis) relative to the solution adopted (y = 7 mm)
result (relative to maximum values) in:

— increasing the mean temperature by 4.2%;

— increasing the mean pressure by 5.6%;

— increasing the heat release rate by 24.3%;

— increasing the total heat release by 3.9%.

Changes in the position of the injector relative to the z
axis (distance from the spark plug) do not cause such large
changes in the analyzed indicators (Fig. 5). The best solu-
tion for the selected values of other parameters (y = 7 mm,
alpha = 15 deg) is the value (z = 10 mm), which does not
confirm the spray analysis described in article [18]. Three
out of four indicators have the highest value for this posi-
tion. Comparing this choice of the z axis position (z = 10
mm) with the position which give the least favourable indi-
cator values (z = 11 mm) result in:

— increasing the mean temperature by 1.6%;
— increasing the mean pressure by 4.1%;

— increasing the heat release rate by 1.2%;
— increasing the total heat release by 0.9%.

The indicator values do not clearly reveal the most fa-
vourable injector position in terms of z axis position. The z =
10 mm position gives the maximum values for mean temper-
ature, mean pressure (ex aequo at z = 9 mm) and for total
heat released, the z = 9 mm position gives the highest values
for maximum pressure (mentioned previously) and the heat
release rate, whereas position z = 11 mm gives the total heat
released value higher by 2.0% than position z =9 mm.

This example also shows that it is reasonable to perform
parallel research on the spray and combustion processes.

Following the conclusion on the injector position selec-
tion in the combustion chamber during the atomization
analysis described in the [18], the remaining geometric
parameters of the injector axis relative to the cylinder axis:
y =7 mm and z = 9 mm were selected for determining the
injector angle position.

Analyzing the impact of the injector position angle in
the combustion chamber, it can be stated that it has a much
more significant impact on changes in the researched com-
bustion indicators than on changes in the injection indica-
tors. This is due to the introduction of the initial turbulence
before ignition, which affects the flame development. The
most favorable results in this analysis were obtained at an
angle of 20 deg. Three of the four analyzed indicators reach
their highest values: mean temperature, mean pressure and
total heat released. Comparing the most extreme angular
positions of the injector with respect to the angle alpha = 15
deg, resulted in:
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— increasing the mean temperature by 3.5%;
— increasing the mean pressure by 11.9%;
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decreasing the heat release rate by 10.9%;
increasing the total heat release by 3.3%.
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Fig. 4. Effect of the injector position change on the combustion process indicators — y coordinate (change of the injector placement height in the combus-
tion chamber)
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Fig. 5. Effect of the injector's position change on the combustion process indicators — coordinate z (changes of the injector distance from the spark plug in
the combustion chamber)
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Fig. 6. The effect of the injector position change in the combustion chamber on combustion process indicators — alpha angle
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4.2. Process combustion indicators

Complementing the combustion process analysis in rela-
tion to the injector location geometric parameters in the
combustion chamber, the emission of exhaust gases was
tested (concentration was used because the results refer to a
single engine operating point). Four indicators were used:
nitrogen oxide emission, soot emission, carbon dioxide
emission and carbon monoxide emission. Minimum CO
and soot emission values as well as maximum values of NO
and CO, emissions were assumed as the most desirable.

An increase of the NO concentration was assumed to
indicate a more favorable combustion process, despite the
fact that high NO concentration itself is undesirable. The
reduction of NO emissions, however, was not the subject of
this research.

As shown in Fig. 7, change in the geometric coordinate
y affects the concentration of soot and carbon monoxide the
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most. This is due to the preparation of the mixture in the
initial combustion phase, during which the proportion of
oxygen per hydrocarbon molecules in the fuel around the
spark plug is insufficient for full and complete combustion
to occur.

The largest injector insertion in the combustion chamber
(y = 7 mm) results in the formation of an area around the
spark plug, where the concentration of soot is the lowest,
while the highest NO concentration in this configuration
indicates a high combustion process efficiency.

Comparing the extreme positions of the injector in the y
axis (7 and 9 mm) relative to the selected position (y = 7
mm) the following results were obtained:
increasing the NO concentration by 7.8%;
decreasing the soot concentration by 55.0%;
increasing the CO, concentration by 2.0%;
increasing the CO concentration by 12.6%.
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Fig. 7. The effect of the injector position change on emission indicators — y coordinate (change of the injector placement height in the combustion cham-

According to the adopted criteria for the exhaust emis-
sions quality assessment and the adopted fixed geometric
parameters, y = 7 mm and the angle alpha = 15 deg, the
analysis of the effect of changing the z-coordinate on the
concentration of selected exhaust components was per-
formed. It has been shown in Fig. 8 that the most effective
combustion process takes place at the injector position with
= 11 mm. For this injector position relative to the other
extreme position along the z axis (z = 9 mm) the results
were:
increasing the NO concentration by 26.3%;
increasing the soot emission by 3.3%;
increasing the CO, concentration by 0.7%;

ber)

decreasing the CO concentration by 3.2%.

Analysis of the injector angular position relative to the
cylinder axis with respect to the exhaust emissions (with a
fixed linear position of the injector tipaty =7 mmand z =
9 mm) does not indicate clear results for optimal injector
placement inside the combustion chamber. Comparison of
the angular position 20 deg with respect to the alpha = 15
deg position results in the following changes:

increasing the NO concentration by 33.7%;

increasing the soot concentration by 160.3%;

increasing the CO, concentration by 3.5%;

decreasing the CO concentration by 5.3%.
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Fig. 8. Effect of the injector position change on emission indicators (concentration) — z coordinate (change of the injector distance from the spark plug in
the combustion chamber)
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Fig. 9. The effect of the injector position change in the combustion chamber on exhaust emission indicators — alpha angle (injector position)

The next research stage was the spatial analysis of se-
lected thermodynamic indicators. The temperature distribu-
tion in the combustion chamber as well as the distributions
of NO and soot concentration are presented below.

The analysis of Fig. 10 shows the most rapid combus-
tion process for the injector angular position alpha = 20
deg. The most rapid temperature increase was obtained in
this case, as seen in the figure when the whole chamber is
covered with high temperature values at a fairly late stage.

Analysis of the 3D exhaust compounds formation re-
sults indicates that the angular position of the injector has a
large impact on the intermediate states of nitric oxide and
soot formation (Fig. 11-12). This means that the average
values presented in Fig. 8 do not allow a full compounds
formation assessment during combustion. Detailed analysis
can be used to further optimize the injector placement with
regard to shaping the combustion products.
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Fig. 10. Temperature distribution during combustion at the injector position y = 7 mm, z =9 mm and angle value being respectively: alpha = 15 deg, alpha
=17.5 deg and alpha = 20 deg

Fig. 11. The NO concentration distribution during combustion at the injector position y = 7 mm, z =9 mm and angle value being respectively: alpha = 15
deg, alpha = 17.5 deg and alpha = 20 deg
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Fig. 12. The spatial soot formation distribution during the combustion process at the injector position y = 7 mm, z = 9 mm angle value being respectively:
alpha = 15 deg, alpha = 17.5 deg and alpha = 20 deg

5. Combustion process evaluation using combustion

indicators — determining the best configuration

First, the maximum pressure was determined for all in-
jector positions relative to the angle of its location (Fig.
13a). The comparison indicates that the highest maximum
cylinder pressure value does not occur at the same injector
position at each one of its placement angles. The highest
maximum pressure values were obtained at the injector
coordinates of y(7)z(9)alpha(15) and y(7)z(9)alpha(20) —
which means y = 7 mm and z = 9 mm at the angles of 15
and 20 deg. However, at an angle of 17.5 deg, the best
option was to place the injector at the coordinates y = 9 and
z =9 (code y(9)z(9)alpha(17.5)).

Analysis of the total heat released in the combustion
chamber shows tendencies similar (Fig. 13b) to previous
considerations. The largest values of the total heat released
were obtained for the different sequences.

These considerations prompted the authors to determine
the best injector position through pseudo-optimization.
With the obtained values of maximum cylinder pressure,
maximum cylinder temperature, total heat released, CO,
CO, and NO emission, and soot formation, the data was
scaled.

COMBUSTION ENGINES, 2018, 173(2)

25



The injector location impact on the fuel combustion process in a direct gasoline injection system

a)
2.45 2.45
2.40 alfa = 15.0 deg] 2.40 alfa = 17.5 deg alfa = 20.0 deg
g T 235 <
= = ’ =
g % 230 3
£ § 22 E
2.20
2.15
e
105
N
>
: E o 9
¢ > 8.5 A A S e e ¢
o ‘
&
b)
alfa = 15.0 deg alfa = 17.5 deg alfa = 20.0 deg
450 450 450

HR [J]
HR [J]

HR [J]

y ) y {mml

Fig. 13. Rate of combustion changes: a) maximum pressure in the cylinder, b) maximum amount of heat produced at various injector positions in the
combustion chamber

Thus the following values have been used:

— the best value for a given indicator to take (the highest
cylinder temperature, the highest cylinder pressure, the
largest amount of heat released, the largest CO, and NO
concentration, the smallest CO fraction and the smallest
formed soot factor) that can be obtained is equal to 1;

— the worst possible indicator value is 0.

The scaling was performed on this basis, and the results
are presented in Table 3. The values of specific indicators
have been assigned to each of the injector’s positions.
Changes in these values occur in the range of <0;1>. The
table also contains a pictogram analysis, which shows that
the most positive results occur when placing the injector at
the coordinatesy =7 mmand z =9 mm or z = 10 mm. The
worst position of the injector is the one with the y coordi-
nate of y =9 mm.

Due to the fact that it was still impossible to determine
the best injector position, the normalized values of process
indicators were summed for each injector position (Fig. 14).
Using such a summation method, the maximum possible
value became 7 (when all normalized indicator values ob-
tained were equal to 1). The highest value of 5.57 normal-
ized indicators was obtained for the injector position with
the coordinates y = 7, z = 9 and the angle alpha = 20 deg
(code: y(7)z(9)alpha(20)), as shown in the column titled

"Index" in Table 3. It should be noted, however, that the
values do not show any tendency of the injector positioning
based upon the indicators used, as it took place in spray
analysis [18].

Additionally, in Fig. 14, the sums of normalized com-
bustion indicators are summarized (sum of the "Index"
column for individual injector positions). They were calcu-
lated as follows:

y(7 mm) = X y(7)z(j)alpha(k) (14)

y(8 mm) = X y(8)z(j)alpha(k) (15)

y(9 mm) = X y(9)z(j)alpha(k) (16)

z(9 mm) = X y(i)z(9)alpha(k) an
z(10 mm) = X y(i)z(10)alpha(k) (18)
z(11 mm) = X y(i)z(11)alpha(k) (19)
alpha(15 deg) = X y(i)z(j)alpha(15) (20)
alpha(17,5 deg) = X y(i)z(j)alpha(17.5) (21)
alpha(20 deg) = X y(i)z(j)alpha(20) (22)

where: i =7,8 and 9 mm, j =9, 10 and 11 mm, while k =
15, 17.5 and 20 deg.
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Table 3. Relative values of fuel combustion rate and concentration of exhaust components at specified injector positions

y z |alpha Pmax Tmax HRmax CO2-max NO-max CO-min Soot-min Index
mm | mm | deg Pa K J - - - [-]
15 |1 042 « 071 |! o062 ! 063 ¥ 018 3 007 |« 1.00 1 3.63
9 [175|! o046 o 067 |of 072 |of 068 ¥ 032 ¥ 029 |« 084 > 3.98
20 [« 1.00 o 100 |o 082 | 093 ! o061 ¥ 021 |« 099 4 5.57,
15 [! o041 o 080 |of 081 [ 082 ! 044 3 007 |« 098 > 4.32
7 |10 ]|175]|! o042 o 093 |of 1.00 [ 1.00 ¥ 032 3 026 |« 086 A 479
20 |! o034 " 052 |! o057 |« o071 ! 055 ¥ 023 |« 093 > 3.8
15 [¢ o021 o 067 |of 075 | 069 ! 052 ¥ 016 |« 089 >  3.88
11 | 175 | 0.15 ! 05 |« 067 |& 072 ¥ 031 ¥ 003 |« 092 1 3.40
20 | o0.28 T 061 | 072 |& o071 % 018 ! 049 |& 083 > 3.81
15 [ o014 " 052 |! o061 ! 064 % 000 3 000 |« o097 i} 2.88
9 |175|! o048 o 081 [« 087 o 090 # 030 # 032 « 097 21 465
20 |7 o062 ! o051 |! o041 | 0.51 « 1.00 « 067 |« 097 21 470
15 [3¢ o0.24 " 066 |« 067 | 088 « 079 3 020 |« 098 1 443
8 | 10175 o025 " 061 |! 058 |« 075 2 02 " 054 |« 095 > 3.88
20 |7 o052 071 | 070 |« 075 « 072 " 041 |« 085 21 466
15 |7 036 072 |of 069 | 075 2 012 3 009 |« o0.86 <4 3.59
11 | 175 |3 0.29 " 058 |7 063 |« 073 I 062 3 018 |« o091 > 3.94
20 |2 o032 " 056 |7 065 |« 068 ! 040 ! 052 ! 059 1 3.72
15 [3¢ o015 " 038 |! 039 U 046 ¥ 008 I o4 ! 067 {253
9 [175|! o064 ! 057 |! o054 ! 060 082 ! 065 |« 079 A 461
20 |3¢ o0.10 3 000 [ 000 [ 000 ! 053 o 100 |« 091 {254
15 [3¢ 0.00 3 033 (¥ 022 ! 049 072 ! 050 |« 079 4 3.03
9 |10 |175|! o036 ! 054 |! o054 ! 060 ! 053 ! 061 |« 081 > 4.00
20 | o031 ! 044 |! 048 ! 050 ! 060 ! 052 |« 087 1 3.73
15 [3¢ 022 071 |1 064 | 0091 ! 049 3 003 |« o081 > 3.82
11 | 175|! o045 " 060 |! 042 |& 070 « 078 ! 037 |« 070 > 4.03
20 |! o056 ! 039 | 018 | 028 ! 048 « 079 [ o0.00 i} 2.68
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Fig. 14. Indicators of the best injector position selection based on the obtained parameters regarding fuel combustion conditions (based on Table 4)

The performed comparison leads to the conclusion that
the highest point value was obtained for the injector posi-
tion y = 7 mm. This means that combustion indicators take
the highest values at this injector position, regardless of the
other position variables. This position, selected for the
variable z, is z = 9 mm. Although the best individual angu-
lar position turned out to be 20 deg (code y(7)z(9)alpha(20)
—aty=7and z =9 mm), the best overall results were ob-
tained at an angle of 17.5 deg without taking into account
the y and z coordinates.

The injector position change sensitivity range was de-
termined to be:

deltay =
0.5{max(y(i)z(j)alpha(k)) — min(y(i)z(j)alpha(k))} (23)

where the values max() and min() can be found in Table 3
(i, j, k are the same as in eq. (14)—(22)).

The results of these calculations are presented in Fig.
15. It follows that the results are most sensitive to the y
coordinate injector position change — the injector position
height. Another variable determining the total index sum
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value (expressed in numerical form in Fig. 14) is the change
in distance from the axis of the spark plug. The least sensi-
tive parameter for changes in fuel atomization indicators is
the injector position angle within the limits adopted for the
performed simulation tests.
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Fig. 15. The weighed impact of changes in y and z coordinates and the
injector angle on the combustion process

6. Conclusions

Injector location tests were conducted using computer
simulations, which were used to analyze the combustion
indicators. The best solution was defined as one which, as a
result of normalizing the indicators, it was possible to ob-
tain the largest sum value of all these indicator values.

The pseudo-optimal location (within the adopted model
boundaries), was characterized by:

— the largest inset in the combustion chamber y = 7 mm,

— the shortest distance from the spark plug z =9 mm,

— the highest angle in relation to the axis of the cylinder
alpha = 20 deg.

The differences in the indicator values between the
maximum changes in the injector inset in the combustion
chamber were:

—  4.2% mean value of maximum temperature;
— 5.6% mean value of maximum pressure;

— 3.9% total heat release;

— 7.8% NO concentration;

— 55.0% soot concentration;

— 2.0% CO, concentration;

— 12.6% CO concentration.

The differences between indicator values in most and
least favourable position in terms of the injector distance
from the spark plug were:

— 1.6% mean value of maximum temperature;
— 4.1% mean value of maximum pressure;

— 0.9% total heat release;

— 26.3% NO concentration;

— 3.3% soot concentration;

— 0.7% CO, concentration;

— 3.2% CO concentration.

The differences in the indicator values between the
maximum changes in the injector angle relative to the cyl-
inder axis were:

— 3.5% mean value of maximum temperature;
— 11.9% mean value of maximum pressure;

— 3.3% total heat release;

— 33.7% NO concentration;

— 160.3% soot concentration;

— 3.5% CO, concentration;

— 5.3% CO concentration.

Sensitivity of injector position changes was determined
on the basis of the total indicator sum of changes in a given
coordinate or angle (Fig. 15). This sensitivity analysis re-
sulted in the following conclusions:

— the longitudinal injector position change is the most
important parameter affecting combustion indicators
changes;

— this change is about 1.6 times more significant than the
change in the position of the injector's distance from the
axis of the spark plug and about 3 times more significant
than the angle of the injector's position.

The authors' previous study, focused on the fuel atomi-
zation in the described system [18] results in the same con-
clusion on the selection of the most favourable injector
position (y = 7 mm, z = 9 mm, alpha = 20 deg). However,
the analysis of both phenomena cannot be conducted sepa-
rately, as the intermediate results vary upon different
tendencies.

The conclusions obtained after the simulation analysis
of the phenomenon will be taken into account in compari-
son of fuel atomization rates in the two injectors system and
during combustion analysis in such a system.
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